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The process of land urbanization may result in a great change in land use structure, land
use intensity, and efficiency, which could further lead to an increase in carbon dioxide (CO»,)
emissions. Despite rich literature on the link between urbanization and CO, emissions, the
mechanism through which land urbanization promotes CO, emissions reductions has not
been fully investigated. To address this gap, this study theoretically and empirically
explores the mechanism of land urbanization’s influence on CO, emissions by
integrating land use optimization and high-quality industrial development into a unified
framework. Firstly, the theoretical mechanism analysis indicates that low-level industrial
development and land use management promote the increase of CO, emissions per unit
of land at the extensive land use stage; however, high-quality industrial development and
land use optimization lower CO, emissions per unit of land at the intensive land use stage.
Subsequently, a STIRPAT model and a spatial adaptive semi-parametric model are
employed to verify the relationship between the land urbanization rate and total CO,
emissions. The results indicate that the land urbanization rate and total CO, emissions
present an inverted U-shaped relationship. In addition, the mediating mechanism of the
advanced industrial structure, CO, emissions per unit of GDP, and CO, emissions per unit
of land, are studied using the mediating effect model. Results indicate that CO, emissions
reduction can be achieved by promoting the advanced industrial structure, reducing CO»
emissions per unit of GDP or reducing CO, emissions per unit of land. Ultimately, this study
showed that the Chinese government may reduce CO, emissions by promoting land use
structure optimization, land use intensity regulation, land use efficiency improvement, and
adjusting energy consumption structure, upgrading industrial structure, and promoting
emission efficiency technologies.

Keywords: land urbanization, carbon mitigation, land use optimization, industrial structure adjustment, China

INTRODUCTION

Urbanization involves an important change: the conversion of large areas of cultivated land into
urban land. This process is called “land urbanization” (Zhang and Xu, 2017). China has greatly
promoted economic growth through land urbanization and land resource allocation. However, the
rapid expansion of urban land can lead to land use/cover change (LUCC), unreasonable land
allocation structures, and uncontrolled land development intensity (Yang et al., 2019). Important to
note here is that LUCC is the main driving force for carbon storage in terrestrial ecosystems (Chuai
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et al., 2014). During the process of land urbanization, a large
amount of agricultural land is converted into construction land."
For instance, the area of urban construction land in China
increased from 20,877km® in 1999 to 55,155.5km’ in
2017—an increase of 164%. The proportion of secondary
industrial land to construction land in China has always been
maintained at approximately 20%, which greatly exceeds the
international average of 5-8%. In cities with more developed
manufacturing industries, such as those in the Pearl River Delta
and the Yangtze River Delta, the proportion of secondary
industrial land generally exceeds 40%. A high proportion of
secondary industrial land leads to slow industrial structure
upgrading, unclean energy consumption structures, and low
energy efficiency, which cause more carbon emissions (CO,)
to be released into the atmosphere (Zhou et al, 2019b).
Furthermore, China’s land development intensity also exceeds
a reasonable level, and the levels of economically developed cities
such as Shanghai and Shenzhen are even close to 50%. Excessive
land development intensity seriously impacts the ecosystem’s
balance, which in turn affects carbon sequestration (Xie et al.,
2018; Li et al., 2018). Since unreasonable land urbanization has
increased carbon emissions, there is a need to investigate in-depth
the mechanism through which land urbanization affects CO,
emissions. Research on exploring this mechanism is conducive
for promoting the coordinated development of urbanization and
CO, emissions reduction through land use optimization and
industrial structure adjustment.

The links between urbanization and CO, emissions have
recently been extensively investigated by existing research (Lai
et al., 2016; Chuai et al, 2016). Previous studies have also
addressed multiple effects of different aspects of urbanization,
including economic, population, land, and social urbanization, on
CO, emissions (Zhou et al., 2019a). Generally, previous studies
on the relationship between urbanization and carbon emissions
focused on four lines. The first line of studies assert that rapid
urbanization increases CO, emissions both in the short and long-
run (Sheng and Guo, 2016), while the second line of studies insist
that urbanization can contribute to declines in the carbon
emission scale, carbon emissions per capita, and carbon
intensity (Yao et al., 2018). The third line of studies supposed
that the urbanization exerts no significant effect in the carbon
emissions (Rafiq et al., 2016; Behera and Dash, 2017). Finally, the
results of the fourth line of studies show an inverted U-shaped
relationship between urbanization and CO, emissions (Martinez-
Zarzoso and Maruotti, 2011; Zhang et al., 2017). Furthermore, a
few mediating variables (such as technological progress,
industrial structures, energy consumption structure, and
foreign direct investment) have also been investigated when
analyzing the relationship between urbanization and CO,
emissions (Wang et al., 2013; Wang et al., 2018b). In addition,
certain studies are related to regional and industry-based
heterogeneity and spatial spillovers (Zhang et al., 2016; Liu

'The land use structure is calculated according to the proportion of industrial,
mining, and storage land in the total land supplied, which is a negative indicator of
the land use structure optimization

Land Urbanization and Carbon Mitigation

and Liu, 2019). Despite various studies explored the effect of
urbanization on CO, emissions and the mechanism to achieve the
coordination of economic growth and carbon mitigation (Bekun
et al., 2019; Bekun et al., 2021a), two limitations continue to
restrict our understanding of sustainable development. First, the
mechanism of the effect of land urbanization on CO, emissions
reduction has not yet been thoroughly explored, which limits the
possibility to achieve a win-win situation of economic
development and carbon mitigation through land use
optimization and industrial structure adjustment. Second,
previous studies employed parametric econometric models,
which may have led to model setting misspecification. To fill
these research gaps, this study theoretically explores the
mechanism of land urbanization to promote CO, emissions
reduction, and verifies it empirically by employing a
semiparametric model and mediation effect model.

In fact, the impact mechanism of land urbanization on
carbon emissions is greatly different from population
urbanization or economic urbanization. The urbanization in
the existing literature generally refers to population
urbanization or economic urbanization. The research from
the perspective of population urbanization or economic
urbanization is mainly to explore the impact of changes in
residential consumption, industrial structure, and technical
efficiency on carbon emissions after population or industry
agglomeration in cities. It is worth noting that land
urbanization is very different from population urbanization.
The impact of land urbanization on CO, emissions is affected by
natural, economic, social, and other factors. On the one hand, in
the process of land urbanization, changes in land use types will
cause changes in direct carbon emissions. For example, if land is
transformed from forest land, wetland, etc. to wurban
construction land, the carbon emission coefficient will be
greatly increased. On the other hand, the land urbanization
process will also cause changes in the industrial structure,
technical efficiency, energy use efficiency, and carbon
emission efficiency by anthropogenic activities carried on the
land elements, which in turn affects the level of indirect carbon
emissions. Accordingly, it is essential to explore the mechanism
of land urbanization affecting CO, emissions thoroughly
regarding factors such as land use change, and changes in
industrial structure and technological efficiency caused by
human activities carried on the land elements.

LUCC and anthropogenic activities carried out on land are the
two main drivers of terrestrial ecosystem carbon storage. In the
process of land use conversion from high to low vegetation
biomass, carbon is released into the atmosphere; this affects
carbon emission levels (Peters et al, 2019). With the
development of land urbanization, more and more cultivated
lands, forest lands, and grass lands have been converted to urban
construction land; put differently, such lands are converted from
carbon sinks to carbon sources (Chuai et al., 2013; Chuai et al.,
2014; Chuai et al,, 2016). Existing studies have extensively
explored the influence of LUCC on CO, emissions (Mufoz-
Rojas et al., 2011; Chuai et al., 2013; Dang et al., 2014; Chuai et al.,
20165 Bossio et al., 2020). However, the impact of effective land
use management and industrial structure adjustment on CO,
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FIGURE 1 | Diagram of the influence mechanism between land urbanization and CO, emissions.
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emissions reduction has received relatively less attention.
Sustainable land use management promotes optimization of
land use structure, reasonable control of land use intensity,
and improvement of land use efficiency through operating
mechanisms, price systems, land ownership systems, and so on
(Bateman et al., 2013; Cavender-Bares et al., 2015). Notably, land
use structure optimization, land use intensity regulation, and land
use efficiency improvement all directly or indirectly affect the
carbon emission process and carbon emission level (Cumming
et al,, 2014; Chen et al,, 2020). However, existing research does
not integrate these three perspectives and fails to fully explore the
internal and mediating mechanisms of land urbanization that
reduce CO, emissions. Therefore, our study integrates factors
such as land use structure optimization, reasonable control of
land use intensity, and land use efficiency improvement into a
complete theoretical framework to explore the mechanism of
land urbanization promoting carbon mitigation. This is exactly
where the most important innovation of this study lies.

This study makes two key contributions: First, this study
explored in-depth the influential mechanism of land
urbanization on CO, emissions theoretically by integrating the
land use optimization and high-quality industrial development
into a unified framework. Second, this study applied a stochastic
impact by regression on population, affluence and technology
(STIRPAT) model and a spatially adaptive semi-parametric

(SASP) model to investigate the relationship between land
urbanization and CO, emissions to accommodate stochastic
factors and spatial heterogeneity. Additionally, this study
employed a mediation effect model to investigate the role of
advanced industrial structure, CO, emissions per unit of GDP,
and CO, emissions per land regarding land urbanization’s effect
on total CO, emissions.

The rest of this paper is organized as follows. Section Theory
provides the theoretical analysis, Section Methods describes the
method, Section Data describes the data, Section Results presents
the empirical results, Section Discussions discusses the results, and
Section Conclusion and Policy Recommendations offers the
conclusion.

THEORY

In this section, we adopt the Kaemissions into fours aspects:
Landya identity to decompose the driving factors of CO,
emissions into fours aspects: Land scale, land use structure,
land use intensity, and carbon emission intensity (Grossman
and Krueger, 1995; Wu et al., 2015). According to a country
or region’s land use patterns, industrial structure, technological
level, government regulation policies, and residents’ lifestyles,
land urbanization can be roughly divided into two stages:
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extensive and intensive modes. This study explores the impact
mechanism of land urbanization on CO, from two stages:
Extensive and intensive land use (Figure 1).

Kaya Decomposition to the Driving Factors

of Carbon Dioxide Emissions

First, we adopt the Kaya identity to decompose the driving factors
of CO, emissions into fours aspects: Land scale, land use
structure, land use intensity, and carbon emission intensity
(Grossman and Krueger, 1995; Wu et al., 2015). The carbon
dioxide emissions decomposition model based on land use is
presented in Eq. 1. The total CO, emissions are first decomposed
into the carbon emissions of different land use types. Next, CO,
emissions on each land use type are decomposed into the product
of the total land scale, land use structure, land use intensity, and
carbon emission intensity. As a result, we are able to decompose
carbon emissions per unit of land into the sum of the product of
land use structure, land use intensity, and carbon emission
intensity for different land use types, as shown in Eq. 2.

tt GD P zt Ltt
i = —— L 1
€= Z G Z -GDP;, L, L )

~t ZG it GDPzt th i

i=1 Ly

2

In Eqs 1, 2, C, is the total CO, emissions in period ¢, C;
represents the CO, emissions of the i type of land use in period ¢,
L, is the total area of land in period t, S;; = L;;/L; is the area of the i
type of land use in the proportion of total land and can be
represented as land use structure, D; = GDPy/L; 1is the
economic output of the i type of land use in period t and can
be expressed as land use intensity, and I;; = C;;/GDP;; is the CO,
emissions per unit of GDP for the i type of land use in period t and
can be regarded as carbon emission intensity.

To reduce CO, emissions per unit of land, it is essential to
optimize the land use structure, reduce carbon emission intensity,
and regulate the impact of land use intensity on CO, emissions
according to the carbon emission decomposition model. For the
central government and local governments, the impact of land
use on CO, emissions can be reduced in two ways: 1) by
optimizing the structure of spatial land use and 2) by
innovating spatial land governance. Notably, CO, emissions
can be effectively reduced by controlling the expansion of
urban construction land and the intensity of land
development, compressing the scale and proportion of
industrial and mining land, optimizing the structure of
construction land, and optimizing the pattern of land
development (Sadorsky, 2014). Simultaneously, we can
promote the formation of low-carbon development by
accelerating the transformation of land use types. The
government should promote intensive land use in accordance
with the principles of strictly controlling the total amount,
revitalizing the inventory, optimizing the structure, and
improving efficiency.

Land Urbanization and Carbon Mitigation

Extensive Land Urbanization Stage
When the economy is in the initial stage of urbanization and

industrialization, the mode of land urbanization is mainly
extensive (Jiang and Lin, 2012; Dong et al, 2019). At this
stage, the industrial structure is dominated by high-carbon
industries, and the company’s technical level and low energy
efficiency have led to high carbon emission intensity. Moreover,
the government’s efforts to reduce carbon emissions are relatively
weak, and residents’ consumption preferences are not based on
low-carbon and energy-saving products (Zhang and Da, 2015).
All these factors lead to high levels of carbon emissions.

First, because the economic development stage is still in its
infancy and the technical level is relatively not high, companies
have mainly invested in high-carbon industries such as energy,
power, chemical industry, and construction, thus making it
difficult to upgrade and transform the industrial structure (Lu
et al, 2019). Furthermore, the limitation of companies’
technology level leads to low energy utilization -efficiency,
which further leads to higher carbon emission intensity,
thereby increasing companies’ carbon emission level.

Second, the government’s efforts to control carbon emission
reduction are not effective enough, and reasonable carbon
emission control policies have not been issued in neither
industrial development nor land use (Yuyin and Jinxi, 2018).
On the one hand, local government officials have to vigorously
improve local economic performance based on economic
performance appraisal and political promotion in the process
of industrial development (Liu et al., 2020). From a rational point
of view, local officials will not impose strict restrictions on the
investment of companies in high-carbon industries, leading to a
significant increase in carbon emissions. On the other hand, the
government’s land use management methods are unreasonable.
For example, a large number of low-carbon land, such as forest
land and wetland, are converted into urban construction land,
leading to a large increase in carbon emissions (Zhang et al.,
2020). Since construction land is a net source of carbon emissions,
the expansion of urban construction land has led to a surge in
carbon emissions (Lai et al., 2016). Furthermore, improper land
use management methods lead to a series of problems such as
unreasonable land use structure, out of control of land use
intensity, and low land use efficiency (Yue et al, 2017).
Changes in the land allocation structure alter the carbon
emission process and modify the energy consumption
structure, thereby impacting the urban carbon emissions level.
Excessive land development intensity will destroy the original
carbon balance of the biosphere, affect the carbon emission
process, and promote the increase of carbon emission levels
(Li et al, 2021a). Land use efficiency affects energy use
efficiency, which in turn influences the carbon emissions level.

Finally, residents’ awareness of energy saving and emission
reduction is limited, which has also led to an increase in carbon
emission levels to a certain extent. In the absence of publicity and
guidance from the government and third-party organizations,
residents will not state green, low-carbon and energy-saving
products as their main consumer preference, but may instead
choose high-carbon products (Rosner et al., 2021).
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At the early stage of urbanization and industrialization, local
governments are actively attracting investment because of the
assessment pressure of economic growth and fiscal revenue.
Accordingly, agricultural land or unused land is mainly
converted into high-carbon industrial land. The land use
structure under land resource allocation leads to the
concentration of high-carbon industries, which has undesirable
consequences for the carbon cycle in the biosphere system (Chen
and Zhao, 2019). Meanwhile, highly energy-intensive, heavily
polluting, and carbon-intensive industries form a high-carbon
industrial structure dominated by low-end manufacturing
industries (Liu et al, 2012; Huang et al, 2018). Moreover,
local government land supply strategies and unreasonable land
use management often further strengthen the rigidity of the
industrial structure and suppress high-carbon to low-carbon
industrial structure transformations (Xie et al, 2018; Yang
et al,, 2018). The unit land output is not relatively high at this
stage; here, economic growth occurs at the expense of excessive
energy consumption. Energy use efficiency is also low, and carbon
intensity is relatively high, which causes a large amount of CO,
emissions to be released during industrial production (Zhang
et al., 2016). At this stage, such highly energy-intensive, carbon-
intensive and energy inefficient industrial structures, and
unreasonable land use management increase CO, emissions
per unit of land. Therefore, the CO, emissions level from the
production process and land use conversion is relatively high
during the extensive land use stage (Zhang and Xu, 2017).

Given below is a simple economic model to illustrate the
impact of land urbanization on carbon emissions during the
extensive land use stage. The input for carbon emission reduction
causes a certain loss in economic output, as shown in the
production function of Eq. 3. More specifically, the production
function establishes that economic output Y, is the function of
technology level A, capital K;, energy consumption E,, and land
resources consumption N,. In addition, D (EM,) is the output loss
function, and EM, is the CO, emissions level.

Y, = (1 - D(EM,)AKEIN} 3)

The function of the CO, emissions level is shown in Eq. 4. CO,
emissions are mainly caused by energy consumption in industrial
production activities and land use changes (such as changes in
land types, e.g., forest and grass lands into cultivated land, wet
land into construction land, and agricultural land into
construction land).

EM, = EM,(t) + EM 144 (t) = B.E{ + C,N} (4)

In Eq. 4, EM, is the CO, emissions level; EM;, 4 denotes CO,
emissions caused by energy consumption in industrial
production activities; EM and indicates CO, emissions caused
by land use change; E, and N, respectively signify energy and land
resource consumption; B, and C, respectively signify energy
efficiency and land use efficiency; and p and A respectively
signify elasticity of energy and land resource.

At the extensive land use stage, the high-carbon industry-
based industrial structure, low energy efficiency, and high-carbon
intensity increase CO, emissions. Meanwhile, the limited land use

Land Urbanization and Carbon Mitigation

management level and low land use efficiency also further raise
CO, emissions (Chuai et al.,, 2013; Lai et al.,, 2016). All these
factors augment carbon emissions per unit of land during this
period.

Intensive Land Urbanization Stage
However, when economic development reaches the stage of high-
quality land use, agricultural land is mainly converted into
construction land for low-carbon industries. Here, the land-
use structure has shifted from low efficiency to high efficiency
(Yang et al, 2019). Optimizing the land use structure can
promote a low-carbon industrial structure and a clean energy
consumption structure (Xu et al, 2018). For our study, it is
important to note that a low-carbon industrial structure and a
clean energy consumption structure can reduce the negative
impact of production processes and land use changes on CO,
emissions (Huang et al., 2018; Zhou et al., 2019b; Bekun et al,,
2021b, 2021c). This effect is reflected in two aspects: 1) the
structural optimization effect, that is, a reduction in highly
energy-intensive and heavily polluting industries also reduces
the degree of human interference in carbon emissions (Li et al.,
2017; Zhou et al., 2017) and 2) the technology spillover effect, that
is, the development of high-end industries promotes
technological progress, which leads to an increase in energy
efficiency (Liu et al, 2012; Zhou et al, 2017). As a result,
carbon emissions per unit of land declines during this period.
At the stage of high-quality land use, the government
implements policies regarding land use and carbon emission
reduction to induce enterprises to engage in technological
transformation, upgrading, or innovation. The production
function for this period is shown in Eq. 5. Notably, the
technological transformation, upgrading, or innovation
activities of enterprises have a spillover effect on economic
output.

Y, = ®,A K E;N! (5)

where @©; denotes the spillover effect of technological
transformation, upgrading, or innovation.

At this stage, energy and land use efficiency due to the spillover
effect of technological innovation increase; thus, the carbon
emission level declines. Meanwhile, the sustainable land use
management (caused by the policy of the land use regulation)
further leads to a decline in carbon emission levels. By
formulating reasonable and effective land use regulation
policies, the government can promote the land use structure
optimization, land use intensity control, land use efficiency
improvement to reduce the negative impact of land use on
carbon emissions. In addition, the government can also
encourage the transformation of residents’ consumption to
green, low-carbon, and energy-saving products through policy
propaganda and guidance, thereby further reducing carbon
emissions (Bekun et al, 2021d). The function of CO,
emissions levels during this period is shown in Eq. 6. The
low-carbon  industrial ~structure, sustainable land use
management, structural optimization effect and the spillover
effect of technological innovation ultimately reduce carbon
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FIGURE 2 | Inverted U-shaped relationship between land urbanization and CO, emissions.
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emissions, which further lead to a decline in carbon emissions per
unit of land during this phase (Poumanyvong and Kaneko, 2010).

E; N}
EM; = EM;nq (t) + EM ana (t) = Bt_t + Ct_t (6)
O, O,

An Inverted Relationship Between Land
Urbanization and Carbon Emissions

From the above analysis, we hypothesize that an inverted
U-shaped relationship exists between land urbanization and
carbon emissions (Figure 2). The left side of the U-shaped
curve (stage I) corresponds to extensive urban land use and
high-carbon industrial structure. The right side of the
U-shaped curve (stage III) corresponds to intensive urban
land use and low-carbon industrial structure. However, there
is a policy adjustment stage in the middle (stage II). The
Chinese government needs to actively optimize land-use
management, adjust environmental regulations, industrial
policies, and fiscal and tax policies, so China can quickly
enter the third stage of intensive land use and low-carbon
industrial structure.

METHODS
Econometric Model: STIRPAT Model

According to the Influence, Population, Affluence, and
Technology (IPAT) model proposed by Ehrlich and Holdren
(1971), environmental impact is determined by three factors:
population (P), affluence (A), and technology (T). Specifically, the
IPAT theoretical framework has been widely employed in the
research field of environmental assessment (Kassouri et al., 2021).
Thereafter, Dietz and Rosa (1997) extended the IPAT framework
to include a stochastic component that is called the stochastic
IPAT model (STIRPAT) model. According to the STIRPAT
model, the effects of human activities on the environment (I)
can be showed as the following equation:

Iy = aiPl‘) A T{'ieit (7)

it” it~ it

where I;; denotes the respective environmental impacts, P; is the
population size, A;, is the affluence, and T}, is the technology level
for prefecture-level city i and time period t. a; is the constant
term, and b, ¢, and d denote the exponents of P, A and T
respectively. The variable e;, represents the random error term.
By taking the logarithms of both sides of Eq. 7, a linear equation is
obtained:

Inl;; =u; +bInP; +cln Ay +dInTj; + &; (8)

Some studies, such as Poumanyvong and Kaneko (2010),
Zhang et al. (2017), and Kassouri (2021) added the variable
“urbanization” into the STIRPAT model. In this study, we
added the wvariable “land urbanization” into the model
following the log-linear version of the STIRPAT model widely
used in several previous studies (Poumanyvong and Kaneko,
2010; Kassouri et al., 2021; Kassouri, 2021). The expanded
STIRPAT model can be rewritten as follows.

InCy =u; +bInPy +cln Ay +dInTy + - landrate + & (9)

where landrate denotes the land urbanization rate. C;; is the total
carbon emissions for prefecture-level city i and time period t.
Since this study also analyzes the impact of land urbanization on
the CO, emissions of the secondary industry, tertiary industry,
energy, and household sectors, C;; also represents the CO,
emissions of these sectors.

Furthermore, to study the nonlinear relationship between land
urbanization and CO, emissions, a model including a quadratic
term of the land urbanization rate is given as follows:

InCy =u; +bInPy +cln Ay +dInTy + 3 - landrate + y
-landrate® + ¢, (10)
Additionally, we replace the dependent variable “the total
carbon emissions (Cj)” with sectoral CO, emissions in Eq. 10,

including secondary industrial (Cl;,), tertiary industrial (C2y,),
energy (C3;), and household (C4;,) sectors, to investigate the
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relationship between land urbanization and sectoral CO,
emissions.

Econometric Model: A Spatially Adaptive
Semi-Parametric Model (SASP)

We assume that the variable “land urbanization rate” exists in the
above STIRPAT model in the form of a quadratic term. In fact,
there may be a misspecification in the model setting.
Furthermore, the impact of land urbanization on CO,
emissions presents spatial heterogeneity and spatial spillover
effects (Li et al, 2021b). To avoid model setting
misspecification and the curse of dimensionality in the
nonparametric model, and to accommodate spatial
heterogeneity among different cities, we applied the SASP
model to analyze the influential mechanism of land
urbanization on CO, emissions. The SASP model established
in this study is shown below in Eq. 11 (Ruppert et al., 2003).

InCy =B, + B, InPy + B,In Ay + B, InTy + f (landrate)

K
+ z by (landrate — «')? (11)
k=1

where f is a constant; 3; (i = 1,2, 3) are the coefficients for each
linear variable; f (landrate) is the non-parametric term;
w'(k=1,2,--,K,,) are knots; K,, is the dimension of knots;
(x1 — k)P is equal to (x; — &")? if (x; —#}")>0 and by is its
coefficient; m is the type of knot; and p is the exponential power
of the k-th knot.

Empirical Models: Mediation Effect Model
The mediation effect model was used to examine whether Z
mediates the effect of X on Y. To test whether the independent
variable affects the dependent variable through the mediation
variable, the structural equation model can be used for analysis
(Gonzalez and Mackinnon, 2016). The specific equations of the
mediation effect model are as follows:

InCy = c-landrate, + 0Zi + y; + & (12)
M = a-landrate, + 8Z; + y, + & (13)
InCy = ¢’ - landratey, + bMy + 8Z; + y; + € (14)

were M; presents the mediating variables, ie., advanced
industrial structure, CO, emissions per unit of GDP or CO,
emissions per unit of land, Z; indicates the control variables, 4,
signifies the fixed effect, and ¢; is the random error term.

In Eqs 12-14, if coefficients a, b, and c are all significant
and ¢’ is also significant, then there is a partial mediating
effect for the mediating variables. Alternatively, if the
coefficient ¢’ is not significant, then there is a complete
mediating effect for the mediating variables. In Eqs
12-14, the mediating effect is identical to indirect effect
(ab). The relationship between total effect (c), direct effect
(c"), and indirect effect (ab) is as follows (Mackinnon et al.,
1995; Yao et al., 2018):

c=c +ab (15)

Land Urbanization and Carbon Mitigation

DATA

The research sample of this study included 285 prefecture-level cities
in China in 2012 and 2015. CO, emissions data consisted of these
types: Total CO, emissions, CO, emissions of secondary industrial,
tertiary industrial, energy, and household sectors, CO, emissions per
unit of GDP, and CO, emissions per unit of land. CO, emissions data
were taken from the 2012 and 2015 Greenhouse Gas Emission
Dataset of Chinese Cities established by the China Urban GHG
Working Group. The data is based on the Chinese High-Resolution
Emission Gridded Database (CHRED 3.0). Notably, this dataset
establishes a spatialization bottom-up method based on point
emissions sources, line emission sources, and area sources to
achieve 1 km of greenhouse gas emission grid data. The advanced
industrial structure is calculated according to the method in Chen and
Zhao (2019). Land urbanization rate was characterized by the
proportion of construction land allocated for urban land area. The
data were collected from the China Land and Resource Statistical
Yearbook. In addition, data on population, GDP per capita and
number of patents granted were also collected from the China City
Statistical Yearbook. Descriptive statistics for each variable are
presented in Table 1.

RESULTS

Empirical Results Between Land

Urbanization and Total CO, Emissions

Using the STIRPAT and SASP models, the empirical results of
land urbanization and total CO, emissions are shown in
Table 2, and the fitting graph of land urbanization and
total CO, emissions is shown in Figure 3. The results in
column 1) of Table 2 are estimated according to the model
of Eq. 9, while the results in column 2) of Table 2 are estimated
according to the model of Eq. 10. The third column in Table 2
shows the parametric estimation results based on the model of
Eq. 11, and the non-parametric estimation results of Eq. 11 are
shown in Figure 3. The results indicate that the impact of the
land urbanization rate on total CO, emissions is positive;
however, the relationship between land urbanization rate
and total carbon emissions presents an inverted U-shaped
curve after adding the quadratic term of the land urbanization
rate. The results of Figure 3 show that as the land urbanization
rate increases, total carbon emissions also rise, but the speed of
increase slows down during the sample period. When the land
urbanization rate is relatively low, highly energy-intensive and
energy inefficient industrial structures promote the increase in
total CO, emissions. With the increase in the land
urbanization rate, resource and environmental restraints
and  government  regulations  promote  structural
optimization and technology spillover effects. Similarly, the
Chinese government could promote land use structure
optimization, land use intensity regulation, land use
efficiency improvement by optimizing land use regulatory
policies to achieve carbon emissions reduction. These
effects lead to a decrease in total CO, emissions, which is
consistent with the results of Martinez-Zarzoso and Maruotti
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TABLE 1 | Descriptive statistics of each variable.

Land Urbanization and Carbon Mitigation

Variable Abbreviation Unit Average Max. Min.
Total CO, emissions Cit 10,000 tons 3,840.42 27,677.32 229.9
CO, emissions of secondary industrial sector Cly 10,000 tons 3,010.69 17,518.99 10.1
CO, emissions of service sector C2; 10,000 tons 101.41 3,276.29 0.53
CO, emissions of energy sector C3it 10,000 tons 3,218.69 22,098.15 165.65
CO, emissions of household sector C4y 10,000 tons 105.99 2,146.5 0.71
GDP per capita At yuan 59,370.73 293,346 10,981
Population Pi 10,000 persons 148.23 2,129.09 15.1
Number of patents granted Tit item 4,243.7 90,298 1
Land urbanization rate landrate % 8.99 77.32 0.19
Advanced industrial structure AIS; none 6.74 7.59 4.76
CO, emissions per unit of GDP CEG; tons per 10,000 yuan 2.48 25.61 0.16
CO, emissions per unit of land CEN;t tons per square kilometers 4,417.62 43,648.19 39.89
TABLE 2 | Estimating results between land urbanization and total CO, emissions based on the parametric and semiparametric model.
Variable STIRPAT model 1 STIRPAT model 2 SASP model
Population 0.3106*** (0.000) 0.3111*** (0.000) 0.3366*** (0.0000)
GDP per capita 0.5090*** (0.000) 0.4985*** (0.000) 0.5092*** (0.0000)
Technology level 0.0672** (0.023) 0.0623** (0.038) 0.0591** (0.0347)
Land urbanization rate 0.0087** (0.005) 0.0145* (0.043) —
Land urbanization rate square — —0.0001 (0.370) —
Constant term 0.3886 (0.549) 0.5033 (0.447) 0.3230 (0.6127)
N 570 570 570
F statistic 82.21 65.9 —
Time effect yes yes —
Individual effect yes yes —
Degree of freedom - - 1
Spar Statistics — — 51,130
Number of knots - - 34
Note: p-values in the parentheses; ***, **, and * denote statistical significance at the 1, 5, and 10% levels, respectively.

industrial ~ structure transformation, energy structure
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FIGURE 3 | The fitting curve of land urbanization and total CO,

emissions.

optimization and technological innovation, and enter the
win-win phase of land urbanization rate increasement and
CO, emissions reduction as soon as possible.

Reverse causality and omitted variables could lead to
endogeneity between land urbanization and carbon
emissions (Zhang et al., 2017; Wang et al, 2021b). To
further conduct the robustness check of the benchmark
regression results in Table 3 and resolve the endogeneity
problem, we chose the instrumental variables of land
urbanization and applied the two-stage least squares (2SLS),
generalized moment method (GMM), and limited information
maximum likelihood (LIML) methods to perform regression
analysis (Xu et al,, 2021; Nepal et al,, 2021; Safiullah et al,,
2021). Following the existing literature, we chose night-time
light data, the number of plots of land leasing, and the area of
land leasing as the instrumental variables of land urbanization,

respectively. The night-time light data were derived from the
Visible Infrared Imaging Radiometer Suite sensor on the
Suomi NPP satellite, which provides spatially explicit

(2011), Yao et al. (2018) and Wang et al. (2021b). The rise in
China’s CO, emissions has slowed down in the current stage.
The Chinese government should implement effective policies
to promote sustainable land use management, low-carbon

observations of artificial lighting sources across human
settlements at night without moonlight (Wang et al,
2018a). The data of the number of plots of land leasing,
and the area of land leasing were obtained from the
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TABLE 3 | Estimating results between land urbanization and total CO, emissions
based on the instrumental variable analysis.

Variables oLs 2SLS GMM LIML
Land urbanization rate 0.009"** 0.065"** 0.069"* 0.112*
(0.003) (0.019) (0.018) (0.034)
Population 0.337* 0.478™* 0.467* 0.594***
(0.052) (0.080) (0.079) (0.124)
GDP per capita 0.509"* 0.375"* 0.339"* 0.265"
(0.062) (0.089) (0.085) (0.135)
Technology level 0.059* -0.073 -0.058 -0.183*
(0.028) (0.056) (0.049) (0.094)
Constant term 0.323 1.545* 1.848™ 2.553*
(0.638) (0.902) (0.856) (1.337)
R? 0.389 0.007 — —
N 570 570 570 570
Note: Standard errors in the parentheses; ***, **, and * denote statistical significance at

the 1, 5, and 10% levels, respectively.

Chinese Land and Resources Yearbook and Chinese Land and
Resources Statistical Yearbook. The night-time light data is a
good instrumental variable for economic development,
including land urbanization (Mellander et al, 2015; Xu
et al,, 2021). Land leasing scale and area are also reasonable
instrumental variables for land urbanization, because they are
directly related to land urbanization, but they are also
exogenous variables controlled by the Chinese central
government. The regression results between land
urbanization and total CO, emissions based on the
instrumental variable analysis are shown in Table 3. The
results indicate that the impact of land urbanization on the
total CO, emissions was robust. Land urbanization had
positive and significant effects on the total CO, emissions
in the 2SLS, GMM, and LIML methods, and were consistent
with the results of OLS method and Table 2.

In order to further analyze which sectors caused the increase in
total carbon emissions, we empirically analyzed the relationship
between land urbanization and sectoral carbon emissions. The
estimated results are shown in Table 4. The results indicate that
as the land urbanization rate increases, CO, emissions of the
secondary industrial, tertiary industrial, energy, and household
sectors also increase. Moreover, when the land urbanization rate
increases by 1%, the increase in CO, emissions from the tertiary

Land Urbanization and Carbon Mitigation

industrial and household sectors is higher than that in the
secondary industrial and energy sectors. This may be caused
by the industrial agglomeration effect and the adjustment of
energy supply and consumption structure. However, the activities
of the tertiary industrial and household sectors are relatively
scattered, their green consumption concepts have not been firmly
established, and energy-saving products are not widely used.
Therefore, the Chinese government must further reduce CO,
emissions in the secondary industrial and energy sectors. It is also
necessary to implement effective policies to promote CO,
emission reduction in the tertiary industrial and household
sectors.

Empirical Results of the Mediating Effect of
the Advanced Industrial Structure

To verify whether land urbanization can promote CO, emissions
reduction through industrial structure optimization, we
employed the mediating effect model to perform an empirical
analysis. The results of the mediating effect of land urbanization
on reducing CO, emissions through promoting the advanced
industrial structure are shown in Table 5.

Table 5 shows that the impact of the land urbanization rate on
total CO, emissions and on the advanced industrial structure is
positive and significant.! When land urbanization and the advanced
industrial structure are included in a single model, the land
urbanization rate’s impact on total CO, emissions is positive and
insignificant, while the advanced industrial structure’s effect on total
CO, emissions is negative and significant. From the mediating effect
model, we can conclude that the advanced industrial structure has a
complete and negative mediating effect on the land urbanization
rate’s influence on total CO, emissions. As shown in Table 5, the
mediation effect of the advanced industrial structure is —0.0047
[0.0088*(-0.5356) =~ —0.0047], indicating that each 1% increase
in land urbanization rate can result in 47 tons of carbon emissions
because the effect of land urbanization on the advanced industrial
structure when other conditions remain unchanged. The findings are
in line with previous studies such as Wang et al. (2013) and Wang
et al. (2021a), which stated that land urbanization reduced its
promotion effect on carbon emissions possibly due to the
industrial upgrading, energy consumption transition, and energy
efficiency improvement. The impact of the industrial structure on
CO, emissions is the result of energy use efficiency, energy

TABLE 4 | Estimating results between land urbanization and sectoral CO, emissions.

Variables

Population

GDP per capita
Technology level

Land urbanization rate
Constant term

N

F statistic

Time effect

Individual effect

Note: p-values in the parentheses; ***, **, and * denote statistical significance at the 1, 5, and 10% levels, respectively.

Secondary industrial sector

0.2961*** (0.000)
0.6481* (0.000)
0.0488 (0.234)
0.0097** (0.025)
~1.2843 (0.155)
570
48.09
yes
yes

Service sector

0.7252*** (0.000)
0.3947* (0.000)
-0.0666 (0.136)
0.0166* (0.000)

~3.5297"* (0.000)

570
49.79
yes
yes

Energy sector

0.3278"* (0.000)
0.5769"* (0.000)
0.0427 (0.197)
0.0103"* (0.003)
~0.4981 (0.494)
570
68.72
yes
yes

Household

0.5625"* (0.000)
-0.2352*** (0.005)
0.0615 (0.119)
0.0262** (0.000)
3.3457" (0.000)
570
57.09
yes
yes
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TABLE 5 | The mediating effect of the advanced industrial structure.

Variables

Land urbanization rate

Advanced industrial structure
Population

GDP per capita

Technology level

Constant term

F statistics

Rz

Observations

Time effect

Individual effect

Total CO, emissions

0.0087** (0.005)

0.3111* (0.000)
0.5096** (0.000)
0.0677* (0.020)
0.3773 (0.559)
83.57
0.3746
570
yes
yes

Advanced industrial structure

0.0088"*
(0.000)
~0.0254 (0.252)
0.1377** (0.000)
0.0478"* (0.000)
4.9481* (0.000)
53.99
0.2868
570
yes
yes

Note: p-values in the parentheses; ***, **, and * denote statistical significance at the 1, 5, and 10% levels, respectively.

Land Urbanization and Carbon Mitigation

Total CO, emissions

0.0136 (0.204)
~0.5356"* (0.000)
0.3247* (0.000)
0.4358"* (0.000)

0.0422 (0.143)
—2.2727** (0.005)

76.07
0.4042
570
yes
yes

TABLE 6 | The mediating effect of CO, emissions per unit of GDP.

Variables

Land urbanization rate
CO, emissions per unit of GDP
Population

GDP per capita
Technology level
Constant term

F statistics

RZ

Observations

Time effect

Individual effect

Total CO, emissions

0.0087" (0.005)
0.3111™ (0.000)
0.5096™* (0.000)
0.0677* (0.020)
0.3773 (0.559)
83.57
0.3746
570
yes
yes

CO, emissions per unit

of GDP

-0.00281*** (0.005)

2.7508"* (0.000)
7.99
0.0134
570
yes
yes

Total CO, emissions

0.0093 (0.000)
0.1974** (0.000)
0.3640" (0.000)
0.4719** (0.000)
0.1580" (0.000)
-0.5823 (0.233)
203.25
0.6444
570
yes
yes

Note: p-values in the parentheses; ***, **, and * denote statistical significance at the 1, 5, and 10% levels, respectively.

consumption structure, and technological progress, which is complex
to a certain extent. With the increasing output value of China’s
tertiary industry and the improvement in urbanization quality, the
demand for energy is decreasing in industrial development (Li et al.,
2017). The industrial structure advancement produces a reduced and
negative impact on CO, emissions, and the optimization and
updating of the industrial structure can be regarded as an effective
means of lowering CO, emissions in China (Wang et al., 2019).
Ultimately, this implies that the more the government allocates land
indicators to advanced manufacturing, high-tech industries or digital
economy, the more it is likely to optimize the land use structure and
promote the advanced industrial structure, which can further reduce
CO, emissions.

Empirical Results of the Mediating Effect of
CO, Emissions Per Unit of GDP

To verify whether land urbanization can promote CO, emissions
reduction through lowering CO, emissions per GDP, we
employed the mediating effect model. The results are shown
in Table 6.

Table 6 shows that the impact of the land urbanization rate
on total carbon dioxide emissions is positive and significant,
while its impact on carbon dioxide emissions per GDP is

negative and significant. When the land urbanization rate
and carbon dioxide emissions per GDP are put in a single
model, the land urbanization rate’s impact on total carbon
emissions is positive and significant, and the effect of carbon
dioxide emissions per GDP on total carbon dioxide emissions is
also positive and significant. From the mediating effect model,
we can conclude that carbon dioxide emissions per GDP has a
partial and negative mediating effect on the land urbanization
rate’s influence on total carbon dioxide emissions. As shown in
Table 6, the coefficient of total effect ¢ is 0.0087 with a 1%
significance level, while the effect of direct effect ¢’ is 0.0093
with a 1% significance level. Accordingly, the mediation effect
of CO, emissions per wunit of GDP is -0.0006
(-0.00281%0.1974 = -0.0006, and 0.0087 = 0.0093-
0.00281*0.1974), indicating that there is a masking effect of
land urbanization on the total carbon emissions. The results are
consistent with those of Rafiq et al. (2016), Wang et al. (2019)
and Wang et al. (2021b), which insisted that energy
consumption structure transformation, energy efficiency
improvement, and technological progress brought by land
urbanization led to energy intensity and carbon emissions
reduction. Ultimately, this implies that in the process of
land urbanization, the Chinese government can reduce
carbon dioxide emissions per GDP by optimizing the land
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TABLE 7 | The mediating effect of CO, emissions per land.

Variables Total CO, emissions

Land urbanization rate
CO, emissions per land
Population

GDP per capita
Technology level
Constant term

0.0087* (0.005)
0.3111* (0.000)
0.5096* (0.000)
0.0677* (0.020)
0.3773 (0.559)

F statistics 83.57
R? 0.3746
Observations 570
Time effect yes
Individual effect yes

Land Urbanization and Carbon Mitigation

CO,
emissions per land

Total CO, emissions

66.9749* (0.001)
879.1059** (0.013)
2,275.299°** (0.000)
506.8069*** (0.009)
-28592.5* (0.000)

0.0051* (0.077)
5.43*E-05"* (0.000)
0.2745** (0.000)
0.3929"* (0.000)
0.0312 (0.254)
1.8705"* (0.003)

42.86 93.60
0.2363 0.4575
570 570
yes yes
yes yes

Note: p-values in the parentheses; ***, **, and * denote statistical significance at the 1, 5, and 10% levels, respectively.

use structure and improving land use efficiency to achieve
carbon emissions reduction. To reduce the intensity of
carbon emissions per unit of GDP, active measures should
be taken from the following three aspects: The first is for the
government to take measures to adjust the energy consumption
structure, reduce fossil energy consumption, and increase the
proportion of clean energy consumption (Zhang et al., 2021).
The second is to improve energy efficiency by promoting
technological innovation of enterprises and improving the
degree of marketization (Chen et al., 2021). The third is to
strengthen the guidance of land management policies to
promote low-carbon industrial development. For example,
local governments restrict the entry of high-carbon
industries from land indicators.

Empirical Results of the Mediating Effect of
CO, Emissions Per Unit of Land

To verify whether land urbanization can promote CO, emissions
reduction through reducing CO, emissions per land, we
employed the mediating effect model to perform an empirical
analysis. The results of the mediating effect of land urbanization
on CO, emissions reduction through reducing CO, emissions per
land are shown in Table 7.

Table 7 shows that the impact of land urbanization rate on
total CO, emissions is positive and significant, and the impact of
land urbanization rate on CO, emissions per land is positive and
significant. When the land urbanization rate and CO, emissions
per land are put in a single model, the impact of the land
urbanization rate on total carbon emissions is positive and
significant, and the effect of CO, emissions per land on total
CO, emissions is also positive and significant. From the
mediating effect model, we can conclude that CO, emissions
per land plays a partial and positive mediating effect over the
influence of land urbanization rate on total CO, emissions. As
shown in Table 7, the coefficient of total effect c is 0.0087 with a
1% significance level, while the effect of direct effect ¢’ is 0.0051,
with a 10% significance level. Accordingly, the mediation effect of
CO, emissions per unit of land is 0.0036 (66.9749%5.43E-05 =
0.0036, and 0.0087 = 0.0051 + 66.9749*5.43E-05), which accounts
for 41% of the total effect. The results are in accordance with that

of Wang et al. (2021b), which believed that land use efficiency
improvement and land use intensity optimization can mitigate
the increase in carbon emissions. Ultimately, this implies that in
the process of land urbanization, the Chinese government can
achieve CO, emissions reduction through reducing CO,
emissions per land. Accordingly, Chinese central and local
governments should take effective measures to promote land
use optimization and green and low-carbon development. On the
one hand, the government should focus on optimizing the
structure of construction land and greatly reduce the scale and
proportion of secondary industrial and mining land (Liu et al.,
2018a). Meanwhile, the government should promote the increase
in the scale of forest land and wetland to increase carbon sinks.
On the other hand, the government should reasonably control the
land development intensity and maintain the carbon balance and
sustainability of the biosphere (Wang and Feng, 2015; Guo et al.,
2017; Dong et al., 2018). Finally, the government should further
improve the efficiency of land use to promote ow-carbon
industrial ~ structure  transformation, energy structure
optimization and technological innovation.

DISCUSSIONS

The increase in urban CO, emissions is mainly caused by
LUCC and anthropogenic activities (including both
production and residential activities). Existing literature has
conducted an in-depth examination of CO, emissions caused
by LUCC, which is the main driving force for carbon storage in
terrestrial ecosystems (Chuai et al.,, 2014). First, LUCC can
change vegetation’s coverage, biomass, carbon density, and
carbon storage, and thus, directly affect CO, emissions (Zhu
et al., 2019). Second, LUCC also has a profound effect on soil
organic carbon (Zhu et al,, 2019). Among the main land use
types, forest land, wetland, and unused land facilitate net
carbon absorption, while cultivated land, grassland, and
urban construction land facilitate net carbon emissions. The
changes from forest land, wetland, and unused land to other
types, and especially alterations to urban construction land, will
greatly reduce vegetation biomass and release more carbon into
the atmosphere (Houghton, 2003; Bailis and McCarthy, 2011).
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With increased development, more and more cultivated land,
woodland, and grassland are transformed into wurban
construction land. Another main driving force for CO,
emissions is the energy consumption required for
production activities on industrial and mining lands, exhaust
emissions from transportation lands, and heating in residential
areas. The carbon emission intensity of urban construction
land is much higher than that of other land types. Among
various kinds of construction land, the carbon emission
intensity of industrial and mining land is the highest,
transportation land is second, and that of urban and rural
residential land is the lowest.

This study creatively explores the possibility of synergistic
promotion of land urbanization and carbon reduction from the
perspective of land use structure optimization, land use intensity
regulation, and land use efficiency improvement. More importantly,
we found strong evidence to support the environmental Kuznets
curve hypothesis between land urbanization and carbon emissions
based on land use optimization. In addition, this study provided new
insights into the validity of the environmental Kuznets curve
hypothesis and focused on how optimized land urbanization can
mitigate carbon emissions. China’s land is state-owned, and the
government controls the land indicators for conversion of
agricultural land or unused land to urban construction land.
Under this framework, the government can regulate the supply of
urban construction land to influence the urban land use structure,
and then affect the CO, emissions levels through optimization of land
use types. Increasing the proportion of land use types with low CO,
emission intensity is conducive to reducing carbon emission levels.
Meanwhile, the government can also promote CO, emissions
reduction by regulating land use intensity. Excessive land use
intensity could disrupt the balance of the atmosphere and
biosphere. It could, in turn, affect the impact of ecosystems on
carbon sequestration, thereby increasing CO, emissions. In
addition, the improvement of land use efficiency contributes to
reducing CO, emissions. The improvement of land use efficiency
is reflected in the improvement of technical levels, energy use
efficiency, and so on, resulting in the reduction of CO, emissions.

It is noteworthy that this study integrated land use optimization
and industrial development into a unified framework to analyze
the impact of land urbanization on carbon emissions. High-quality
land use and land urbanization contribute to declines in the scale of
carbon emissions, per capita carbon emissions, and carbon
intensity (Yao et al, 2018). The results of this study are
consistent with those of Yao et al. (2018), Xie et al. (2018), and
Wang et al. (2021a), which showed that reasonable, efficient, and
sustainable land urbanization is beneficial for CO, emissions
reduction. High-quality, and sustainable land urbanization
promotes low-carbon development mainly by influencing these
mediating variables including industrial structure, energy
intensity, energy consumption structure, and technological
innovation (Li et al., 2018). More importantly, in the process of
land urbanization, the government can promote land use structure
optimization, rational land use intensity regulation, land use
efficiency improvement by implementing innovative land use
policies, which could vigorously promote carbon emissions
reduction and low-carbon development.

Land Urbanization and Carbon Mitigation

The government should introduce land policies to promote the
optimization of land use structure, land use intensity control, and
land use efficiency improvement. First, the government should
scientifically formulate spatial land-use planning, with a focus on
low-carbon development (Zhang et al., 2018). Indicators such as
carbon emissions per unit of land should be included in spatial land-
use planning (Wang et al., 2021a). Local governments could control
regional land use intensity, optimize land use structure by setting
carbon emissions caps, or evaluating energy consumption per unit of
industrial land for industrial parks. Second, the Chinese central
government should strictly control the land quotas of arable land,
forest land, wetland, etc. that are converted into urban construction
land. This can promote the optimization of land use structure and
reduce the conversion of low-carbon land to high-carbon land.
Third, the government should establish a perfect development
intensity control system and implement the principle of plot ratio
control to restrain the damage of excessive land development
intensity to the carbon balance of the biosphere. Finally, local
governments should further optimize industrial policies and
improve regional land use efficiency. Relevant government
departments could conduct performance appraisals on enterprises
in the development zone by using indicators such as land use and
energy use. In addition, the government could introduce fiscal and
tax preferential measures to encourage enterprises to improve their
land use and energy use efficiency.

Furthermore, the government should further adjust the energy
consumption structure and foster a low-carbon industrial structure,
increase the efficiency of energy use, and decrease the intensity of
carbon emissions. First, the government should promote energy
consumption structure optimization and reducing carbon intensity
(Wang et al,, 2021a). It should gradually decrease the proportion of
high-carbon energy such as coal and coke, and shift away from fossil
fuels to renewable low-carbon energy resources such as solar energy,
wave energy and wind energy. It also should greatly develop new
environment-friendly energy sources to promote the optimization of
its energy consumption structure (Wang et al., 2013). At this point, it
is also necessary for the government to implement policy measures
such as fiscal subsidies and tax incentives to encourage enterprises to
optimize their energy consumption structure. Second, the
government should pay great attention to upgrading the industrial
structure. It will be necessary to optimize the industrial structure,
make an appropriate reduction of the secondary industry, greatly
develop the tertiary industry, develop the emerging low-carbon
industry and boost the upgrade and cluster development of the
traditional high energy consumption industry (Wang et al,, 2013).
Finally, the government should also actively promote technological
level advancements and improve carbon emissions efficiency (Wang
et al, 2021b). To this end, the government should set target cuts in
carbon emissions per unit of GDP. It should also take various
measures such as accelerating research and development in low-
carbon technology, popularizing new energy-saving products and
new technologies, and implementing incentive policies and so on to
strengthen energy saving and emission reduction, thus improving
energy efficiency (Wang et al,, 2013; Wang et al,, 2016).

In addition, the government should also make a greater effort
to improve the public’s awareness of low-carbon technologies,
strengthen the generalization of a low-carbon economy, foster
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low-carbon consumption and green consumption, and encourage
households to keep to a sustainable consumption mode (Wang
etal., 2013; Liu et al., 2018b). The government can promote low-
carbon development by building low carbon eco-cities,
encouraging residents to adopt low-carbon lifestyles, including
developing low-carbon transportation habits, e.g., green
commuting, shared bikes, metro system, electric and hybrid
car (Li et al,, 2021b). Specifically, evaluation criteria of local
government by the central government should be diversified.
Economic evaluation can be weakened, and environmental
performance, such as green and low-carbon development
indicators, can be emphasized accordingly. Eventually, this
approach could lead to a decline in the level of carbon
emissions per unit of land, thereby achieving a win-win
situation through the synergy of land urbanization and carbon
emissions reduction.

Although we only use 2 years of cross-section data to form
panel data for empirical analysis, our findings will stimulate
research on land use to reduce CO, emissions and achieve
low-carbon development for developing countries. In the
future, more micro and high-resolution data can be used to
analyze the relationship between land use and CO, emissions.

CONCLUSION AND POLICY
RECOMMENDATIONS

This study explored the mechanism of land urbanization’s effect on
CO, emissions in China. First, it sought to uncover this mechanism at
different stages of economic development. Theoretical analysis
showed that at the stage of extensive land use, the energy-
intensive industrial structure, low energy use efficiency, low-level
of land use management, and low land use efficiency led to an
increase in CO, emissions per unit of land. However, at the stage of
high-quality land use, structural optimization effects, such as an
advanced industrial structure and clean energy consumption
structure, the spillover effects of technological innovation, and the
high-level of land use management caused declines in the CO,
emissions scale and CO, emissions per unit of land. Secondly, a
STIRPAT model and a SASP model were used to explore the impact
mechanism of land urbanization on CO, emissions to accommodate
for stochastic factors and spatial heterogeneity among different cities.
Meanwhile, the mediating mechanism of the advanced industrial
structure, CO, emissions per unit of GDP and CO, emissions per
unit of land was studied using a mediating effect model. The
empirical results show that high-quality land use can promote the
optimization of land use, thereby reducing carbon emissions per unit
of land or carbon emissions per unit of GDP and achieving CO,
emissions reduction and low-carbon development. Moreover, high-
quality land use can achieve CO, emissions reduction by promoting
the advanced industrial structure. To be sure, the government would
do well to work to reduce carbon emissions by optimizing spatial land
use regulation and innovating spatial land governance.

There are several actions that can be taken by the government to
reduce CO, emissions. First, the government should optimize land
use structure, rationally control land use intensity, and promote the
efficient use of urban construction land by formulating scientific
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spatial land-use planning and sensible land-use policies. Indicators
such as carbon emissions per unit of land could be included in spatial
land-use planning. Local governments could set carbon emissions
caps, energy consumption caps for enterprises to limit investment in
high-carbon industries and promote low-carbon development.
Meanwhile, the local governments can further use fiscal and
taxation policies to encourage enterprises to improve their
technological level, land use efficiency, energy use efficiency, and
so on. In addition, the central government should strictly control the
land indicators for the conversion of low-carbon land to high-carbon
land, establish a perfect land development intensity control system,
and implement floor area ratio control. Second, the government
should particularly focus on cultivating low-carbon, energy-saving,
and environmental protection industries and encourage the
development of these industries to promote an advanced
industrial structure. Efforts should be made to explore, exploit,
and apply renewable, new, and green energy by developing and
introducing new energy technologies and environmentally friendly
technologies to achieve the targets of carbon mitigation. Finally, the
government should also make an effort to increase the public’s
awareness of low-carbon technologies and encourage the
households to adopt a low-carbon consumption mode.

This study takes the first step to investigate the effect of land
urbanization on carbon emissions by integrating land use
structure optimization, land use intensity regulation, land use
efficiency improvement, industrial structural optimization, and
carbon efficiency improvement. However, this study still exists
some limitations. Due to data limitation, the time-frame for this
study was restricted to only 2 years of high-resolution gridded
data. The endogeneity in the empirical process needs to be
further resolved. In the further studies, with more available
high-resolution data, this study can be extended to obtain more
information on the relationship between land urbanization and
CO, emissions. The treatment effect model or the method of
randomized control trials could be used to resolve the
endogeneity problem of this study in future. Further research
regarding the nonlinear relationship between land urbanization
and carbon emissions by integrating land use optimization,
industrial structure upgrading, and energy use efficiency
improvement remains to be done.
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