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To understand the complex relationship between urbanization and carbon emissions, this
study measures the urbanization level and land-use carbon emissions of 19 counties and
districts in Ningxia from 2009 to 2019 using the integrated index method and carbon
emission model, respectively, and explores the coupling relationship based on the
coupling coordination degree model, to provide theoretical support for low-carbon
urbanization and carbon emission reduction planning in Ningxia. The research results
showed that the comprehensive evaluation index of the Ningxia urbanization system
shows a linear increasing trend with an average annual growth of 1.6%, but the overall level
is low, and the overall spatial pattern being high in the North and low in the South is shown.
The dominant type of urbanization is population and economic urbanization. The average
annual growth rate of net carbon emissions from land use in Ningxia is 4.75 106t/a.
Spatially, it is characterized by higher levels in cities in the North along the Yellow River
Ecological and Economic Zone and lower levels in the central arid zone and southern
mountainous areas. The coupling degree and coupling coordination degree of Ningxia
urbanization and land use carbon emissions show a fluctuating upward trend but belong to
a low level of mutual constraints, i.e., the low level of development of Ningxia urbanization,
backward industries, and low energy utilization lead to the growth of carbon emissions in
Ningxia and restrict the development of urbanization. The government should take into
account the regional differences when formulating carbon emission reduction policies to
maintain appropriate population size, optimize the economic structure, and improve the
land use efficiency.
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1 INTRODUCTION

With the growth of the global population and rapid socio-economic development, global warming,
glacial melting, and other environmental pollution issues, especially greenhouse gases, are becoming
increasingly prominent (Green 2020; Dragan et al., 2021). Since the release of the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change (IPCC) in 2007, the global academic
community has made many new findings on various aspects of climate change (Frank et al., 2002),
among which the “land use change plays an important role in the increase in global atmospheric
carbon dioxide levels, second only to fossil fuel combustion,” is a very important conclusion
(Houghton, 2010; Sreekanth 2021). According to the carbon emission calculator of the World
Resources Organization, the global carbon emissions between 1850 and 1998, land use change, and
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the carbon emissions caused by it are 1/3 of the total emissions
influenced by human activities; and the cumulative carbon
emission from land use change in China from 1950 to 2005 is
10.6 PGC, accounting for the cumulative carbon emissions from
land use change in China from 1950 to 2005, which accounted for
30% of all carbon emissions from anthropogenic sources and 12%
of global carbon emissions from land use change in the same
period. China is the largest carbon emitter in the world, with
greenhouse gas emissions of 14 billion tons of CO2 equivalent in
2019, accounting for 26.7% of the total global emissions (Ahmad
et al., 2020). In September 2020, President Xi Jinping proposed at
the 75th session of the United Nations General Assembly that
China would increase its national contribution, adopt more
vigorous policies and measures, strive to peak CO2 emissions
by 2030, and achieve carbon neutrality by 2060. In September
2021, the “Opinions of the Central Committee of the Communist
Party of China (CPC) and the State Council on the Complete and
Accurate Implementation of the New Development Concept to
Achieve Carbon Neutrality” made systematic planning and
overall planning for China to achieve peak carbon and carbon
neutrality. In October 2021, the State Council issued the “Action
Plan for Achieving Carbon Neutrality by 2030,” which further
elaborated the requirements for achieving carbon neutrality in
various key areas (Shi and Guo, 2022) such as how to accelerate
the improvement of all-factor carbon emission efficiency and
effectively reduce total carbon emissions and climate change
(Elahi et al., 2021; Elahi et al., 2022). It would help achieve the
goal of carbon peaking and carbon neutrality which is an
inevitable requirement for high-quality economic and social
development and a hot topic of widespread concern from all
walks of life (Anser et al., 2020; Chandio et al., 2020; Booth et al.,
2021; Foster et al., 2021).

Urbanization is not only a process of continuous industrial,
population concentration and rapid economic and social
development but also a process of massive energy
consumption and a high concentration of carbon emissions
(Liu and Yang, 2022). Since the reform and opening up,
China has experienced rapid urbanization and
industrialization, and its total economic volume has increased
rapidly (Wang and Pu, 2022). This crude urbanization
development model has brought about serious negative
resource and environmental effects, which in turn have fed
back into the speed and quality of urbanization development
(Chen et al., 2019). According to the seventh census data (as of
November 2020), from 1978 to 2020, the urbanization rate of
China increased from 17.9 to 63.89. Based on the general rule of
urbanization development in the world, China is still in the rapid
development interval of an urbanization rate of 30%–70%. In
March 2014, the State Council released the National New
Urbanization Plan (2014–2020), the first urbanization plan
promulgated by the central government. The plan clearly puts
forward the new urbanization construction strategy of “Green
development, recycling development, and low-carbon
development,” aiming to change the original “rough and
loose” urbanization, whose theoretical connotation includes
human-centeredness, synergy, and sustainability. It is a major
change to realize the development concept from “urbanization of

population” to “urbanization of people” (Chen et al., 2019). It
points out that during the rapid development of China’s
urbanization, there are some outstanding contradictions and
problems that must be highly valued and addressed, one of
which is that “urbanization of land” is faster than
“urbanization of the population,” and construction land is
sloppy and inefficient. From 2000 to 2011, the national urban
built-up area grew by 76.4%, much faster than the urban
population growth rate of 50.5% (National New Urbanization
Plan, 2014–2020), which reflects the problem that the lack of
synergy among multiple elements in the urbanization process,
such as population, land, economy, and society, hinders the
healthy development of urbanization. The multidimensional
elements in urbanization should maintain a compatible and
matching rate of evolution and also match the spatial set-up
process in order to facilitate the realization of new urbanization.
In addition, sustainability is also an important connotation of the
new type of urbanization, which must fully consider new issues
such as resource and environmental bearing and adaptation to
climate change (Martínez-Zarzoso, 2011; Nathaniel and Adeleye,
2021). Therefore, it is instructive to consider the dual objectives of
rational urbanization development and climate protection and
adjust urbanization development to adapt to the changing climate
to strengthen the exploration of new urbanization with green and
low-carbon energy.

Empirical studies conducted by domestic and foreign scholars
based on several perspectives show that urbanization and carbon
emission growth are interactively and dynamically coupled in
several aspects (Zhou et al., 2003; Pahunang et al., 2021; Elahi et
al., 2022). Hanif (2018) explored the impact of economic growth,
urban expansion, and energy consumption on environmental
degradation in developing economies in sub-Saharan Africa. The
findings suggest an inverted U-shaped relationship between per
capita economic growth and carbon emissions, which is
consistent with the findings of Zarzoso et al. (2011). However,
in Ansell (2021), by analyzing the effects of urbanization,
economic growth, and population size on residential carbon
emissions in the South Asian Association for Regional
Cooperation (SAARC) member countries between 1994 and
2013, the empirical results showed a U-shaped relationship
between urbanization and residential carbon emissions and
residential carbon emissions initially decrease with increasing
urbanization, reaching a turning point at 25.33% and then
increases with urbanization. Suo and Li (2020) suggested that
there are regional differences in the effect of urbanization on
carbon emissions, with a positive correlation between high-
income groups and a negative correlation among low-income
groups. Elsewhere, Wang et al. (2017) showed that the urban
population size has both an impact and a spatial spillover effect
on carbon emissions in the province in a study of 30 prefecture-
level cities. Zhang et al. (2013) showed that for every 1 km2

increase in urban construction land on the East andWest sides of
the Hu Huanyong line, the average annual carbon emissions
increased by 1.79 million t and 2.58 million t, respectively (Musah
et al., 2021). The study examined the relationship between
urbanization and carbon emissions in West Africa. Economic
growth has a substantial positive effect on CO2 emissions, while
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renewable energy consumption has a substantial negative effect
on CO2 emissions. Lin (2016) argued that developing the tertiary
sector, increasing investment in human capital, improving
market competition, and reducing energy intensity are
effective measures to achieve a win-win situation for both
carbon intensity reduction and economic growth during
urbanization.

In a comprehensive view, there are still shortcomings in the
previous studies. First, most of the relevant studies have
focused on the national and provincial scales, and not
enough attention has been paid to the ecologically fragile
and less developed cities in the Yellow River basin. Second,
urbanization is essentially a change in economic, social, and
spatial structures, which affects CO2 emissions in various ways
(Wang and Pu, 2022). In the process of urbanization, the
agglomeration of population and economic and other
factors contribute to carbon emissions, and their joint
efforts shape the dynamic relationship between urbanization
and carbon emissions. Therefore, mapping the coupled and
coordinated relationship between urbanization and carbon
emissions is an effective path to explore the carbon
emission reduction of urbanization.

In this study, Ningxia is chosen as the research object. The
Ningxia Hui Autonomous region is located in the arid-semi-arid
region and desert-steppe transition zone in inland northwest
China. Surrounded by deserts in the East, West, and North, the
unique geographical location and climatic conditions make
Ningxia with sparse vegetation and severe soil erosion one of
the most fragile ecological regions in China. Due to the rough use
and disorderly development of land in the historical period, the
degree of intensive land use in the region is low, the per capita
urban construction land is 1.85 times the national average, and
the average investment intensity and output intensity per mu of
the 23 industrial zones are 35.77 and 11.39% of the national
average, respectively, and the non-construction land such as
arable land, grassland, and wetland is commonly occupied.
The degree of exploitation of mineral resources is insufficient,
and the energy structure dominated by coal is difficult to change
in the short term. In this case, the pressure to complete the energy
consumption per unit of GDP, the proportion of non-fossil
energy, and other energy-saving emission reduction targets is
very high. With the continuous development of the economy and
society, the intensity of energy development and utilization in
Ningxia will further increase. Clarifying the relationship between
the spatial and temporal effects of land use carbon emissions and
urbanization development is conducive to scientifically grasping
the law of carbon emission growth and spatial expansion and
providing a theoretical basis for formulating regional
differentiated energy conservation and emission reduction
policies in the future.

The remainder of the study is organized as follows. Section 2
describes the study area, methodology, and data sources,
including the selection of new urbanization evaluation
indicators, the measurement of land use carbon emissions, and
the coupling coordination degree model. Section 3 uses the
approach described in Section 2 to empirically investigate the
coupling relationship between the level of new urbanization and

land-use carbon emissions in Ningxia since 2009. In Section 4,
the innovation points and limitations to this study are analyzed
by comparing them with existing studies. Section 5 summarizes
the study and proposes policy recommendations from the
perspective of balanced urbanization development and a low
carbon economy.

2 MATERIALS AND METHODS

2.1 Study Area
The Ningxia Hui Autonomous region is located in the inland
northwest of China, 104°17′–107°39′ East longitude and
35°14′–39°23′ North latitude (Figure 1). It covers an area of
66,400 km2 with a population of 6.95 million. The terrain slopes
from southwest to northeast, with a drop of nearly 1,000 m and a
step-like descent.

2.1.1 Resource Situation
The land use in Ningxia is mainly composed of grassland,
cultivated land, and other types. Among them, the grassland
area is the largest, with an area of 14,962.63 km2 in 2018,
accounting for 28.80% of the total watershed area, mainly
distributed in the western and eastern regions of the
autonomous region, with a complete and continuous spatial
shape. The second is the cultivated land, distributed in the
central and northern regions, which is more scattered.
Artificial surface areas are the smallest, 3,537.98 km2,
accounting for 6.81%.

2.1.2 Economic Profiles
In recent years, Ningxia’s economy has been comprehensively
developed, and its comprehensive strength has been greatly
enhanced. According to the Ningxia Statistical Bulletin, by the
end of 2019, the region’s GDP was 374.488 billion yuan, with per
capita reaching 54,217 yuan. Also, the economic structure has
been continuously optimized, shifting from an industrial-
oriented to a service-oriented economy. The service sector
exceeded 50% in 2019, becoming a major source of economic
growth. Although Ningxia has made great achievements in
economic development, it is still confronted with such
prominent problems as extensive development mode, low level
of industrial development, obvious characteristics of dependence
on energy, increasingly tight resources, and environmental
constraints.

2.2 Methodology
2.2.1 Carbon Emission From Land Use
Carbon emission from land use is classified into two categories,
direct and indirect. Direct carbon emissions are caused by land
use such as cultivated land, garden, grassland, and forest, while
indirect carbon emissions are mainly caused by human
activities on construction lands (Scott et al., 1999; Schneck
et al., 2015; Rehman et al., 2020). This study uses the direct
carbon emission coefficient method to calculate the carbon
emission of non-construction lands such as arable land, forest,
and grassland.
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Cd � ∑6
i�1
Ai × Bi, (1)

where Cd is direct carbon emissions, Ai is the area of land type I,
and Bi represents the carbon emission factor of the land type i.

Regarding the research of related scholars (Fang et al., 2007;
Zhao et al., 2013; Zheng and Wen, 2020), the carbon emission
coefficients in this study are shown in Table 1, where negative
values represent carbon absorption, and positive values represent
carbon emission.

The indirect carbon emission is calculated by summing up the
product of various energy consumption and energy carbon
emission coefficients.

Ci � ∑10
i�1

Ci × θi × fi. (2)

Ci is the consumption of various energy sources, θi is the standard
coal conversion coefficient of various energy sources, and fi is the
carbon emission coefficient, as shown in Table 2. The carbon
emission coefficient is calculated according to IPCC 2019, and the

FIGURE 1 | Location and administrative districts of Ningxia, China.

TABLE 1 | Carbon emission coefficients in Ningxia.

Land use type Carbon emission coefficient
t/(hm2·a)

Cultivated land 0.497
Garden −0.730
Forest −0.612
Grassland −0.021
Water −0.253
Unused land −0.005

TABLE 2 | Standard coal conversion factors and carbon emission factors for various energy sources.

Energy type Carbon emission
coefficient/(104t/104tce)

Standard coal
coefficient/(104tce/104t)

Energy types Carbon emission
coefficient/(104t/104tce)

Standard coal
coefficient/(104tce/104t)

Raw coal 0.7143 0.7559 Diesel oil 1.4571 0.59
Hard coke 0.9714 0.855 Fuel oil 1.4286 0.62
crude oil 1.4826 0.59 Natural gas 1.2143 0.4483
Gasoline 1.4714 0.59 Liquefied petroleum gas 1.7143 0.5042
Kerosene 1.4714 0.57 Electricity 0.1229 0.2132

Frontiers in Environmental Science | www.frontiersin.org July 2022 | Volume 10 | Article 9277984

Huang and Li Carbon Emissions and Urbanization

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


conversion coefficient of standard coal is calculated according to
the China Energy Statistical Yearbook.

2.2.2 Evaluation Model
The entropy method is used to estimate the weight of each index,
which is essentially calculated by using the value coefficient of the
index information (Xu and Ma, 2020; Yang et al., 2020). The
higher the value coefficient is, the greater the contribution to the
evaluation result will be.

The information entropy of Xij is as follows.

ej � −K∑m
i�1
Xij lnXij. (3)

The constantK is related to the number of areasm. For a systemwith
the complete disorder of information, the degree of order is 0, and its
entropy value is the highest, e = 1. Whenm samples are in a state of
complete disorder distribution, Xij = 1/m, and K = 1/ln m.

The information utility value of the jth index is as follows.

dj � 1 − ej. (4)
The weight of the jth index can be expressed as follows.

Wj � dj/∑n
j�1
dj. (5)

The product of the weight of the jth index and the standard value
Xij of the standardized matrix was used as the evaluation value fij.

fij � Wj × Xij. (6)
The evaluation value of the expression layer in region i can be
expressed as follows.

fi � ∑n
j�1
fij. (7)

2.2.3 Evaluation Index System
Regarding the level of urbanization, scholars mostly measure
several aspects closely related to urbanization, such as population,
economy, society, and urban space. (Chen et al., 2009; Qi et al.,
2013). Therefore, this study constructs an index system of
urbanization development from four aspects: population
urbanization, economic urbanization, land urbanization, and
social urbanization, which comprehensively reflects the
expansion scale, development quality, and socio-economic

level of cities and towns. Among them, population
urbanization indicators reflect the process of urban population
agglomeration, economic urbanization indicators reflect the
transformation of the economic structure to non-
agriculturalization, social urbanization indicators reflect the
changes in urban living conditions, and land urbanization
indicators reflect the changes in urban space (Table 3).

2.2.4 Coupling Degree and Coupling Coordination
Degree Model
The coupling degree function reflects the degree of interaction
between subsystems (Airong et al., 2013).

C �
�����������������
(u1 × u2)/(u1 + u2)2

√
. (8)

In the formula, u1 is the comprehensive evaluation index of
urbanization development, u2 is the comprehensive evaluation index
of land use carbon emissions, C is the coupling degree, and the value is
[0,1].WhenC approaches 0, it indicates that the correlation between the
two subsystems isminimal, and there is no coupling relationship.When
C approaches 1, it indicates that the coupling degree of the two
subsystems is large, and there is good resonance coupling.

The coupling coordination degree (coordination degree)measures
the degree of benign coupling in the coupling relationship of multiple
systems, reflecting the quality of coordination.

T � αu1 + βu2, (9)
D � �����

C × T
√

. (10)
T is the comprehensive evaluation index; D is the coupling
coordination degree; and α and β are undetermined
coefficients, α + β = 1.

Referring to relevant studies (Zhou et al., 2019; Zhang and Jiao,
2015), the coordination degree is divided into five categories (Table 4).

TABLE 3 | Evaluation index system.

System layer Expression layer Index Weight

Comprehensive evaluation index of urbanization development Population urbanization Proportion of the urban population 0.119
Non-farm employment ratio 0.072

Economic urbanization Per capita GDP 0.122
Non-agricultural production value 0.124

Social urbanization Per capita total retail sales of consumer goods 0.146
Fixed asset investment 0.149

Land urbanization Economic density 0.130
Proportion of the built-up area in the total urban land area 0.139

TABLE 4 | Classification standards of the coupling degree and coupling
coordination degree.

Value Coupling degree Coupling
coordination category

(0.0–0.2) Separation phase Severe disorder
(0.2–0.4) Antagonistic phase Moderate disorder
(0.4–0.6) Breaking-in phase Basic coordination
(0.6–0.8) High-level coupling Moderate coordination
(0.8–1.0) Benign resonance coupling High coordination
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2.3 Data Sources
The land data involved in calculating land use carbon emissions
include six types of land: the arable land, garden land, forest land,
grassland, water, and unused land, which use the land use change
survey data from 2009 to 2018 from the Ningxia Department of
Natural Resources Other data, such as total population, GDP,
fixed asset investment, and total energy consumption. are all from
the Statistical Yearbook of Ningxia Hui Autonomous Region
2009–2020 (https://nxdata.com.cn/publish.htm?cn=G01) and
related socio-economic data.

3 RESULTS

3.1 Overall Analysis of Carbon Emissions
Based on land use data, fossil energy consumption data, and the
carbon emission estimation model, net carbon emissions of
Ningxia from 2009 to 2019 were calculated, as shown in
Figure 2.

From 2009 to 2019, Ningxia’s land use carbon emissions
continued to increase, reaching a peak in 2017, while the size of
carbon sinks continued to decrease. Net carbon emissions increased

FIGURE 2 | Carbon sink and net carbon emissions from land use, 2009–2019.

FIGURE 3 | Spatial and temporal distribution of carbon emission in Ningxia, 2009–2019.
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from 34.87 106t in 2009 to 82.4 106t in 2019, with an average annual
growth rate of 4.75 106t/a. Carbon emissions from arable land are
relatively weak, basically stable at about 6 104t. The scale of carbon
sink decreased by 48.06% in 10 years, from 59.08 104t to 57.69 104t.
The carbon sink effect was in the order of forest, grassland, garden,
water surface, and unused land, among which the contribution of
forest to the carbon absorption was the largest at 77%.

3.2 Temporal and Spatial Analysis of Net
Carbon Emissions
From the perspective of spatial distribution, the land use carbon
emission in Ningxia is generally high in the North and low in the
South. The carbon emission intensity of each county is divided
into five grades, as shown in Figure 3.

Dividing the net carbon emissions from land use in Ningxia
into five classes, it is obvious that the net carbon emissions
from land use vary greatly by region. Carbon emissions are
mainly concentrated in the northern development areas along
the Yellow River, such as Lingwu, Shizuishan, Pingluo, and
Qingtongxia, while less in the central arid zone and southern
mountainous areas, showing an overall spatial pattern of being
high in the North and low in the South, which is closely related
to the regional industrial development and natural background
conditions. During the study period, net carbon emissions in
Lingwu increased significantly, from 468.97 104t in 2009 to
3,627.08 104t in 2018, an increase of 594%, accounting for
42.9% of the total carbon emissions in the region in 2018. This
is mainly because the 13th Five-Year Plan period is the peak
period of coal conversion projects such as coal power and coal
chemical industry in the Lingwu Ningdong Energy Base. The
carbon emissions of Yinchuan, Shizuishan, and Qingtongxia
show a decreasing trend, decreasing from 628.28 104t, 1,194.10
104t, and 776.16 104t in 2009 to 476.04 104t, 812.34 104t, and
522.40 104t in 2018, with Shizuishan decreasing by 31.97%
during the decade. The main reason is that Shizuishan is trying
to change from a resource-depleted city to a non-coal field and
production services. In contrast, the total carbon emissions of
other cities changed less during the decade, such as Jing Yuan
and Longde from 10.52 104t and 1.03 104t in 2009 to 17.68 104t

and 17.67 104t in 2018, respectively, an increase of 7.16 104t
and 16.64 104t during the decade.

3.3 Overall Analysis of Urbanization
The comprehensive evaluation index of urbanization
development in Ningxia from 2009 to 2019 was obtained by
using the entropy weight TOPSIS method, as shown in
Figure 4.

The comprehensive evaluation index of the Ningxia
urbanization system shows a linear upward trend. From
2009 to 2019, it increased from 0.17 to 0.33, with an average
annual increase of 1.6%, but the overall level is low. In terms of
each dimension, economic urbanization has always dominated
the development of urbanization in Ningxia during the decade,
accounting for 53.79% in 2009 and decreasing to 45.57% in 2019,
while the proportion of land urbanization and social urbanization
has gradually increased, indicating that the development of
urbanization in Ningxia has changed from focusing solely on
economic development to comprehensive and coordinated
development. However, due to backward industries, relatively
poor resource endowment, sloppy development mode, and low
energy utilization, it is generally in a slow growth stage.

3.4 Temporal and Spatial Analysis of New
Urbanization
The urbanization level of Ningxia counties showed a fluctuating
growth trend in stages from 2009 to 2019, and there were large
differences between regions (Figure 5).

The overall urbanization level of cities in the northern Yellow
River Ecological and Economic Zone is high, followed by the
central anti-sand control zone and the southern water
connotation zone; for example, in 2019, the ranking of the
urbanization level from the highest to lowest is as follows:
Yinchuan (79.55%) > Shizuishan (49.07%) > Lingwu
(44.78%) > Helan (44.59%) > Litong (41.26%) > Yongning
(34.66%) > Pingluo (34.00%) > Hongshibao (32.50%) >
Yuanzhou (32.22%) > Shapotou (31.02%) > Qingtongxia
(30.64%), while the rest of the cities are below 30%. As the
provincial capital, Yinchuan is the social, economic, political,

FIGURE 4 | Comprehensive evaluation of urbanization in Ningxia from 2009 to 2019.
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and cultural center of Ningxia, and its urbanization
development is far ahead of other regions, growing from 48%
in 2009 to 80% in 2019, with an average annual growth rate of up
to 3.2%. It is now in the late and stable development stage of
urbanization, with quality and efficiency improvement as the
main development goal in the future. However, Yinchuan’s
radiation-driven capacity needs to be improved, and the level
of integration of the development of the counties and districts
along the Yellow River in Ningxia is not high. The urbanization
level of Tongxin and Xiji is still in the initial stage, both at 18% in
2019, with an average annual growth rate of 0.2 and 1.3%,
respectively. The urbanization levels of Tongxin and Xiji are still
in the initial stage, both at 18% in 2019, with average annual
growth rates of 0.2 and 1.3%, respectively. Due to the poor
agricultural farming conditions in southern Ningxia and the
lack of industrial development momentum, there is a large loss
of local employment, including a cumulative net outflow of
93,000 people in Xiji in 10 years, and the urban population of
Xiji in 2019 is only 29%, making the task of future urbanization
development more arduous Figure 6.

In terms of the proportion of each dimension (Figure 6),
except for Yinchuan, where the dominant type of urbanization
shifted from population urbanization to homogenization and
Helan shifted from economic urbanization and population
urbanization to socio-economic-demographic development, the
remaining counties and districts are dominated by economic
urbanization and population urbanization, with the proportion of
both reaching 80%, among which, the population urbanization of

Hongshibao, Xiji, Lund, Panyang, and Haiyuan exceeds 50%.
Yinchuan, Yongning, Shizuishan, and Litong land urbanization
accounted for more than 20%.

3.5 Coupling Degree and Coordination
Degree Analysis
The coupling degree of urbanization and land use carbon emissions in
Ningxia generally shows a fluctuating upward trend, and the coupling
degree increased from0.51 in2009 to0.62 in2019,withanaverage annual
increase of 1.1%. The type of coupling degree has realized a change from
the antagonistic development period to the grinding period (Figure 7).

Spatially, 47.37% of the regions in Ningxia are in the high-level
coupling stage and benign coupling stage, and the radiation-driven
role of central towns and resource agglomeration effects make the
overall coupling degree in northernNingxia reach a higher level. There
is a strong relationship between urbanization and carbon emission in
these regions, and the accumulation of energy consumption increases
gradually due to urbanization development. In Hongxibao,
Concentric, Yanchi, Xiji, and Haiyuan, the coupling gradually
shifts from a low level to antagonistic stage, indicating that the
relationship between carbon emission and urbanization degree in
these areas is smaller, which is closely related to the relatively backward
urban economic development and low economic density Figure 8.

The coupling coordination degree of urbanization and land use
carbon emission in Ningxia is on the rise, and the average coupling
coordination degree increased from 0.22 to 0.37 from 2009 to 2019, with
an average annual increase of 1.5%, but the overall coupling coordination

FIGURE 5 | Evaluation of urbanization of various regions in Ningxia from 2009 to 2019.
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degree is low, with 63.16% of areas in the uncoordinated state, 26.32% in
the basic coordination state, and only Lingwu and Shizuishan reaching
primary coordination (Figure 8), indicating that Ningxia. The new
urbanization level and carbon emission level are mutually constrained at
a low level. The low level of new urbanization has led to the growth of
carbon emissions in Ningxia, while the low energy utilization rate, the
sloppy development pattern, and the backward industries have
constrained the development of urbanization.

4 DISCUSSION

According to the aforementioned analysis, the spatial and temporal
patterns of coupling and coordination between urbanization and land
use carbon emissions in Ningxia vary significantly, with the spatial
dimension showing the spatial characteristics of high North and low
South, and the temporal dimension showing the wave-like evolution
characteristics from low-level coupling to high-level coupling. Further
analysis of the coupling and coordination relationship between the

elements of urbanization and land use carbon emissions shows that
the highest coupling degree is economic urbanization, which reaches
a high level of coupling, while population urbanization is in the
grinding stage, and land urbanization and social urbanization are less
coupled, indicating that the most important factor affecting land use
carbon emissions in Ningxia during the study period is the
development of the economic level.

On the one hand, Ningxia’s economic volume is small and its
growth rate is slow. In 2020, the region’s gross domestic product will
be 392.055 billion yuan, 1.16 times higher than in 2010, ranking at
the bottom of the nine provinces in the Yellow River Basin. As an
important coal chemical and thermal power base in China, Ningxia
undertakes the task of national strategic energy reserves. Since the
13th Five-Year Plan, Ningxia has focused on the development of a
large number of energy-intensive industries such as the coal
chemical industry, resulting in the continuous expansion of
carbon emissions. At present, Ningxia wind power, photovoltaic,
and other renewable energy development sources is difficult to
support the effective transformation of the energy structure; in

FIGURE 6 | Changes in the proportion of different dimensions of urbanization in Ningxia from 2009 to 2019.

Frontiers in Environmental Science | www.frontiersin.org July 2022 | Volume 10 | Article 9277989

Huang and Li Carbon Emissions and Urbanization

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


FIGURE 7 | Degree of coupling between urbanization and land use carbon emissions in Ningxia from 2009 to 2019.

FIGURE 8 | Degree of coupling coordination between urbanization and land use carbon emissions in Ningxia from 2009 to 2019.
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the short term, this high-carbon energy and industrial structure is
hardly a significant adjustment, and low-carbon development is
facing a very serious situation. In addition, economic development
will also cause the built-up area to expand outward. After the 12th
Five-Year Plan, Ningxia entered into a period of high-speed
development and began to undertake the transfer of chemical
industries from the East to the West, which occupied a large
number of ecological lands such as the grassland and forest land,
and the ecological land decreased by 84,279.22 hectares or 2.08% in
10 years. This led to a decrease in the carbon sink scale and the
expansion of the carbon source area, which resulted in an increase in
net carbon emissions from land use.

On the other hand, the distribution of population-scale and
economic level in the North and South of Ningxia is unbalanced.
Regional differences lead to large spatial differences in the
degree of coordination of urbanization and carbon emission
coupling across the region. The northern part of Ningxia along
the Yellow River concentrates 57% of the region’s population
and 80% of the towns, creates 90% of the total economic volume
and 94% of the fiscal revenue, and is an important energy,
chemical, raw material and basic industrial base with increasing
population and industrial agglomeration capacity. In the central
region, there is drought and water shortage, serious land
sanding, and the industries are mainly mining and special
agricultural product processing industry, and the population
share is basically stable. The southern region has prominent soil
erosion problems, poor agricultural cultivation conditions,
insufficient industrial development momentum, and a
declining trend in population share.

Therefore, this study makes the following suggestions from the
perspective of balanced urbanization development and a low carbon
economy. First, the energy utilization efficiency is improved, and the
development of clean energy is increased. Ningxia is located in the
intersection and transition zone of three natural regions in China, rich
in wind and solar energy resources, which provides favorable
conditions for increasing the proportion of renewable energy in the
energy system. Second, Ningxia needs to implement a differentiated
strategy of zoning development. In the northern cities along the Yellow
River, industrial policies that promote rapid population concentration
should be implemented, the core driving role of the provincial capital
Yinchuan should be strengthened further, the land should be planned
rationally, comprehensive industries led by manufacturing and service
industries should be developed, the dependence of the secondary
industry on energy should be reduced, and energy efficiency should
be improved. In the central and southern regions, ecological function
zones with distinctive features will be formed in accordance with their
ecological carrying capacity, so as to promote the gradual evacuation of
the population and the development of tourism, logistics, agricultural
and sideline product processing and other industries. In addition, based
on improving the carrying capacity of city clusters and central cities,
more efforts should be made to build medium-sized cities, increase the
allocation of resources to medium-sized cities, make up for the
development shortcomings of these cities, and enhance their
attractiveness.

There are also some uncertainties in this study. Due to
differences in geographic location, latitude and longitude, and
climatic conditions, there are large differences in land-use carbon
emission factors across regions. In fact, it is difficult to determine
the particular coefficients for each land type in each city. This
study followed the practice of previous studies (Fang et al., 2007;
Huang, 2013; Zhang et al., 2013; Zhao et al., 2013) and used the
same coefficients to estimate the carbon emission levels of
different cities in Ningxia. In addition, seasonal variations and
long-term changes in carbon emissions were not considered. This
study assessed carbon emissions and carbon sink levels on an
annual basis without identifying their changes in different seasons
of the year. Third, this study has a more objective control on the
coordination of carbon emission and urbanization coupling in
Ningxia and their spatial correlation characteristics, but it is
necessary to further explore how to coordinate the level of
carbon emission and urbanization development in Ningxia by
indicators and multiple dimensions, which are uncertainties and
limitations that need to be studied in depth in the next direction.

5 CONCLUSION

This study constructs a regional urbanization comprehensive
development evaluation index system, analyzes the urbanization
development level and land use carbon emission of each county and
district in Ningxia from 2009 to 2019, and further explores the coupling
relationship between the two. The main conclusion is as follows.

The comprehensive evaluation index of the Ningxia urbanization
system and land use carbon emission both showed an increasing trend
during the decade and showed a spatial pattern of being high in the
North and low in the South. The coupling degree of the two increases
from 0.51 in 2009 to 0.62 in 2019, with an average annual increase of
1.1%. The coupling coordination degree increases from 0.22 to 0.37,
with a low overall level, indicating that Ningxia’s low level of
urbanization, low energy utilization, and sloppy development
patterns lead to the growth of carbon emissions in Ningxia, which
in turn restricts the development of urbanization. Ningxia should
promote the construction of a new type of urbanization and facilitate its
transformation from economic urbanization to comprehensive
development.
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