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Abstract: This study examines the relationship between urbanization, economic growth, industrial
transformation, technological change, public services, demographical change, urban and natural
environmental changes, and carbon emissions using a dataset of 182 prefecture-level cities in China
between 2001 and 2010. Specifically, this paper differs from previous studies in two aspects. First, the
extant literature has focused on how economic processes accompanying rapid urbanization affect
carbon emissions in urban areas but gives little attention to the other dimensions of urbanization,
including social and environmental changes, which may have important effects on carbon emissions.
We assessed the effects of 17 key processes accompanying urbanization in a full range of economic,
social, and environmental dimensions on carbon dioxide emissions in urban areas. The results
showed that social processes accompanied with rapid urbanization had distinct effects on carbon
emissions, compared to economic and environmental processes. Specifically, improvement in public
services, indicated by education and cultural developments, reduces the increase in carbon emissions
during urbanization, while economic growth and urban construction reinforces the growth in carbon
emissions. Second, we examined the impact of various urbanization processes on carbon dioxide
emissions using a unique dataset of 182 prefecture-level cities that covers a wide span of regions in
China. The results of our analyses on the city level have important implications for the formulation
of comprehensive policies aimed at reducing carbon dioxide emission in urban areas, focusing on
different urbanization processes in economic, social, and environmental phases.

Keywords: CO2 emissions; urbanization; industrialization; moderating effect; panel data model-
ing; China

1. Introduction

The main driver of climate change is increased greenhouse gas emissions. The Paris
Agreement (COP21) calls for ambitious efforts to be made by all countries to reach a global
peak of greenhouse gas emissions as soon as possible [1,2]. China aims to offer a strong
national contribution to the goal of low-carbon development. The outline of the National
Economic and Social Development Plan for 2021–2025 calls for new progress to be made
in the construction of an ecological civilization in China, including reducing the energy
consumption per unit of GDP by 13.5% and carbon dioxide emissions per unit of GDP
by 18%, compared with the level in 2021. Simultaneously, China has undergone fast-
paced urbanization with a sharp increase in the urbanization rate, from 17.9% in 1978 to
59.94% in 2019. The urbanization process in China is characterized by significant regional
heterogeneity; the urbanization rate of East, Central, and West China in 2019 is 70.69%,
56.85%, and 52.27%, respectively. Rapid urbanization has caused an increasingly intensive
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population shift from rural to urban areas, leading to a strong tension between increasing
energy demand and the government’s emissions reduction goal [3,4]. Thus, it is of great
importance to gain a better understanding of the nexus between carbon dioxide emissions
and urbanization [5].

A large body of research motivated by the need for emission reduction has been carried
out to explore the relationship between urbanization and carbon dioxide emissions [6].
Recent studies have verified the environmental Kuznets curve (EKC) hypothesis in this
context, according to which carbon dioxide emission increases with expansion of urban
land at low levels of urbanization but decreases with further expansion of urban land at
high levels of urbanization [7–11]. However, two important gaps remain underexplored.
First, our understanding of how urbanization processes influence carbon dioxide emissions
in urban areas is still incomplete. In turn, the majority of extant literature has focused on
the impact of economic processes accompanying rapid urbanization on carbon dioxide
emissions in urban areas [12,13]. However, only a few studies have paid attention to the
other urbanization processes, such as developments of education and healthcare services,
population concentration, and changes in urban and natural environments, which may
have important effects on carbon emissions [14–16]. It is increasingly highlighted that there
are complex mechanisms by which urbanization has both positive and negative impact on
energy consumption and carbon dioxide emissions [17–22]. Nevertheless, there is a lack
of comprehensive research on the specific effects of urbanization processes in economic,
social, and environmental aspects on carbon dioxide emissions. Second, few studies have
examined the relationship between urbanization and carbon dioxide emissions in the
context of a wide range of cities in China. Most previous studies investigated the impact of
rapid urbanization on carbon emissions in China using panel data on different Chinese
provinces [16,21,23,24], which prevented researchers from exploring the specific effects of
urbanization on carbon dioxide emissions in the urban areas. Recent research has begun to
focus on individual cities or urban agglomeration, for instance, Yangtze River Delta [7,18],
Beijing–Tianjin–Hebei agglomeration [19], and Pearl River Delta [25]. Despite this, we still
need to examine the impact of multiple urbanization processes on carbon dioxide emissions
in the context of various cities in China in order to gain a full image of how urbanization
influences carbon dioxide emissions in urban areas in China through alternative ways.

This study aims to make contributions by addressing these two research gaps. Specifi-
cally, the novelty of this research is demonstrated in two aspects. First, the literature reports
an EKC relationship between urbanization and carbon dioxide emission. We aim to extend
this discussion by exploring the specific factors underlying urbanization that can lead to
the EKC relationship. Specifically, in addition to economic processes accompanying rapid
urbanization, such as economic growth and technological change, this study comprehen-
sively focuses on various social and environmental processes induced by urbanization,
including education, healthcare, urban construction, and natural reserves in the analysis
of the increase in carbon dioxide emissions in urban areas. In sum, we tested the impact
of the interaction between urbanization rate and 17 economic, social, and environmental
processes on carbon dioxide emissions. Second, this study adopted a sample of 182 Chinese
cities over a period from 2001 to 2010 to test the relationship between urbanization and
carbon dioxide emissions in urban areas in China. Overall, this study aims to develop a
full image of the mechanisms by which urbanization influences carbon dioxide emissions
by testing the effects of the interaction between urbanization rate and a wide range of
economic, social, and environmental processes on carbon dioxide emissions using a unique
dataset of 182 Chinese cities between 2001 and 2010, as shown in Figure 1. The results of
this study have importance for the policies and measures aimed at reducing carbon dioxide
emissions in the period of rapid expansion of urban areas for the realization of low-carbon
development.
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Figure 1. An integrated model of the relationship between urbanization and carbon dioxide emis-
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sions.

2. Literature Review

A longstanding theme of research in regional environmental management has been
the relationship between urbanization and regional carbon dioxide emissions. However,
significantly contrasting results are found in the existing literature. It was indicated that the
links between urbanization and carbon dioxide emissions may vary in different areas across
specific times [26,27]. First of all, it was argued that urbanization affects carbon dioxide
emissions in distinct ways within different regions. Specifically, many cross-country studies
reported disparities between the effects of urbanization on national carbon dioxide emis-
sions [28–31]. For example, Al-Mulali et al. found that, for most countries, urbanization has
a positive relationship with carbon dioxide emissions, while in other countries, the results
are mixed [29]. Jorgensen et al. stated that urbanization has various effects on national
carbon emissions throughout different world regions [30]. Furthermore, some researchers
argued that the urbanization–emission relationship may depend on a country’s environ-
mental management policies [31] or the presence of democracy [32]. Moreover, country-
specific research revealed mixed results for how urbanization affects the carbon dioxide
emissions of a national area [32–36]. For instance, research focusing on African countries
found a negative association between urbanization and carbon dioxide emissions [8,32].
Additionally, similar results were also discovered in Saudi Arabia [34], and the BRICS
economies [37,38], whereas there is no evidence pointing toward a possible association
between urbanization and carbon dioxide emissions in newly industrialized countries [39]
and emerging economies [40]. On the other hand, research showed that the effects of
urbanization on carbon dioxide exhibit regional disparities within countries [7,41–44]. For
instance, Wang et al. discovered that the relationship between urbanization and carbon
dioxide emissions varied between Chinese provinces as a result of the characteristics of
their economies [45]. Liu et al. showed that the impact of urbanization on carbon dioxide
emissions in western China was greater than that in eastern and central China [43].

Recently, an increasing body of literature argued that the urbanization–emission rela-
tionship is far from monotonic, where the nonlinear relationship between urbanization and
carbon dioxide emissions was explored in various countries and regions [4,28,33,35,36,46,47].
Specifically, Al-Mulali et al. reported that the long-term relationship between urbanization,
energy consumption, and carbon dioxide emissions varied across the MENA countries in
different development stages [33]. Then, zooming in on the Yangtze River Delta, where a
Chinese megalopolis dramatically developed during the reform and opening-up period, a
recent study discovered that carbon dioxide emissions decreased as the urban area was
expanded during the early stage of urbanization, then increased when the urbanization
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rate reached a certain high level [7]. Based on this, some literature began to explore the
driving forces that lead to an EKC relationship between urbanization and carbon dioxide
emissions [8–10].

First of all, a body of literature has focused on how urbanization affects carbon dioxide
emissions in regions with different levels of GDP or income per capita [13–15,34,35,38].
Then, based on these findings, researchers further investigated the processes underlying
a region’s economic development that caused different relationships between urbaniza-
tion and carbon dioxide emissions to occur. Some studies emphasized industrial struc-
tures [48–51] and the structure of energy consumption [52]. Third, a stream of literature
analyzed the effects of technological progress, research and development (R&D), and
innovation on the relationship between urbanization and carbon dioxide emissions [6,51].
Although there is a large body of literature that has explored the effect of urbanization
on carbon dioxide emissions in recent years, the existing research landscape on this topic
remains underexplored. For instance, some research suggests that social factors, such as
income inequality, population structure, and population size, may affect the relationship
between urbanization and carbon dioxide emissions [53]. Additionally, the land-use transi-
tion of a region may have distinct implications for the relationship between urbanization
and carbon dioxide emissions [28,54,55].

Thus, it is still important to gain a complete understanding of the driving forces for an
EKC relationship between urbanization and carbon dioxide emissions, which refer to the
factors that mitigate the increase in carbon dioxide emissions as urban land expands, or
even shift the effect of urbanization on carbon dioxide emissions from positive to negative.
Thus, it is important to take a systematic view to reflect on and integrate existing knowledge
from the research on urbanization, energy use, and carbon dioxide emissions. This study
intends to fill in the research gap by building an integrated model that synthesizes the
economic, technological, social, and environmental factors for the examination of the
driving forces of an EKC relationship between urbanization and carbon dioxide emissions.

3. Methodology
3.1. Data and Sample

This study used a sample of 182 cities in China between 2001 to 2010 to explore how
urbanization processes affect carbon dioxide emissions under different social, economic,
and environmental conditions. The sample cities are located in the 30 provinces in mainland
China, except Tibet. The average urbanization rate of the sample cities is 51%, with a
minimum value of 23% and a maximum value of 89% in 2010. The population size of the
sample cities ranges from 0.116 million to 30.17 million in 2010. The span of the locations
of the sample cities is shown in Figure 2.

In line with this research goal, this study first collected data on population urbaniza-
tion, economic development, households, and R&D activities from the Chinese Statistic
Yearbook, China City Statistical Yearbook, China Urban Construction Statistical Yearbook,
and China Statistics Yearbook on High Technology Industry in the period from 2001 to 2010.

Second, this study constructed carbon emissions inventories for China’s cities in the
research period between the years 2001 and 2010 using the data on energy consumption in
the sample cities for more than 20 fuel types, including raw coal, cleaned coal, other washed
coal, briquettes, coke, coke oven gas, other gas, other coking products, crude oil, gasoline,
kerosene, diesel oil, fuel oil, LPG, refinery gas, other petroleum products, and natural gas.
The data on energy use were collected from the annual China Statistic Yearbook, China City
Statistical Yearbook, China Urban Construction Statistical Yearbook, and China Emission
Accounts and Datasets (CEADs). The carbon dioxide emissions inventory of each city was
compiled based on the latest energy data revision (2015) by the Chinese Statistics Bureau
in accordance with the IPCC Sectoral Emission Accounting Approach in the format of
45 production sectors and two residential sectors [3].
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3.2. The Integrated Models of Urbanization–CO2 Emissions Relationship

To examine the effect of urbanization on carbon dioxide emissions in different devel-
opment situations, this study proposes integrated models that extend the STIRPAT model
by including a range of variables for economic development, social transformation, and
environmental change and the interaction terms among them. Drawing from the existing
literature, the new models capture the key urbanization processes that can affect how
urbanization influences carbon dioxide emissions. The key variables of the integrated
urbanization–emissions models are shown in Table 1.

Table 1. Key variables and measures of the integrated model for the relationship between urbanization and CO2.

Cluster Variable Measure

Environmental outcome CO2 emissions Carbon dioxide emission inventory generated by the fuel
combustion of a city (Mt)

Urbanization Urbanization rate The percentage of the urban population in the overall
population of a city (%)

Economic processes

GDP per capita Gross domestic product per capita in a city (CNY 10,000)

Income Income of urban residents (CNY 10,000)

FDI The sum of foreign direct investment of a city (USD 10,000)

Industrial transformation Increase in the share of tertiary industry in a city (%)

R&D spending The aggregate of R&D expenditure of all high-tech firms in a
city (CNY 10,000)

Patents The accumulative number of patents applied for by all
high-tech firms in a city (pieces)
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Table 1. Cont.

Cluster Variable Measure

Social processes

Education Educated population of a city (10,000 persons)

Healthcare The number of employed personnel in healthcare institutions
by city (10,000 persons)

Culture The number of libraries and museums of a city (units)
Family size Average family size (persons/household)

Senior citizens Population aged 65 and over (persons)

Environmental processes

Infrastructure The amount of gas supply of a city (km)

Transportation The number of passengers carried by the public transportation
services of a city (10,000 passengers)

Natural reserves Percentage of nature reserves in a city (%)

Wastewater Total volume of wastewater discharge (10,000 tons)

Waste gas Total volume of industrial waste gas emission (100 million m3)

Solid wastes Volume industrial solid wastes produced (10,000 tons)

In the first cluster, namely, economic processes, we considered factors related to eco-
nomic growth, industrial transformation, and technological change, which are accompanied
with a period of urbanization.

• Factors related to economic growth: It was highlighted that economic growth, indi-
cated by GDP per capita and income, has important implications for the relationship
between urbanization and carbon dioxide emissions [11,13–15,34,35,38]. Moreover,
research has reported that foreign direct investment (FDI) can affect the carbon dioxide
emissions in host countries by driving economic development in those areas, which
causes environmental degradation [56]. For instance, FDI can significantly enlarge the
volume of industrial production in the host country, leading to more energy use and
carbon dioxide emission. However, it is also noted that FDI for environment-friendly
businesses occurs through advanced human capital and sustainable infrastructural
developments. Thus, this model included three variables, namely, GDP per capita,
income, and FDI to indicate the economic growth of an area.

• Factors associated with industrial transformation: It was suggested that adjustments
in industrial structure provide great opportunities for emissions reductions during
the urbanization process, as the energy use in the primary industry is more intense
than that in the tertiary industry [49,52]. In this model, industrial transformation was
included to reflect economic development.

• Factors regarding technological change: Technology is one of the main drivers of
economic development. It leads to the optimization of the industrial structure and
introduces new products or processes that are beneficial for environmental protection
and emissions reductions, for example, renewable energy use [51], higher labor pro-
ductivity [57], energy-saving buildings, and central heating systems that can improve
the energy-use efficiency in urban areas [58]. The extent of technological change is indi-
cated by both the technological input (measured by R&D spending) and technological
output (measured by the number of patents) in this model.

The second cluster, namely, social processes, captured the factors associated with
public services, cultural development, and demographic transition, induced by a period of
urbanization.

• Factors concerning public services: Improvement in public services may not have
direct effects on carbon dioxide emissions, but they are closely related to the trans-
formation of the energy consumption patterns of urban residents. For instance, a
higher awareness of the negative effect of carbon emissions on residents’ health will
prompt the local government to undertake more emissions reduction measures [59].
In this model, the factors education and healthcare were adopted to indicate the social
wellbeing of an area.
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• Factors associated with cultural development: Urban dwellers may change their
energy consumption pattern, as they will likely have a higher awareness of the impor-
tance of energy-saving measures and thus favor green products [60]. Therefore, the
variable culture was included in the model.

• Factors related to demographic transition: It was found that urbanization significantly
drives carbon dioxide emissions when the effects of aging and shrinking household
sizes increase residential energy consumption [53]. This model included the factors of
family size and senior citizens to track the demographic transition of a region.

The third cluster, namely, environmental processes, was associated with the factors
related to urban construction and changes in natural environment, induced by a period of
urbanization.

• Factors related to urban construction: The expansion of urban areas is accompanied
by the increasing construction of civic buildings and public infrastructure, which
generates more carbon emissions when a large amount of infrastructure and residential
buildings are under construction [58]. Later, the shift in transport behavior as a
result of building public infrastructure provides opportunities for carbon emissions
reductions during the urbanization process in the long term [28,54,55,61,62]. Therefore,
this model considered the factors of infrastructure and transportation, which may
influence carbon dioxide emissions in the urbanization process.

• Factor concerning natural environment: Research on greenhouse gases suggests that
the quality of the ecological environment in urban areas, such as urban land, may
have a significant impact on carbon dioxide emissions [63–67]. In addition, the area of
natural reserves can reduce carbon dioxide emissions in the expansion process [64].
Thus, this model includes the factor natural reserves, which indicates the percentage
of natural reserves in a city.

• Factors regarding disposal of industrial wastes: Disposal of industrial wastes may have
specific implications for the relationship between urbanization and carbon dioxide
emissions. For example, some researchers found that the disposal of multiple forms of
solid waste also results in increasing carbon dioxide emissions [63]. Overall, waste
treatment is indicated by the generation of wastewater, waste gas, and solid wastes
within a city.

The integrated model of urbanization–CO2 emissions relationship can be given as
follows:

ln(CO2 emissionsit)
= β1 + α1ln(Urbanization rateit) + β2ln(GDP per capitait)
+β3ln(Industrial transformationit) + β4ln(FDIit) + β5ln(Incomeit)
+β6ln(R&D spendingit) + β7ln(Patentsit) + β8ln(Educationit) + β9ln(Cultureit)
+β10ln(Healthcareit) + β11ln(Family sizeit) + β12ln(Senior citizensit)
+β13ln(Infrastructureit) + β14ln(Transportationit)
+β15ln(Environmental protectionit) + β16ln(Wastewaterit) + β17ln(Waste gasit)
+β18ln(Solid wastesit) + εit

(1)

where ln(CO2 emissionsit) denotes the logarithm of carbon dioxide emission inventory
generated by the fuel combustion of city i in year t.

Building on the basic model, our empirical model of EKC can be given by
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ln(CO2 emissionsit)

= β1 + α1ln(Urbanization rateit) + α2(ln(Urbanization rateit))
2

+β2ln(GDP per capitait) + β3ln(Industrial transformationit) + β4ln(FDIit)
+β5ln(Incomeit) + β6ln(R&D spendingit) + β7ln(Patentsit) + β8ln(Educationit)
+β9ln(Cultureit) + β10ln(Healthcareit) + β11ln(Family sizeit) + β12ln(Senior citizensit)
+β13ln(Infrastructureit) + β14ln(Transportationit)
+β15ln(Environmental protectionit) + β16ln(Wastewaterit) + β17ln(Waste gasit)
+β18ln(Solid wastesit) + εit

(2)

where ln(CO2 emissionsit) denotes the logarithm of carbon dioxide emission inventory
generated by the fuel combustion of city i in year t.

The advantage of this integrated model of urbanization–CO2 emissions relationship
is that it allowed us to examine the effects of the interaction between urbanization rate
and a broad range of economic, social, and environmental processes on carbon dioxide
emissions. Specifically, to explore the moderating effects of economic processes on the
relationship between urbanization rate and carbon dioxide emissions, the following model
was adopted:

ln(CO2 emissionsit)
= β1 + δ1ln(Urbanization rateit)× ln(GDP per capitait) + δ2ln(Urbanization rateit)
×ln(Industrial transformationit) + δ3ln(Urbanization rateit)× ln(FDIit)
+δ4ln(Urbanization rateit)× ln(Incomeit) + δ5ln(Urbanization rateit)
×ln(R&D spendingit) + δ6ln(Urbanization rateit)× ln(Patentsit)
+α1ln(Urbanization rateit) + β2ln(GDP per capitait)
+β3ln(Industrial transformationit) + β4ln(FDIit) + β5ln(Incomeit)
+β6ln(R&D spendingit) + β7ln(Patentsit) + β8ln(Educationit) + β9ln(Cultureit)
+β10ln(Healthcareit) + β11ln(Family sizeit) + β12ln(Senior citizensit)
+β13ln(Infrastructureit) + β14ln(Transportationit)
+β15ln(Environmental protectionit) + β16ln(Wastewaterit) + β17ln(Waste gasit)
+β18ln(Solid wastesit) + εit

(3)

where ln(CO2 emissionsit) denotes the logarithm of carbon dioxide emission inventory
generated by the fuel combustion of city i in year t.

Then, in order to explore the moderating effects of social processes on this relationship,
the following model was adopted:

ln(CO2 emissionsit)
= β1 + δ1ln(Urbanization rateit)× ln(Educationit) + δ2ln(Urbanization rateit)
×ln(Cultureit) + δ3ln(Urbanization rateit)× ln(Healthcareit)
+δ4ln(Urbanization rateit)× ln(Family sizeit) + δ5ln(Urbanization rateit)
×ln(Senior citizensit) + α1ln(Urbanization rateit) + β2ln(GDP per capitait)
+β3ln(Industrial transformationit) + β4ln(FDIit) + β5ln(Incomeit)
+β6ln(R&D spendingit) + β7ln(Patentsit) + β8ln(Educationit) + β9ln(Cultureit)
+β10ln(Healthcareit) + β11ln(Family sizeit) + β12ln(Senior citizensit)
+β13ln(Infrastructureit) + β14ln(Transportationit)
+β15ln(Environmental protectionit) + β16ln(Wastewaterit) + β17ln(Waste gasit)
+β18ln(Solid wastesit) + εit

(4)

where ln(CO2 emissionsit) denotes the logarithm of carbon dioxide emission inventory
generated by the fuel combustion of city i in year t.

Finally, aimed at exploring the moderating effects of environmental processes on this
relationship, the following model was adopted:
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ln(CO2 emissionsit)
= β1 + δ1ln(Urbanization rateit)× ln(frastructureit) + δ2ln(Urbanization rateit)
×ln(Transformationit) + δ3ln(Urbanization rateit)× ln(Environmental Protectionit)
+δ4ln(Urbanization rateit)× ln(Wastewaterit) + δ5ln(Urbanization rateit)
×ln(Waste gasit) + δ6ln(Urbanization rateit)× ln(Solid wastesit)
+α1ln(Urbanization rateit) + β2ln(GDP per capitait)
+β3ln(Industrial transformationit) + β4ln(FDIit) + β5ln(Incomeit)
+β6ln(R&D spendingit) + β7ln(Patentsit) + β8ln(Educationit) + β9ln(Cultureit)
+β10ln(Healthcareit) + β11ln(Family sizeit) + β12ln(Senior citizensit)
+β13ln(Infrastructureit) + β14ln(Transportationit)
+β15ln(Environmental protectionit) + β16ln(Wastewaterit) + β17ln(Waste gasit)
+β18ln(Solid wastesit) + εit

(5)

where ln(CO2 emissionsit) denotes the logarithm of carbon dioxide emission inventory
generated by the fuel combustion of city i in year t.

In summary, this study proposes integrated models of the urbanization–CO2 emissions
relationship by synthesizing a full range of economic, social, and environmental processes
regarding urbanization into the STIRPAT model. Using this model, we could design a
series of empirical tests to examine by which mechanisms the increase in urbanization rate
will drive or reduce carbon dioxide emissions in urban areas.

4. Results

Table 2 shows the descriptive statistics and correlations for all of the variables. As
can be seen in the table, CO2 emissions were positively correlated with the variable urban-
ization, together with the variables GDP per capita and income, which were associated
with economic development. Moreover, CO2 emissions were also positively related to the
variables infrastructure and transportation, which were associated with the urban environ-
ment. In contrast, CO2 emissions were negatively linked with the variables associated with
technological change, including R&D spending and patents. In addition, CO2 emissions
were positively associated with natural reserves and negatively linked with wastewater,
waste gas, and solid wastes. More interestingly, the relationships between CO2 emissions
and the variables associated with social transformation were mixed. Specifically, CO2
emissions were negatively related to education, culture, and family size but positively
related to healthcare and senior citizens. The results of the correlation analysis provided us
with preliminary evidence for the multiple mechanisms by which urbanization processes
influenced carbon dioxide emissions. In order to check if this study is confronted with both
multicollinearity and confounding variable problems, we calculated the variation inflation
factor (VIF) for the set of variables, which indicates a VIF of 2.79 (see Table 3).



Energies 2021, 14, 7430 10 of 23

Table 2. Descriptive statistics and correlations.

Variable Name Mean S.D. Min Max 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1 CO2 emissions 236 178 1 842 1.00

2 Urbanization rate 51 15 23 89 0.08 1.00

3 GDP per capita 34 27 2 164 0.26 0.65 1.00

4 Industrial
transformation 0.81 2.08 −7 9.10 −0.14 0.42 0.68 1.00

5 FDI 539 668 1 3575 0.54 0.54 0.63 0.29 1.00

6 Income 19 12 4 73 0.26 0.69 0.71 0.69 0.56 1.00

7 R&D spending 253 400 1 2705 −0.49 0.46 0.52 0.51 0.79 0.71 1.00

8 Patents 22 44 70 332 −0.46 0.41 0.57 0.33 0.76 0.60 0.89 1.00

9 Education 2 1 1 6 −0.03 0.62 0.58 0.68 0.34 0.51 0.42 0.21 1.00

10 Culture 6 7 0 49 −0.40 0.35 0.40 0.32 0.69 0.53 0.84 0.79 0.24 1.00

11 Healthcare 2 10 1 91 0.51 −0.17 −0.04 −0.23 0.50 0.05 0.45 0.45 −0.19 0.55 1.00

12 Family size 3 0 2 4 −0.25 −0.50 −0.45 −0.45 −0.41 −0.51 −0.42 −0.30 −0.62 −0.27 −0.03 1.00

13 Senior citizens 9 2 4 16 0.24 0.41 0.43 0.31 0.42 0.42 0.39 0.28 0.45 0.37 0.24 −0.57 1.00

14 Infrastructure 11 13 0 89 0.56 0.44 0.44 0.35 0.50 0.45 0.45 0.56 0.35 0.59 0.47 −0.45 0.59 1.00

15 Transportation 660 491 30 2998 0.67 −0.06 0.07 −0.20 0.39 0.16 0.48 0.53 −0.09 0.62 0.69 −0.03 0.22 0.46 1.00

16 Natural reserves 9 6 1 30 −0.37 −0.08 −0.15 −0.06 −0.31 −0.19 −0.28 −0.29 −0.12 −0.30 −0.42 0.09 −0.14 −0.20 −0.43 1.00

17 Wastewater 146 152 3 938 0.64 0.24 0.33 0.11 0.54 0.51 0.79 0.81 0.07 0.87 0.70 −0.22 0.29 0.72 0.56 −0.36 1.00

18 Waste gas 7 7 0 45 0.52 −0.10 0.04 −0.21 0.13 0.12 0.07 0.01 −0.13 0.31 0.35 −0.07 0.08 0.20 0.31 −0.10 0.27 1.00

19 Solid wastes 13 8 3 48 0.22 0.51 0.71 0.70 0.55 0.99 0.69 0.58 0.52 0.70 0.01 −0.53 0.41 0.62 0.13 −0.13 0.49 0.07 1.00

Note: 1820 observations.
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Table 3. Variation inflation factor (VIF) statistics.

Variable VIF 1/VIF

ln (Urbanization rate) 2.73 0.3663

ln (GDP per capita) 6.51 0.1536

ln (Industrial transformation) 5.49 0.1821

ln (FDI) 4.77 0.2096

ln (Income) 5.62 0.1779

ln (R&D spending) 4.09 0.2445

ln (Patents) 2.55 0.3922

ln (Education) 7.59 0.1318

ln (Culture) 1.99 0.5025

ln (Healthcare) 2.72 0.3676

ln (Family size) 6.13 0.1631

ln (Senior citizens) 2.78 0.3597

ln (Infrastructure) 2.43 0.4115

ln (Transportation) 1.26 0.7937

ln (Natural reserves) 1.85 0.5405

ln (Wastewater) 2.79 0.3584

ln (Waste gas) 1.68 0.5952

ln (Solid wastes) 5.58 0.1792

Mean VIF 3.81
Note: 1820 observations.

Next, we used a series of regression analyses to investigate the effects of urbanization
rate on carbon dioxide emissions under different economic, technological, social, and
environmental conditions. As shown in Table 4, the result of the Hausman test in each
of the regression models confirmed that the correlation between the fixed unobservable
effect and explanatory variables should be considered. Therefore, this research applied a
fixed-effect estimator to analyze the relationship between urbanization and carbon dioxide
emissions. In addition, robust estimators of variance were used to correct misspecifications
due to heteroskedasticity and autocorrelation in all the models.

In line with the purpose of this study, we first examined how urbanization influenced
carbon dioxide emissions based on Equation (2). The results of the regression analysis are
shown in Table 4. The coefficient of urbanization rate was positive at the 5% significance
level in model 1, taking the value of 0.055. This indicated that a 1% increase in the rate of
urbanization increased the carbon dioxide emissions by 0.055% after a year. In addition,
the coefficient for the quadratic term of urbanization rate is −0.038 at the 1% significance
level in model 1. This suggests that when the urbanization rate of a region arrives at a
certain threshold, a 1% increase in urbanization rate would decrease energy intensity by
0.038% and decrease carbon dioxide emissions by 0.038%. Consistent with the findings of
previous research, these results provide evidence for an inverted U-shaped relationship
between urbanization and carbon dioxide emissions. It shows that as a region’s urban area
expands, total energy consumption of the region may increase significantly, leading to the
growth of carbon dioxide emissions. However, when the expansion exceeds a certain level,
it may reinforce the efficiency of energy use and in turn reduce carbon dioxide emissions.
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Table 4. Moderating effects of economic factors on the relationship between urbanization and carbon dioxide emissions.

DV: CO2 Emissionst+1 Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8

ln (Urbanization rate) × 0.005 ** 0.003 **
ln (GDP per capita) (0.002) (0.002)
ln (Urbanization rate) × −0.263 ** −0.215 **
ln (Industrial transformation) (0.111) (0.101)
ln (Urbanization rate) × 0.269 * 0.185
ln (FDI) (0.145) (0.209)
ln (Urbanization rate) × 0.288 −3.373
ln (Income) (0.375) (2.981)
ln (Urbanization rate) × −0.002 ** −0.086
ln (R&D spending) (0.000) (0.085)
ln (Urbanization rate) × −0.058 *** −0.454
ln (Patents) (0.006) (0.317)
ln (Urbanization rate) 0.055 ** 0.001 * 0.002 0.049 ** −0.054 0.005 *** 0.004 *** 0.037 *

(0.024) (0.002) (0.001) (0.020) (0.193) (0.000) (0.000) (0.021)
ln (Urbanization rate)2 −0.038 ***

(0.012)
ln (GDP per capita) 0.001 0.131 ** 0.068 ** 1.604 1.186 0.003 0.023 −3.228

(0.001) (0.044) (0.025) (1.753) (1.575) (0.021) (0.019) (3.748)
ln (Industrial transformation) −0.051 *** −0.050 *** −0.054 *** −3.065 ** −0.049 ** −0.092 *** −0.085 *** −2.896 **

(0.011) (0.011) (0.011) (1.261) (0.021) (0.013) (0.013) (1.229)
ln (FDI) −0.002 −0.001 −0.002 0.998 *** 3.025 ** 0.006 ** 0.007 ** 0.999 ***

(0.002) (0.001) (0.001) (0.000) (1.258) (0.003) (0.003) (0.000)
ln (Income) 0.013 0.010 0.008 −0.045 0.999 *** −0.005 −0.002 0.183

(0.028) (0.026) (0.026) (0.188) (0.000) (0.018) (0.018) (0.189)
ln (R&D spending) −0.003 ** −0.003 *** −0.003 ** −1.001 *** −1.001 *** −0.004 *** −0.003 *** 1.001 ***

(0.002) (0.002) (0.002) (0.002) (0.002) (0.001) (0.001) (0.002)
ln (Patents) −0.027 *** −0.030 *** 0.011 0.622 0.599 0.023 −0.058 *** 0.452

(0.008) (0.008) (0.011) (0.425) (0.409) (0.026) (0.007) (0.317)
ln (Education) −0.012 −0.014 −0.012 0.038 0.040 0.004 0.002 −0.173

(0.026) (0.028) (0.028) (0.185) (0.187) (0.018) (0.018) (0.185)
ln (Culture) 0.074 0.125 −0.394 *** −0.370 *** −0.412 *** −1.816 * −1.998 * −0.445 ***

(0.084) (0.137) (0.069) (0.063) (0.077) (1.022) (1.022) (0.087)
ln (Healthcare) −0.021 ** 0.095 −0.078 ** −0.092 ** −0.137 ** −0.171 ** −0.117 ** −0.185 ***

(0.007) (0.074) (0.038) (0.039) (0.044) (0.053) (0.050) (0.050)
ln (Family size) −0.148 ** −0.195 *** −0.216 *** −0.224 *** −0.203 *** −0.112 *** −0.113 *** −0.171 ***

(0.044) (0.025) (0.014) (0.014) (0.014) (0.014) (0.016) (0.017)
ln (Senior citizens) −0.026 * −0.261 * −0.060 −0.065 −0.014 −0.020 *** −0.020 *** 0.045

(0.014) (0.151) (0.080) (0.075) (0.086) (0.005) (0.005) (0.099)
ln (Infrastructure) 0.001 −0.172 ** 0.017 0.007 −0.016 −0.022 *** −0.022 *** −0.045

(0.001) (0.081) (0.041) (0.040) (0.044) (0.002) (0.002) (0.052)
ln (Transportation) −0.003 −0.150 *** −0.085 *** −0.084 *** −0.090 *** −0.136 *** −0.137 *** −0.102 ***

(0.002) (0.031) (0.014) (0.011) (0.013) (0.011) (0.011) (0.017)
ln (Natural reserves) 0.134 −0.028 *** −0.015 *** −0.015 *** −0.018 *** 0.000 0.000 −0.017 ***

(0.272) (0.007) (0.004) (0.002) (0.005) (0.000) (0.000) (0.003)
ln (Wastewater) −0.288 0.021 *** 0.021 *** 0.021 *** 0.021 *** −0.004 −0.004 0.021 ***

(0.275) (0.003) (0.002) (0.002) (0.002) (0.011) (0.011) (0.003)
ln (Waste gas) 0.009 0.248 *** 0.142 *** 0.143 *** 0.165 *** −0.126 −0.116 0.198 ***

(0.026) (0.020) (0.011) (0.010) (0.012) (0.149) (0.149) (0.013)
ln (Solid wastes) 0.370 ** 0.002 0.001 0.001 0.001 −0.001 −0.001 0.001

(0.166) (0.006) (0.000) (0.000) (0.000) (0.004) (0.004) (0.000)
Constant 0.064 0.064 0.066 1.712 * 1.724 * −3.749 *** −2.767 *** 0.234 ***

(0.091) (0.093) (0.093) (0.875) (0.878) (0.719) (0.691) (0.075)
Number of obs. 1820 1820 1820 1820 1820 1820 1820 1820
R2 0.062 0.153 0.154 0.154 0.155 0.2484 0.2483 0.111

Hausman test Chi2(19) =
31.14 **

Chi2(19) =
33.29 ***

Chi2(19) =
31.83 **

Chi2(19) =
33.85 **

Chi2(19) =
36.45 ***

Chi2(19) =
32.57 **

Chi2(19) =
36.10 **

Chi2(24) =
38.34 **

Notes: Standard errors are in parentheses. * Denotes significance at the 10% level; ** denotes significance at the 5% level; *** denotes
significance at the 1% level.

Next, to gain an in-depth understanding of the mechanisms by which urbanization
influenced energy-related carbon dioxide emissions, the relationship between urbanization
and carbon dioxide emissions was investigated under different development conditions.
First, we started from the impact of urbanization on carbon dioxide emissions given distinct
levels of economic development, using Equation (3). As shown in Table 4, the coefficient
for the interaction term between urbanization rate and GDP per capita was positive at the
5% significance level in both models 2 and 8 (model 2: β = 0.005, p-value < 0.05; model
8: β = 0.003, p-value < 0.05). It was indicated that economic growth may reinforce the
driving effect of urbanization on carbon dioxide emissions. This result is further reflected
in Figure 3. It shows that the marginal effect of urbanization on carbon dioxide emissions
became even stronger as GDP per capita took a higher value.
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On the other hand, the coefficient for the interaction term between urbanization rate
and industrial transformation was negative at the 5% significance level in models 3 and 8
(model 3: β = −0.263, p-value < 0.05; model 8: β = −0.215, p-value < 0.05), suggesting that
the growth of carbon dioxide emissions in an area, along with its urbanization process, was
mitigated if the tertiary industry in this area grew faster. This result is further demonstrated
in Figure 4, which shows that the marginal effect of urbanization on carbon dioxide
emissions was reduced as industrial transformation, as indicated by the growth rate of
the share of the tertiary industry, became higher. Overall, these results show that when
economic growth is faster, the expansion of the urban area could increase the carbon
dioxide emissions to a greater extent. However, as the industrial structure was increasingly
updated, which was characterized by a sharp rise in the share of the tertiary industry, the
patterns of energy consumption were renovated, leading to a lower increase in carbon
dioxide emissions as the urban areas expanded.
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Then, the coefficients for the interaction terms between urbanization rate and R&D
spending and between urbanization rate and patents were found to be negative at the
5% and 1% significance level in models 6 and 7, respectively (model 6: β = −0.002,
p-value < 0.05; model 7: β = −0.058, p-value < 0.01). It was indicated that the positive
impact of urbanization on carbon dioxide emissions in an area was weakened when the
total investments in research activities were higher in this area or when the organizations
of this region produced more innovative outputs. This result is further supported by
Figures 5 and 6, which show that the positive effects of urbanization on carbon dioxide
emissions were lowered as R&D spending and patents increased. Taken together, these find-
ings suggest that the accumulation of technological advantages could offer opportunities
to reduce the amount of carbon dioxide emissions during the urbanization process.
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Then, the impact of social transformation on different aspects of the relationship
between urbanization and carbon dioxide emissions was analyzed, using Equation (4).
Table 5 shows that the coefficient for the interaction term between urbanization rate and
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education was negative and significant in models 1 and 6 at the 10% and 1% significance
level, respectively (model 1: β = −0.154, p-value < 0.1; model 6: β = −0.205, p-value < 0.01).
This provides evidence for the idea that the expansion of urban areas could increase
carbon dioxide emissions to a lesser extent if more education resources were available. The
result is further reflected in Figure 7. In addition, these results provide some evidence
for the moderating effect of green cultures. The coefficient for the interaction between
urbanization rate and culture was negative and significant in model 2 (model 2: β = −1.804,
p-value < 0.05). It was indicated that the positive effect of urbanization on carbon dioxide
emissions could be lowered if green cultures were more developed in this area. Figure 8
provides complementary evidence for this result. Finally, the coefficient for the interaction
term between urbanization rate and family size was negative at the 5% significance level in
models 4 and 6 (model 4: β = −0.076, p-value < 0.05; model 6: β = −0.089, p-value < 0.05),
suggesting that the increase in carbon dioxide emissions during the urbanization process
could be reduced with an increase in the average household size. This result is further
reflected in Figure 9. Overall, these results imply that urbanization could have less of
a driving effect on carbon dioxide emissions when the social wellbeing of the region is
further improved during the urbanization process.
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Table 5. Moderating effects of social factors on the relationship between urbanization and carbon dioxide emissions. 

 Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 
ln (Urbanization rate) ×  −0.154 *     −0.205 *** 
ln (Education) (0.088)     (0.015) 
ln (Urbanization rate) ×   −1.804 **    0.055 
ln (Culture)  (0.834)    (0.041) 
ln (Urbanization rate) ×    0.002   −0.026 
ln (Healthcare)   (0.009)   (0.024) 
ln (Urbanization rate) ×    −0.076 **  −0.089 ** 
ln (Family size)    (0.029)  (0.029) 
ln (Urbanization rate) ×     0.051 −0.220 
ln (Senior citizens)     (0.048) (0.328) 
ln (Urbanization rate) 0.272 0.407 * 0.199 * 0.149 0.049 ** −0.083 
 (0.382) (0.219) (0.121) (0.118) (0.021) (0.075) 
ln (GDP per capita) 0.012 *** 0.012 *** 0.030 *** 0.030 *** −1.212 0.034 
 (0.004) (0.004) (0.004) (0.004) (1.584) (0.041) 
ln (Industrial transformation) −0.238 * −0.219 * −0.438 *** −0.437 *** −3.025 ** −0.085 *** 
 (0.128) (0.131) (0.118) (0.119) (1.260) (0.013) 
ln (FDI) −0.015 −0.016 −0.023 0.032 ** 0.999 *** 0.015 *** 
 (0.016) (0.016) (0.016) (0.013) (0.000) (0.002) 
ln (Income) 0.148 0.133 −0.018 −0.019 0.038 0.021 *** 
 (0.202) (0.203) (0.097) (0.097) (0.203) (0.002) 
ln (R&D spending) −0.044 *** −0.044 *** −0.044 *** −0.042 *** −1.001 *** −0.142 *** 
 (0.011) (0.011) (0.006) (0.006) (0.002) (0.008) 
ln (Patents) 0.244 ** 0.135 −0.063 −0.066 −0.601 0.000 
 (0.115) (0.133) (0.088) (0.088) (0.410) (0.000) 
ln (Education) −0.137 −0.124 0.021 0.021 −0.026 −0.003 
 (0.201) (0.204) (0.097) (0.097) (0.199) (0.011) 
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Table 5. Moderating effects of social factors on the relationship between urbanization and carbon dioxide emissions.

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6

ln (Urbanization rate) × −0.154 * −0.205 ***
ln (Education) (0.088) (0.015)
ln (Urbanization rate) × −1.804 ** 0.055
ln (Culture) (0.834) (0.041)
ln (Urbanization rate) × 0.002 −0.026
ln (Healthcare) (0.009) (0.024)
ln (Urbanization rate) × −0.076 ** −0.089 **
ln (Family size) (0.029) (0.029)
ln (Urbanization rate) × 0.051 −0.220
ln (Senior citizens) (0.048) (0.328)
ln (Urbanization rate) 0.272 0.407 * 0.199 * 0.149 0.049 ** −0.083

(0.382) (0.219) (0.121) (0.118) (0.021) (0.075)
ln (GDP per capita) 0.012 *** 0.012 *** 0.030 *** 0.030 *** −1.212 0.034

(0.004) (0.004) (0.004) (0.004) (1.584) (0.041)
ln (Industrial
transformation) −0.238 * −0.219 * −0.438 *** −0.437 *** −3.025 ** −0.085 ***

(0.128) (0.131) (0.118) (0.119) (1.260) (0.013)
ln (FDI) −0.015 −0.016 −0.023 0.032 ** 0.999 *** 0.015 ***

(0.016) (0.016) (0.016) (0.013) (0.000) (0.002)
ln (Income) 0.148 0.133 −0.018 −0.019 0.038 0.021 ***

(0.202) (0.203) (0.097) (0.097) (0.203) (0.002)
ln (R&D spending) −0.044 *** −0.044 *** −0.044 *** −0.042 *** −1.001 *** −0.142 ***

(0.011) (0.011) (0.006) (0.006) (0.002) (0.008)
ln (Patents) 0.244 ** 0.135 −0.063 −0.066 −0.601 0.000

(0.115) (0.133) (0.088) (0.088) (0.410) (0.000)
ln (Education) −0.137 −0.124 0.021 0.021 −0.026 −0.003

(0.201) (0.204) (0.097) (0.097) (0.199) (0.011)
ln (Culture) −0.495 *** −0.478 ** −0.495 *** −0.114 * 0.098 −0.115 *

(0.140) (0.140) (0.140) (0.067) (0.067) (0.065)
ln (Healthcare) −0.154 ** −0.149 ** −0.154 ** −1.320 *** −1.277 *** −1.384 ***

(0.063) (0.065) (0.065) (0.213) (0.213) (0.215)
Ln (Family size) −0.033 −0.029 −0.032 −0.109 *** −0.113 *** −0.108 ***

(0.022) (0.022) (0.022) (0.016) (0.016) (0.016)
ln (Senior citizens) −0.015 ** −0.013 ** −0.013 ** −0.007 −0.008 * −0.008

(0.004) (0.004) (0.004) (0.005) (0.005) (0.005)
ln (Infrastructure) −0.020 *** −0.020 *** −0.020 *** −0.018 *** −0.017 *** −0.018 ***

(0.003) (0.003) (0.003) (0.002) (0.002) (0.002)
ln (Transportation) −0.218 *** −0.216 *** −0.217 *** −0.133 *** −0.134 *** −0.134 ***

(0.021) (0.021) (0.021) (0.012) (0.012) (0.012)
ln (Natural reserves) 0.001 −0.001 *** 0.001 −0.001 * −0.002 ** −0.002 **

(0.002) (0.002) (0.002) (0.001) (0.001) (0.001)
ln (Wastewater) 0.015 0.015 0.015 0.008 0.007 0.007

(0.034) (0.034) (0.034) (0.013) (0.013) (0.013)
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Table 5. Cont.

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6

ln (Waste gas) 0.659 ** 0.656 ** 0.657 ** 0.535 ** 0.553 *** 0.561 ***
(0.285) (0.285) (0.285) (0.157) (0.158) (0.157)

ln (Solid wastes) 0.005 0.005 0.005 0.004 0.005 0.005
(0.006) (0.006) (0.006) (0.004) (0.004) (0.004)

Constant −1.141 −1.404 * −1.194 −2.412 *** −2.595 *** −2.436 ***
(0.787) (0.785) (0.786) (0.625) (0.615) (0.626)

Number of obs. 1820 1820 1820 1820 1820 1820
R2 0.2572 0.2576 0.2608 0.3403 0.3401 0.3402
Hausman test Chi2(19) = 30.57 ** Chi2(19) = 36.25 *** Chi2(19) = 32.59 ** Chi2(19) = 39.22 *** Chi2(19) = 35.56 ** Chi2(23) = 38.67 **

Notes: Standard errors are in parentheses. * Denotes significance at the 10% level; ** denotes significance at the 5% level; *** denotes
significance at the 1% level.

We then analyzed the impact of the urban environment on the relationship between
urbanization and carbon dioxide emissions, using Equation (5). Table 6 shows that the
coefficients for the interaction term between urbanization rate and infrastructure and
between urbanization rate and transportation were positive and significant in models 1
and 2, respectively (model 1: β = 0.002, p-value < 0.01; model 2: β = 0.199, p-value < 0.01),
indicating that infrastructure construction and public transportation could exacerbate the
increase in carbon dioxide emissions during the urbanization process. This result is further
supported by Figures 10 and 11, which show that the marginal effect of urbanization on
carbon dioxide emissions became stronger with an increase in the level of infrastructure and
transportation facilities in the area. The implication of these results for urbanization and
carbon dioxide emissions was that the construction of the urban environment increased
the growth of carbon dioxide emissions during the urbanization process. Finally, the
impact of ecological environmental conditions on the urbanization–emissions relationship
was examined. As shown in Table 6, the coefficient for the interaction term between
urbanization rate and wastewater was positive and significant in models 4 and 7 (model
4: β = 0.381, p-value < 0.01; model 7: β = 0.016, p-value < 0.05). This result is further
supported by Figure 12, which shows that the marginal effect of urbanization on carbon
dioxide emissions in a region became stronger as the volume of industrial wastewater
produced in this area increased. It was indicated that urbanization could result in a higher
amount of carbon dioxide emissions when production processes generated considerable
wastewater and imposed a negative impact on the ecological environment.
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Table 6. Moderating effects of urban environmental factors on the relationship between urbanization and carbon dioxide
emissions.

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7

ln (Urbanization rate) × 0.002 *** 0.002 ***
ln (Infrastructure) (0.001) (0.001)
ln (Urbanization rate) × 0.199 *** 0.216 ***
ln (Transportation) (0.052) (0.052)
ln (Urbanization rate) × 0.016 0.193
ln (Natural reserves) (0.013) (0.533)
ln (Urbanization rate) × 0.381 *** 0.016 **
ln (Wastewater) (0.102) (0.004)
ln (Urbanization rate) × −0.098 −0.023
ln (Waste gas) (0.084) (0.026)
ln (Urbanization rate) × 3.015 0.097
ln (Solid wastes) (2.583) (0.217)
ln (Urbanization rate) 0.502 ** 0.514 ** 0.114 0.402 ** 0.354 * −0.067 0.499 **

(0.245) (0.245) (0.131) (0.133) (0.202) (0.075) (0.245)
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Table 6. Cont.

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7

ln (GDP per capita) −0.035 −0.019 0.028 *** 0.026 *** 0.012 *** 0.014 −0.035
(0.052) (0.050) (0.002) (0.004) (0.004) (0.040) (0.052)

ln (Industrial transformation) −0.050 ** −0.050 ** −0.436 *** −0.391 ** −0.238 * −0.086 *** −0.051 **
(0.022) (0.022) (0.117) (0.116) (0.128) (0.013) (0.022)

ln (FDI) 0.015 *** 0.016 *** 0.032 ** 0.028 ** −0.015 0.017 *** 0.016 ***
(0.005) (0.005) (0.013) (0.011) (0.016) (0.004) (0.005)

ln (Income) 0.033 *** 0.033 *** −0.018 −0.034 0.138 0.021 *** 0.033 ***
(0.003) (0.003) (0.094) (0.097) (0.204) (0.002) (0.003)

ln (R&D spending) −0.172 *** −0.172 *** −0.049 *** −0.044 *** 0.046 *** 0.144 *** −0.173 ***
(0.015) (0.015) (0.011) (0.009) (0.011) (0.010) (0.015)

ln (Patents) −0.002 −0.002 −0.021 −0.381 *** −0.248 ** 0.001 −0.002
(0.002) (0.002) (0.092) (0.102) (0.113) (0.001) (0.002)

ln (Education) −0.015 −0.015 0.022 0.036 −0.128 −0.003 −0.015
(0.016) (0.016) (0.096) (0.097) (0.205) (0.011) (0.016)

ln (Culture) −0.537 ** −0.532 ** −0.502 ** −0.514 ** −0.497 ** −0.114 * −0.532 **
(0.206) (0.206) (0.245) (0.245) (0.243) (0.067) (0.206)

ln (Healthcare) 0.002 0.002 −0.035 −0.019 −0.035 −1.322 *** 0.002
(0.008) (0.008) (0.052) (0.050) (0.052) (0.215) (0.008)

ln (Family size) −0.197 *** −0.196 *** −0.050 ** −0.050 ** −0.051 ** −0.109 *** −0.196 ***
(0.053) (0.053) (0.022) (0.022) (0.022) (0.016) (0.053)

ln (Senior citizens) 0.098 0.113 * −0.015 *** −0.016 *** −0.016 *** −0.009 0.005
(0.065) (0.065) (0.005) (0.005) (0.005) (0.007) (0.011)

ln (Infrastructure) −1.275 *** −1.384 *** −0.031 *** −0.033 *** −0.033 *** −0.018 *** −0.553 ***
(0.211) (0.215) (0.001) (0.003) (0.003) (0.002) (0.158)

ln (Transportation) −0.113 *** −0.108 *** −0.172 *** −0.172 *** −0.173 *** −0.133 *** 0.005
(0.016) (0.016) (0.015) (0.015) (0.015) (0.012) (0.002)

ln (Natural reserves) −0.008 * −0.008 −0.002 −0.002 −0.002 0.001 * −0.228 **
(0.005) (0.005) (0.002) (0.002) (0.002) (0.001) (0.088)

ln (Wastewater) 0.016 *** 0.017 *** −0.015 −0.015 −0.015 0.008 0.007
(0.001) (0.001) (0.016) (0.016) (0.016) (0.013) (0.013)

ln (Waste gas) 0.134 *** 0.134 *** 0.537 ** 0.532 ** 0.532 ** 0.535 ** 0.561 ***
(0.012) (0.012) (0.206) (0.206) (0.206) (0.157) (0.157)

ln (Solid wastes) 0.002 ** 0.002 ** 0.002 0.002 0.002 0.004 0.003
(0.001) (0.001) (0.008) (0.008) (0.008) (0.004) (0.004)

Constant −2.987 *** −2.960 *** −1.141 −1.404 * −1.194 −2.412 *** −2.930 ***
(0.633) (0.642) (0.787) (0.785) (0.786) (0.625) (0.642)

Number of obs. 1820 1820 1820 1820 1820 1820 1820
R2 0.3407 0.3401 0.3477 0.2716 0.2725 0.1401 0.3406

Hausman test Chi2(19) =
28.57 *

Chi2(19) =
37.32 ***

Chi2(19) =
38.62 ***

Chi2(19) =
33.35 **

Chi2(19) =
31.47 **

Chi2(19) =
33.08 **

Chi2(24) =
37.40 **

Notes: Standard errors are in parentheses. * Denotes significance at the 10% level; ** denotes significance at the 5% level; *** denotes
significance at the 1% level.

Taken together, these results show that economic growth, as indicated by GDP per
capita and FDI, enhances the driving effect of urbanization on carbon dioxide emissions.
Moreover, infrastructure construction, increasing transportation demand, and wastewater
also reinforced the growth of carbon dioxide emissions during urbanization processes.
However, industrial transformation, technological change, and social transformation, such
as education and cultural development, could significantly mitigate the increase in carbon
dioxide emissions as urban areas expanded.

5. Discussion and Conclusions

It is noted in the existing literature that there is an EKC relationship between urban-
ization and carbon dioxide emissions, which means that carbon dioxide emission increases
with expansion of urban land at low levels of urbanization but decreases with further
expansion of urban land at high levels of urbanization [7–9]. Using a sample of 182 cities in
China between 2001 and 2010, this study empirically examined the driving forces underly-
ing the EKC relationship between urbanization and carbon dioxide emissions. Specifically,
we explored how the relationship between urbanization and carbon dioxide emissions is
changed by economic development, technological change, social transformation, urban
environmental change, and the ecological environment quality. The results have impor-
tant implications for our understanding of the environmental impact of the advance of
urbanization.

First, when the urbanization process was accompanied by fast economic growth,
economic production was more concentrated in energy-intensive industries, leading to the
rapid growth of energy-related carbon dioxide emissions. However, when the urbanization
process was characterized by industrial transformation toward increasing the share of
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the tertiary industry, the energy intensity of the economic production was lower and, in
turn, the increase in carbon dioxide emissions generated in this urbanization process was
reduced. Second, the construction of infrastructure could result in higher demands for
energy-intensive construction materials, reinforcing the increase in carbon dioxide emis-
sions during the urbanization process. Additionally, urban infrastructure could shift the
consumption patterns of urban residents toward energy-intensive lifestyles, such as relying
on private cars and extensive demands for goods and services, which could also enhance
the increase in carbon dioxide emissions in the urbanization process. However, public
infrastructure, such as central heating systems, could also improve the energy efficiency
of urban residents and therefore mitigate the growth of carbon dioxide emissions in the
urbanization process. Third, the concentration of the population in urban areas increased
the demand for delivery services for raw materials, finished goods, and food in urban
areas. When public transportation facilities were underdeveloped, the energy intensity of
transportation could be quite high, exacerbating the growth in carbon dioxide emissions in
the urbanization process. However, the concentration of the urban population in cities also
gave rise to higher energy efficiency in production and manufacturing processes, which
could reduce the carbon dioxide emissions caused by the growth of urban land. Moreover,
urban dwellers were likely to be influenced by advocates for new low-carbon lifestyles, led
by institutional changes in urban areas. Therefore, citizens living in large cities could grad-
ually become aware of the problem of climate change and start to buy green products and
bioproducts. Finally, technological change could provide new opportunities for emissions
reductions when urban areas were continuously expanding. For instance, the increasing
use of renewable energy in public transport systems could switch the relationship between
energy use and carbon dioxide emissions during the urbanization process. As a result, the
driving effect of urbanization on carbon dioxide emissions could be alleviated.

This study contributes to the literature on this relationship in two aspects. First of
all, taking a holistic perspective, this study shed new light on our understanding of a full
image of the mechanisms of urbanization on carbon dioxide emissions. The literature
has long emphasized that urbanization is accompanied by multiple transition processes
in social, economic, and environmental phases, which have distinct implications for the
increase in carbon dioxide emissions in urban areas. We found that although economic
growth and urban construction induced by rapid urbanization may reinforce the growth
of carbon emissions, there are multiple social and economic processes that can help with
carbon emission reduction in the period of urbanization.

Second, the results of the extensive analyses on the city level in this study have im-
portant implications for the implementation of carbon emission reduction. Specifically,
this study highlighted that urbanization has both positive and negative impact on carbon
dioxide emissions due to the underlying economic, social, and environmental processes.
According to our findings, as urban land continuously expands in China, the government
should take measures to motivate technological progress and propel social and cultural
reform towards low-carbon lifestyles and green economy. Additionally, the government
should pay attention to the reduction of carbon emissions in construction processes and in
built environments of urban areas. Following this line of thought, future studies could pay
more attention to green technologies for carbon emission reduction in the construction sec-
tor.

This paper has limitations that provide a basis for future research. We adopted a linear
fixed effects estimator to test the driving forces of an EKC relationship between urbanization
and carbon dioxide emissions. However, this method has a number of limitations in this
context. First, the function that describes the relationship between urbanization and carbon
dioxide emissions is not fully known. Although we built a model that captures most of the
relevant factors by analyzing the literature, it is still possible that there are other variables
that should be included in the model [68,69]. Furthermore, in the context of energy-related
carbon dioxide emissions, parametric analyses often do not approximate the relationship
well enough [68]. Therefore, nonparametric trending methods can be superior. Future
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studies can consider using nonparametric models to examine the factors underlying the
EKC relationship between urbanization and carbon dioxide emissions.
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