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Abstract: The variation in the urban spatial structure (USS) has profound impacts on carbon emissions.
Studying the relationship between the two can provide guidance for carbon neutrality strategies
and the construction of low-carbon cities in China. However, there is currently a lack of com-
parative research on the different regions within a province. In this paper, the spatiotemporal
evolution of the USS and carbon emissions, at five-year intervals from 2000 to 2020, is investi-
gated in 21 prefecture-level cities in Guangdong Province, China, and the overall relationship of
the USS to carbon emissions and their spatiotemporal variations are analyzed by using a two-way
fixed-effects model and a geographically and temporally weighted regression model, respectively.
The results show that, first, over the past twenty years, the scale of cities has continued to expand,
with increasing continuity and aggregation in the built-up areas, while the complexity and frag-
mentation of their shapes have gradually decreased. Second, the gap in carbon emissions between
the Pearl River Delta and other regions in Guangdong shows a trend of first decreasing and then
increasing, with high values concentrated in the Pearl River Delta region and the city of Shantou
in the east. Third, compared to socio-economic factors, the USS has a more direct and pronounced
impact on carbon emissions. Urban expansion and the increased complexity of land patches promote
carbon emissions, whereas improving urban spatial continuity and compactness can reduce carbon
emissions. Fourth, the dominant spatial structure indicators of carbon emissions differ among the
regions of eastern, western, and northern Guangdong and the Pearl River Delta. This study proposes
spatial optimization strategies for the low-carbon development of cities in Guangdong Province,
providing a new perspective for integrating urban layout and emission reduction policies.

Keywords: urban spatial structure; carbon emissions; two-way fixed-effects model; geographically
and temporally weighted regression model; low-carbon cities; Pearl River Delta

1. Introduction

In recent years, there has been an increasingly clear consensus on climate change [1].

Copyright: © 2023 by the authors.

In 2015, representatives from nearly 200 countries and regions signed the Paris Agreement,
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unanimously agreeing to limit the global average temperature increase to below 2 °C above
pre-industrial levels, and striving to limit it to 1.5 °C [2]. It is estimated that cities, occupying
only 2% of the global land area, are responsible for over 70% of anthropogenic carbon
emissions [3]. As a representative of developing countries, China’s urban carbon emissions
account for over 80% of the country’s total emissions [4]. The conflict between China’s
rapid urbanization and the constraints on carbon emissions for high-quality development
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poses a significant challenge. In response, the Chinese government has set strategic goals
for reaching peak carbon emissions by 2030 and achieving carbon neutrality by 2060. In this
complex context, sustainability scientists, urban planning experts, and policymakers must
develop effective measures for reducing CO, emissions and mitigating climate change.
Apart from the traditional emission reduction measures which rely on technology and
policy solutions, there has been a growing recognition of the relationship between the urban
spatial structure (USS) and urban carbon emissions, leading to an upsurge in research
exploring the direct link between the two [5-7].

USS refers to the layout of urban components and primarily examines the spatial distri-
bution characteristics and patterns of activities (e.g., population and industry, respectively)
within urban areas [8]. Landscape indicators are a typical and widely used quantitative
method in USS research, encompassing land-use patterns and urban form [9,10]. Numerous
studies have demonstrated the significant role of structural elements such as urban scale,
shape, and morphology in carbon emissions [11-13]. For example, Albert et al. (2015) found
through their study on European cities that a higher density of urban patches is conducive
to carbon reduction [14]. Yi et al. (2017) analyzed the spatiotemporal evolution of the
impact of spatial forms on carbon emissions in 108 cities in China using a panel data model,
and identified compact urban patterns as a key factor for constructing low-carbon cities [15].
Sarkodjie et al. (2020) revealed that urban expansion leads to a reduction in urban carbon
sink space, increased energy consumption in daily life, and increased carbon emissions [16].
Some researchers have focused solely on the influence of socio-economic factors (e.g., total
population, per capita GDP, technological progress, and industrial structure adjustments)
on urban carbon emissions [17-19]. For example, Martinezzarzoso et al. (2007) suggested
that climate change policies should consider the positive impact of population changes on
CO;, emissions [20]. Zhou et al. (2016), in a study using a regional dynamic assessment
model, found that promoting technological innovation through environmental regulations
can suppress CO, emissions and energy consumption [21]. Economic development and
population changes are important indicators that are traditionally used to quantify urban-
ization as the key socio-economic variables in regional development. Urbanization has been
shown to be related to carbon emission levels and efficiency [22,23]. Therefore, it is essential
to integrate physical factors, such as the USS, with the socio-economic characteristics of
cities to comprehensively explore the mechanisms influencing urban CO, emissions.

On the other hand, no specific answer has been given as to what type of USS will
minimize CO, emissions. It is generally believed that a USS characterized by a higher
density, a smaller scale, regular shapes, and compact and intensive development will result
in lower carbon emissions [14,24-26]. However, some studies have found that the effects
vary depending on the size and development level of the city. For example, Holden and
Norland (2005) found that appropriately dispersed urban forms in the greater Oslo area
were conducive to reducing household energy consumption, promoting decentralized
transportation, and mitigating the urban heat island effect [27]. Shu et al. (2018) found
that an increase in the degree of urban agglomeration had a positive impact on carbon
emissions when they explored the effect of urban form on carbon emissions in the Yangtze
River Delta urban agglomeration [28]. Similar conclusions were drawn by Lee et al. (2014)
in their study of the 125 largest urbanized areas in the United States [29], suggesting that
highly compact urban spatial structures of this kind have reached a state of excessive
concentration. Han et al. (2020), focusing on Chinese prefecture-level cities, constructed an
interaction term between spatial structure indices and population density. The empirical
results showed that in low-density cities, a single-center structure was advantageous for
reducing pollution concentration, whereas in high-density cities, a multi-center structure
resulted in lower pollution concentration [30]. Zhu et al. (2022) further found that the effect
of polycentricity on carbon emissions can be moderated by the level of urban economic
development [31]. Overall, although studies have shown some regularities regarding the
optimal USS under low-carbon constraints, different types of cities have different demands
for low-carbon spatial development models [32]. However, most existing studies have fo-
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cused on mega-cities or independent urban areas such as capital cities [7,33-35], neglecting
large-scale provincial analyses and heterogeneous research on the carbon emission deter-
minants of the cities within them. Research conclusions based on provincial divisions with
urban clusters as the main units, which represent more advanced forms of urbanization,
would be more helpful to decision makers when adjusting spatial strategic policies and to
efficiently promoting carbon reduction [36].

This study selects Guangdong Province as the research area. As the largest provincial-
level economy in China with a large population, Guangdong Province exhibits diverse
characteristics in its four distinct regions, due to differences in natural resources, culture,
and socio-economic development conditions. As one of the provinces with the most rapid
economic development in China, Guangdong Province bears responsibility for sustainable
development and must urgently explore emission reduction techniques for USS manage-
ment. This paper utilizes urban-level panel data for Guangdong Province for five periods
from 2000 to 2020 to evaluate the USS from various aspects (e.g., scale, morphology, and
shape), and to reveal the spatiotemporal characteristics of the USS and carbon emissions.
By employing various spatial econometric models, this paper assesses the overall impact
of the regional spatial structure and socio-economic variables on carbon emissions, and
further analyzes the temporal evolution of this relationship with internal city differentiation.
The empirical results of this paper show that the USS and socio-economic indicators that
influence the carbon emissions of the four major regions of Guangdong Province are not
consistent. This enriches the research on the mechanisms underlying the impact of the
USS on carbon emissions. The multidimensional indicators of the USS can be combined
with the controlling indicators in territorial spatial planning and within urban development
boundaries to provide targeted optimization strategies for the low-carbon development of
cities and urban clusters, thereby promoting overall regional sustainability.

2. Data Sources and Methods
2.1. Study Area

This paper selects Guangdong Province in China as the research area, with prefecture-
level cities as the basic research units. Guangdong Province is located in southern China,
adjacent to the Hong Kong and Macau Special Administrative Regions. It has a total
area of 179,725 km? and a population of 126.568 million at the end of 2022, with an
urbanization rate of 74.79%. The province is currently divided into 21 prefecture-level
cities and can be categorized into four regions [17] based on the different natural and
economic conditions: the Pearl River Delta, northern Guangdong, eastern Guangdong,
and western Guangdong, as shown in Figure 1. The Pearl River Delta region includes
Guangzhou, Shenzhen, Dongguan, Foshan, Zhuhai, Jiangmen, Zhaoqing, Zhongshan, and
Huizhou. This region is economically and culturally prosperous, and is one of the core
areas of Guangdong Province. Northern Guangdong consists of five cities: Qingyuan,
Yunfu, Shaoguan, Meizhou, and Heyuan. Eastern Guangdong includes four cities: Shantou,
Shanwei, Chaozhou, and Jieyang. Western Guangdong includes three cities: Zhanjiang,
Yangjiang, and Maoming.

Since the implementation of the reform and opening-up policy in 1978, Guangdong
Province has become one of the most developed provinces in China and a gateway for
foreign trade. However, more than 40 years of rapid industrialization and urbanization
driven by policy orientation have also led to a series of issues, including increased energy
demand, intensified greenhouse effects, and regional development imbalances. These
trends pose challenges for the future development of Guangdong Province [37]. Therefore,
exploring the optimized mode of urban spatial structure under low-carbon constraints
holds significant value for environmental improvement, sustainable urban development,
and regional coordinated development in Guangdong Province.
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Figure 1. Distribution of the four administrative regions of Guangdong Province.

2.2. Data Sources

Data for five periods (2000, 2005, 2010, 2015, and 2020) were collected. (1) The Spa-
tial Urban Built-up Area Distribution Dataset (SUBAD-China) [38,39] was used as the
primary remote sensing data source for calculating the USS indicators. This dataset is
generated from multi-source remote sensing data, including Landsat and Sentinel image
time series, with a spatial resolution of 10 m. The overall accuracy (OA) of the impervious
surface data for each year exceeds 90%, ensuring high extraction accuracy. (2) Carbon
emissions data were obtained from the China Emission Accounts and Datasets (CEADs,
https:/ /www.ceads.net.cn/) (accessed on 14 March 2023). This database is known for its
multi-scale, comprehensive, and high-precision features, providing support for numer-
ous empirical studies. Due to administrative boundary changes, this study adopted the
county-level CO, emissions inventory for China, compiled by Chen (2020) [40], as the
initial data. The inventory study utilized a particle swarm optimization-backpropagation
(PSO-BP) algorithm to harmonize the scale of the DMSP/OLS and NPP/VIIRS satellite
images, and to estimate the CO, emissions for the 2735 counties in China. (3) Indicators
such as population, wealth, and technological level were sourced from the China City
Statistical Yearbook (2000-2020), with data covering the administrative areas of each city.

2.3. Method
2.3.1. Quantification of Urban Spatial Structure

To comprehensively and accurately describe the characteristics of the USS, this study
selected indicators based on existing research [7,41,42]. The measurable elements of the USS
were initially categorized into four types: scale structure (representing the quantity and
proportion of urban patches), shape structure (representing the density and aggregation
of urban patches), morphological structure (representing the boundary shape of urban
patches), and land-use structure (representing the land mix of urban patches). Although
indicators related to land-use structure can be measured, they require high-quality data and
are not suitable for the analysis of multiple samples, as in this study. Therefore, this study
focused on the dimensions of scale structure, shape structure, and morphological structure,
and utilized spatial measurement theory to select the appropriate indicators for analysis.
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A multicollinearity test conducted using Stata 16 software revealed that the variance in-
flation factor exceeded 100 [43], indicating severe multicollinearity among the 12 variables.
Through a Pearson coefficient analysis and multiple experimental trials, the highly corre-
lated indicators (i.e., absolute value greater than 0.8) were eliminated, resulting in the final
selection of six indicators, with two indicators retained for each feature dimension: total
area (TA), largest patch index (LPI), mean perimeter-to-area ratio (PARA_MN), average
shape index (SHAPE_MN), aggregation index (Al), and patch cohesion index (COHESION).
The calculation methods for each indicator are presented in Table 1.

Table 1. Final indicator system for urban spatial structure.

Category Landscape Metric Definition Equation Description Range
Scale TOt(?Fl :)rea Total area of built-up areas. Y1 a;(1/10000) (0,400]
Structure Lareest patch index The dominance of continuous and
complete lan ots in the ,
& (IEPI) plete land plots in th maxi1(4) (100) (0,100]
built-up areas. a;: I patch area
Sh Mean perimeter-to-area ratio  Ratio of perimeter to area of each Y (pilay) n: number of patches (0,+00]
ape (PARA_MN) patch in the built-up areas. n P;: i patch perimeter !
Structure Mean shape index The complexity of patch shape in 025, gi: The number of (0,+00]
(SHAPE_MN) the built-up areas. < NG ) adjacent patches in !
. Aggregation index Degree of aggregation in the i patch
Mg:p h(;loglcal (AD) built-up areas. [mwx—>g ] (100) (0,100]
ructure P Lo The degree of connection between { Lii pi ]
atch cohesion index . - T piva
(COHESION) adjacent patches in the (0,100]
built-up areas. X [1 — L} (100)
VTA

2.3.2. Spatiotemporal Characterization of Carbon Emissions

Based on the latest administrative division plan from 2022, this study aggregated the
data from the county level to the prefecture level. For the missing individual data, the
mean values were interpolated based on the neighboring years before and after to reduce
the impact on the overall model fitting effect. This approach resulted in the CO, emissions
data for the urban districts in Guangdong Province at five-year intervals from 2000 to 2020.
Building upon the analysis of the spatiotemporal distribution patterns of the CO, emissions
for each city, a further spatial autocorrelation analysis was conducted to characterize their
spatial clustering characteristics.

The global Moran’s [ index describes the degree of spatial autocorrelation between
a spatial unit and its neighboring units within a certain range, measuring the average
correlation among adjacent areas for an entire region [44]. The calculation formula for the
global Moran’s I index is as follows (Equation (1)):

_ n y T X Wiy —9) (v — 9)
T L Wy Y (i — )

where n represents the number of spatial units, W;; represents the spatial weight value,
y; and y; represent the attribute values of the i-th and j-th spatial units, respectively, and
y represents the mean value of all the spatial unit attribute values. Moran’s I ranges from
—1 to 1. Under certain significance conditions, when Moran’s I > 0, it indicates a positive
spatial autocorrelation, and a larger value indicates a stronger positive spatial autocorre-
lation. When Moran’s I < 0, it indicates a negative spatial autocorrelation, and a smaller
value indicates a stronger negative spatial autocorrelation. When Moran’s I = 0, it indicates
that the spatial units are randomly distributed, indicating no spatial autocorrelation.

The local Moran’s I index can overcome the limitations of the global Moran’s I index,
as it can identify spatial heterogeneity caused by spatial autocorrelation and determine the
hotspots of attribute values for spatial objects [45,46]. A Moran scatterplot is one of the
research methods used in local spatial autocorrelation analysis, as it is commonly employed
to explore the instability of local spatial patterns. The four quadrants in the scatterplot
correspond to four types of spatial relationship patterns between the spatial units and

)
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their neighboring units within a region. In this study, a Moran scatterplot analysis was
conducted to examine the clustering and dispersion patterns of carbon emissions in the
urban areas of Guangdong Province at the local spatial level. After constructing the spatial
matrix in GeoDa, the data were imported into Stata 16 to generate the Moran scatterplots
for the five-year intervals.

2.3.3. Relationship between Urban Spatial Structure and Carbon Emissions

(1) Econometric models

Wang et al. (2022) argued that, compared to indicators such as population size,
population density better represents the influence of population factors on carbon emissions
in China’s urbanization process [47]. Therefore, this study selected population density
(PopDen) as a proxy for the impact of population changes on urban carbon emissions. Many
studies have used the per capita GDP (PGDP) as an economic wealth factor affecting carbon
emissions [48,49]. This study also utilized this indicator. Carbon intensity (CI), which is
defined as the ratio of regional carbon emissions to gross domestic product, is commonly
used to reflect the influence of technological progress on carbon emissions [50,51]. This
study selected CI as the measure of the technological level.

Before conducting the panel data regression, it was necessary to test the six explanatory
variables representing the USS and the three control variables representing the socioeco-
nomic factors determined earlier, to ensure the stability of the model and the credibility
of the results. In addition, a natural logarithmic standardization was applied to all the
variables, which aimed to reduce the influence of outliers in some of the variables and
make the regression coefficients easier to interpret. The results of the F-test indicated
that the F-statistic was 26.29 and p = 0.0000 < 0.05, which rejected the original hypothe-
sis of choosing a mixed-effects model under the constraints, and favored the choice of a
fixed-effects model. On the basis of choosing the fixed-effects model, it was necessary to
consider whether there was a time effect. Since the time span of the study selected in this
paper is long (2000-2020), it is possible that in addition to the variables that change with
individuals, there are also variables that change over time. The original hypothesis of the
joint significance test for time was that all the variable coefficients for time effects were zero,
i.e., there was no individual time effect. The results of the test showed that the F-statistic
was 3.7 and p = 0.0077 < 0.05, i.e., there was a time effect. Based on the above analysis, a
two-way fixed-effects model was finally chosen as the regression model used in this study.
The two-way fixed-effects model is a specific type of multiple linear regression model that
estimates the effects of multiple independent variables on the dependent variables through
the method of least squares. It is primarily used for panel data analysis, and controls for
individual and time fixed effects [52]. This study aimed to quantitatively estimate the
relationship between the USS and carbon dioxide emissions in Guangdong Province, so it
was necessary to establish a carbon emission model with the following regression equation:

2
+(ByInPopDenj; + BgInPGDP;; + BolnCly) 4+ a; + Ay + €3¢ @)

where B represents the constant term, 81 ~ B¢ represent the regression coefficients of each
explanatory variable, B7 ~ B9 represent the regression coefficients of each control variable,
I represents the city, t represents the year, «; represents the individual effect, A; represents
the time effect, and ¢;; is the random disturbance term.

(2) Spatiotemporal heterogeneity analysis

Building upon the analysis of the overall relationship, and considering the long time
span and significant development differences among the cities in the study area, this
study further incorporates a geographically and temporally weighted regression (GTWR)
model. By integrating the temporal and spatial information into the research model, this
study examines the influence of the urban spatial structure on carbon emissions in the
various cities of Guangdong Province from a spatiotemporal heterogeneity perspective.
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Moreover, the GTWR model can help to identify the key areas for optimizing low-carbon
spatial structures.

The GTWR model is an effective analytical method for detecting the spatiotemporal
non-stationarity characteristics of the panel data. It considers the spatial non-stationarity of
the sample data and introduces time-specific parameters. Compared to the geographically
weighted regression model, the GTWR model better handles the spatiotemporal relation-
ship between the independent and dependent variables [53]. The basic equation of the
GTWR model is shown in Equation (3):

yi = Bo(ui, vi, t) + Y Br(ui, v, 1) Xig + € ®3)

where (1, v;,t;) denotes the spatiotemporal coordinates of the i-th sample point; u;, v;,
and t; represent the longitude, latitude, and time, respectively; X;; denotes the k-th indepen-
dent variable of the i-th sample point; ¢; is the residuals; and B (u;, v;, t;) denotes the regres-
sion constant term for the i-th sample point, which is estimated as shown in Equation (4):

-1
B(ui/ i, tl) = |:XTW(ui/ (%7, t1>X} XTW(ui/ i, tl)Y (4)

where W (u;, v;, t;) denotes the spatiotemporal weight matrix of i. The Gaussian function
is chosen for the weight function, the bandwidth is set using an AICc optimization, and the
spatiotemporal distance between samples i and j is computed as shown in Equation (5):

dij = \/5[(ui—“j)2+ (0 —o))" + (ti_tj)z} ®)

3. Results and Discussion
3.1. Spatiotemporal Characteristics of the Urban Spatial Structure

The spatiotemporal evolution of the USS in Guangdong Province from 2000 to 2020 is
illustrated in Figure 2. Regarding the scale structure of the cities, the TA and its growth
rate in the Pearl River Delta region are significantly higher than in the other three regions.
In addition, the built-up area in the eastern region is slightly larger than that of the other
two regions. As one of China’s most developed urban clusters, the economic growth in
the Pearl River Delta region has led to the conversion of non-urban land into urban land
to support the rapid urban development [17]. The changes in the LPI show an alternating
upward trend in all the regions and reached a consistent level by 2020, indicating the good
continuity and integrity of the urban patches in each region.

In terms of the shape structure of cities, there is a relatively small regional variation in
the two indicators. The values and trends for PARA_MN are almost identical among all the
regions, while those for SHAPE_MN also exhibit minimal differences. Overall, the built-up
areas in the northern region have relatively complex shapes, whereas the shape indices of
the built-up areas in the other three regions are quite similar.

Regarding the morphological structure of the cities, there are certain differences
among the regions. The Al of the built-up areas in the Pearl River Delta and western
regions are higher, whereas the eastern region shows significant growth. In contrast, the
northern region exhibits relatively lower levels of spatial clustering, with a slight decline
between 2015 and 2020. As for COHESION, the values in each region alternate upward
and eventually converge, indicating a high connectivity among the built-up area patches in
all the regions.

3.2. Spatiotemporal Characteristics of Carbon Emissions

From the spatial pattern perspective shown in Figure 3, it can be observed that the
distribution of urban CO, emissions exhibits a clear clustering phenomenon. During
the study period, the high-carbon cities remained concentrated in the Pearl River Delta,
particularly the cities of Guangzhou, Foshan, Dongguan, and Shenzhen. These four cities



Land 2023, 12, 1806

8of 19

B Legenﬁ (10°t)

=T Legend (10°1)

have been the leading economic powerhouses in Guangdong Province for many years, with
a higher level of industrialization compared to the other regions, and they have attracted
many manufacturing factories. Apart from the Pearl River Delta, there is little difference in
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of Shantou showing higher carbon emissions, as it is predominantly an industrial city. From
a temporal evolution perspective, Guangdong Province’s urban carbon emissions exhibit
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and western regions and the Pearl River Delta region shows a decreasing trend followed
by an increasing trend, indicating a significant imbalance in the spatial distribution of
carbon emissions.
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Figure 2. Spatiotemporal evolution of USS zoning in Guangdong Province, 2000-2020. Total area
(TA), largest patch index (LPI), mean perimeter-to-area ratio (PARA_MN), average shape index
(SHAPE_MN), aggregation index (Al), and patch cohesion index (COHESION).
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Figure 3. Spatial distribution of urban CO, emissions in Guangdong Province.
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As shown in Table 2, the global Moran’s I index for urban carbon emissions in
Guangdong Province from 2000 to 2020 is positive and statistically significant at the
99% confidence level, indicating a significant positive spatial correlation. Moreover,
the Moran’s ] index shows an initial increase followed by a decrease over time, with
the overall fluctuation within 0.05, indicating that the spatial clustering of carbon emis-
sions in the study area remains relatively stable, and the pattern of spatial clustering is
relatively fixed.

Table 2. Global Moran'’s I Index of urban carbon emissions in Guangdong Province.

Year Moran’s I V4 P

2000 0.374083 2.857534 0.004269
2005 0.376820 2.894841 0.003794
2010 0.383582 2.950648 0.003171
2015 0.369306 2.885501 0.003908
2020 0.328004 2.619984 0.008793

This study employed Moran scatterplots to analyze the local spatial aggregation
and dispersion of urban carbon emissions in Guangdong Province, and the results are
shown in Figure 4. Overall, from 2000 to 2020, the local Moran'’s I analysis reveals three
main types of spatial patterns for urban carbon emissions: high-high (HH) clustering,
low-high (LH) clustering, and low-low (LL) clustering. The spatial patterns of each city
remain relatively stable with weak temporal variation. The cities exhibiting HH clustering
and LH clustering are mainly concentrated in or near the Pearl River Delta, indicating either
high carbon emissions themselves or proximity to cities with high carbon emissions. The
cities exhibiting an LL clustering pattern are mainly distributed in the northern, eastern,
and western regions, which are farther from the Pearl River Delta. Shantou is the only
city exhibiting an HL clustering pattern, with a large and continuously increasing carbon
emissions base, making this effect more pronounced over time.

3.3. Estimation Results for the Panel Model

The analysis of the two-way fixed-effects model on the research data is presented in Table 3.
In terms of the urban scale structure, both the TA and LPI have a significant impact on
carbon emissions, but their effects are opposite (coef = 0.322, —0.047). The TA has a positive
effect on carbon emissions, indicating that for the overall urban areas in Guangdong
Province, expanding the size of the urban built-up areas will lead to more CO, emissions.
This suggests that the current urban development of Guangdong Province has not reached
the turning point of the Environmental Kuznets Curve (EKC), and is still in the “high
growth, high pollution” stage of the inverted U-shaped curve [54]. On the other hand, the
LPI has a negative effect on carbon emissions, indicating that increasing the continuity
and integrity of the urban land patches can effectively reduce carbon emissions. Reducing
the fragmentation of the urban patches promotes the integrity and continuity of urban
development, such as improving transportation accessibility and commuting efficiency,
thereby reducing energy consumption at the transportation level.

In terms of the urban shape structure, SHAPE_MN has a significant positive effect
on carbon emissions (coef = 0.427). The shape of the built-up patches can affect carbon
emissions in two ways: through building construction and transportation commuting. On
the one hand, irregular patches make it difficult to efficiently lay energy networks for heat,
water, gas, and electricity in buildings. The transportation of curved and distant pipelines
leads to increased carbon emissions from residential and industrial activities. On the other
hand, the complex boundaries of urban patches increase commuting time and distance,
resulting in increased CO, emissions.

In terms of the urban morphological structure, the Al has a highly significant negative
effect on carbon emissions (coef = —3.074). Compact cities can reduce commuting distances,
thereby reducing carbon emissions by reducing the use of transportation vehicles. They
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can also increase land-use intensity and factor agglomeration, thereby improving energy
efficiency in daily life and production. However, it is important to note that many studies
have shown that the impact of urban aggregation on carbon emissions varies; different
regions and cities at different stages of development have produced different results.
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Figure 4. Moran scatter plot of urban carbon emissions in Guangdong Province, 2000-2020.

All three socio-economic factors have a significant impact on carbon emissions. An
increase in the PopDen reduces carbon emissions (coef = —0.070). A high PopDen is con-
ducive to the development of public transportation and promotes the sharing of facilities,

which improves energy efficiency and reduces

carbon emissions [55]. On the other hand,

the PGDP has a positive impact on carbon emissions (coef = 0.079). Economic growth
promotes urban industrialization, leading to an increased demand for fossil fuels and,

consequently, higher carbon dioxide emissions.

The CI data, representing technological ad-
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vancement, indicate that the cities in Guangdong Province experienced rapid urbanization
during the study period and have not reached the turning point of the EKC. Technologi-
cal progress implies increased productivity and energy consumption, resulting in higher
carbon emissions (coef = 0.059).

Table 3. Regression results of variables with CO, emission.

Independent Variables Coefficient
I
71 i

INPARA_MN 35%307)
InNSHAPE_MN 0(312475; )
InAl (s
INCOHESION (‘B%
InPopDen _(0_%? 6*)**
INPGDP O('(1)'7396)* )
iy 059
Constant —7.15
R? 0.9766

Note: N = 105; *** p < 0.01; ** p < 0.05.

3.4. Results of Spatiotemporal Heterogeneity Analysis

Based on the results of the GTWR model, the significance and direction of the regres-
sion coefficients for each independent variable were calculated. The effects of the urban
spatial structure indicators on carbon emissions exhibit temporal and spatial variations, as
analyzed below.

In terms of the urban scale structure, the influence of the urban size on carbon emissions
shows minimal temporal variation and displays a certain spatial heterogeneity (see Figure 5).
The TA has a consistently positive impact on carbon emissions: the high-value region
is concentrated in the cities of Zhongshan, Zhuhai, and Jiangmen in the western part
of the Pearl River Delta and the eastern part of Guangdong Province, whereas the low-
value region is concentrated in Shaoguan and Heyuan in the northern part of Guangdong
Province. Overall, the spatial pattern experienced minimal changes during the study
period. The LPI also has a consistently negative impact on carbon emissions. Specifically,
the influence of the index gradually increases from the southwest to the northeast in
Guangdong Province, with the high-value region concentrated in Shaoguan, Heyuan,
and Meizhou in the northern part. The spatial pattern shows limited changes during the
study period.

The role of the urban shape structure on carbon emissions is influenced by certain
spatial and temporal variations, and its evolution shows a certain pattern (Figures 5 and 6).
The influence of PARA_MN on carbon emissions is very stable, with all the significant
results being negative. The high-value region is mainly concentrated in the Pearl River
Delta, whereas the influence of this indicator on carbon emissions in the other three regions
is weaker. The spatial variation in the influence of SHAPE_MN on carbon emissions is
more pronounced, showing different effects in different cities. In the western region of
Guangdong Province and the cities of Huizhou and Shanwei, the index shows a stable
positive relationship with carbon emissions, whereas its influence on Heyuan fluctuates
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over time. The relationship between the indicator and carbon emissions is negative in the
remaining cities.

. TA 2000 LPI 2000 PARA_MN 2000

0 40 80

o
Legend
I -0.724-0.000 [ 0.479 - 0.521

N
Py
A 5 :
S

0 40 80 160 KM %\
Lita il

hatd? 4
Legend o
I -1.098 - -0.895 [-0.391 - -0.217"

>z

0 40 80 160 KM

1 8 :
Legend
I -0.317--0.291 [ 0.001-0.280 -

5 .
[ 0.001 -0.366 M 0.522 - 0.549 7 N -0.894 - -0.748 [N -0.216 - -0.108 2 I -0.290 - -0.225 [N 0.281 - 0.584 -
[10.367-0478 [1-0.747--0392 [1-0.224-0.000
TA 2005 LPI2005 PARA_MN 2005
N N N -
A A A ey
¢ £ & Lard
0 40 80 160 KM 0 40 80 160 KM 0 40 80 160 KM

Ay A
Legend

2 A :
Legend

s ¢ s o,
I -0.630 - 0.000 [0 0.483-0.521 - “ o f’“’ 10182 - -0.935 [ -0.281 - -0.132" ) I -0.295--0.265 [ 0.001-0.194 ~
N 0.001 -0.384 M 0.522 - 0.551 - \ }[ [ -0.934 - -0.529 [ -0.131 - -0.040 N -0.264 - -0.224 [N 0.195 - 0.453
[ 10.385-0.482 R [ 1-0.528--0.282 [ 1-0.223-0.000
TA 2010 LPI12010 PARA MN 2010
N N N -

0 40 80 160 KM

Legend

I -0.552-0.000 [ 0.487 - 0.533

I 0.001-0.409 WM 0.534-0.561
10.410 - 0.486

TA 2015

A

0 40 80

160 KM

Legend N
I -0.500 - 0.000 N 0.510-0.544 © .
I 0.001 - 0.445 [ 0.545 - 0.585
10,446 - 0.509

TA 2020

0 40 80

160 KM

Legend -
I 0.481-0.000 [ 0.538- 0.563

N 0.001 -0.492 [ 0.564 - 0.626
[ 10.493-0.537

Y]

Figure 5. Spatiotemporal distribution of regression coefficients based on the GTWR model. Variables:
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Figure 6. Spatiotemporal distribution of regression coefficients based on the GTWR model. Variables:
average shape index (SHAPE_MN), aggregation index (AI), and patch cohesion index (COHESION).
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The role of the urban morphological structure on carbon emissions is also affected
by spatial and temporal changes, and shows some spatial heterogeneity characteristics
(Figure 6). The influence of the Al on carbon emissions is different from the overall
regression results, and most of the cities show the positive influence of this indicator on
carbon emissions. Specifically, its influence in the western region changes from positive to
negative over time, while its influence remains consistently positive in the other regions.
As discussed in a previous analysis of urban spatial structure characteristics, the high Al
in Guangdong Province may result in increased carbon emissions due to the spread and
connection between the patches [56]. It could also be attributed to factors such as the lack of
compactness in urban production and living functions or inefficient resource allocation [57].
The COHESION of the urban patches also exhibits significant spatial variations in its
influence on carbon emissions. Specifically, in the eastern, western, and northern regions
of Guangdong Province, including the cities of Shaoguan, Heyuan, and Meizhou, the
indicator shows a positive impact on carbon emissions. In the Pearl River Delta and the
cities of Qingyuan and Yunfu in the northern region, the indicator exhibits a negative
impact, demonstrating clear spatial variations.

The socio-economic factors only show noticeable spatial variations in their impact on
carbon emissions (see Figure 7). The PopDen has a positive impact on carbon emissions
in the western region, whereas it has a negative impact in the other three regions. The
PGDP has a positive impact on urban carbon emissions, with its highest influence in the
Pearl River Delta and a gradually increasing influence in the western region. The CI has
a positive impact on carbon emissions in all the cities in the province, but the regression
coefficients are generally small, indicating varying degrees of impact.
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Figure 7. Spatiotemporal distribution of regression coefficients based on the GTWR model.
Variables: population density (PopDen), per capita GDP (PGDP), and carbon intensity (CI).

4. Discussion
4.1. Socio-Economic Factors for Carbon Emission Modeling

In addition to the spatial structure, the variation in urban carbon emissions is also
influenced by a series of socio-economic factors, and the effects are quite significant [58].
The IPAT model proposed by Ehrlich and Holdren (1971) explains the relationship between
human development and the environment [59]. The model uses population, affluence,
and technological level to collectively explain the environmental impact and is still widely
applied today [60-62]. Based on the IPAT model, this study introduces the relevant socio-
economic indicators as control variables to more accurately describe and explain the impact
of the USS on carbon emissions.

To better describe and explain the research results, the study data were analyzed
using a two-way fixed-effects model, and regression analyses were conducted for two
sets of models: one without control variables and one with control variables. When
considering the spatial structure factors alone, the goodness-of-fit (R?) of the model is
0.9719, indicating a very high level of explanation, and suggesting that the urban spa-
tial structure has a comprehensive impact on carbon emissions. The indicators for the
dimensions of scale structure, shape structure, and morphological structure all have sig-
nificant effects on carbon emissions. The second set of regression results shows a slightly
higher goodness-of-fit (R? = 0.9766) compared to the first set, demonstrating that even after
adding the three socio-economic control variables, the regression results for the explanatory
variables on carbon emissions remain significant. This result further confirms the influence
of the urban spatial structure on carbon emissions.

4.2. Zoning Optimization Strategies under Low Carbon Constraints

This study found that the influence of the various spatial structure indicators on carbon
emissions varies in the different regions or cities. Therefore, it is necessary to propose
targeted optimization strategies based on the different regions or cities.

Compared to other regions, the TA has a greater impact on carbon emissions in the
Pearl River Delta, particularly in the central and western parts, including cities such as
Guangzhou, Foshan, Zhuhai, Zhongshan, and Jiangmen. Therefore, these cities must priori-
tize the expansion of their built-up areas, with a focus on orderly and rational development.
The high-value areas of PARA_MN are concentrated in the Pearl River Delta, especially in
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cities like Shenzhen, Jiangmen, Zhuhai, and Guangzhou. It is necessary to optimize the
shape layout of urban construction land and reduce complexity. Additionally, the Al of
the urban built-up areas in the Pearl River Delta is also the highest, especially in the two
mega-cities (Guangzhou and Shenzhen) and the two large cities (Dongguan and Foshan).
Extra attention should be given to coordinating the functional layout of these cities.

The LPI has the greatest impact on carbon emissions in the northern part of Guang-
dong, particularly in Shaoguan, Heyuan, and Meizhou. This region must pay attention
to the continuity and integrity of the urban built-up areas and accelerate the filling and
merging of fragmented land. Moreover, carbon emissions in Shaoguan, Heyuan, and
Meizhou are positively correlated with the COHESION, suggesting the need to consider
whether certain areas within the cities have excessively high levels of agglomeration.

The morphological structure of the cities has the greatest impact on carbon emissions
in the eastern part of Guangdong. The Al of the urban areas in the eastern region rose
rapidly during the study period, indicating its stronger influence on carbon emissions. The
COHESION within the patches also has a positive effect on carbon emissions. Therefore,
the relevant authorities should appropriately regulate and alleviate the high-aggregation
areas to promote balanced urban development. Additionally, the TA has a significant
impact on carbon emissions in the eastern region, emphasizing the need for the rational
expansion of the built-up areas there.

The shape structure of the cities has a greater impact on carbon emissions in the
western part of Guangdong. The SHAPE_MN of the urban areas in the western region
has a positive effect on carbon emissions, which is contrary to most of the other regions.
Therefore, attention should be given to the complexity of city boundaries and optimizing the
layout of built-up areas. Furthermore, the COHESION within patches has a strong positive
impact on carbon emissions in this region, indicating the need to avoid the excessive
integration of functional zones.

4.3. Limitations and Future Research

The selection of indicators and the depth of research in this paper have certain limita-
tions. The focus on the USS is limited to a two-dimensional spatial level, mainly considering
the scale, shape, and morphological elements of the built-up patches. However, cities exist
in a three-dimensional space, and factors such as building density, shape, and agglomera-
tion can also have an impact on carbon emissions. Additionally, the extent of the impact that
spatial variations in Guangdong’s USS have on carbon emissions have not been thoroughly
explored, and the underlying mechanisms remain unclear. Therefore, there are potential
directions for future research, which are described below.

First, it would be beneficial to pay more attention to the vertical dimension of urban
space and select the appropriate indicators to measure the three-dimensional structure of
cities. Second, the factors influencing carbon emissions in urban spaces are diverse. Future
research could further expand the dimensions of study, such as the layout characteristics of
urban transportation and residents’ travel behavior, to provide a more detailed characteri-
zation of the spatial features of each city. This approach would help to explore the specific
reasons behind the occurrence of spatial variations.

5. Conclusions

With the 21 cities in Guangdong Province as the research object, this study collected
the relevant data and constructed indicators of the USS to analyze the characteristics and
changes in the USS and carbon emissions from 2000 to 2020. It quantitatively explored
the overall impact of and spatial-temporal variations in the USS on carbon emissions and
proposed corresponding optimization strategies. This study addressed the shortcomings
of existing research scales and heterogeneity studies, providing references for similar
research areas.

It was found that for the period 2000-2020, the scale of the cities in Guangdong
Province were expanding, the degree of continuity and agglomeration of the built-up areas
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were high and increasing, and the complexity and fragmentation of the spatial shapes
were gradually decreasing. At the scale structure level, the built-up area of the cities in
the Pearl River Delta greatly exceeded that of the other three regions. In terms of the
shape structure, there were small differences among the regions whereas, in terms of
the morphological structure, the level of urban agglomeration in the northern part of
Guangdong was relatively low, and that of the eastern part showed significant growth. The
carbon emissions of the cities in Guangdong Province showed rapid growth, but after 2010,
the emission rates of most of the cities began to slow down or decline. In terms of the carbon
emissions, there was a spatial clustering effect, with the high-carbon cities concentrated in
the Pearl River Delta and the eastern city of Shantou in Guangdong, whereas the carbon
emissions of the cities in the other regions were relatively low, indicating a continued
significant regional imbalance.

The USS and socio-economic indicators are significantly correlated with carbon emis-
sions, and the results of our heterogeneity analysis showed a high overall significance for
the individual cities. For the cities in Guangdong Province, the expansion of their built-up
areas and the increasing complexity of their urban patches will increase carbon emissions,
whereas improving their internal continuity and compactness could reduce carbon emis-
sions. Moreover, there is a certain degree of spatiotemporal heterogeneity in the impact of
the spatial structure indicators on carbon emissions in different dimensions. The spatial
structure indicators that dominate carbon emissions in the eastern, western, and northern
parts of Guangdong, as well as in the Pearl River Delta cities, are the morphology structure,
shape structure, and scale structure (LPI and TA), respectively. Among the socio-economic
indicators, the PopDen and PGDP have significant positive impacts on western Guangdong
and the Pearl River Delta region, respectively. The different regions or cities must develop
targeted spatial structure optimization strategies, with the regions as the main focus and
the cities as the complement.
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