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Abstract: How to identify variables for carbon reductions was considered as one of the most important
research topics in related academic fields. In this study, the characteristics of landuse carbon emissions
of the economic belt on the northern slope of Tianshan (NST) were tentatively investigated. Taking
12 cities in NST as the case study, land use carbon emissions and carbon intensities were estimated
and analyzed based on the Landsat remote sensing image and socio-economic statistical data in
1990, 2000, 2010, and 2020. Moreover, Moran’s I model was applied to study spatial autocorrelation
between carbon emissions and carbon intensities. Results show that (1) urban land and cropland were
increased rapidly during the past three decades; (2) carbon emissions were increasing significantly,
and the urban land was responsible for the majority of the carbon emission; (3) negative spatial
correlations on both net carbon emissions and carbon intensities were obtained between 12 cities; and
(4) based on carbon balance zoning analysis, NST could be divided into four different zones. The
rising ratio of carbon emissions and intensities was significantly higher than urbanization expending
speed. Results could provide references and useful insights into related arrangements of policies and
attempts on carbon reduction for cities in NST.

Keywords: land-use change; carbon emissions; spatial autocorrelation; carbon balance zooning;
the economic belt in northern slope of Tianshan

1. Introduction

Promoting low-carbon development and carbon emission control became one of the
most common consensuses for the international community and related organizations
due to the serious increases in global warming and the environmental crisis [1]. Carbon
emissions (CEs) were proven to be the most contributing factor for global climate change,
and arousal of CO, content in the airspace is considered as the main cause for global
warming and the greenhouse effect [2,3]. Studies indicate that fossil fuels combustion,
land use, and other human activities, which led to a series of problems associated with
resources and the environment, were considered to be the main causes for carbon emissions
(Figure 1) [4]. According to the global statistics, the CE amounts of China took on the highest
value since 2006, and it was reported that rapid urbanization is the greatest contributor
to CE growth [5]. Therefore, to develop a low-carbon area by sustainable planning, it
is imperative to comprehensively understand the characteristics and spatial patterns of
carbon transitions, the sources and influencing factors of CEs, and especially, to investigate
how land-use changes effect carbon balance (carbon emissions and carbon absorptions).
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Figure 1. Global energy-related CO, emissions (A), and change in CO, emissions (B) by fuel,
1990-2021. Source: IEA 2021.

Studies on effecting factors of carbon balance were one of the hot topics in the re-
search fields. Investigations on the existing data and projects, such as the Global Carbon
Project (GCP) and World Resources Institute (WRI), illustrated the five main inventoried
carbon emission fields, including energy consumptions, industry, agriculture, and land-use
changes, respectively [6-9]. Among them, the fossil fuels and land use, land-use change,
and forestry (LULUCF) were considered as the main sources of CEs [10]. Previous articles
also revealed that the main sources of CEs from land use were mainly the activities of
mankind on the land, as well as the maintenance of and changes in the land itself [11].
Meanwhile, land is a field and vital effecting factor for CEs from energy consumption. Thus,
it was suggested that human activities on the land were the greatest factor for [12]. Most of
the human activities were carried by land, and the land-use structures of different countries
and areas are different to some extent, and accordingly, the mechanism of land-use CE was
complex and contains several uncertain factors [13]. Comprehensive studies on land-use
CE and its characteristics were beneficial for improving the calculation accuracy of CEs,
by which the affecting factors would be further clarified [14-16]. In addition, the concrete
analysis on specific issues could be implemented via focalized studies on sectional land-use
CEs, which is greatly conductive with the adjustment of land-use structure and further
formulation of relevant policies on CE reduction [17].
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Investigations on land-use carbon emissions are mainly focused on land-use chang-
ing characteristics and influencing factors, and mostly considered from various aspects,
including land intensive, carbon emission effect, energy consumptions, and land-use
optimization [18]. Several studies focused on the topics related to land-use carbon emis-
sion inventories, improving policy proposing, and greenhouse gas reductions in Asian
regions [19,20]. In China, nevertheless, related studies were relatively rare, and mostly con-
ducted on a province level. Zhang Laihuang et al., taking the different regions in China as
the case study, conducted the carbon intensity (CI) analysis derived by the transformation
between land-use types, and found great differences in carbon intensity between different
domains [21]. Cui Yifang et al., using the Landsat image data of the Yangtze River Delta ur-
ban agglomeration, performed land-use carbon emissions analysis and estimations for the
1994-2016 time period. A total of 26 cities was selected and the CEs and CIs were estimated
by using the carbon emission coefficients referenced from published data, and the autocor-
relation between CEs and Cls was analyzed with the help of spatial autocorrelation models.
Results indicate that CIs of cities in Anhui province had relatively lower Cls compared to
other cities in the studied area [22]. Xia Chuyu et al. analyzed urban carbon metabolism
and mapped the spatial processes by applying the land-use and cover change from 1995 to
2015 of 13 cities in the Yangtze River Delta. Furthermore, the connection between urban
size growth and urban carbon metabolism was preliminarily studied based on the panel
data regression analysis [23]. Results illustrate that carbon transition mainly contributed
to the changes in industrial or transportation land. Previous research provided robust
methodology for land-use carbon transitions and metabolisms, and provided insights into
the development of low-carbon cities by controlling or managing the land-use changes [23].
However, in Xinjiang, such studies are very limited, specifically in the northern slope of
Tianshan Mountain (NST), comprehensive studies, which integrated energy consump-
tion, land-use change, and carbon emission in the particular context of cities or areas, are
not available.

Several statistical methods and analytical approaches were widely applied for the
related studies on land-use carbon emissions (Table 1) [24,25]. Recently, remote sensing (RS)
technology was proven to be a powerful tool for CEs estimation due to its transparency,
multi-time qualities, and wide coverage [26,27]. However, to create an inventory of CO,
and carbon stock changes over time, the combination of more software with remote sensing
technology is necessary [28,29].

Using the data calculation on CEs of different land-use types, a research team found
increasing trends in total land-use carbon emissions and per capita carbon emissions in
Xinjiang, and the correlation degree between land-use structure and CEs was found to
be different based on the gray correlation analysis [30]. Some researchers investigated
the relationship of land-use changes, CEs, and energy consumption for a metropolis in
Pakistan [31]. Numerous findings suggested that it is possible to control CEs from energy
consumption with the help of adjusting the land-use structure [32-35]. Taking Kunming
City, Yunnan Province, China, as the research area, Li Zhang and Ping Wang studied the
changing characteristics of land uses, and further investigated the correlation of land-use
structure and CEs from energy consumption. Results show a close correlation [36]. A study
on CEs in the field of LULUCF in the Vietnam mainland applied 10 years of land cover
change data (2002-2012) as sources, processed those data with a specific software (ALU,
v2014), and estimated the CEs based on the quality control and quality assurance work [37].
Some typical related research on CEs, land-use changing characteristics, and NST are listed
in Table 1 [32-35,38-43]. A large number of previous works demonstrated the promising
future and high efficiency of methods for land-use CEs calculation and relative correlation
analysis based on the remote sensing (RS) data classification and the statistical data analysis
via software processing.
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Table 1. Literature summary.

Author Countries Period Methods/Model Results
Environmentallv extended Higher CEs; overall efficiency of CE improved;
[32] China 2005-2017 : Y the reduction potential: embodied CEs <
input—output model .
direct CEs.
[33] Sichuan, China 2000-2018 Corrgc.t ed carbon emission Higher CEs; CEs were correlated with GDP.
coefficient method
. . Foreign trade investment greatly affected the
[34] India 2006-2021 Threshold regression model industrial CEs both positively and negatively.
Total technological progress is helpful to
. Dynamic panel models reducing carbon emissions; production
[35] China 2000-2017 Green Solow model technology remarkably drives
carbon emissions.
rN:i I)tlzr:atirzip :ioiuﬂl\él? (NPP) Great potential for carbon neutrality was
[38] Tibetan plateau, China  2012-2017 crmote esiimation mode observed for Tibet; energy consumption was
Structural decomposition . -
. the major contributor for CEs growth.
analysis model
Time-varvine DID model National Industrial Relocation Demonstration
[39] China 2003-2019 varymg Zones effectively reduced CEs, and its impacts
Mediating model :
are various.
Construction land is the primary and important
. Carbon emission model contributor to CEs; the decoupling between
401 China 2000-2019 The decoupling analysis land use and CEs is dynamic. CEs from land
use are heterogeneous.
A great difference in CE efficiency among 136
different countries; the CEs efficiency of most
Super-EBM model countries are not ideal; the CE efficiency
(41l Global 2000-2019 Tobit model supports the EKC hypothesis; urbanization
level; economy and energy improved the
CEs efficiency.
The comprehensive development quality level
. Modified gravity model of cities on NST increased; the economic
[42] China 2000-2020 Social network analysis method linkages existed in an obvious central
orientation and geographical proximity.
The environmental quality was graded as poor
- . for more than 40% of the region; the overall
Principal component analysis trend was toward increasing the areas with
[43] China 2000-2020 Unary linear regression &

good and excellent grades; a spatial
relationship between environmental quality
and human disturbances is positive.

Spatial autocorrelation analysis

In terms of research scale, large-scale studies were conducted for the overall analysis
of regions or countries, and for the global level [44]. Meanwhile, medium- and small-scale
research was conducted for better understanding and explicit interpretation of land-use
CEs and other related topics [45]. With the construction and development of the Silk Road
economic belt, NST was considered as an economic core area in China, and its ecologi-
cal and environmental issue received significant attention in academic fields. The urban
agglomeration of NST is the area with the highest level of urbanization, the densest popu-
lation with abundant gross domestic product (GDP), and the most concentrated industries
in Xinjiang [46]. Moreover, in the future, this area will become a strategic core region of
economic development. In addition, various country level strategies and global terms
suggested the importance of considerations on environmental protection for NST during
the sustainable development process. As such, promoting the eco-friendly development
of the region is of great significance [47]. As a region that is undergoing rapid speed
on urbanization, economic development, and industrialization, an urban agglomeration
(UA) plays a core function in regional and even affect national CEs. Accordingly, UA is
also a key contributor for the reduction in reginal CEs. For sustainable development and
high-quality growth of UAs in China, it is imperative to conduct researches on CEs [46].
Several studies focused on CE investigations in various typical areas in the country [35,41];
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however, studies on CEs from newly developing UAs are rare. Comprehensive analysis on
characteristics of land-use CEs for this area is of significance and remains to be conducted.

To better understand the current states and characteristics of CEs and land-use chang-
ing dynamics, in this study, land-use changing characteristics and the current status of
carbon balance, including carbon emissions, carbon absorptions, and carbon intensity, in
the NST were preliminarily investigated (Figure 2). Furthermore, CE reduction improving
suggestions on policies was tentatively proposed. The findings of this study could provide
a scientific base for comprehensive understanding of the future urbanization of NST, and
could also be considered as a reference for different land-use stakeholders.

Study on Characteristics of Land-Use Carbon Emissions and Carbon

Balance Zoning in the Economic Belt on the Northern Slope of Tianshan
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Figure 2. The research framework and path diagram.

2. Materials and Methods
2.1. Study Area

The study section is located on the northern slope of the Tianshan Mountain, which is in
the hinterland of the Eurasian continent. This is a long and narrow area at 42°50'-46°12' N
north latitude and 79°53/-92°06' E east latitude (Figure 3). The spatial scope includes 12
cities as shown in Figure 2. This area is about 14.66 x 10* km? in size, accounting for 8.78%
of Xinjiang, with a population of over 4.5 million, which is accounting for over 23% of this
province [48,49]. The southern area is a mountainous region (800—4000 m above sea level),
the middle part is mainly covered by oases (450-500 m above sea level), while the northern
part is typical desert land (440—460 m above sea level). The ecosystem and environment of
this area is extraordinarily fragile, wherein the majority of Greenland was damaged and
vanished, and eventually replaced and substituted by an artificial oasis [50].

The term of “the northern slope of the Tianshan Mountain” is proposed firstly in
“China’s western development strategy-the development strategy of Xinjiang” program,
and became an economic hot zone in 2001 [51]. Continually, this area was confirmed as one
of the 18 key areas of China in the same year, and stands as a core area for the economic
development of Xinjiang province. More importantly, this place is also considered as a
strong supporting region for “the China’s western development” strategy, and “the belt
and road” strategy [52]. The importance of strategies and economic development induced
vigorous development of land use and other sides, which could cause certain changes in
carbon balances and ecosystems [53]. More data references and analytical results about the
characteristics of land-use CEs could be expected from this study:.



Sustainability 2023, 15, 11778 6 of 27
90°0'0" E 110°0'0" E 130°0'0"E
1 1 1 1 1
84°0'0" E 85°0'0" E 86°0'0" E 87°0'0" E 88°0'0" E 89°0'0" E &1 £
1 1 ) 1 3 1 1 :g - China L. :g
Z N z °% é
S |5
[=] f=] - -
o o
N - z 105°00" E 120°00" E Z
e
=Z =Z S {] /5 ‘g‘/ Al
=l | © A R B v 1)
3? °§ - 0 400 800 1200 1600 1 S0k
-+ <+ e Miles R
] ] 1 1 1 ]
Z z 90°0'0" E 110°0'0" E 130°0'0" E
= s Z  75°00"E 85°00" E 95°00"E  Z
-o - —o :O 1 1 1 1 1 :O
- $ 27w =
< < (=4 .« . (=1
@ A Xinjiang @
Z Z - L
g | DEM (m) | o
(=] ] (=]
s P Hig5426 s :Z =Z
< <+ = LS
(=] f=]
0 25 50 100 150 200 2 2
B Low:223 T m  — RV F F
) 1 ] T I
84°0'0" E 85°0'0" E 86°0'0" E 87°0'0" E 88°0'0" E 89°0'0" E . 0 150 300 450 60(;\/“]cs -

T T T T T
75°0'0" E 85°0'0" E 95°0'0" E
Figure 3. The map of study region.
2.2. Data

There are two different types of data, including the remote sensing data and the
socio-economic statistical data, for land-use changing characteristics analysis and land-use
carbon metabolism analysis, respectively.

The land-use data were interpreted and derived from remote sensing images (from
Chinese Academy of Sciences Environment and Resources Center, www.resdc.cn (accessed
on 20 January 2021), 1.0 km), which provide detailed, spatiotemporal, and accurate land
mapping information. The remote sensing images of land-use changes for different time
periods were acquired from the Chinese Academy of Science Environment and Resources
Center (www.resdc.cn (accessed on 20 January 2021), 1.0 km). Subsequently, the cloud-free
Landsat TM image data of 1990, 2000, 2010, and 2020 were selected for further study. These
data identified 25 types of land use, and the carbon metabolism concept model was built
based on those types. A classification of six land utilization patterns, including cropland,
forestland, grassland, water area, urban land, and other land uses, were established based
on the landscape features of the objective area. In addition, empirical coefficients were
applied to calculate CEs and carbon sequestration; then, special analyst tools in ArcGIS10.2
were utilized to investigate the special models of CEs. Furthermore, panel data analysis
was carried out to discuss the characteristics of land-use CEs at the final stage. These
types presented as referred artificial and natural factors for CEs calculation. The data
were preprocessed and taken for overlay analysis and spatial statistical analysis for image
interpretation, and finally, output as an image (Figure 4).

2.3. Socio-Economic Statistics

For carbon metabolism (carbon emissions and carbon intensity) analysis, energy
consumption data and GDP data were considered as two important inputs [54,55]. The
above data of 12 places were acquired from city-level statistical yearbooks or provincial
statistical yearbooks (data were shown in Table S1). Generally, quantities for major types
of energy consumption were offered annually in corresponding statistical reports, and
commonly available. Nevertheless, the statistical data collection procedure showed that
some particular data types were not detailed in the specific yearbooks. These energy-related
necessary data were acquired from the local statistics departments.


www.resdc.cn
www.resdc.cn
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Figure 4. The general characteristics of 12 places in the economic belt on the northern slope
of Tianshan.

2.4. Methodology
2.4.1. Land-Use Structure Evaluation

The evaluating methodology of land-use CE estimation under the background of
landscape patterns was established (Figure 5). These categories were named as cropland,
forestland, urban land, grassland, water areas, and other land uses, separately [56,57].

2.4.2. Carbon Emissions from Land Use

Land-use CEs corresponding to the released CO; originated from land-use changes
and human activities [58]. During the land using process, a series of changes were produced
to the terrestrial ecosystem, which caused the transformation and variation in carbon
storage. Land uses were divided into land-use conversion type and unchanged land-use
type according to the 2006 Intergovernmental Panel on Climate Change (IPCC) Guidelines.
Consequently, CEs from land use could also be classified into direct CEs and indirect CEs,
respectively. Direct CEs were generated by land-use type transformation, while the indirect
CEs were mainly produced by human activities on different land-use types [59]. The focus
of this study was the CEs produced from the land-use changes.

Previous research results illustrate the methods for calculation of CEs [32,33], and the
following equation (Equation (1)) was applied for the calculation in this work:

Ei=) e=) six5x MNiSZ,
of which E; is CE from land use; i refers to land-use types; S; is the region area of land i;
and §; is the carbon emission coefficient (CEC) for land i. Positive values of CECs indicate
CE, while minus values indicate carbon absorption (CA); Mo, /Mc represented the ratio
of relative molecular weight of CO, to carbon: 44/12. In previous studies, different CECs
were calculated for different land-use types and applied for related calculations [50,51].
Those values were referred to in this study directly or meaningfully in our investigation
(Table 2). It was obvious that the CECs of forestland and grassland were comparatively
small, yet the difference was remarkable.

)
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Figure 5. Land use classification maps of the economic belt on the northern slope of Tianshan.

Table 2. Carbon emission coefficients for land-use types.

Land-Use Types Carbon Emission Coefficient (kg (C)-m—2-a~1) Used in the Study

Cropland 0.0497 [60] 0.0497
Forestland —0.0645, —0.0527 [60] —0.0586
Grassland —0.0021 [60] —0.0021
Water area —0.0509, —0.0410 [21] —0.0459
Other land use —0.0005 [21] —0.0005

2.4.3. Carbon Emissions from Energy Consumption

Land is an important effecting factor for CEs from energy consumption. Energy
consumption is mainly contributed by fuels in urban places, including the sides of factories
and transportation. Herein, a total of nine fuel types were taken in account, including three
types of coal (crude coal, cleaned coal, and coke), crude coal, four types of oil (gasoline, fuel
oil, diesel oil, and kerosene), and two types of gas (liquefied petroleum gas, and natural
gas). Based on the existing data [21,60], the equation for calculating CEs from energy
consumption was denoted as follows:

M
EC:ZEciniXM;ZZ )

fi: AiXBiXCi, (3)
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in which Ec is the total CEs from energy consumption; Ec; is the consumption amount for
fuel i; f; is CEC for fuel i; Mco2/Mc is the same with Equation (1); and A; indicates the
average low calorific value, B; represents the unit calorific value carbon content, and C; is
the carbon oxidation rate of fuel (Table 3). The A; and C; were acquired from the guidelines
for the preparation of provincial greenhouse gas inventories of China [61].

Table 3. Required parameters for estimating CEs from energy consumption.

Energy Average Low Calorific Unit Calorific Value Carbon Oxidation Carbon Emission

Value (kJ/kg) Carbon Content (kg/10° KJ) Rate (%) Coefficient (kg/kg)
Coal 20,908 26.37 94% 0.5183
Cleaned coal 26,344 25.41 93% 0.6225
Coke 28,435 29.5 93% 0.7801
Gasoline 43,070 18.9 98% 0.7977
Kerosene 43,070 19.5 98% 0.8231
Diesel oil 42,652 20.2 98% 0.8443
Fuel oil 41,816 21.1 98% 0.8647
Liquefied 50,179 172 98% 0.8458

petroleum gas

Natural gas 35,585 15.3 99% 0.5390

2.4.4. Carbon Intensity

Accordingly, CI was the amount of CEs per unit of GDP, and the calculation progress
is shown in Equation (4):
Cl = CE (4)
- GDP

where CI is the carbon intensity; CE represents to the total carbon emission; and GDP
indicates the gross domestic product of a particular area. CI in this study referred to the CI
from energy consumption.

2.4.5. Spatial Autocorrelation Model

To analyze the association degree between adjacent regions, the spatial autocorrelation
method, which could perform further evaluations on the significance, was proven to be a
potential approach [62]. With the help of this method, the attribute values between two
neighboring spatial units would be calculated and the spatial correlation could be further
analyzed. In this way, the agglomeration features for each spatial unit could be analyzed
and evaluated [63]. This approach branched into global and local spatial autocorrelation
models, and several calculating procedures were proposed, such as Moran’s I, Geary’s C,
Getis, and Join count. Herein, both global and local spatial autocorrelation models
were conducted.

2.4.6. Global Spatial Autocorrelation Model

Global Moran’s I was introduced as the most conventional statistical test for revealing
spatial autocorrelation in the single variable map or in regression residuals [64]. This
method was operated to describe the degree of spatial association and significance in
published data reports, and the calculation was taken by the following equation [65]:

nz?:len:lWij {(Yi -y) (Yj - W}

— i#j),
S s (- yE )

I= )
of which y; is the variable of areai (I=1,2, 3, ..., n); y represents the average value of all
regions, and y; is that value of other regions (where j 6 = i); and while Wj; is the spatial weight
matrix (when two regions were topologically adjacent, then Wj; = 1, otherwise Wj; = 0).
Normally, the range of Moran’s I is from —1 to 1. Moreover, if the value is >0, it
indicates that there is a positive spatial autocorrelation between the units, and the <0 value
suggests a negative spatial autocorrelation, while if the value Moran’s I value is equal
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to 0, it illustrates the variable compliance with the stochastic spatial distribution [66]. The
smaller the absolute value, the weaker the spatial autocorrelation, and vice versa.

The normalized statistics Z(I) of the Moran’s I are generally consistent with the
normal distribution [67]:

1—E(I)
Z(I) = ——=~N(0,1). 6
0 = ar N ©
In above formula, Var(l) is the theoretical variance of the Moran’s I, E(I) = —1/(n — 1)

represented as the mean.

2.4.7. Local Spatial Autocorrelation Model

This model is extensively applied for identifying the “hot spots” or “cold spots” sin
the entire area, and further classification of those spots into different spatial cluster and
spatial outliners [67,68]. Local Moran’s I was an indicator for spatial autocorrelation, and
could be obtained by following equation:

= D (5 [y 5)]) %

in which y; represents the variable of specific regioni(i=1, 2, 3.. ., n); while yj is the variate
for other sections (where j 6 = i); y is the average value; o indicates the variance of y; and
Wj; is the weight matrix normalized by the row (sum of each row is equal to 1).

If a region owned a positive value of local Moran’s 1, it suggested a similar or closer
value for adjacent areas, and these parts were classified as spatial clusters. Oppositely, a
minus value illustrated that these adjacent areas owned relatively diverse values, and were
categorized as spatial outliers.

If the local Moran’s I value of an area is high, and that value of the close area is also
high, this type of spatial cluster is called a high-high cluster. If that value is low for the
specific area and the neighboring sections, this type is called a low—low cluster. For the
spatial outlier, if the value is low for an area and the adjacent regions take a high value, this
type is named as a high—low cluster; moreover, if the value is low for the selected area and
high for the neighboring places, this type is referred to as a low-high cluster. A scatter plot
could be obtained after the analysis, and include the calculation results of all areas, while
the results of regions that passed the significance test were revealed in LISA cluster maps.
Four different quadrants were represented to the four different clusters mentioned above,
and the results based on detailed calculations were placed in different quarters. For the
LISA cluster map, the principle and organization were the same (four types of regions),
and the high-high clusters were known as “hot spots”, while low—low clusters were known
as “cold spots”.

2.4.8. Spatial Carbon Balance Zoning

e  Economic contribution coefficient

The economic contribution coefficient (ECC) was applied to evaluate the impartiality
of economic contribution within the study area. In this method, the differences in carbon
emissions within the area were expressed from an economical aspect, and results could
provide scientific instructions for coordinative economic construction and ecological civi-
lization construction [69,70]. ECC is one of the most important indexes for reflecting the
carbon emission productivity of the study area, and was calculated by Equation (8):

G;i G
ECC = EZ/EI (8)

in which G; was the GDP value of a county or an area of NST and G is the GDP value of
NST. C; and C represent the carbon emissions of a county or an area of NST and that of
the entire NST, respectively. ECC > 1 represents that the contribution rate of the land-use
carbon emissions of area i was lower than its contribution in economics, which suggests
that the economic contribution of carbon emissions was relatively higher [71]; the opposite
results suggest the economic contribution of carbon emissions was comparatively lower.
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e  Ecological support coefficient

Ecological issues from carbon emissions were related with certain externality, and

the different carbon sink capacity of an area could affect surrounding counties. Ecological
support co-efficient (ESC) could measure the impartiality of ecological carrying capacity,
and further reflect the carbon sink capacity of the area [2]. Hence, this method could express
the difference in the value of the carbon sink capacity of each studied area, and proper
policies on carbon reduction could be proposed based on obtained results. ESC could be
calculated by Equation (9):
Cai /9
Ca  C
where the C,; is the carbon sink of an area in NST, and C, was the carbon sink of NST.
C; and C represent the carbon emissions of a county or an area of NST and that of the
entire NST, respectively. ESC > 1 indicates that the contribution of the carbon sink/carbon
absorption of area i was higher than that of carbon sink/carbon emissions, and has a
positive effect on the carbon consumption in NST and related areas [65]. Opposite results
suggest a negative effect on the carbon consumption in the study area.

ESC =

)

3. Results
3.1. Land Use of the Economic Belt on the Northern Slope of Tianshan

Land use of the subject area was analyzed based on data in 1990, 2000, 2010, and
2020. Then, the characteristics of remarkable changes over four decades were analyzed and
shown in Table 4. Typical characteristics and alterations were as follows: the grassland,
cropland, and the other land use were the most dominant land-use types in this area. In the
land-use structure, the grassland was standing at the highest level compared with other
types (occupying about 40% of total), while the other land-use types remained to be at the
second highest position (possessing the 30% of entirety). The cropland was considered as
one of the major types with its proportion about over 10% of land use. Forestland, water
area, and urban land-use types were observed with a relatively lower ratio (about 3%)
compared to that of other types mentioned in this work.

Table 4. Land-use data of six land-use types in the economic belt on the northern slope of the Tianshan
urban agglomeration in 1990, 2000, 2010, and 2020.

Year Unit Cropland Forestland Grassland Water Area Urban Land Other Land-Use
1990 Area(km?) 10,823.2586 4091.672508 41,313.574668 3408.190828 1094.109508 28,988.061512
proportion 12.36% 4.76% 47.18% 3.89% 1.25% 33.12%
2000 Area(km?) 11,565.984052 4052.581704 39,980.095328 3512.172556 1329.544792 28,391.498704
proportion 13.3% 4.62% 45.66% 4.01% 1.52% 32.43%
2010 Area(km?) 16,557.012452 1832.383800 37,130.093472 1832.715896 1812.855208 27,115.840240
proportion 18.91% 2.09% 42.41% 2.09% 2.07% 30.97%
2020 Area(km?) 17,758.219364 1766.574900 34,869.092688 1722.349804 2452.276364 26,825.591624
proportion 20.28% 2.02% 39.82% 1.97% 2.8% 30.64%
1990-2020 Area of change 6934.9606 —2325.097608 —6444.48198 —685.841024 1358.166856 —2162.469888
change rate 64.07% —56.82% —15.60% —49.46% 124.13% —7.45%

Analyses on the dynamic degrees of the changes and changing trends for each land
type were conducted. Grassland owned 47.18% in the land-use structure in 1990 and
showed a gradually decreased trend (value of 39.82% in 2020), and the dynamic degree
was —7.36% in the selected time period. The same phenomenon was observed for other
land-use types. Compared with the 33.12% in 1990, the ratio descended to 30.64 in 2020
for the other land-use types, and its dynamic degree was —2.48%. In the 1990 to 2000
sections, the percentages of cropland were 12.63% and 13.3%, suggesting a slight arising,
and the value ascended to 20.28% in 2020, which illustrated a remarkable increase with
the dynamic degree of 7.65%. The dynamic degree for forestland, water area, and urban
land were calculated, and resulted as —2.74%, —1.8%, and 1.55%, respectively. Dynamic
degrees analysis revealed the changes in land-use types of the study area in the recent
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30 years, in which the cropland and urban land showed increasing trends, while decreasing
trends were observed from the other four land-use types. It was worth mentioning that the
changing rates of urban land and cropland, which were the main contributors for carbon
emissions, were obviously higher than other land-use types.

3.2. Characteristics of Carbon Emissions of the Economic Belt on the Northern Slope of Tianshan

After data processing, carbon emissions from land uses, carbon absorptions (CAs)
from each of the land-use types, total CEs, total CAs, and net carbon emissions (NCEs) were
calculated and analyzed for different time period (Table 5). According to the published
works on the division of contributing factors for CEs and CAs [43], among the land-use
types, cropland and urban land were mainly contributing factors for CEs, while the other
four types were referred for CAs contributors.

Table 5. Land-use specific carbon emissions and carbon absorptions.

Land-Use-Specific Carbon Emission/Absorptions (10 t) Total Carbon  Total Carbon  Net Carbon

Year - . .
Cropland Forestland Grassland Water Area UrbanLand  OtherLand Use  Emissions Absorptions  Emissions

1990 197.236 —87.916 —31.811 —57.360 2821.76 —5.314 3018.996 —182.401 2836.595
6.53% 48.20% 17.44% 31.45% 93.47% 2.91% 100.00% 100.00% ’

2000 210.771 —87.076 —30.785 —60.120 3114.75 —5.205 3325.521 —183.186 3142335
6.34% 47.53% 16.81% 32.82% 93.66% 2.84% 100.00% 100.00% ’
301.724 —39.372 —28.59 —30.845 11,297.76 —4.971 11,599.484 —103.778

2010 5 69 37.94%  27.55%  29.72% 97.4% 4.79% 100.00% 100.00% 11,495.706
323.611 —37.958 —26.849 —28.987 32,897.53 —4.918 33,221.141 —98.712

2020 979 38.45% 27.20%  2937% 99.03% 4.98% 100.00% 100.00% 33,122.429

In Table 5, the plus values represent carbon emissions, while minus values represent
the carbon absorptions. In four decades of time, the total NCE in the area increased
significantly from 30.19 x 10° t to 332.11 x 10° t, which raised by about 11 times. The data
show a slightly raising trend between 1990 and 2000, and a rapid growth trend during the
second ten-year period (2000-2010), and the tendency is still obvious for the last ten-year
period. Among land-use types, the cropland and the urban land were observed to be
the main factors for CEs, while the forestland, grassland, water area, and other land-use
types appeared to be contributors for carbon absorption. During the selected period, the
contribution rates for urban land were 93.47%, 93.66%, 97.4%, and 99.03%, respectively.
This showed that nearly all the CEs were contributed by urban land use. Comparatively, the
carbon absorption amount of forestland was increasing slowly, which meant the canceling
efficiency of CEs of forestland by its carbon absorption became relatively faint.

3.2.1. Temporal Characteristics

The carbon emission, carbon absorption, and net carbon emission of 12 different units
were calculated by the Equations (1)—(3) based on the land use and energy consumption
data. It could be seen from Figure 5 that the cropland and the urban land were considered
as carbon sources, whereas the forestland, the grassland, the water area, and the unused
land appeared to be carbon sinks. Hence, total CEs correspond to the sum of urban land
and cropland, while the sum of CAs of the other four types were called the total CAs. The
NCEs were the sum of CEs and CAs.

Results illustrate that the NCE of the studied area was increasing, and the increasing
trend and progresses were relatively different for each individual region (Figure 6A). In
1990, the rank for annual increasing degree was as follows: Urumgi > Changji > Karamay >
Kuitun > Usu > Manas > Shihezi > Fukang > Hutubi > Dushanzi > Shawan. Nevertheless,
in 2020, the rank was as follows: Shihezi > Urumgqi > Karamay > Changji > Kuitun >
Manas > Usu > Hutubi > Shawan > Fukang > Dushanzi. Among them, the NCE of Urumgj,
Shihezi, Changji, and Karamay cities possessed a relatively higher speed of growth, such as
the NCE of Urumgqji, which was 12.57 x 10° t in 1990 and increased to 78.86 x 10° t in 2020
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(about 6 times); NCE for Shihezi in 1990 was 0.73.59 x 10* t, and rose to 79.79 x 10° t in
2020 (about over 100 times); and that of Changji increased from 6.03 x 10° t to 44.60 x 10° t
in 30 years (about 7 times). It can be seen from the data analysis that the speed could reach
over 100 times in the most significantly increased regions.
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Figure 6. Carbon emissions (A), carbon absorptions (B), net carbon emissions (C), and annual net carbon
emissions (D) of the economic belt on the northern slope of Tianshan in 1990, 2000, 2010, and 2020.
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Carbon absorption of the study area increased noticeably during a 30-year time period.
Among them, CAs of Urumgi, Shihezi, Karamay, and Changji were higher than others,
while that of Dushanzi, Miquan, and Shawan were relatively lower (Figure 6B). However,
net carbon emissions decreased in different degrees between 1990 and 2020. NCEs of Usu,
Shawan had the highest values in 1990 compared with other areas (Figure 6C). The result
of the annual net carbon emissions revealed that the ANCE:s of the area took comparatively
lower value in 1990-2000, while the highest value of that was in 2000-2010, and changes
were non-significant during 2010 to 2020 (Figure 6D).

The result of the analysis on the carbon intensity from energy consumption is visual-
ized in Figure 7A. Outcomes revealed that CI was decreased remarkably. The highest level
of CI was observed in Changji in 1990 (about 100 t/10* yuan), while Kuitun was the second
highest with the value at about 55 t/10* yuan. However, the CIs were declined evidently in
2020, and a relatively higher quantity of that was calculated from the data of Shihezi (about
35 t/10* yuan). However, the per capita carbon emission intensity (PCCEI) revealed an
increasing trend during the study period (Figure 7B), and the trend became more obvious
from 2010. A rapid increase was observed in Shihezi from about 2 t/10* person in 1990
to 470 t/10* person in 2020, and relatively noticeably raised values were obtained from
Karamay (about 100 t/ 10* person), Manas (about 50 t/ 10* person), Kuitun (about 150 t/ 10*
person), and Changji (about 110 t/10* person) cities as well in 2020.
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Figure 7. Carbon emissions of energy consumption (A) and per capita carbon emissions (B) of the
economic belt on the northern slope of Tianshan.

3.2.2. Spatial Characteristics

Twelve cities in the NST were classified into different levels according to the analysis
on net carbon emissions and carbon intensities, and are presented in Figures 8 and 9,
respectively. In 30 years, Urumgqi was considered to possess the highest NCEs of all the
subjected places, whereas Changji and Karamay also possessed relatively higher NCEs
than other cities. In 1990, Urumgqi, Karamay and Changji showed higher NCEs (up to
12 x 10° t), while other cities took values between 1 x 10> and 2 x 10° t. The spatial
difference appeared to be reduced gradually, and took values of 0-1. Nevertheless, higher
results were obtained during the period of 2010-2020 for Urumgji, Shihezi, Changji, Manas,
Kuitun, and Karamay (about 50-80 x 10° t), while the NCE intensities of other places were
at the range of 0-50 x 10° t. Above results suggest a lower NCEs level of the whole area.
Carbon intensities of NST had the highest level in 1990, in which Changji, Usu, and Kuitun
had the value between 30 and 110 t/10* yuan. However, the CI had the lowest value
(0-10t/10% yuan) in 2000. Moreover, CI was rising in height from 2010, and Shihezi, Kuitun,
and Fukang had the fastest ascent speed.
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Figure 8. Net carbon emissions of the economic belt on the northern slope of Tianshan.
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Figure 9. Carbon intensities of the economic belt on the northern slope of Tianshan.

3.3. Spatial Correlation of Carbon Emissions and Carbon Intensity

The Global Moran’s I and Z(I) of the NCEs and Cls were processed and calculated
in ArcGIS10.2 software, and the results are shown in Table 6. It was revealed from the
outcomes that Moran’s I for NCEs > 0 from 1990 to 2020 and the Z values were fluctuating.
However, none of those values were passed from the significance test, which illustrated



Sustainability 2023, 15, 11778

16 of 27

a possibility that there was no obvious positive spatial correlation among the selected
cities in the studied area, meanwhile, this also proposed that there might be a negative
spatial correlation. The Moran’s I value of the NCEs gradually became smaller for the
research period, which indicated that the spatial correlation between the selected units had
a declining trend and tended to have a random distribution. Moran’s I values of the NCEs
intensity were <0, and the Z values were also <0 during the period of 1990-2000. Despite
the fact that Moran’s I value > 0 was obtained for 2010-2020, none of these values passed
the significance test. Accordingly, it was tentatively concluded that spatial correlations
between selected cities in the NST were less evident; meanwhile, neither an obvious “cold
spot” nor “hot spot” was confirmed by the data analysis.

Table 6. The moran’s I values and Z values of selected time period.

Year 1990 2000 2010 2020 1990 2000 2010 2020
Moran’s I —-0.008 —0.005 —-0.004 -—-0.242 —-0.250 —0.255 0.099 0.076
Z(I) 0.5433 0.631 02855 —0.7371 —1.0878 —0.979 0.0447  1.0281

The correlation between the land-use NCEs and Cls from energy consumption was
analyzed by the LISA method, and results were obtained by processing with ArcGIS10.2
and GeoDa software (v1.12) (Figure 10). In this analysis, Miquan was a “cold spot” during
1990-2000, which illustrated that the total CEs of this city were lower than other regions.
Miquan is a relatively new city built in 2007. The population density of this city was
relatively lower, and was considered as a place in the early stage of development. Hence,
the NCEs level was comparatively lower. Moreover, less spatial variation was revealed
from this region, and a spatial aggregation mode was confirmed to be possessed by this
area. LISA analysis on CE intensity from energy consumptions did not show any “cold/hot
spot” in the period of 1990-2000, while Fukang City could be considered as a “cold spot”
in 2020.

3.4. Spatial Carbon Balance Zoning Analysis

The results of the economic contribution coefficient (ECC) are shown in Figure 11. The
ECCs of each unit in NST were remarkably different, and regional differences were also
obvious, in which Urumgi possessed a relatively higher ECC value at 3.93 in 1990 and 9.24
in 2020. Urumgi is a capital city of Xinjiang province, which contains a large amount of
economic entities, and its GDP remained to the highest in the region. The ECC of Miquan
was raised from 2.21 to 8.68 between 1990 and 2020, and revealed a fluctuated elevation
in economic contribution. Further analysis of ECC indicated a relatively unbalanced eco-
nomic contribution of carbon emissions for cities in NST during the study period. In 1990,
two investigated areas (Kuitun and Changji) had ECC values between 0 and 2, six of them
(Usu, Dushanzi, Manas, Hutubi, Miquan, and Urumgqji) had values from 2 to 4, and four
(Karamay, Shawan, Shihezi, and Fukang) had values of 5-7. However, in 2020, there were
four regions (Kuitun, Shawan, Shihezi, and Fukang) that had ECCs between 0 and 2, four
(Usu, Karamay, Manas, and Changji) revealed values between 2 and 4, Hutubi had the value
between 5 and 7, and three (Urumgqi, Miquan, Dushanzi) showed ECCs between 8 and 12.

Analysis revealed relatively lower values of ecological support coefficients (ESC) of
investigated area, and no significant regional differences were observed (Figure 12). In
1990, there were seven regions that took ESC values between 0.0 and 2.0, three had ESCs
from 2.1 to 4.0, and two had that value at 4.1 to 7.0. In 2020, Manas had the ESC value
of 7.4, six regions (Karamay, Kuitun, Shawan, Shihezi, Changji, and Urumgqi) had values
between 0.0 and 2.0, ESC values of four regions (Usu, Dushanzi, Hutubi, and Miquan) were
from 2.1 to 4.0, and Fukang had the value of 5.5. These results indicate that there were no
remarkable spatial differences in ESCs, which reveals that the carbon absorption ratio was
smaller than the carbon emission ratio.
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Figure 10. LISA cluster maps of net carbon emissions (a—d) and carbon intensities (e-h) for the
economic belt on the northern slope of Tianshan in 1990, 2000, 2010, and 2020.
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Figure 11. Spatial distribution of economic contribution coefficient of the economic belt on the
northern slope of Tianshan in 1990, 2000, 2010, and 2020.
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Figure 12. Spatial distribution of ecological support coefficient of the economic belt on the northern
slope of Tianshan in1990, 2000, 2010, and 2020.
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3.5. Spatial Carbon Balance Division of the Economic Belt on the Northern Slope of Tianshan

The net carbon emissions of NST had a close relationship with energy consumption,
economic development, and land use of the area. According to the ECCs, ESCs, and NCEs
of investigated area during study period, the spatial carbon balances were divided into four
levels, including carbon sink functional areas, low-carbon economic areas, carbon intensity
control areas, and high-carbon optimization areas, respectively. Detailed characteristics
and information are shown in Table 7.

Table 7. Characteristics of carbon balance zoning.

Carbon Balance Zoning Division Bases Zoning Characteristics

Carbon sink functional areas ECC>1,ESC>1,Cp >C; High?r ECC and ESC, Ca is high er than .Ci’ possess carbon sink
function and carbon sequestration capacity

Low-carbon economic areas ECC>1,ESC>1,Cp <G Higher ECC and ESC, C, is lower than C;, lower NCE

Carbon intensity control areas ECC>1,ESC<1,Cxp <G Higher ECC, and lower ESC, Cj is lower than C;, higher NCE

High-carbon optimization areas ECC <1, ESC <1,Cp <G; Extremely higher NCE, lower ECC and ESC

Note: C4 was carbon absorption, C; was carbon emission.

Analytical results of spatial carbon balance division based on the above zoning rules
are described in Figure 13. In the first 10 years (1990-2000), Dushanzi belonged to carbon
sink functional areas, and all the other units appeared to be low-carbon economic areas.
In the second 10-year period (2000-2010), Urumgqi, Kuitun, and Fukang were revealed as
carbon intensity control areas, Dushanzi was divided into carbon sink functional areas,
and the other eight regions were considered to be low-carbon economic areas. In the third
10 years (2010-2020), five regions, including Manas, Hutubi, Usu, Miquan, and Fukang,
were divided into low-carbon economic areas, Dushanzi remained a carbon sink functional
area, and the other six (Urumgqi, Karamay, Kuitun, Shihezi, Shawan, and, Changji) were
considered as high-carbon optimization areas.

N
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Figure 13. Carbon balance zoning of the economic belt on the northern slope of Tianshan in1990,
2000, 2010, and 2020.
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4. Interpretation and Discussion

In this work, land-use information was obtained from multi-temporal Landsat images
with the help of random forest classification. Meanwhile, land-use carbon emissions for a
selected time period were acquired and estimated by data processing. Furthermore, land-
use characteristics, and spatial correlation of net carbon emissions and carbon intensities
were calculated and analyzed. In this part, results were interpreted, and their implications
were tentatively discussed.

4.1. Characteristics of Land Use, Carbon Sources, and Carbon Sinks

The land-use analysis based on multi-temporal land cover/use mapping revealed
a remarkably expanding trend for urban land and cropland in the study area during
the total research period. However, sharp decreased phenomenon was observed from
the forestland and water area. Reasons for such changes were analyzed. As the most
developed agricultural area in the province, a promising potential for agriculture was
observed from the vast territory and the rich water sources of this area [47]. Moreover,
with the continuous escalation of population, the need for crops and other agriculture-
related products increased remarkably [48]. Consequently, the scope of the cropland was
expended extremely. As a core point for the economic strategy of the whole of Xinjiang, and
especially one of the center regions for the “belt and road” strategy, there were tremendous
requirements for the economic development [52]. Thus, the unparalleled industrialization
and urbanization, leading to the growth of a number of cities and industrial areas, brought
a huge increase in urban land use. Accordingly, the above expansions were benefited
mainly from the series conversion of forestland, water area, and the unused land.

Remarkable changes in land use directly influenced carbon emissions. For instance,
the changing ratio of urban land went from 1.25% to 124.13% during the study period,
while CEs increased from 95.58% to 98.76%, which was the most dominant in all land-use
types. Meanwhile, the increasing speed of CEs was much slower than that of urban land.
These outcomes illustrated that the ascent of area could affect the change in CEs, yet, could
not be the main reason for that. The analysis on different aspects pointed out that the
increases in construction, industry, and the transportation by the growing population was
the main reason. An obvious increasing trend in population density was observed for
all the cities in the region in 30 years. The need for consumption of daily products, such
as food, housing, clothing, and transportation, was accordingly increased with the great
number of humans.

Most of the CEs were originated by urban land, and these results are compliant with
the previous results of other studied areas in China or different countries [42]. Four types
of land use (forestland, grassland, water area, and unused land) were contributing to the
absorption of CO,; however, there was significant decreasing in their areas. These results reveal
an unbalanced trend between CEs and carbon absorption, which suggests that the rising ratio
of CEs was obviously greater than the increase in carbon absorption in the study area.

According to the above analysis, CE reduction of this area should be considered from
the following aspects: firstly, CEs from urban and cropland must be controlled; secondly,
the unreasonable developments and reductions in the forestland, water area, grassland,
and unused land should be noticed and stopped. Therefore, the key point for reducing CEs
might be maintaining and gradually increasing forestland, and efficiently controlling the
CE amounts from urban land, which suggests the importance of efficient management of
the CEs for energy consumption. It was noteworthy that optimizing land-use management
and structure could affect positively CE reduction. Nevertheless, as a core economic area,
it seems difficult to control the greenhouse gas by slowing the economic development
down. However, related policies and implements are strongly demanded for sustainable
and environmentally friendly development of this area.
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4.2. Characteristics of Carbon Emissions and Carbon Intensities

Urumgi City had the highest carbon emissions during the whole study period; mean-
while, Shihezi possessed the highest speed at net carbon emissions. Changji and Karamay
showed rapidly increased NCEs. The main reasons for these increases could be the ex-
pending of the numbers and scope of industrial areas, growth of population density, and
development of transportation, which were the main sources of greenhouse gas.

In one aspect, during the urbanization progress, especially under the rapid economic
development, an enormous need for energy was required as a fundamental base for
industry. On the other hand, the CE intensity was relatively strong, due to deficiencies
in technology, insufficient rationality of economics, and high dependency on disposable
energy sources. However, the energy efficiency was improved gradually, along with the
development of new technologies, and the CE intensity was reduced. A growing trend
for per capita CEs was observed, and this phenomenon was remarkable in Karamay City.
Per capita CEs for Shihezi remained to be supreme compared to other regions. The urban
area of Shihezi is relatively small and densely populated; furthermore, the plant coverage
degree was also noticeably lower. These characteristics resulted in a weak carbon sink
effect, and thus, the carried CE amount was comparatively more for each unit area.

Shihezi and Changji appeared to be strong CE intensity areas, especially in 1990. The
main reasons for that were analyzed as follows: the above regions were considered to be
key developing cities for the province, and they closely neighbor Urumgi [53]. Under the
integration of the Urumgqi and Changji strategy, the industrial development of Changji was
greatly accelerated [51]. Shihezi is a new military reclamation city, and is also one of key
developing cities. Excessive human activities, such as dense population, transportation,
industrial pollutions, and the lack of plan coverage, caused a high carbon intensity. It is
worth mentioning that these two cities are in a transforming period, and hopefully, changes
in development could decrease the CEs intensity. Urumqi, Karamay, and Kuitun were the
cities with a property of high CEs and low CE intensity. Urumgi is an emerging city with
rapid development. With a better geographical conditions and convenient transportation
with natural resources, this city became one of the core places in the western regions of
China, and also became the center of the economy and business of Xinjiang [72]. Urumgqi
formed an industrial cluster of 10 big industrial aspects, including petrifaction, construction
materials, medicine, food, and other industries. In addition, Karamay is an industrial city,
which mainly developed petroleum and related industry. People of Karamay are mainly
consistent with a non-agricultural population, and thus the secondary and serve sector
industries were comparatively well developed. Analysis suggested that these cities were
all developing with a rapid speed compared to other places around, and thus appeared as
a strong CEs-weak CEs intensity type.

4.3. Spatial Auto Correlation of Carbon Emissions and Carbon Intensities

The Moran’s I analysis illustrated negative spatial autocorrelations between cities in
the northern slope of Tianshan Mountain. The Moran scatter plots were mostly located on
the LL and L-H quadrant, and this was in accordance with the grading of NCEs. NCEs of
several cities were all relatively higher, and some of them appeared with the highest levels
of carbon emissions. These results show that low-value and low-high value clusters were
comparatively remarkable in the study period.

Previous studies proved that economic expanding could have a positive effect on
carbon emissions [35,39]. Miquan city was proven to be a “cold” city for the period of
1990-2010; meanwhile, it was observed from the LISA cluster that Fukang City was a
typical “cold” city in 2020. The reasons were analyzed as follows: Miquan was a new estab-
lished city in this region, and also an under-developing area with less dense population.
Additionally, this city possessed a relatively implicit spatial difference, and on a remarkable
spatial aggregation. Fukang City was a main industrial city for this region. However,
the economic and industrial structure of Fukang was adjusted and upgraded with certain
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efforts by local government. These upgrades mainly aim for less energy dependence and
strongly pursue the new and higher technologies.

4.4. Spatial Carbon Balance Zoning and Division Analysis

Spatial carbon balance zoning analysis revealed an unbalanced trend for the whole
area, and these phenomena appeared to be more remarkable with the timeline. It was
suggested from the analysis that the relationship between economic development and
environmental protection could be harmonized by the transformation of economic devel-
opment mode, which could also improve the ecological pressure of carbon emission. Total
evaluation for NST showed that the number of low-carbon economic areas was relatively
abundant, and the total CAs was barely sufficient for the entire CEs from energy consump-
tion. Future policies and works could focus to enhance the protections on carbon sink
function. Moreover, the number of high-carbon optimization areas was rising with the
timeline, and economic contributions were greater than the contributions of land-use car-
bon emissions. Nevertheless, the carbon sequestration capacity was relatively insufficient,
and the total NCEs increased continuously. Recent policies and developing trends pointed
out the importance of carbon sink functional areas. It is important to ensure ecological
constructions while developing economic constructions. Moreover, future developments
should give consideration to the sustainable development of economy and ecology.

4.5. Contributions of Research Findings and Improving Management

This study conducted the analysis on land-use characteristics and carbon emissions of
NST using Landsat remote sensing images and socio-economic statistical data. Moreover,
the carbon balance and spatial autocorrelation between carbon emissions and carbon in-
tensities were also investigated with Moran’s I model. Current states of carbon emissions
and carbon intensity could be investigated to some extent with applied calculation and
estimation methods, and the impact of CEs on neighboring cities and adjacent areas was
also analyzed. Land-use patterns of NST greatly affected the regional development and
ecological environment, and the rapid urbanization and industrialization could lead to an
unstable carbon balance. Thus, improving polices should fully take the urban landscape
patterns under consideration, and the carbon sink land-use types should be increased, while
the land-use types with CEs should be reduced. In addition, energy consumptions in urban
land were also a main source of CEs, and the ecological constructions while developing the
economic constructions should be considered for the regional development planning.

5. Limitations

This study took analysis of the characteristics of land-use carbon emissions in the
subject area, and intended to make some efforts toward the improvement of land-use
transitions and carbon metabolism. Hopefully, the methods applied in this work were also
applicable in a Chinese context. However, some points should be considered carefully
and taken as caution: (1) Though we tried our best to collect the socio-economic statistical
data fully, this process was particularly challenging for the locations that lacked energy
consumption statistics in the year book. Thus, collected and applied data were hardly
considered as the full and accurate source for carbon emission estimation, due to the
difficulties and limitation of acquisition from data sources. It was relatively hard to find the
acquired data completely, and thus, some data were taken at the value of 0. However, real
values of carbon emissions in this area were possibly higher than that of our calculation
in this work. (2) The constant data, such as carbon emission coefficients for different land
types, were obtained from previous reports. Further studies and investigations are required
for improving the accuracy of these parameters.
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6. Conclusions

In this article, the characteristics of the land-use carbon emissions of the northern
slope of the Tianshan Mountain were investigated. We focused on the calculation of carbon
emissions based on remote sensing data for a 30-year period, and initially analyzed the
current changes and trends of carbon emissions for six types of land uses. Furthermore, the
spatial autocorrelation of carbon emissions and net carbon emissions were investigated by
applying global Moran’s I statistics. The main conclusions are summarized as follows.

(1) There were significant changes in land use in the study area in 30 years, and the
urbanization speed was significantly accelerated by the development of economy.
Urban land and cropland were expending rapidly, while the forestland, grassland,
water area, and unused land were decreased remarkably. In addition, urban land was
the most dominant contributor for carbon emissions, and it was found that carbon
emissions from land use increased significantly over the time period. Policies and
adjustments of the land use changing, which are beneficial for carbon balance, should
be considered and executed.

(2) Carbon emissions of NST were remarkably rising, and the carbon intensities were
also higher. Urumgqi had the highest carbon emissions during the whole study pe-
riod; meanwhile, Shihezi possessed a highest speed in net carbon emission (NCE).
Changji and Karamay showed a rapidly increased NCE. Thus, carbon emissions of
this area should be controlled efficiently. Moreover, the industrial and urban devel-
opment should be controlled and adjusted for the sustainable and environmentally
friendly development.

(3) The increasing ratio of the carbon intensities of Kuitun, Karamay, and Changji City
were significantly higher than that of other cities, and these phenomena might be
caused by a rapid increase in population and developments in industry. Policies
should be considered for the economic development mode and other sides related to
carbon intensities.

(4) Based on the carbon balance zoning analysis and related indexes, NST was divided
into four areas, which were carbon sink functional areas, low-carbon economic ar-
eas, carbon intensity control areas, and high-carbon optimization areas, respectively.
Among the study region, the numbers of low-carbon economic areas were relatively
abundant, which suggested that the amount of carbon absorptions were insufficient to
eliminate the carbon emissions from energy consumption. Thus, future countermea-
sures should focus on the protection of the carbon sink functions of the area. However,
analysis indicated that the number of high-carbon optimization areas was increasing
with the timeline, and economic contributions were considerably higher than the
contribution of land-use carbon emissions. Furthermore, the carbon sequestration
capacity was insufficient, and total net carbon emissions were increasing. Policies
related to eco-friendly and environmentally friendly development also embodied the
importance of carbon sink function; and thus, future developments should consider
the ecological constructions while developing the economic constructions in order to
guarantee sustainable development in both economy and ecology.

In conclusion, carbon emissions in this area increased noticeably, and should be
regulated strictly. The economic and industrial structure of the region had a great demand
to be adjusted and optimized, and gradually reached to a low-carbon economy state. This
study could provide some references to deeper understandings of the characteristics of
land-use carbon emissions of the northern slope of Tianshan Mountain. Analysis could
offer some useful insights into the development of reduction policies and methods of
sustainable and low-carbon development of the area. Furthermore, the applied method
and model in this study could be a promising protocol to better understand the carbon
emissions analysis of the areas, the CEs of which were mainly impacted by land-use
changes, energy consumptions, and economic growth, such as the urban agglomeration of
the Pearl River Delta, middle reaches of the Yangtze River, and Chengdu-Chongqing (CC)
urban agglomerations.
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