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Abstract: As the largest carbon emitter in the world, China is facing increasing challenge to reduce
CO2 emissions. Given this issue, exploring the influencing factors is of great significance for scientific
low-carbon emission policymaking. Although previous literature has explored the effects of urban-
ization on CO2 emissions, the impact of the space of flow on urban carbon emissions have been less
explored. Due to the increasing connection between cities, its impact on urban carbon emissions
cannot be ignored. Thus, this paper takes the space of flows into account as an aspect of urbanization
to supplement the existing literature and empirically examines the multiple effects of urbanization
on CO2 emissions in the Pearl River Delta (PRD) urban agglomeration. By using a STIRPAT model,
statistical data, and web crawler data, we examined impacts of different types of urbanization on
CO2 emissions. Our empirical results show that: (1) Within the PRD urban agglomeration, urban
linkage intensity is strongly connected to urban socioeconomic growth, establishing a geographical
structure with Guangzhou and Shenzhen as the double core. (2) Our results show that urbanization
exerts two opposite effects on CO2 emissions: positively connects carbon emissions with population
urbanization, integrated urban linkage flow, and energy intensity, whereas economic urbanization
and social urbanization are shown to be negatively correlated. However, spatial urbanization has no
significant positive effect on urban CO2 emissions. (3) It is worth noting that urban linkage flows are
the second most important factor affecting urban carbon emissions after economic urbanization. Our
study could formulate effective planning suggestions for future CO2 emission reduction paths and
development modes in the PRD.

Keywords: space of flows; urbanization; carbon emissions; spatial economic models; Pearl River
Delta urban agglomeration

1. Background of the Study

In promoting soaring energy consumption levels, processes of rapid urbanization raise
a range of environmental concerns, not least with respect to the radical increases that have
been witnessed in CO2 emissions globally. Increasing levels of atmospheric greenhouse
gases—particularly CO2—constitute the major impact factor in global warming, which
now poses a great threat to nature and the planet [1]. The issue of global warming has
attracted widespread attention around the world.

Since 2006, China has been the world’s largest carbon emitter and is considered a
region for international carbon reduction efforts [2]. According to the “Statistical Review
of World Energy 2021,” which is published by Beyond Petroleum (BP), China’s carbon
emissions increased from 7.71 billion tons in 2009 to 9.90 billion tons in 2020, an increase of
30.7% which places the country first in the world in terms of emissions growth [3]. In order
to demonstrate its determination to achieve coordinated eco-environment and economic
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development, the Chinese Government has committed to reductions to the extent that
“CO2 emissions per unit of GDP in 2020 will be reduced by 40–45% compared to 2005” [4].
It is not only emissions that have risen dramatically in recent decades: China’s urbanization
level has grown rapidly, increasing from 17.9% in 1978 to 63.89% in 2020, with an average
annual growth rate of more than 1%. Rapid urbanization of this kind brings with it a
series of problems, including an intensification of production and living activities that has
resulted in increased fossil energy consumption and thus increased carbon emissions [5,6].
Recognizing that urbanization constitutes the core unit of regional economic and social
development, the question of how to achieve carbon emission reduction while ensuring
continued, albeit low-carbon, urban development has become a focal issue in China. The
relationship between urbanization and CO2 emissions has been extensively discussed
by scholars around the world [7]. Previous findings have shown that urbanization has
different degrees and types of impacts on energy consumption and CO2 emissions through
mechanisms that operate at different scales and in different regions [8–11]. The impact of
urbanization on CO2 emissions also varies according to its rate and quality [12,13]. Thus,
further study of urban carbon emissions is imperative to meeting this challenge: in fact,
if China is to meet its carbon reduction targets, the mechanism that links urbanization to
carbon emissions must be uncovered. This knowledge would also be invaluable in guiding
international responses and cooperation on matters of climate change.

The issue of urban carbon emissions has been extensively discussed by scholars, and
this research has taken a range of different directions. The existing literature that addresses
Chinese emissions can be divided into a number of categories, including studies which
have addressed, variously: the impact of urbanization on carbon emissions [14,15], the
drivers and mechanisms of urban carbon emissions [16,17], the analysis and prediction
of carbon emission scenarios [18,19], the path of carbon emission reduction and policy
proposals [20,21], the effect of energy consumption and type on carbon emissions in
China [22,23], the externalities problems from carbon emission [24], and regional differences
in carbon emission efficiency between Chinese cities [25,26].

When considering this body of work, we note that whilst identifying the driving
mechanisms and factors behind carbon emissions is key to formulating emission reduction
policies and implementing scenario simulations, no uniform conclusions have yet been
reached. This is not to say that studies have not addressed the relationship between dif-
ferent drivers and carbon emissions—for example, we note that Solarin et al. [27] found a
stable long-term equilibrium relationship between the level of urbanization and carbon
emissions, and previous research has shown that the driving factors of carbon emissions in-
clude population structure [28], GDP [29], industrialization [30], energy consumption [31],
urbanization level [32], and land-use change [33]. The study methods employed include
least order squares [34], the STIRPAT model [35], the LMDI model [36], vector autore-
gressive models [37], geographically weighted regression models [38], and multiplier
effects [39]. The action pathway of carbon emission increases and the countermeasure of
carbon emission reductions have both been explored, among others, by Tan et al. [40], who
predicted the CO2 reduction potential of Chongqing and analyzed its low-carbon transition
path, proposing that improving technology, increasing energy efficiency, optimizing energy
input structures, and adjusting the industrial structure are the most effective strategies in
achieving Chongqing’s carbon emission reduction target. Furthermore, Zhang et al. [41]
empirically investigated the impact of fiscal decentralization on environmental functional
mechanisms using panel data from 29 Chinese provinces; these scholars found that the
impact of fiscal decentralization on environmental policies significantly varies across geo-
graphic regions and municipalities, as a result recommending that improvements be made
to the institutional environment by incorporating the reduction of emissions into the local
government performance assessment system.

The relationship between urbanization and carbon emissions in urban agglomerations
is becoming a hot topic in urban geography research. For example, Wang et al. [42] found
that urbanization affects CO2 emissions in two, albeit opposite, ways: while land urbaniza-
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tion, economic urbanization, and social urbanization were shown to exert positive effects
on emissions, population urbanization had a negative effect on CO2 emissions. It is worth
noting that the industrial structure and social consumption were found by these scholars to
have exerted a positive but not significant effect on CO2 emissions in the Pearl River Delta.
The significant positive effect of energy intensity, on the other hand, suggests that lower
energy efficiency tends to increase emissions. In contrast, Zhang et al. [43] empirically
measured a city-level “total factor carbon emission efficiency index” (TCEI) at different
stages of urbanization using dynamic panel data for four typical urban agglomerations
in China from 2006 to 2016. They found the TCEI of these urban agglomerations at dif-
ferent urbanization stages to increase year by year, indicating that increasing economic
development and the urbanization level will help to achieve low carbon development in
specific urban agglomerations. The optimization of the industrial structure and making
improvements to the ecological will in turn help to curb carbon emissions.

While scholars have also made in-depth studies on the relationship between urban-
ization and carbon emissions, there remain some disagreements on the nature of this
relationship, and views tend to conform to three distinct types, each of which respectively
support the presence of a driving effect, an inhibiting effect, or uncertainty regarding the
effect of urbanization on carbon emissions. Sadorsky et al. [44] analyzed over 80 countries
in the last 20 years in order to determine the influence of demographic factors on pollution
emissions, pointing out that the level of carbon emissions in cities would increase with
increases in their urbanization level. Tang et al. [45] found the carbon emission trading
system on land use transition would affect China’s CO2 emissions peak. In contrast to the
above studies, Martinez-Zarzoso et al. [46], using urban population data for 88 developing
countries over the last 30 years, found an “inverted-U” relationship between urban pop-
ulation density and carbon emissions. Poumanyvong et al. [7] selected 99 countries and
regions around the world, classifying them by income level; these scholars found that the
impact of urbanization on carbon emissions varied by income. While they were able to
show that for countries in the middle-income range, urbanization increases carbon emis-
sions significantly, they were unable to confirm the exact relationship between urbanization
and carbon emissions for the sample of low-income countries.

The flow space was originally proposed by Castells as a space of flow interactions [47].
It can reveal the connection of flow between regions. At present, most of the research on
flow space is focused on regional spatial structure, theoretical research, and the application
of “flow” data. Zhong et al., constructed a weighted directed graph based on tourism
flow data, which can reveal the spatial structure of urban movement [48]. Roth et al.,
use personal mobility data from the London Underground to reveal the structure and
organization of the city; the results of their study show that intra-city mobility patterns
are quantitatively highly heterogeneous and that there is a polycentric structure consisting
of large flows [49]. Shen et al., believe that flow space is a space built around the flow
of elements such as human, logistics, capital, technology, and information flow, which is
supported by information technology-based network flow lines and rapid traffic flow lines
to create a purposeful, repeated, and programmable dynamic movement [50]. Based on the
above research, this paper considers flow space as a networked dynamic space which is
built around the exchange of people, logistics, and information flow between cities with
information network and transportation network as the carrier.

Previous studies on the mechanism linking urbanization and carbon emissions have
accomplished much and led to a rich range of results, which provide the theoretical basis
and practical experience for this paper. These existing studies, however, have tended to
ignore the interconnections between cities within urban agglomerations, instead treating
urban agglomerations as static systems. Spaces of flows is a notion first introduced by
Manuel Castells, who defined it as the material organization of time-sharing social practices
that work through flows [51]. As China’s cities step into a new stage in their urbanization,
the rapid development of modern transportation, communication technology, and other
technologies make the connection between cities increasingly close—the resulting flows of
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people, goods, and information between cities will also have an impact on urban carbon
emissions. Therefore, this paper selects the Pearl River Delta (PRD) urban agglomera-
tion, with its strong inter-city linkages, especially the high-intensity, high-velocity, and
high-frequency flow of multiple elements within it [52], as a research case and adds the
indicator of “comprehensive urban linkage flow.” Establishing indicators across four di-
mensions, the study aims to explore the relationship between urbanization and carbon
emissions and identify the mechanism at work in the impact of new urban development on
carbon emissions.

The remainder of this article is organized according to the following structure. In Sec-
tion 2, the study area, the data source and processing, and the methodology are introduced.
In Section 3, the results of urban linkage intensity and the regression results of STIRPAT
model are analyzed. Finally, the conclusions and policy implications are presented in
Section 4.

2. Materials and Methods
2.1. Study Area

The PRD urban agglomeration forms the study area addressed in this paper. The
region is located in the south of China and is one of the most dynamic economic regions
in the Asia-Pacific region (Figure 1). The PRD urban agglomeration includes nine cities—
Dongguan, Foshan, Guangzhou, Huizhou, Jiangmen, Shenzhen, Zhaoqing, Zhongshan,
and Zhuhai.
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Figure 1. Study area: PRD urban agglomeration.

The PRD urban agglomeration was one of the regions established in the early stages
of China’s reform and opening-up policy and is an important economic center. It covers
an area of about 55,368.7 km2—accounting for less than one third of the province’s area;
in 2019, it gathered 53.35% of the province’s population and 79.67% of its GDP. The PRD
urban agglomeration holds an important position in China’s national economic and social
development as well as in the overall reform and opening up of the country.

2.2. Data Source and Processing

The data used in this study primarily took the forms of inter-city flow data, urbaniza-
tion index data, and carbon emission data.

2.2.1. Urban Flow Data
City Passenger Flow

Since passenger flows between cities mainly occur through roads and railroads, we
chose to use the passenger frequency of high-speed rail, ordinary trains, and intercity
buses in order to calculate population movement between cities in the PRD. The data
was mainly obtained by web crawling the bus schedules published on the 12306 websites
(https://www.12306.cn (accessed on 7 June 2019)) and the passenger stations in each city
using the software Python. We selected the average daily frequency of high-speed trains,
trains, ordinary trains, and intercity buses between cities in 2019 to represent the traffic

https://www.12306.cn
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flow data between cities. Passenger trips were converted into passenger flow data. Since
different modes of transportation have different carrying capacities, different passenger
capacities were assigned to them. Passenger cars are standardized to carry 50 people, and
ordinary trains are standardized to carry 1 soft sleeper, 8 hard sleepers, and 8 hard-seat cars,
in total carrying 1200 people. Dynamic and high-speed trains are made up of a first-class
car comprising of 4 sections and a second-class car comprising of 5 sections, carrying 600
people as the standard [53].

Traffic volume was defined using the following formula:

Mij = 50Aij + 1200Bij + 600Cij + 600Dij (1)

Rij = (Mij + Mji)/2 (2)

In the formula, Mij represents the connectivity of the city passenger flow network from
city i to city j; Rij represents the connectivity of the city passenger flow network between
city i and city j; and Aij, Bij, Cij, and Dij denotes the daily average intercity bus frequency,
ordinary train frequency, moving train (subway) frequency, and high-speed rail frequency
from city i to city j, respectively. The results of this calculation were used for the final
construction of the city’s passenger flow linkage matrix (Table 1). The connection matrix is
a matrix that represents the strength of the linkage between cities, with larger numbers in
the matrix representing stronger linkages between two cities.

Table 1. PRD city people flow connection matrix 2019.

DongGuan FoShan GuangZhou HuiZhou JJiangMen ShenZhen ZhaoQing ZhongShan ZhuHai

DongGuan 15,000 237,550 101,350 3150 211,800 6850 6250 8500
FoShan 235,550 4650 7800 105,400 360,800 9600 7450

GuangZhou 66,100 151,150 664,300 337,050 148,000 209,600
HuiZhou 1500 146,350 1600 2750 2600
JiangMen 3500 1500 1000 13,200
ShenZhen 214,100 13,050 5800
ZhaoQing 2700 3650
ZhongShan 217,550

ZhuHai

Logistics Flow

Logistics flow is the process of moving an object entity from one location to another. In
the flow space, data from express sites can be used to calculate the level of logistics between
regions, representing the frequency of flow of items. In this paper, 12 mainstream logistics
companies—SF, CaiBird, Best, Debonair, Annen, China Tong, and Shunxin—were selected
as research subjects. We obtained logistics flow data mainly by using Python to crawl the
logistics routes between cities in the PRD urban agglomeration in 2019 using the Alibaba
logistics network (https://x56.1688.com/56home/home.htm (accessed on 7 June 2019)).
Drawing on the method proposed by Taylor for studying the world city network, the score
value of a logistics outlet in city i, denoted by Xia, is defined as the importance of a logistics
outlet in the whole network [54]. The calculation of the logistics linkage is expressed as:

Rij,a = Xia × Xja (3)

Rij denotes the degree of logistics connection between two cities, city i and city j:

Rij = ∑
j

Rij,a (4)

Finally, the logistics linkage matrix of the PRD urban agglomeration was constructed
(Table 2).

https://x56.1688.com/56home/home.htm
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Table 2. PRD city logistics linkage matrix 2019.

DongGuan FoShan GuangZhou HuiZhou JiangMen ShenZhen ZhaoQing ZhongShan ZhuHai

DongGuan 362,451 1,354,832 101,586 241,344 1,127,103 118,841 112,980 84,404
FoShan 222,935 44,334 55709 299,405 64,878 18,159 22,410

GuangZhou 93,767 386,066 1,240,088 128,623 21,202 68801
HuiZhou 93,767 114,535 33,800 27,795 21,704
JiangMen 117,300 57,563 10,359 31,075
ShenZhen 52,260 22,088 28,170
ZhaoQing 8436 24,352
ZhongShan 5245

ZhuHai

Information Flow

With the development of communication technology, the internet has become an
important communication channel between cities. In fact, the flow of information between
cities within an urban agglomeration occurs mainly through the internet. This can be
represented in a number of ways, but we used the Baidu index city search volume, which
is able to visually show the information exchange status between cities. In this paper, the
average daily search volume of Baidu users among cities in the PRD in 2019 was obtained
using the keywords of each city in the PRD in the Baidu index interface. A city information
connection flow matrix was constructed from the data [55]. The formula for calculating the
information linkage flow between cities is as follows:

Rij = Ab + Ba (5)

Ab in the formula is the search volume of city Baidu users to city A; Ba is the search
volume of city A Baidu users to city B; and Rij is the information flow network connection
degree between city i and city j. We used the results of this calculation in order to construct
the city information flow connection matrix (Table 3).

Table 3. PRD city information flow linkage matrix 2019.

DongGuan FoShan GuangZhou HuiZhou JJiangMen ShenZhen ZhaoQing ZhongShan ZhuHai

DongGuan 74,784 299,088 89,585 28,776 550,232 29,190 28,356 43,920
FoShan 433,782 46,200 39,579 173,038 36,894 49,644 76,440

GuangZhou 159,104 100,128 923,520 96,084 93,840 146,256
HuiZhou 20,574 339,735 18,522 18,810 23,040
JiangMen 62,037 22,969 18,207 23,490
ShenZhen 61,204 64,944 113,928
ZhaoQing 12,936 15,295
ZhongShan 38,100

ZhuHai

Flow Data Integration Processing

We then normalized the three sets of data from the flow contact matrices described
above using the following equation:

X = (x − Min)/(Max − Min) (6)

In the formula, x is the original data; Min is the minimum value of the matrix data;
Max is the maximum value of the matrix data; and X is the normalized data. The standard-
ized X indicates the degree of inter-city linkage—the higher the value, the stronger the
inter-city linkage.
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Summation of normalized data was used to express the intensity of urban linkage flows:

Ri = ∑
j

rij (7)

In the formula, Ri denotes the strength of linkage flow of city i and Rij is the degree
of network connectivity between city i and city j. In order to study the spatial structure
of integrated flow urban agglomerations, with reference to Liu [56], all factor flows were
considered equally important with a weight of 0.33.

2.2.2. Urbanization Index Data

Drawing on the results of the existing comprehensive measurement index system
[9,12,25,52,57,58], and following the principles of systematicity, completeness, validity,
scientificity, and operability, it was summarized into four aspects from the connotation
of the concept of urbanization: (1) Population urbanization indicators mainly reflect the
process of population concentration in urban areas, including the proportion of urban
population, population density, and the number of people employed in secondary and
tertiary industries. (2) Economic urbanization indicators mainly reflect the transformation
of economic structure into non-agricultural, including GDP per capita, the proportion of
output value of secondary and tertiary industries, and the proportion of research and de-
velopment investment in regional GDP. (3) Social urbanization indicators mainly reflect the
change of lifestyle, including total social consumption, per capita electricity consumption,
and the proportion of college students. (4) Spatial urbanization index. mainly reflects the
process of change of geographical landscape. Specifically, it includes the proportion of
built-up area and paved road area per capita. These four indicators are interrelated and
distinct, aiming to reflect the comprehensive level of urbanization process (Table 4).

Table 4. Urbanization index system table.

Tier 1 Indicators Secondary Indicators Reference

Population urbanization
Urban population to total population [9]

Population density [58]
Percentage of population in secondary and tertiary industries [52]

Economic urbanization
The proportion of output value on secondary and tertiary industries to regional GDP [9]

GDP per capita [58]
Research and development investment as a percentage of regional GDP [25]

Social urbanization
Total social consumption [25]

Urban electricity consumption per capita [57]
University student rate [57]

Spatial urbanization Area share of built-up area [57]
Paved road area per capita [25]

Urban integrated linkage
intensity

City passenger flow [52]
Logistics flow [52]

Information flow [52]

Control variables Energy consumption intensity [12]

All data on new urbanization that we used in the evaluation system were taken from
the Statistical Yearbook of Guangdong Province 2019 and the Statistical Yearbook of Urban
Construction of China.

Each variable is described in Table 5.



Land 2022, 11, 1373 8 of 21

Table 5. Results of descriptive statistics for each variable.

Variables Unit Minimum
Value

Maximum
Value

Average
Value

Standard
Deviation

Carbon dioxide emissions million tons 16.1 67.6 36.3 15.0
Urban population ratio % 48.6 100.0 82.2 15.5

Population density person/km2 281 6484 1870.8 1747.6
Percentage of population in secondary

and tertiary industries % 0.549 0.998 0.881 0.144

The proportion of output value of
secondary and tertiary industries % 99.9 82.8 95.9 5.2

GDP per capita Yuan/Person 53,936 203,489 119,858.7 48,495.5
R&D investment ratio % 4.93 1.11 2.55 0.97

Total social consumption Billion Yuan 996.3 9551.6 3664.2 3193.3
Urban electricity consumption per capita kWh/person 6363.4 12,752.6 9017.4 1969.3

Percentage of college students Name/10,000
people 45.1 745.4 244.5 254.8

Area share of built-up area % 20.0 60.0 38.4 14.3
Paved road area per capita km2/person 8.5 24.2 17.4 4.7

Energy consumption intensity million tons of
standard coal 407.6 2379.9 1186.0 659.0

2.2.3. Carbon Emissions Data

The carbon emission data refer to the study of Wang et al. [59], which accounted for the
carbon emission of energy consumption with urban energy consumption data according to
the IPCC [60,61] greenhouse gas emission inventory, followed by obtaining the nighttime
lighting data within the city and counting the total nighttime lighting values based on
the DMSP/OLS nighttime lighting images, and then fitting and analyzing them with the
corresponding carbon emission statistics, which were simulated and inverted from the
nighttime lighting images.

2.3. Methodology
2.3.1. The Entropy Method

Based on the index system of urbanization, the present paper constructs a comprehen-
sive index system of urban carbon emissions. This was done by combining urban linkage
flow and urban energy consumption intensity. The index system can be used to analyze
the influence of different dimensional indicators on carbon emissions.

In consideration of the different importance of different dimensional indicators in the
system, we selected the entropy method in order to calculate the weight index of each
indicator. The entropy value method was used to calculate the entropy weight based on
the information entropy of each dimensional index. Finally, the weights of each index were
corrected using entropy weights, allowing more accurate and objective weighting results to
be obtained [58].

The entropy value method is calculated as shown below:
In evaluating the six dimensions of population urbanization, economic urbanization,

social urbanization, spatial urbanization, energy consumption intensity, and comprehensive
urban linkage flow intensity, each dimensional index Uk was calculated as follows:

Uj =
m

∑
j=1

Xkj
gkj

∑n
i=1 gki

(8)

In formula (8), Xkj denotes the normalized indicator data and gj denotes the differenti-
ation index of indicator j at that time. Accordingly, the weights of each dimension of the
carbon emission index system were able to be obtained (Table 6).



Land 2022, 11, 1373 9 of 21

Table 6. Weights of each dimension of the carbon emission index system.

Dimensionality Population
Urbanization

Economic
Urbanization

Social
Urbanization

Spatial
Urbanization

Energy Consumption
Intensity

Comprehensive City
Connection Degree

Weights 0.220 0.211 0.220 0.131 0.104 0.114

2.3.2. STIRPAT Extension Model

York et al., originally developed the Stochastic Impacts by Regression on Population,
Affluence, Technology (STIRPAT) [62] model, an extension of the IPAT model, in order
to introduce random variation variables based on the previous model and in this way
overcome the shortcomings of the original model.

The formula is as follows:
I = aPb AcTde (9)

In practice, it is usually used in its logarithmic form:

ln I = ln a + b ln P + c ln A + d ln T + e (10)

In the formula, b, c, and d denote the elasticity coefficients of the population, affluence,
and technology level, respectively, and e is the random error term.

Based on the STIRPAT model, in this study, we analyzed the effects of different
urbanization and integrated urban connectivity on carbon emissions. When the calculated
urbanization index variables for each dimension are substituted into the extended model,
the model becomes:

ln I = a + β1 ln PU + β2 ln EU + β3 ln SU + β4 ln LU + β5 ln UC + β6 ln EN (11)

In the formula, I denotes total carbon emission, PU denotes population urbanization,
EU denotes economic urbanization, SU denotes social urbanization, LU denotes spatial
urbanization, UC denotes urban integrated correlation, and EN denotes urban energy
consumption intensity.

3. Results
3.1. Urban Linkage Intensity Analysis

After processing and normalizing the linkage intensity data for each city within the
PRD urban agglomeration, we were able to obtain the city integrated linkage flow intensity
(Figure 2).

Generally speaking, the core cities in the PRD urban agglomerations (e.g., Guangzhou,
Dongguan, Shenzhen, etc.) have relatively consistent linkage intensities in relation to
city passenger flows, logistics flows, and information flows. However, differences can be
identified in the intensity of linkages between different cities located in peripheral areas.
Guangzhou and Shenzhen are the top two cities in the urban agglomeration from the
perspective of the intensity of city-integrated linkages, followed by Dongguan and Foshan.
Among these cities, Guangzhou displayed the highest integrated linkage flow intensity
and Jiangmen the lowest; the value of the former is 9.03 times higher that of the latter.
Guangzhou and Shenzhen together form the center of gravity of the national economy as
well as a world trade center and an international integrated transportation hub. They have
a dominant position in terms of information interaction and transportation links. These
two cities form a dual-core network linkage structure in the PRD urban agglomeration. At
the same time, different types of mobility within the urban agglomeration exhibit different
structural characteristics:

(1) The population movement between Guangzhou and Shenzhen is the closest in net-
work formed by passenger flow linkages between cities. Guangzhou and Shenzhen
are closely linked to each other in terms of economy and information. The traffic flow
between them far exceeds that between other cities, e.g., the average frequency of
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the high-speed train between the two cities is 6 shifts/hour. Guangzhou and Shen-
zhen form the most important urban passenger connection axis within the urban
agglomeration, and they account for 18.8% of the total passenger flow in the PRD
urban agglomeration.

(2) In the network formed by logistics flow linkages between cities, Dongguan-Guangzhou
is shown to be the strongest linkage. In terms of the strength of logistics flow linkage
strength of individual cities, Dongguan has the highest value. The reason for this lies
in the city’s e-tailing industry, which drove the development of the city’s economy
and networks, opening up a variety of available service channels for the logistics flow
industry. As an important commodity production base in the PRD urban agglom-
eration, Dongguan has thus witnessed rapid development in urban logistics. The
logistics flow link between Dongguan and Guangzhou alone accounts for 10.4% of
the total volume of the PRD urban agglomeration.

(3) In the information flow linkage network, Shenzhen-Guangzhou, Shenzhen-Dongguan,
and Guangzhou-Foshan have the three highest inter-city information flow intensities;
together, they account for 43% of the total regional intensity. From a geospatial location
perspective, the information exchange links within the PRD urban agglomeration
tend to cluster along the Pearl River Estuary. With its high level of economic vitality,
Shenzhen ranks first in terms of overall information linkage intensity—the city’s
rapid development has allowed Shenzhen to gradually surpass Guangzhou in terms
of information linkage flow intensity. Shenzhen is the core city of the PRD urban
agglomeration, with an increasing number of internet users and increasing degree
of informatization. Topics about Shenzhen often trigger discussions among internet
users in different cities on the Internet. Hot topics, such as soaring house prices and
technological development in Shenzhen, push internet users in different cities to learn
about Shenzhen through online channels.

(4) The intensity of linkage flows in the PRD urban agglomeration can be divided into
three tiers (Figure 3). Guangzhou and Shenzhen occupy the core position and in
the three tiers of urban passenger flow, logistics flow, and information flow division,
both cities belong to the first tier, although Shenzhen’s position is relatively lower
than that of Guangzhou. Dongguan and Foshan are in the second tier of the city
linkage flow hierarchy. Dongguan is ranked in the first tier of the logistics linkage
hierarchy. The cities in the urban tier of all connected flows are basically the same. In
addition, cities place within different tiers for the different flow types. For example,
Zhaoqing has stronger passenger flow linkages and is in the second tier, while in terms
of logistics flow and information flow, it is located within the third tier. Jiangmen
has relatively stronger logistics flow connections, which also reflects the diversity of
development and the difference of relative advantages of different city flow types.
From the perspective of the integrated flow of the cities studied, the PRD urban
agglomeration shows a distribution pattern of “two cores—multiple centers.”

Compared to Dongguan and Foshan, Zhaoqing, and Jiangmen are further away from
the urban agglomeration center. They receive relatively less radiation from the core of the
urban agglomeration.
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3.2. Analysis of Regression Results of STIRPAT Model

The regression results of the STIRPAT model showed that the model had a decidable
coefficient R2 of 0.999 and the Durbin–Watson value of 2.263. The Durbin–Watson value
refers to a test statistic proposed by Durbin and Watson for the autocorrelation of diagnostic
model residuals. The value of this statistic is between 0 and 4, and the closer it is to 2, the
more the model tends not to have autocorrelation. All variables passed the 5% significance
test. This shows that the model is statistically significant and has a good fit. The VIF values
of each variable were below 10, indicating that no multicollinearity existed among them
(Table 7).
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Table 7. Model regression results.

Variables Regression Coefficient Std.Error Significance VIF

CONSTANT 3.136 0.100 0.000
Ln(PU) 1.185 0.064 0.002 6.503
Ln(EU) −1.207 0.175 0.038 9.811
Ln(SU) −0.275 0.028 0.013 2.309
Ln(LU) 0.265 0.083 0.033 5.731

Ln(NYXF) 0.415 0.042 0.004 1.697
LXD 1.140 0.116 0.003 9.967

F Value 13.683 0.028
R2 0.999

(1) Population urbanization was found to exert a significant positive effect on urban
carbon emissions. For every 1% increase in population urbanization, urban carbon emis-
sions were shown to increase by 1.185%; population urbanization is thus an important
factor in increases in carbon emissions. As one of the regions with the highest level of
development in the country, the PRD urban agglomeration has absorbed a large number
of foreign populations. According to data published by the National Health and Wellness
Commission, the PRD urban agglomeration had a resident population of 59.985 million in
2016, with 33.5053 million local household residents and 26.4797 million migrants, which is
one of the largest influxes of migrants in the country. At the same time, the large number of
migrants keeps the population density high and drives urban development, the latter of
which in turns stimulates the consumption of logistics goods like fuel and cement, which in
turn has led to increases in carbon emissions. Compared with other cities, megacities within
urban agglomerations have higher urbanization levels, higher population densities, and
more diverse consumption patterns. Urban residents can afford higher consumption levels,
and many families have purchased private cars due to their improved living standards, all
of which increase CO2 emissions from transportation trips. In addition, the limited size of
the built-up areas of megacities and the rapid population growth rates are not matched by
corresponding levels of urban facilities and environmental population affordability (such
as urban park green space, sewage treatment plant, sanitation facilities, etc.). These reasons
further contribute to the deterioration of the carbon emission situation in cities. As a result,
cities should consider measures to relieve urban population pressure (such as optimize the
layout of urban population, guide the population to the peripheral areas of the PRD urban
agglomeration orderly transfer, fully liberalize the restrictions on settlement in established
towns and small cities, liberalize the restrictions on settlement in medium-sized cities in
an organized manner, reasonably determine the conditions for settlement in large cities,
and strictly control the size of the population of megacities), develop and improve urban
facilities, and build new urban areas.

(2) Economic urbanization is the most important factor that affects urban carbon emis-
sions, and a negative correlation exists between the two. Our results show that for every 1%
increase in the economic urbanization index, there is a corresponding 1.207% reduction in
urban carbon emissions. This is the largest regression variable among the five independent
variables. Moreover, the economic urbanization index passed the 1% significance test,
indicating that this variable is the important factor affecting urban carbon emissions. With
the national goals of “carbon peaking in 2030” and “carbon neutral in 2060,” the PRD
urban agglomeration is facing double pressures in the form of economic development
and energy consumption control. Therefore, cities in the PRD urban agglomeration have
increased their investment in research and development and strengthened their policy
support for new energy technology enterprises, such as photovoltaic and hydrogen-based
energy. Moreover, the PRD urban agglomeration has economic advantages, market po-
tential, and talent structure, and these advantages have attracted many large enterprises
and foreign businesspeople to collaborate and start businesses. These collaborations have
helped introduce advanced pollution prevention technologies and management methods,
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and they have also promoted the transformation and upgrading of enterprises. At the same
time, these energy technology advances have also driven carbon emission reduction in
cities within the agglomeration and improved the energy utilization efficiency and clean
energy capabilities of the cities.

For example, most cities have switched from previously fuel-driven to electric buses.
In December 2020, the electrification rate of urban buses in Guangdong Province reached
93.5%. Among the cities, the bus electrification rates of Guangzhou, Shenzhen, and Zhuhai
have reached 100%, effectively optimizing these cities’ energy consumption structures.
While cities are investing in research and development in energy technology, they are also
targeting higher pollution emission standards in some heavy industries. The impact of
traditional high-polluting industries on carbon emissions is being limited, which indirectly
promotes the reduction of carbon dioxide emissions in cities and the implementation and
effectiveness of national emission reduction initiatives. Finally, the operation of the carbon
trading market should be promoted, the carbon emission statistics and accounting system
should be improved, and more binding regulations should be introduced for key emitters
in different industries to better play the role of energy conservation and emission reduction.
Although total carbon emissions have slowed in the past two years, there is still a long way
to go to achieve the goal of “carbon neutrality” by 2060. The PRD urban agglomeration
should continue to encourage and support the research and development of clean energy
and energy storage technologies, optimize the overall industrial structure of the urban
agglomeration (such as promote the transformation and development of the PRD region
with a single industrial structure, use national policies to promote counterpart cooperation
with the central cities in urban agglomeration, and accelerate the joint construction of
industrial parks, factor flow, and resource sharing), guide the gradual replacement of
traditional energy with clean energy, and promote low-carbon urban development.

(3) Social urbanization has a negative effect on urban carbon emissions. Specifically,
for every 1% increase in the social urbanization index, urban carbon emissions are reduced
by 0.275%. Since the number of college students in cities has increased in recent years, the
overall quality of the urban population has also improved. In addition, with the publicity
and encouragement of environmental behaviors by urban media, residents are gradually
establishing basic environmental concepts such as green travel and water conservation. Peo-
ple are gradually aware of the importance of establishing a more harmonious coexistence
between human beings and nature.

Cities in the PRD urban agglomeration have also proposed policies to promote energy
conservation and emission reduction in recent years. In December 2013, the PRD urban
agglomeration officially launched a carbon emissions trading scheme. Heavy chemical
industries with high energy consumption—such as steel, petrochemicals, electricity, and
cement—were included in the scope of the carbon trading market. At the same time,
enterprises with serious pollution emissions were required to carry out rectification mea-
sures. Market mechanisms are thus being employed to effectively control greenhouse gas
emissions. In addition, Guangdong Province decided to implement the “Emission Limits
and Measurement Methods for Light Duty Vehicles (China Stage 6)” in 2018, which strictly
limits the pol-luting exhaust emissions from vehicle production. Some cities even have
introduced policies to restrict the travel of motorcycles and other means of transport with
serious exhaust emissions, as well as to strengthen the control of energy consumption
standards for the production that enterprises produce. All these measures have effec-
tively slowed down the contribution of total social energy consumption and per capita
electricity consumption to carbon emissions. In this way, urban carbon emissions are
effectively curbed.

(4) Spatial urbanization is positively correlated with carbon emissions. For every 1%
increase in the spatial urbanization index, the corresponding increase in urban carbon
emissions is 0.265%. During the pre-city construction period, the population was heavily
concentrated as well as the industries were rapidly upgraded and expanded. To meet the
needs of accelerated urbanization, commercial development was built substantially within
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the city and the scale of urban roads was expanded. High levels of energy consumption
are known to cause environmental stress, destroy urban greenery, and worsen the carbon
emission situation of cities. Compared to other indicators, however, spatial urbanization
was found to exert the least impact on carbon emissions, which can be attributed to the
following reasons: First, the improvement of the environment by park green space. While
the extent of urban development is expanding in cities within the PRD, the scale of green
spaces is also being expanded and the construction of green spaces accelerated, in line
with the greening of urban parks; these initiatives have a positive effect on the mitigation
of carbon emissions in cities. Second, the expansion of urban built-up areas and traffic
roads in urban agglomerations has slowed, which has allowed the environmental impacts
of spatial urbanization to also slow in recent years as the urbanization rate has increased.
Third, the regional implementation of building energy efficiency standards and energy
limit standards for building material products have been raised. With the improvement of
technology and techniques, green building materials are gradually put into use. The state
has improved building energy efficiency standards and encouraged the construction of
low-energy buildings. The energy consumption generated in urban construction has been
reduced and the energy-saving capacity of buildings has been improved—for these reasons,
the rate of increase of carbon emissions generated by the expansion of urban development
has slowed.

(5) Our results indicate that a positive correlation exists between the intensity of
urban integrated linkage flows and carbon emissions. In fact, every 1% increase in this
index is shown to increase the city’s carbon emissions by 1.140%. Although the eco-
nomic growth rate of cities in the PRD has slowed in recent years, the economic cooper-
ation and development links between cities continue to gain in strength. The formation
of Guangzhou-Foshan-Zhuhai, Shenzhen-Dongguan-Huizhou, and Zhuhai-Zhongshan-
Jiangmen metropolitan areas is gradually establishing a new urban cluster development
pattern with a clear division of labor and complementary functions. The construction of
several intercity transportation arteries, such as the Guangzhou-Zhuhai Intercity Railway
and the Guangzhou-Foshan Ring Road, has shortened transportation travel time and re-
duced the cost of factor movement. This has had a long-term impact on optimizing urban
functions and smoothing economic links between these cities, but the tailpipe emissions
generated by transportation have exacerbated urban carbon emissions. It is worth noting
that urban integrated linkage flows within the PRD urban agglomeration are mostly in the
direction of Guangzhou, Shenzhen, Dongguan, and other developed cities in the region,
rather than the relatively backward economic industries cities in the outer layer of the
urban agglomeration. In the long run, this will be detrimental to the future development
of the urban agglomeration as a whole. As the core of the PRD urban agglomeration,
Guangzhou and Shenzhen should actively use their industrial and location advantages to
play a guiding role. These cities should accelerate the economic and logistics links with
the cities at the edge of the urban agglomeration, drive the backward economic industries
cities to accelerate their development, alleviate the situation of excessive concentration of
resource elements in the core cities, and promote the coordinated development of carbon
emission reduction and economy.

(6) Urban energy consumption intensity was found to positively correlated with
carbon emissions and emerges as one of the main factors affecting carbon emissions in
urban agglomerations. For every 1% increase in urban energy consumption intensity,
urban carbon emissions are shown to increase by 0.415%. For a long time, China’s energy
consumption structure was coal-fired, making the energy structure inefficient. Accord-
ing to data published by the National Bureau of Statistics in 2020, the power generation
structure of Guangdong Province is still dominated and thermal power generation, and
thermal power generation accounts for 71.38% of the energy grid. To break the traditional
coal-fired energy structure, ease the “double control pressure on energy consumption,”
and achieve the “double carbon goal,” Guangdong Province should improve the energy
efficiency of traditional heavy industries and accelerate the optimization and upgrading
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of industrial structures, such as metal smelting, construction logistics, cement, and other
heavy chemical industries. However, these industries cannot be replaced in the short term,
because of the huge demand that still exists in the current market. Therefore, on the one
hand, we should target high energy-consuming and high-emission projects, strengthen the
supervision work of relevant departments, while controlling high-energy-consuming and
high-emission enterprises, replacing and shutting down excess capacity, and improve the
pollution emission standards of high-energy-consuming and high-emission enterprises.
On the other hand, we suggest that more attention be paid to research and development
investment in the direction of strategic future industries such as green materials, advanced
high-end equipment manufacturing, and new energy by driving technological innovation,
improving energy utilization efficiency, and reducing the energy consumption of products
to promote the transformation of high-energy-consumption industries to low-carbon de-
velopment. At the same time, the PRD urban agglomeration should optimize the energy
consumption structure within the urban agglomeration. A gap still exists between the
environmental quality of the PRD region and other international urban agglomeration.
To achieve a green development model and build ecological power systems as soon as
possible, it is necessary to adhere to the green and low-carbon development of energy in the
future, even in the face of rapid economic growth, by establishing an energy consumption
system centered on new energy to promote research and development into clean energy
technologies such as hydropower, nuclear power, and wind power. Furthermore, status
quo energy consumption—dominated by coal-fired thermal power generation—will need
to be controlled if cities are to reduce their carbon emissions.

4. Conclusions and Policy Implications
4.1. Conclusions

Cities are complex systems composed of multiple elements, and changes in population
growth, logistics flows, the economic structure, development patterns, and other factors
within a city will cause changes in the scale, intensity, and impact of these factors on carbon
emissions [63]. The present study has constructed a comprehensive index system for urban
carbon emissions based on a STIRPAT model, combining integrated urban linkage flows
and a 4-dimensional urbanization index. The results of this research provide a number of
important findings.

Primarily, the PRD urban agglomeration has formed a network linkage structure
which places Guangzhou and Shenzhen at its core—these two cities are among the top
urban agglomerations in terms of population, logistics, information flow, and other factor
flows. In contrast, Jiangmen, Zhaoqing, and other cities located in the peripheral areas of
the PRD urban agglomeration find themselves at a lower level in terms of the intensity of
their linkage flows. Guangzhou has the highest integrated linkage flow intensity—a level
9.03 times higher than Jiangmen, which has the lowest flow intensity. However, cities are
also located at quite different levels in terms of different categories of flow types, and the
development structure of the linked flows in each city is diverse and differentiated in terms
of relative advantages. For example, Zhaoqing has a strong, second-tier position in terms
of passenger flow linkages, while it is third tier in terms of logistics and information flows;
despite having low flow intensity, Jiangmen has a relatively strong logistics linkage. It is
worth noting that Dongguan, as a new first-tier city and the production base of goods in
the PRD urban agglomeration, is at the top level of the urban agglomeration in terms of the
strength of its logistics links; it also performs well in terms of the strength of its population
and information flows linkages.

Secondly, the regression analysis that we conducted using a STIRPAT model revealed
that population urbanization, spatial urbanization, and urban integrated linkage flows
all correlated positively with urban carbon emissions, while economic urbanization and
social urbanization showed a negative correlation. Economic urbanization was found
to be the most significant and important factor affecting urban carbon emissions, with
every 1% increase in this variable reducing urban carbon emissions by 1.207% accordingly.
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Population urbanization exerted the second highest influence, increasing urban carbon
emissions by 1.185% for every 1% increase. The spatial urbanization index exerted the least
impact, with a regression coefficient of only 0.265%.

Based on these analysis results, the following insights can be drawn:
First, the government clearly has a guiding role to play in reducing carbon emissions,

e.g., through actions such as continuing to increase economic investment in research and
development [64]; accelerating the transformation of the city’s economic structure to low-
energy-consuming industries; developing new energy enterprises in cities, focusing on solar
energy, water energy, wind energy, and other renewable energy sources; improving the
city’s energy consumption structure [65,66]; and allowing renewable energy to gradually
replace local traditional high-energy-consuming production capacity [67]. Such measures
would allow the slowing of growth in urban carbon emissions while achieving sustainable
development goals and protecting the ecology of urban areas [68].

Second, our results emphasize the importance of improvements to the infrastructure of
cities, through measures such as the provision of sanitation facilities and sewage treatment
plants, which are appropriately scaled for the population of a given area or improving
the affordability of living expenses for the populations of cities. In 2011, Cai Fang [69]
pointed out that China’s demographic dividend would be lost around 2015, and that the
total population would experience negative growth in 2025. If this is true, this also means
that China’s total population will reach its peak in coming years, and the huge population
size of the PRD urban agglomeration, one of China’s major population clusters, poses a
serious challenge to the development of a low-carbon economy. Therefore, controlling
the external population of cities, curbing the high levels of energy consumption caused
by urban overpopulation, and mitigating the impact of population growth on carbon
emissions constitute important priorities [70].

Third, knowledge about saving energy and green environmental protection must be
popularized. There are many migrant workers in the PRD urban agglomeration, who,
whilst they are less educated and less aware of environmental protection, could in the
future play a more positive role in promoting carbon emission reduction in the city. In
this regard, municipalities should increase the public dissemination of environmental
protection knowledge, improve the legal systems around environmental protection, and
raise environmental awareness amongst urban residents. While controlling the outflow of
highly skilled personnel to overseas, China should formulate relevant policies to attract
high-end talent for improving the structure of external population, thereby effectively
reducing energy consumption and the energy consumption ratio per unit of GDP [71].

Fourth, strengthen the regulatory work of urban carbon emissions. For high energy-
consuming and high-emission projects, promote local pilot projects, study and improve
the double control degree of energy consumption, establish a long-term carbon emission
management evaluation system, incorporate it into the environmental assessment work,
and strengthen the supervision of pollution emissions by ecological-related departments.
At the same time, improve management effectiveness and curb blind development. Control
high energy-consuming and high-emission enterprises (such as coal power, petrochemical,
chemical, steel, non-ferrous metal smelting, building materials, and other industries),
replace the shutdown of excess capacity, improve the pollution emission standards of
double-high industries, and expand the regional environmental capacity.

Fifth, promote the smooth operation of the carbon trading market and carbon market
links to improve the construction of the green financial system. According to the 2019
Guangdong Province Ecological and Environmental Status Bulletin released by the Depart-
ment of Ecology and Environment of Guangdong Province, the province’s carbon market
ranked first in the country with a cumulative turnover of 139 million tons of carbon emis-
sion allowances and a turnover of 2.715 billion yuan. Obviously, the operation of the carbon
trading market has provided an effective method to promote carbon emission reduction
in Guangdong Province. However, there are still problems in the current carbon trading
market, such as the statistical accounting system needs to be improved, the quality of
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carbon emission data varies; the market access rules of the carbon pilot are of low standard,
and the type of entering enterprises is single. Accordingly, we should continue to improve
the system of the carbon trading market and introduce more binding regulations for key
emitters in different industries to better guide the carbon emission reduction work of key
emitters. At the same time, we should encourage the innovative development of green
financial products in many aspects, increase policy support and improve standards, and
provide more flexible financing methods for green industries to achieve the purpose of
carbon emission reduction [72].

Last but not least, developed cities have a role in strengthening linkages between core
cities and edge cities within urban agglomerations. This is particularly true of the PRD
urban agglomeration, where measures must be taken in order to break the pattern of strong
central cities and weak peripheral cities, and rather promote the coordinated development
of the cities in the PRD urban agglomeration, the optimization of regional development,
and the formation of a complementary pattern of advantages. The outline of the PRD
Reform and Development Plan is put forward as a core policy instrument which could be
used to build a polycentric spatial structure of “three major metropolitan areas” and make
the development of the three major metropolitan areas of “Guangzhou-Foshan-Zhaoqing,”
“Shenzhen-Dongguan-Huizhou,” and “Zhuhai-Zhongshan- Jiangmen” the focus of future
economic and social development within the agglomeration. The definition of these three
metropolitan areas could work to combine the social characteristics and advantages of
different cities in the area, with each area carrying out a differentiated division of eco-
nomic industries based on that area’s complementary industrial advantages [73]. In order
to develop sustainable transport links, intercity rail lines need to be expanded and ad-
justed according to the traffic flow between different cities and future urban development
needs, optimizing the planning and construction of inter-city transportation networks and
strengthening transportation links. In this way, each city, metropolitan area, urban ag-
glomeration, and the region as a whole might better utilize the advantages of metropolitan
area cooperation, promote the integration and interactive development between regional
cities [74], establish an urban development pattern with complementary functions, realize
differential industrial construction, enhance economic cooperation, drive the construction
and development of science and technology and economic quality in marginal cities, and
relieve the pressure of core cities in terms of population and land [75].

4.2. Limitations and Future Direction of the Research

In this study, we used a STIRPAT model to construct an urban carbon emission index
system by combining the comprehensive urban linkage flows and a four-dimensional
urbanization index, taking into account the methods and finding of existing studies. In this
way, we conducted an in-depth study of the factors influencing urban carbon emissions.
However, due to some constraints, this study still has several limitations.

First, in terms of research data, we acknowledge that the data accuracy is still not
high enough—for example, the data of city passenger flows in urban linkage flows ignore
the travel of private cars, and the logistics data lack the consideration of large material
operation problems. In addition, the research data are only collected for one year in 2019.
In the following study, we need to further improve the accuracy, representativeness, and
rigor of the data by obtaining supplementary data, data from multiple channels, and
data from a longer time series; such measures would improve the richness of the study.
Secondly, in terms of the study area, the selected area is limited to the Pearl River Delta
urban agglomeration in Guangdong Province, China, and we will consider expanding the
study area in the next study so that the conclusions can have a broader reference value.
Third, in terms of indicator selection, the secondary indicators selected in this study were
uniformly grouped into one level for uniform calculation. In the subsequent study, we
will consider calculating the more detailed secondary indicators separately to obtain more
accurate results. Finally, the policy recommendations presented at the end of the article are
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too general due to various objective factors in the study. In future research, we will focus
more on more targeted policy recommendations.
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