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Abstract: In the context of global warming, the Wuhan Urban Agglomeration is actively responding
to China’s carbon peak and carbon neutrality goals and striving to achieve a reduction in carbon
sources and an increase in carbon sinks. Therefore, it is critical to investigate carbon emissions from
land use. This study uses the carbon emission coefficient method to calculate carbon emissions
from land use in the Wuhan Urban Agglomeration, analyzes its temporal and spatial changes and
differences in urban structure, and couples with the Markov-PLUS model to simulate and predict
the carbon emissions of four scenarios of land use in 2035. The research found the following:
(1) during the Wuhan “1+8” City Circle stage, carbon sources and emissions increased steadily, with
average annual growth rates of 1.92% and 1.99%, respectively. Carbon sinks remained stable and
then decreased, with an average annual growth rate of —0.46%. (2) During the Wuhan Metropolitan
Area stage—except for 2020 and 2021, which were affected by COVID-19—carbon sources, sinks, and
emissions continued to grow in general, and the average annual growth rates increased to 4.46%,
1.58%, and 4.51%, respectively. (3) In terms of urban structure differences, Wuhan is a high-carbon
optimization zone; Xianning, Huangshi, and Huanggang are ecological protection zones; other
cities, such as Ezhou, Xiaogan, and Xiantao are comprehensive optimization zones; and there is no
low-carbon development zone. (4) The multi-scenario simulation results show that carbon sources
and emissions are the highest under the economic development scenario, with values of 100.2952
and 9858.83 million tons, respectively, followed by cropland protection, natural development, and
low-carbon development scenarios. Under low-carbon development, carbon sinks were the highest,
with values of 1.9709 million tons, followed by natural development, economic development, and
cropland protection scenarios. The research results are conducive to the formulation of carbon peak
and neutrality goals as well as low-carbon development plans for the Wuhan Urban Agglomeration.

Keywords: Wuhan urban agglomeration; land-use carbon emissions; Markov-PLUS; scenario
simulation prediction

1. Introduction

With the rapid development of the world economy, the resulting environmental
pollution problems have become increasingly apparent. In recent years, global warming
caused by greenhouse gas emissions has become more and more serious [1-4]. The United
Nations Intergovernmental Panel on Climate Change (IPCC) pointed out in the report
“Climate Change 2022: Impacts, Adaptation and Vulnerability” that global temperatures
have increased by 1.06 °C compared to pre-industrial levels; if this rises to 1.5 °C, nearly
8% of the world’s farmland will be unusable, which would be a disaster for mankind [5,6].
In September 2020, General Secretary Xi Jinping promised at the 75th session of the United
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Nations General Assembly that China will achieve a carbon peak by 2030 and carbon
neutrality by 2060 [7]. Therefore, reducing the emissions of greenhouse gases, especially
carbon dioxide, has become a severe challenge facing the world at present. A large number
of studies have shown that land-use and land-cover change (LUCC) is an important factor
affecting carbon emissions and absorption [8]. LUCC changes the land-use type, and then
affects the surface economy and human activities in the region, resulting in a change in
carbon emissions and absorption, thereby affecting the balance of the carbon budget [9].
Therefore, it is of great significance to study carbon emissions from land use to realize these
carbon peak and carbon neutrality goals and control climate warming,.

To date, a large number of studies on land-use carbon emissions have been conducted
from multiple angles and aspects at home and abroad [10], including the calculation of
emissions on multiple scales and for different regions and methods [11-13]; influencing
factors [14,15]; economic, social, and ecological effects [7,16]; optimization and control
methods [17,18], and predictions [19-21]. The calculation of land-use carbon emissions
can be summarized in two categories: “top-down” methods, starting from the social econ-
omy, including material balance, emission coefficients, actual measurements, and factor
decomposition, and “bottom-up” methods, starting from ecological nature, including
model simulations, sample plot inventories, and remote sensing estimations [22]. Among
them, the carbon emission coefficient method is widely used because of its simple op-
eration and wide application range. For example, Jie Xu et al. [23] used this method to
calculate the carbon emissions of different land-use types in Meishan City (except for
built-up land, for which they used the carbon emission coefficient of energy consump-
tion to indirectly perform an estimation). On the basis of the abovementioned method,
Zhouliang Cao et al. [24] integrated people’s breathing into the carbon emissions of built-up
land in Shaanxi Province, which increased the accuracy of the results.
Cavalcante Leite Christiane et al. [25] used this method to calculate the carbon emis-
sions of LUCC, energy consumption, and other secondary sources in southern Brazil, and
Alejandro Carpio et al. [26] used it to calculate the carbon dioxide emissions and absorption
caused by LUCC in the process of urban expansion in Mexico. The prediction of land-use
carbon emissions is mainly based on the prediction of changes in land-use types and
then calculated through carbon emission coefficients. At present, commonly used models
for land-use change predictions include Markov, cellular automaton (CA) [19], conver-
sion of land use and its effects on a small regional extent (CLUE-S) [20], future land-use
simulation (FLUS) [21], and so on. For example, Beroho Mohamed et al. [27] predicted
the land use and cover of the Mediterranean Basin in Morocco in 2038, 2058, and 2050
based on the CA-Markov model; in the verification results, the kappa coefficient was 0.73.
Liting Chen et al. [28] simulated and analyzed land use in the Raohe River Basin in 2035
based on the Markov-FLUS coupling model, with scenarios, such as inertial development,
farmland protection, and ecological priority, in order to optimize land space allocation
under different development goals. Kaigi Zhang et al. [29] coupled the InVEST model
carbon-storage module and the GeoSOS-FLUS model and analyzed the spatiotemporal
characteristics of carbon storage within six districts and eleven counties in the city of Guilin
from 2000 to 2040 based on land-use data and future land prediction results in different sce-
narios. However, the CA model does not explore the relationship between land-use spatial
change and spatial driving factors, which may lead to low simulation accuracy. CLUE-S
belongs to the spatial model, which strengthens the spatial allocation module but ignores
the possibility of the conversion of nondominant land types, resulting in low accuracy.
The FLUS model only performs follow-up simulations based on the land-use data of the
first period and does not have time attributes, resulting in insufficient simulation accuracy.
The patch-generating land-use simulation model (PLUS) [30] is a rule-mining framework
based on the land-expansion analysis strategy (LEAS) and a CA model based on multi-type
random seeds (CARSs). This model not only retains the calculation process of the suitability
probability based on the driving factors in the FLUS model, but also combines the sample
training based on the conversion of various types of land-use data between the two periods
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in the CA model. Compared with other models, it can better improve the simulation accu-
racy of land-use types. Fanghu Sun et al. [31], for Anhui Province, analyzed the temporal
and spatial evolution characteristics of land-use types and carbon storage from 1990 to 2018
by coupling the carbon storage module of the IN'VEST and PLUS models and predicted the
change trends of carbon storage in 2034 and 2050 for natural development and ecological
protection scenarios. Ziyao Wang et al. [32] used Bortala Mongolian Autonomous Prefecture
as an example to conduct ecological zoning planning by coupling the InVEST-HFI-PLUS
model to evaluate the habitat quality and human footprint index in the study area, as well
as to dynamically evaluate the level of ecosystem services in different scenarios. In previous
studies on land-use carbon emissions, the selection of carbon emission coefficients was a
crucial step. The regional differences in carbon emission coefficients of built-up land are
significant; therefore, selecting a suitable coefficient for the research area is urgent. Previous
studies on predicting carbon emissions were often only conducted by limiting the quantity
transfer of land-use types. This is a single method, with which it is difficult to truly simu-
late the real situation. Therefore, how to better simulate the quantity and spatial changes
of land-use types in different scenarios, and thus simulate land-use carbon emissions,
needs improvement.

Since Hubei Province first proposed the concept of the Wuhan Urban Agglomeration
in April 2003, it has been committed to creating the Wuhan “1+8” City Circle to drive the
development of cities around Wuhan. As the economic center of Hubei Province, Wuhan's
economy is developing rapidly; however, it also produces a high level of carbon emissions.
However, the economic volume of Wuhan makes it difficult to drive the development of the
entire City Circle. In 2017, Hubei Province proposed to delineate the Wuhan Metropolitan
Area within the scope of the “1 h commuting circle” as an optimization of the City Circle.
Taking transportation first, the “146” spatial pattern of one core (Wuhan), four belts (Wue-
huanghuang, Wuxian, Hanxiao, and Wuxian urban belts), and six pairs (Ezhou, Huangshi,
Xiaogan, Huanggang, Xianning, and Xiantao) was constructed to promote the coordinated
development of regional society, economy, and ecology in all aspects [33-36]. Questions
worth studying since the establishment of the Wuhan Urban Agglomeration include: what
is the development trend of the carbon emissions of the cities and counties within this
range, after delineating the Wuhan Metropolitan Area? What changes have occurred in the
carbon emissions of each city and county compared with the previous ones? Finally, what
is the future development trend?

Therefore, based on the carbon emission coefficient method, this paper modifies
factors through energy data to study land-use carbon emissions in the Wuhan Urban
Agglomeration in two stages. Coupled with the Markov and PLUS models, this paper
simulates and predicts carbon emissions from land use under different scenarios in 2035
by limiting the quantity and space of land use. The study of land-use carbon emissions in
this region cannot only reflect the development process and pattern of the Wuhan Urban
Agglomeration, but can also provide effective theoretical support and suggestions for future
development planning through scenario simulation predictions. The carbon emission factor
correction and land-use transfer restriction methods applied by the research institute are
also expected to improve the universality of land-use carbon emission research and provide
suggestions and references for it in different regions of the world.

2. Materials and Methods
2.1. Study Area

The Wuhan Urban Agglomeration (Figure 1) is centered in Wuhan City, with a ra-
dius of about 100 km. It is divided into nine cities, namely, Wuhan, Huangshi, Ezhou,
Xiaogan, Huanggang, Xianning, Xiantao, Tianmen, and Qianjiang, with a total area of
58,025 square kilometers, accounting for 31.21% of the province’s total area. In 2020, the res-
ident population was 3248.88 million, accounting for 55.16% of the province’s population;
the gross domestic product (GDP) was CNY 26,361.01 billion, accounting for 60.38% of
the province’s GDP [37]. With the advantages, such as its unique location, dense industry



Sustainability 2023, 15, 11021

4 0f22

and personnel distribution, and national strategic support, the Wuhan Urban Agglom-
eration has developed rapidly and has become an important strategic fulcrum for the
development of Hubei Province and the central region. According to the “14th Five-Year
Plan for Natural Resources Protection and Development of Hubei Province” promulgated
in 2021, reaching carbon peak and neutrality is an opportunity and a challenge for the
province, which is taking the lead in realizing the green development in Central China. As a
pioneer in the economic, social, and ecological development of Hubei Province, the Wuhan
Urban Agglomeration views the realization of carbon peak and neutrality goals as an
important task.
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Figure 1. Research area of Wuhan Urban Agglomeration.

2.2. Data Sources

In this study, 1 km of land-use data in 2000, 2005, 2010, and 2015 was used to cal-
culate land-use carbon emissions, in order to explore their spatiotemporal patterns in
the Wuhan Urban Agglomeration during the Wuhan “1+8” City Circle” stage. Sentinel-2
images (10 m) from 2017 to 2022 were used for supervision classification to obtain land-use
types; land-use carbon emission calculations were conducted to explore the spatiotemporal
patterns of land-use carbon emissions in the Wuhan Urban Agglomeration during the
Wuhan Metropolitan Area stage; and the emission results from 2020 were selected to ex-
plore the regional differences. According to the relevant research [38-40], and considering
the availability, quantification, and correlation of the data with land-use types, a total of
12 factors (Table 1), including terrain, meteorology, soil, location, economy, and grain
resources, were selected as the driving factors of the PLUS model to simulate and pre-
dict land-use changes and land-use carbon emissions. The data sources needed for the
experiment are listed in Table 2.

2.3. Data Processing

The supervised classification of land-use types was conducted. Sentinel-2 remote
sensing images from 2017 to 2022 were selected, and after preprocessing techniques, such
as radiometric calibration and atmospheric correction, a classification was conducted in
ENVI5.3. The classification system was based on the planning division of the 2007 national
standard “Classification of Land Use Status”, combined with the existing situation of the
Wuhan City Circle, and divided the land-use types into cropland, forest land, grassland,
water, built-up land, and unused land. These were combined with Google Earth images
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to establish interpretation signs and obtain the final land-use type data. The slope was
calculated using the slope tool in Arcgis 10.4.1 using DEM data. The shortest distances of
highways, railways, and water systems were calculated using the Euclidean distance tool
in Arcgis10.4.1 using road network and water system data.

Table 1. Factors for simulation prediction of land-use change.

Category Factor Explanation
Terrai DEM Ground elevation information
erram Slope Steepness of the ground
Meteorolo Annual average temperature Regional temperature information
8y Total annual precipitation Regional precipitation information
Sand content
Soil Silt content Soil texture information
Clay content
Shortest distance from road The shortest Euclidean distance from the geometric
Location center of the pixel to the nearest road
Shortest distance from the railway The shortest Euclidean distance from the geometric
center of the cell to the nearest railway
Shortest distance from the railway The shortest Euclidean distance from the geometric
center of the pixel to the nearest water system
Economy GDP Socioeconomic information
Grain Resources NPP Grain resource information

Table 2. Data information and sources.

Data Unit Time Resolution Spatial Resolution Source
Land-cover data - Year 1km https:/ /wvlvoworsts:bc;nzg,zzccessed on
: 1 oy tom Hepscodearbngine goglecom’,
DEM m . 30m https:/ /\m’\;}mgsiﬁl&;géégccessed on
Annual average temperature °C Year 1km https:/ /“;gge]j;ifbg é,ogzcessed on
Total annual precipitation mm Year 1km https:// “‘fov};ﬁlicr;g(/) égccessed on
Soil texture . ) 1km https:// “VZ\;];;:icr;nz 6 A gccessed on
Road network and water system - Year - https:// WW;%‘};E’:;";}I? ;82/3; accessed on
NPP/VIIRS - Year 500 m https:// “QL‘E??SJJ;(;;?G% accessed
NPP g/m? Year 1 km https:/ /W\gngf.;f;dai;gé,zgccessed on
Economic energy data - Year - htp:/ /4 .l})ué):éﬁ;;}c]nzg,zgccessed on
2.4. Methods

2.4.1. Calculating Land-Use Carbon Emissions

This study used the carbon emission coefficient method to calculate land-use carbon
emissions, including carbon absorption (carbon sinks) generated by forest land, grassland,
water, and unused land, and carbon emissions (carbon sources) generated by cropland and
built-up land. Cropland, forest land, grassland, water, and unused land were calculated
using the direct measurement method [41], and the calculation formula is as follows:

Cairect = ) _Ci =) Ai*F; 1)

where Cjyec; is the direct carbon emission; C; represents the carbon sources and carbon sinks
of the i-th land-use type (positive value is carbon source, negative value is carbon sink); A; is


https://www.resdc.cn/
https://code.earthengine.google.com/
https://www.gscloud.cn/
https://www.resdc.cn/
https://www.resdc.cn/
https://www.resdc.cn/
https://www.webmap.cn/
https://www.ngdc.noaa.gov
https://www.resdc.cn/
http://tjj.hubei.gov.cn/
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the area of the i-th land-use type; and F; is the carbon emission coefficient of the i-th land-use
type. For cropland, there were significant differences in carbon emissions due to different
crops planted in different regions. Therefore, this study determined the carbon emission
coefficient of cropland suitable for the Wuhan Urban Agglomeration based on the research
on land-use carbon emissions in Hubei Province [41]. The regional differences in land-use
types, other than built-up land and cropland, were relatively small. Therefore, for forestland
and grassland, based on the research results of Jingyun Fang [42] and combined with other
relevant literature [41,43-45], this study determined the carbon emission coefficient suitable
for the Wuhan Urban Agglomeration by taking the median of its research results. For water,
based on the research results of Li Lai [46] and Xiaonan Duan [47], the average value was
taken as the carbon emission of water. For unused land, this study determined the carbon
emission coefficient commonly used in the relevant literature [41,43—45]. The coefficients of
cropland, forestland, grassland, water, and unused land were determined to be 0.497, —0.581,
—0.021, —0.253, and —0.005 t(C)/(hm?-a), respectively.

Since 80-90% of the carbon emissions of built-up land come from the combustion of
fossil fuels [24,48-50], built-up land was calculated using an indirect estimation method [41],
and the calculation formula is as follows:

Cindirect =oax ﬁ (2)

where C;,,4ir0ct is the amount of indirect carbon emissions, « is the conversion of various
energy sources into standard coal consumption, and f is the carbon emission coefficient
corresponding to standard coal. The results of converting various types of energy into
standard coal were obtained from the statistical yearbooks of each city. The carbon emission
coefficient was obtained according to IPCC2006, which was 0.5404 ¢(C) /.

Since the statistical yearbooks for 2021 and 2022 have not yet been published, the
energy consumption data could not be obtained. Moreover, some cities and counties did
not have statistical energy data before 2016. Therefore, the direct measurement method
was used again to estimate the carbon emissions of built-up land. The carbon emission
coefficient was calculated using the indirect estimation method based on the energy data
from previous years and the area of built-up land. The calculation formula is as follows:

_X(G/4))

Fp= =120 )
where F is the carbon emission coefficient of built-up land; C; is the carbon emissions from
built-up land in year j, calculated using the indirect estimation method; A; is the built-up
land area in the j-th year; and m is the total number of years used to calculate the carbon
emission coefficient. The final calculated carbon emission coefficient for built-up land was
102.57 t(C)/ (hm?-a).

2.4.2. Evaluation of Land-Use Carbon Emission Pattern

Carbon source intensity (Ce) [51-53] and carbon sink intensity (Cs) [54-56] were se-
lected to more accurately reflect the real situation of land-use carbon emissions in each
city. The carbon source intensity indicates the number of carbon sources required per unit
of GDP in the region, and the carbon sink intensity indicates the number of carbon sinks
generated per unit of land area in the region. The calculation formula is as follows:

Ce=E,/Gp )

Cs = Sp/ Ay (5)

where Ey, is the total carbon source, G, is the GDP, Sy, is the total amount of carbon, and A,
is the land area.
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The economic contribution coefficient of carbon sources (ECC) [41,57-59] and the
ecological carrying capacity of carbon sinks (ESC) [41,59-61] were selected to analyze the
carbon emission patterns of cities in the Wuhan Urban Agglomeration. The carbon source
economic contribution coefficient is a standard that reflects the economic efficiency of
carbon emissions in a region and can measure the contribution of carbon emissions to
economic development; the carbon sink ecological carrying coefficient is a standard that
reflects the carbon sink absorption capacity in the region and can measure the region’s
contribution to carbon absorption. The calculation formula is as follows:

~ Gu/G
ECC = T /E (6)
Su/S
ESC = E/E ()

where G, is the GDP of the nth city and county, G is the GDP of the Wuhan Urban
Agglomeration, E, is the total carbon sources in the nth city, E is the total carbon sources in
the Wuhan Urban Agglomeration, Sy, is the carbon accumulation in the nth city, and S is the
carbon accumulation of the Wuhan Urban Agglomeration. If ECC > 1, it means that the
city’s carbon source economic contribution and the carbon emission economic efficiency
are higher, and vice versa; if ESC > 1, it indicates that the city’s carbon sink ecological
carrying coefficient and the carbon absorption capacity are higher, and vice versa.

2.4.3. Accuracy Verification and Scenario Presupposition of the PLUS Model

The PLUS model is a rule mining framework based on the land-expansion analysis
strategy (LEAS) and a CA model based on the multi-type random seed (CARS) [19]. The
model is mainly divided into two parts: the first part (LEAS) compares the land-use-type
data for the two periods, samples the expansion of various types of land use, and uses the
random forest algorithm to mine the driving forces of various factors for the expansion of
each land-use type, ultimately capturing their development probabilities and the extent
to which all drivers contribute to their expansion. The second part (CARS) combines
multi-type random seed generation and the threshold decrease mechanism to dynamically
present the land-use change process, including the spatial change, area change, and change
curve of each land-use type [62-64].

Taking the land use of the Wuhan Urban Agglomeration in 2017 as the starting layer,
the land use in 2020 was simulated and the simulation results were compared with the land
use at present in 2020. The kappa and FoM coefficients were used to evaluate the prediction
results. In the verification results, the kappa coefficient was 0.87, the overall accuracy was
90%, and the FoM coefficient was 0.126. This shows that the PLUS model is more accurate
in simulating and predicting the land-use types in the Wuhan Urban Agglomeration, and
thus can be used to predict future land-use types.

Based on the development trend and related policies of the Wuhan Urban Agglomera-
tion, this study simulated and predicted land-use types under the four scenarios of natural
development, low-carbon development, economic development, and cropland protection
through constraints on land-use quantity and land-use spatial transfer, and then predicted
the spatial patterns of land-use carbon emissions based on the results. In terms of land-use
quantity constraints, we referred to the results of the land-use transfer matrix from 2017 to
2020 and used the Markov model to predict the number of land-use types in 2035 as the
input of the PLUS model. In terms of land-use spatial transfer restrictions, according to the
matrix under different scenarios, we selected the case where the conversion ratio exceeded
1% of the total area of the land type as the allowed conversion. The specific constraints
were as follows: under natural development, the transfer probability of each land-use type
remained unchanged and the spatial transfer was not restricted; under low-carbon develop-
ment, the probability of grassland and forest land transfer to built-up land was reduced by
30%, the probability of built-up land and unused land transfer to grassland and forest land
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increased by 20% and spatial transfer limited the transfer of forest land to cropland and
built-up land; under economic development, the probability of transferring grassland and
woodland to built-up land was increased by 20%, the probability of transferring unused
land to built-up land was increased by 30%, the probability of transferring built-up land to
grassland and forest land was reduced by 30%, and no restrictions were placed on spatial
transfer; under cropland protection, the probability of transferring cropland to other land
uses was reduced by 30%, and the probability of transferring grassland, forest land, unused
land, and built-up land to cropland was increased by 10%. Spatial transfer limited the
transfer of cropland to unused land and built-up land.

3. Results
3.1. Trend Analysis of Land-Use Carbon Emissions in the Wuhan Urban Agglomeration from
2000 to 2015

Figure 2 shows the results for the calculations of land-use carbon emissions in the
Wuhan Urban Agglomeration in 2000, 2005, 2010, and 2015 using the carbon emission
coefficient method. From 2000 to 2015, the number of carbon sources showed a continu-
ous growth trend, with an average annual growth rate of 1.92%. The growth rate from
2000 to 2010 was relatively slow, with an annual average of 1.13%, and the growth rate
from 2010 to 2015 was relatively fast, with an annual average of 3.51%. The growth trend
of carbon emissions was roughly the same as that of carbon sources, with an annual
average of 1.17% from 2000 to 2010 and 3.67% from 2010 to 2015. This may have been
because, in 2010, the Wuhan Urban Agglomeration was listed as a key development area in
the “12th Five-Year Plan” of the country, and this rapid economic development brought
about inevitable carbon emissions; the carbon source intensity decreased significantly from
2000 to 2015, indicating that, with the upgrading of technology and economic develop-
ment, the number of carbon sources required per unit of GDP was greatly reduced. From
2000 to 2015, carbon sinks decreased slightly, with an average annual growth rate of —0.46%.
From 2000 to 2010, the number and intensity of carbon sinks were basically stable, and
from 2010 to 2015, there was a slight decline, and the average annual growth rate of carbon
sinks was —1.45%. This may have also been due to the transformation of ecological land
into built-up land due to rapid economic development, resulting in a reduction in carbon
sinks and carbon sink intensity [65]. The results show that, during the period of the Wuhan
“1+8” City Circle from 2000 to 2015, the carbon emission of land use in the Wuhan Urban
Agglomeration emphasized economic development but ignored ecological protection to
a certain extent. This model led to the stagnation—and even a retreat—of the pace of
ecological protection, which, in turn, led to the continuous growth of carbon emissions and
increasingly serious ecological pollution.

150 4500 — 4500 r 18,000 - 24

140 4200 4200 t 14,400 22

130 3900 3900 t 10,800 20

120 4 3600 3600 7200

carbon sink (10,000 tons)
carbon source (10,000 tons)

- carbon source
- carbon sink

carbon emission

110 3300 3300 3600

carbon sink intensity(tons/square kilometer)

—®— carbon source intensity

carbon source intensity (tons/100 million yuan)

100 < 3000 3000 Lo L14 —®— carbon sink intensity

2000 2005 2010 2015

Year

Figure 2. Land-use carbon emission results from 2000 to 2015.
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3.2. Trend Analysis of Land-Use Carbon Emissions in the Wuhan Urban Agglomeration from
2017 to 2022

Figure 3 shows the results for the calculations of land-use carbon emissions in the
Wuhan Urban Agglomeration from 2017 to 2022 using the carbon emission coefficient
method. The average annual growth rates of carbon sources, sinks, and emissions from
2017 to 2022 were 4.46%, 1.58%, and 4.50%, respectively. From 2017 to 2019, the number
of carbon sources and emissions showed a continuous growth trend with average annual
growth rates of 9.49% and 9.59%, respectively. From 2019 to 2021, it showed a down-
ward trend with average annual growth rates of —4.33% and —4.49%, respectively. From
2021 to 2022, there was a significant rebound, with average annual growth rates of 13.34%
and 13.78%, respectively. Perhaps, due to the impacts of COVID-19 in 2020 and 2021,
the Wuhan Urban Agglomeration was sealed off in multiple time periods and locations,
which led to a stagnant state of urban development [66,67]. Many enterprises that have a
greater impact on carbon sources closed down, resulting in a significant reduction in carbon
sources and carbon emissions. In 2022, the impact of the pandemic weakened, with only
some areas being sealed off from October to November. By December, the restrictions were
fully lifted and the economy rebounded. The construction of major enterprises also brought
about an increase in carbon emissions. Compared with the sharp reduction in 2000-2015,
the carbon source intensity basically remained stable. From 2017 to 2021, the number and
intensity of carbon sinks showed a slow growth trend with an average annual growth rate
of 4.51%, which was inseparable from the emphasis on ecological green development in
Hubei Province in recent years. In 2022, there was a significant downward trend with an
average annual growth rate of —9.33%. This may also have been because, in 2022, when
the impact of COVID-19 was relatively weak, the economic recovery led to the expansion
of the built-up land area and the occupation of ecological land, resulting in a reduction in
carbon sinks and carbon sink intensity. The results show that, from 2017 to 2022, the carbon
emissions from land use in the Wuhan Metropolitan Area stage not only ensured stable
economic development, but also strengthened ecological protection and development. This
model ensured that economic development and ecological protection went hand in hand.
Although it is still difficult to change the trend of carbon emission growth, it has slowed
down to a certain extent. In particular, the two years of COVID-19 restrictions achieved a
negative-growth trend for carbon emissions.

180.0 4 11,000 r 11,000 r 4200 r32.0

172.8 4 10,000 + 10,000 3920 304

165.6 - 9000 3640 288

(10,000 tons)

sink

B 1584 4 8000 4 = 3360 k272

carbon source (10,000 tons)

carbon

sink intensity(tons/square kilometer)

carbon source

B carbon sink

carbon emission

151.2 7000 4 ° 13080 F25.6

carbon

—m— carbon source intensity’
L 2800 L 240 —W®— carbon sink intensity

carbon source intensity (tons/100 million yuan)

144.0 4 6000 —+
2017 2018 2019 2020 2021 2022

Year

Figure 3. Land-use carbon emission results from 2017 to 2022.

3.3. Differences in the Urban Structure of Carbon Emissions from Land Use in the Wuhan Urban
Agglomeration in 2020

From the 2020 map of land-use types in the Wuhan Urban Agglomeration (Figure 4)
and the area map of land-use types in each city (Figure 5), it can be seen that the area of
forest land is relatively large, accounting for 41.47%, followed by cropland, built-up land,
and water, accounting for 20.72%, 15.98%, and 15.02%, respectively. From the perspective
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of cities, the land-use structures in Huangshi, Xianning, and Huanggang are relatively
similar, and forest land accounts for the largest proportion, being greater than 45%. The
three cities of Xiantao, Tianmen, and Qianjiang are dominated by cropland, which accounts
for more than 45% of the city area. The three cities of Wuhan, Ezhou, and Xiaogan have
a relatively balanced area of cropland, forest land, and water. From the perspective of
the overall spatial distribution, the built-up land in the Wuhan Urban Agglomeration is
concentrated in the downtown area of Wuhan, and the rest of the built-up land is evenly
distributed in clusters; most of the water is in the lakes, mainly surrounding the central
city of Wuhan; cropland is mainly concentrated on the west side and a small amount is
also concentrated on the southeast side; and forest land is mainly distributed in the Mufu
Mountains in the south and Dabie Mountains in the northeast.
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Figure 4. Land-use types in the Wuhan Urban Agglomeration in 2020.
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Figure 5. Land-use-type area of each city in the Wuhan Urban Agglomeration in 2020.

We used the carbon emission index method to calculate the carbon sources, carbon
sinks, carbon emissions, carbon source intensity, carbon sink intensity, carbon source
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economic contribution coefficient, and carbon sink ecological carrying coefficient for the
nine cities in the Wuhan Urban Agglomeration in 2020, as shown in Table 3. Spatial
visualization processing was performed on the abovementioned parameters, as shown
in Figure 6. In the Wuhan Urban Agglomeration, Huanggang had the largest number of
carbon sources, followed by Wuhan. The total carbon sources of the two accounted for
49% of the total amount in the Wuhan Urban Agglomeration. Qianjiang had the lowest
number of carbon sources, accounting for only 3.6% of the total amount. This was more
consistent with the development of the Wuhan Urban Agglomeration. As the leader in the
development of the Wuhan Urban Agglomeration, Wuhan’s economy and development
speed far exceed those of other cities, which inevitably leads to a large proportion of carbon
sources in Wuhan. As its largest city, Huanggang accounts for 30% of the total area of
the Wuhan Urban Agglomeration; therefore, its carbon source is also larger than in the
other cities. Huanggang had the largest carbon sink, followed by Xianning. The carbon
accumulation of the two accounted for 61% of the Wuhan Urban Agglomeration. The
carbon sink of Qianjiang was the smallest, accounting for only 0.8% of the total Wuhan
Urban Agglomeration. This was inseparable from the distribution of forest land. The Dabie
and Mufu Mountains are in the jurisdictions of Huanggang and Xianning, respectively.
They have rich forest resources and, therefore, a large carbon sink. The proportion of carbon
emissions was basically the same as the proportion of carbon sources. This was because
the carbon accumulation in the Wuhan Urban Agglomeration was relatively low, at only
2% of the total carbon sources. Therefore, it was difficult for the carbon sinks to have a
greater impact on the carbon emissions, and the number of carbon sources determined the
level of carbon emissions to a certain extent. The carbon source intensity of Wuhan is lower
than that of the Wuhan Urban Agglomeration overall, indicating that the number of carbon
sources required to produce unit economic benefits is relatively small, and the carbon
source utilization efficiency is relatively high. The carbon sink intensities of Huangshi,
Xianning, and Huanggang were greater than that of the Wuhan Urban Agglomeration as
a whole, indicating that these three cities had more carbon sinks per unit land area and
stronger carbon sink absorption capacities.

Table 3. Carbon emissions from land use in cities in the Wuhan Urban Agglomeration in 2020.

. s Carbon Source Carbon Sink Intensity

City C(;Bb(;)(;(l] %zl:\rsc)e ((i;r(l))(;)(;l “1% 1‘11151; Ca(lilso(;z)g I_E;;ssl)on Intensity (Tons/CNY (Tons/Square ECC ESC
4 " 4 100 Million) Kilometer)

Wuhan 2034.17 19.08 2015.10 1302.61 22.26 2.79 0.55
Huangshi 837.94 14.67 823.27 5105.29 32.00 0.71 1.03
Ezhou 373.19 3.49 369.70 3712.50 21.87 0.98 0.55
Xiaogan 1462.05 20.50 1441.55 6665.21 23.03 0.54 0.83
Xiantao 374.20 2.65 371.56 4519.86 10.43 0.80 0.42
Xianning 1001.58 40.02 961.56 6569.14 41.04 0.55 2.36
Tianmen 482.32 1.42 480.90 7810.94 5.41 0.46 0.17
Qianjiang 340.79 1.37 339.42 4453.44 6.82 0.81 0.24
Huanggang 2661.29 59.03 2602.26 12,266.57 33.81 0.30 1.31
Wuhan Urban 9567.53 162.22 9405.31 3629.43 27.96 1.00 1.00

Agglomeration

According to the ECC and ESC, the nine cities in the Wuhan Urban Agglomeration
are divided into four types of zones, shown in Table 4. As shown in Figure 7, there is no
low-carbon development zone in the Wuhan Urban Agglomeration. Wuhan is the only
high-carbon optimization zone and its carbon source economic contribution coefficient is as
high as 2.79. Ecological protection zones are concentrated in the east and south, including
Xianning, Huangshi, and Huanggang. Among them, the carbon sink ecological carrying
coefficient of Huanggang, which was the city that made the greatest contribution to the
ecological protection of the Wuhan Urban Agglomeration, was as high as 2.36. The carbon
sink ecological carrying coefficient of Huangshi was only 1.03, which shows that Huangshi
still has great potential as an ecological protection zone. Comprehensive optimization
zones were mainly concentrated in the northwest, including Ezhou, Xiaogan, Xiantao,
Tianmen, and Qianjiang. Among them, the economic contribution coefficient of carbon
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sources in Ezhou was 0.98, and it is very likely to become the next high-carbon optimization
zone, making further contributions to the economic development of the Wuhan Urban
Agglomeration. The economic contribution coefficient of carbon sources in Tianmen was
0.46 and the ecological carrying coefficient of carbon sinks was 0.17. The road to economic
development and ecological protection in Tianmen is long and difficult, and there is still a
lot of room for development and progress.
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Figure 6. Carbon emissions from land use in the Wuhan Urban Agglomeration in 2020.

Table 4. Carbon emission zoning in the Wuhan Urban Agglomeration.

Zone Division Conditions City
Low-carbon development zone ECC>1,ESC>1 /
High-carbon optimization zone ECC>1,ESC<1 Wuhan
Ecological protection zone ECC<1,ESC>1 Xianning, Huangshi, Huanggang
Comprehensive optimization zone ECC<1,ESC<1 Ezhou, Xiaogan, Xiantao, Tianmen, Qianjiang

Wuhan, as the only high-carbon optimization zone, is the leader in development
and plays an extremely important role in the economic development of the entire Wuhan
Urban Agglomeration. However, it should also pay attention to the accumulation of
carbon sinks, adopt methods, such as carbon compensation and carbon trading, and
strive to make positive contributions to ecological protection. Xianning, Huangshi, and
Huanggang are ecological protection zones with a high number of forested areas. They
should strictly abide by the bottom-line rules of ecological environment protection, provide
full play to their natural advantages, and conduct green development measures. Ezhou,
Xiaogan, Xiantao, Tianmen, and Qianjiang are comprehensive optimization zones. While
the economic development of these areas is insufficient, the carbon sink function is also
poor. They should adjust their industrial structure, optimize their industrial layout, and
achieve rapid development, while ensuring the lowest possible carbon levels. There is no
low-carbon development zone in the Wuhan Urban Agglomeration, which shows that the
positioning of the city’s main functions is quite different, and there is a lack of cities that
can both ensure economic development and achieve low-carbon protection. Therefore,
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cities should develop green industries and strive towards the goal of becoming low-carbon
development zones.
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Figure 7. Zoning of land-use carbon emissions in the Wuhan Urban Agglomeration in 2020.

3.4. Prediction of Land-Use Carbon Emissions under a Multi-Scenario Simulation of the Wuhan
Urban Agglomeration

The Markov-PLUS model was used to predict the land-use types in natural development,
low-carbon development, economic development, and cropland protection scenarios in the
Wuhan Urban Agglomeration in 2035. The quantitative results are shown in Table 5 and the
spatial results are shown in Figure 8. It can be seen from Table 5 that the unused land area
under the four scenarios remains almost unchanged, with only small fluctuations: in terms
of grassland area, the three scenarios of low-carbon development, economic development,
and cropland protection are almost all the same and are all better than the natural devel-
opment scenario; the cropland area under the cropland protection scenario is much better
than the other three scenarios, followed by economic development, natural development,
and low-carbon development; in terms of built-up land area, the economic development
scenario is the best, the cropland protection and natural development scenarios are sim-
ilar, and the low-carbon development is the worst; the forest land area is largest under
low-carbon development, followed by natural development, economic development, and
cropland protection; the water area under natural development, low-carbon development,
and economic development is not very different, while it is the lowest under the cropland
protection scenario. It can be seen from Figure 8 that the spatial distribution of unused
land and grassland presents little change; the change in the distribution of cropland is
mainly due to the fact that, under the cropland protection scenario, there are different
degrees of area increase in the west and southeast of the Wuhan Urban Agglomeration,
including Qianjiang, Tianmen, Xiantao, the south of Xiaogan, the southwest of Wuhan, and
the southeast of Huanggang, compared with the other three scenarios. The change in the
distribution of built-up land was mainly due to its expansion, according to the original
built-up land area under the economic development scenario. The key expansion areas
were the central urban area of Wuhan, the southwest of Tianmen, and multiple urban areas
in Xiaogan. The changes in the distribution of forest land were mainly due to low-carbon
development. The northeastern and southern regions of the Wuhan Urban Agglomeration
included the northern part of Xiaogan and the expansion of forest land in Huanggang,
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Xianning, and Huangshi. The distribution of water did not change much. The reduced
water under the cropland protection scenario was mainly at the edge of the lake and
reservoir area, and this part of the area was transformed into built-up land. The main
differences in the simulation results of the four different scenarios lie in cropland, built-up
land, forest land, and water. Under low-carbon development, the area of forest land in-
creased significantly compared with the other scenarios, while built-up land and cropland
decreased slightly. This was mainly because, in the simulated low-carbon scenario, the use
of afforestation to reduce carbon caused forest land to occupy built-up land and cropland,
and reducing these can also achieve low-carbon development to a certain extent. Under
the scenario of economic development, the area of built-up land increased significantly; the
area of cropland also increased to a certain extent, compared with natural development
and low-carbon development; and the area of forest land decreased. This was because, in
the scenario of simulated economic development, vigorously developing the economy led
to the continuous expansion of cities and towns, and the area of cropland also increased to
meet the basic needs of population expansion, which causes a significant encroachment on
forest land, and thus, deforestation. Under the condition of cropland protection, the area of
cropland expanded rapidly and the area of forest land and water decreased significantly.
This was mainly because, in the context of cropland protection, on the one hand, it was
necessary to ensure that cropland would not be encroached on by other land-use types and,
on the other hand, its development was realized by pushing the distribution of mountains
and reclaiming land from the lakes.

Table 5. Prediction of land-use quantity under a multi-scenario simulation of the Wuhan Urban

Agglomeration in 2035.
Area (Square Kilometers) Natural Development Low-Carbon Development Economic Development Cropland Protection
Unused land 2699.83 2537.37 2613.76 2535.16
Grassland 1070.20 1155.30 1183.45 1178.97
Cropland 8952.75 8493.95 9654.14 15,260.73
Built-up land 8113.61 7248.81 9731.44 8203.85
Forestland 28,708.43 30,208.27 26,347.82 22,847.20
Water 8480.95 8382.07 8495.15 7999.86
Total area 58,025.76 58,025.76 58,025.76 58,025.76

We used the carbon emission index method to further calculate the results of land-use
carbon emissions in the Wuhan Urban Agglomeration under a multi-scenario simulation
prediction, as shown in Tables 6 and 7. Overall, the carbon sources in the Wuhan Ur-
ban Agglomeration were the highest under the economic development scenario, with
98.5883 million tons, followed by cropland protection, natural development, and low-
carbon development; carbon sinks were the highest under the low-carbon development
scenario, with 1.9709 million tons, followed by natural development, economic develop-
ment, and cropland protection; and carbon emissions were ranked in line with carbon
sources. Combined with the quantity of each land-use type under the scenario simulation
prediction mentioned above, it can be seen that, under the low-carbon development sce-
nario, the considerable increase in the forest land area reduced both the area of built-up
land and carbon emissions; under economic development, the built-up land and carbon
emissions increased considerably; in the case of cropland protection, the area of cropland
increased substantially, most of which was occupied by forest land and water; and the
area of built-up land remained stable. Therefore, the increase in carbon emissions was
slightly lower. From the city’s point of view, for the scenarios of natural development and
low-carbon development, Wuhan had the highest number of carbon sources, while, for
the scenarios of economic development and cropland protection, Huanggang surpassed
Wauhan in this regard. For the scenarios of natural development, low-carbon development,
and economic development, Ezhou had the lowest number of carbon sources, while Qian-
jiang had the lowest cropland protection. Huanggang was always the city with the most
carbon sinks; Qianjiang was the city with the lowest number of carbon sinks under the
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natural development, low-carbon development, and economic development scenarios; and
Tianmen was the city with the lowest number of carbon sinks under the cropland protection
scenario. Under the natural development, low-carbon development, and economic devel-
opment scenarios, Wuhan had the highest carbon emissions and Ezhou had the lowest.
Under the cropland protection scenario, Huanggang had the highest carbon emissions,
while Qianjiang had the lowest.
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Figure 8. Prediction of land-use spaces under multi-scenario simulations of the Wuhan Urban
Agglomeration in 2035.

Table 6. Carbon emissions from different land-use types simulated under multi-scenario simulations
of the Wuhan Urban Agglomeration in 2035.

Carbon Emission

(10,000 Tons) Natural Development Low-Carbon Development Economic Development Cropland Protection
Unused land —0.13 —0.13 —0.13 —0.13
Grassland —0.22 —0.24 —0.25 —0.25
Cropland 44.50 42.21 47.98 75.85
Built-up land 8322.13 7435.10 9981.53 8414.69
Forestland —166.80 —175.51 —153.08 —132.74
Water —21.46 —21.21 —21.49 —20.24

Total area 8178.01 7280.23 9854.56 8337.18
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Table 7. Carbon emissions from land use in different cities under multi-scenario simulations of the

Wuhan Urban Agglomeration in 2035.

Natural Development

Low-Carbon Development

City Carbon Source Carbon Sink Eii?sbs(i):n Carbon Source Carbon Sink E(IZ:irsbs(i):n
(10,000 Tons) (10,000 Tons) (10,000 Tons) (10,000 Tons) (10,000 Tons) (10,000 Tons)
Wuhan 1587.72 23.40 1564.32 1444.25 24.70 1419.54
Huangshi 617.00 15.25 601.75 580.34 15.51 564.83
Ezhou 277.81 427 273.54 245.50 4.50 240.99
Xiaogan 1338.93 27.97 1310.96 1094.89 30.49 1064.40
Xiantao 516.72 3.30 513.42 460.71 3.83 456.88
Xianning 893.73 38.89 854.84 889.20 38.97 850.23
Tianmen 1131.60 2.82 1128.79 1018.50 3.72 1014.78
Qianjiang 538.55 1.94 536.62 505.50 2.29 503.21
Huanggang 1464.55 70.78 1393.77 1242.84 73.00 1169.84
Wuhan Urban 8366.62 188.61 8178.01 7477.32 197.09 7284.70
Agglomeration
Economic Development Cropland Protection
City C . Carbon . Carbon
arbon Source Carbon Sink Emission Carbon Source Carbon Sink Emission
(10,000 Tons) (10,000 Tons) (10,000 Tons) (10,000 Tons) (10,000 Tons) (10,000 Tons)
Wuhan 1901.85 20.91 1880.94 1922.29 16.88 1905.41
Huangshi 721.66 14.55 707.10 780.21 13.52 766.69
Ezhou 349.47 3.77 345.69 354.74 3.05 351.69
Xiaogan 1811.72 23.53 1788.19 1223.25 17.54 1205.71
Xiantao 584.19 2.68 581.51 345.67 2.13 343.53
Xianning 900.55 38.80 861.75 879.68 38.64 841.04
Tianmen 1247.82 1.76 1246.06 398.25 1.02 397.23
Qianjiang 575.63 1.56 574.07 276.54 1.17 275.37
Huanggang 1940.83 67.32 1873.50 2309.68 59.35 2250.34
Wuhan Urban 10,029.52 174.95 9858.83 8490.54 153.36 8337.01
Agglomeration

It was found that the carbon sources were mainly composed of built-up land; therefore,
the change in the built-up land area determined the size of a carbon source, to a certain
extent. Therefore, how to control the expansion of built-up land in future planning is
particularly important for “source reduction”. On the one hand, it is necessary to perform
reasonable planning for the development of the city and to set up a buffer zone for urban
expansion in advance at the edge of the city, in case urban development leads to the
occupation of forest land and other carbon sink areas. On the other hand, it is necessary to
properly control expansion and development, pay more attention to the development mode
centered on efficiency, reduce the intensity of carbon sources, and improve the efficiency
of carbon source utilization. Carbon sinks are mainly composed of forest land; therefore,
increasing the area of forest land is an important means of “increasing sinks”. In future
planning, on the one hand, it is necessary to protect the existing forest land and prevent
the loss of forest land caused by human factors, such as the expansion and occupation of
built-up land, as well as natural factors, such as forest fires. On the other hand, in cities,
it is necessary to coordinate and connect green, public, open spaces, such as small parks,
small green spaces, and small forests, and build urban green corridors to achieve effective
green growth. The number of carbon sources is far higher than the number of carbon sinks.
On the one hand, this shows that the impact of carbon sources on carbon emissions is
far greater than that of carbon sinks. “Reducing sources” can reduce carbon emissions
more rapidly than “increasing sinks”. On the other hand, it also shows that there is still
a large gap between the situation at present in the Wuhan Urban Agglomeration and the
goal of achieving carbon neutrality. Effectively increasing the number of carbon sinks is a
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more important means of achieving carbon neutrality after the carbon peak is achieved.
From the perspective of cities, by comparing the carbon emission results for the Wuhan
Urban Agglomeration in 2020, it can be observed that Wuhan and Huanggang have always
been the two cities with the highest proportion of carbon emissions. Carbon emissions
in Xiaogan will also gradually increase, and it will become a city with the highest carbon
emissions after Wuhan and Huanggang. These three cities will always be the key areas of
“source reduction”. The forestland areas in Huanggang, Xiaogan, and Wuhan are the most
susceptible to the impact of different planning methods, resulting in considerable changes
in carbon sinks, indicating that the forestland in these three cities needs to be protected, and
other land-use methods should be avoided as much as possible. The carbon emissions from
Tianmen under the cropland protection scenario remain at the same level as in 2020, while
the other three scenarios produced a considerable increase. This indicates that Tianmen
may be the next key city for vigorous development, and it may also become a high-carbon
optimization area that urgently needs to reduce carbon levels. How to reduce the increase
in carbon emissions caused by urban development as much as possible is an issue that
needs to be focused on in Tianmen’s development planning.

4. Discussion
4.1. Discussion of the Findings

We selected the experimental results from land-use carbon emissions from 2000 to
2015 and compared them with the existing research results for the Wuhan Urban Agglom-
eration to verify the accuracy of this article. Compared with the results of En Chen [68],
the calculated carbon sources, sinks, and emissions in this article were all lower. The
reasons for the differences were as follows: En Chen'’s research divided cropland into
two parts for the calculations, namely, carbon sources and carbon sinks. However, this
paper comprehensively calculated the D-value between the carbon sources and carbon
sinks of cropland, resulting in less of both. Both calculation methods can be used. The
former can reflect the different effects of arable land as a carbon source and sink in more
detail, while the latter directly reflects the final presentation state of arable land, making the
calculation more convenient. En Chen added carbon emissions from the tertiary industry
and population to the calculation of carbon sources for built-up land, while this paper only
calculated the carbon emissions generated by energy consumption. Therefore, the carbon
sources and carbon emissions calculated in this paper were less than those in En Chen’s
research. Compared with the results of Junfeng Zhang et al. [69], the carbon emissions
calculated in this paper were higher, and the reasons for the differences were as follows:
his research overestimated the carbon sequestration function of cropland, and the overall
carbon emissions from the cropland showed carbon sequestration, which led to lower-value
research results. In addition, the carbon emissions from transportation introduced in his
research are worth further study; however, it is still necessary to consider whether accurate
estimates can be achieved to add to the final land-use carbon emission results.

The experimental results show that the Markov—PLUS model presented a significant
improvement in the simulation and prediction effect of land use in the Wuhan Urban
Agglomeration (kappa coefficient: 0.87; overall accuracy: 90%) compared to Haijun Wang
et al. [70], who used the CA-Markov model to simulate built-up land use in the Wuhan
urban area (overall accuracy: 80%). This solved the problem of traditional CA models
lacking a relationship between impact factors and spatial changes. Compared to Zizheng
Zhang et al.’s [71] use of the Markov-FLUS model (kappa coefficient: 0.85), there was a
slight improvement, and this paper solved the problem of the lack of temporal attributes
in the FLUS model. Compared to Guoping Huang et al.’s [72] use of the CLUE-S model
in the Wuchang District, Wuhan City (kappa coefficient: 0.86), there was also a slight
improvement, and this paper solved the problem of the CLUE-S model ignoring the
possibility of non-dominant land-type transformations. The experimental results show a
significant improvement compared to the PLUS model’s research on the other regions, such
as Jiening Wang et al.’s [73] simulation and prediction of land use in Shandong Province
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(kappa coefficient: 0.68), and Ziyao Wang et al.’s [74] simulation and prediction of land use
in Beijing (kappa coefficient: 0.77). Compared with the results for the land-use simulation
prediction of Yunnan Province (kappa coefficient: 0.89; overall accuracy: 0.93) by Rongyao
Wang et al. [75], and of Changsha City (kappa coefficient: 0.91; overall accuracy: 0.95) by
Kao Zhang et al. [40], there is still a gap in the research. The reason may be that the spatial
resolution of land use in this paper is high; therefore, the prediction accuracy is slightly
lower but the accuracy results meet the experimental requirements. In the future, methods
can be found for optimization.

4.2. Innovations and Possible Improvement Directions

There were two main aspects to this paper and certain directions for future improve-
ments. First of all, the carbon emission coefficient method was essentially an empirical
model [11]. This paper referred to the carbon emission coefficients in the relevant literature;
however, those of built-up land in different regions varied greatly and the universality
was poor. For example, Kangkang Yu et al. [43] calculated the carbon emission coefficient

of built-up land in the Taihu Lake Basin as 65.30 t(C)/ (hm2-a) , and the research results
of Na Lu [76] showed that the Chinese built-up land carbon emission coefficient was
40.73 t(C)/ (hmz-a) . Therefore, this study chose to indirectly calculate the carbon emis-

sions of the Wuhan Urban Agglomeration based on the energy data. At the same time, a
new problem arose, namely, it was difficult to obtain the energy data for previous years
and below the municipal level. Therefore, based on the energy data and the area of built-up
land, this study calculated the carbon emission coefficient of built-up land in line with the
existing situation of the Wuhan Urban Agglomeration in order to obtain a more accurate
result. However, the energy utilization efficiency of built-up land in different periods was
still different [77]; therefore, the carbon emission coefficients for the same location during
different periods will still present certain differences. Establishing an accurate carbon
emission coefficient system to calculate the carbon emissions in different regions, time
periods, and scales will be the focus of the future research. This paper explored the carbon
emissions from land use in the Wuhan Urban Agglomeration through the changes in the
trends of land use carbon emissions and structure between cities. Using the carbon emission
coefficient method, the results obtained may be different to the actual value. However,
this does not affect the judgment of the development trend obtained through long-term
calculations and the structural judgment obtained through the calculations performed for
different cities in the region. Through the research on their temporal and spatial differences,
coupled with the implementation of relevant policies, it is beneficial to reveal the impact of
policy implementation on land-use carbon emissions, and provide theoretical and technical
support for subsequent research planning.

Secondly, this paper used the two aspects of land-use quantity constraints and land-
use spatial transfer constraints to simulate the scenarios. Compared with other relevant
research examples, such as Haishan He et al. [39], who only simulated scenarios based
on the constraints of land-use area change, this paper not only realized the changes in
land-use areas through quantitative constraints, but also performed more detailed sce-
nario simulations, such as strictly restricting the encroachment on basic farmland by other
land-use methods through spatial transfer constraints [78]. The results of this study show
that, although the low-carbon development scenario can considerably promote ecological
protection, it inevitably hinders economic development. On the contrary, the economic
development scenario ignores ecological protection while ensuring rapid economic devel-
opment. Meanwhile, cropland was strictly protected and thus continuously expanded.
These are relatively extreme scenarios, which obviously do not conform to the complex
and diverse development scenarios in reality; however, they can show us the consequences
of different decisions made from an extreme perspective. Therefore, how to simulate a
comprehensive development scenario based on land-use conversion rules and the number
of land-use conversions in the future, so as to find a better comprehensive and optimized
development scenario, is a research point that needs to be considered.
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5. Conclusions

Based on the carbon emission coefficient method, this study analyzed the trend of
land-use change in two stages of the Wuhan Urban Agglomeration from 2000 to 2022 and
the carbon emission patterns of land use in each city in the Wuhan Urban Agglomeration
in 2020. Based on the Markov-PLUS model, this study simulated the carbon emissions of
land use in the Wuhan Urban Agglomeration in 2035 under four scenarios. The conclusions
are as follows:

1. From 2000 to 2015, before and during the establishment of the Wuhan “1+8” City
Circle, the carbon emissions of land use emphasized economic development, but
ignored ecological protection to a certain extent.

2. From 2017 to 2022, before and after the establishment of the Wuhan Metropolitan
Area, the carbon emission of land use not only ensured stable economic development,
but also strengthened ecological protection and development.

3. In terms of urban structure differences, there were significant differences in the
positioning of cities” main functions in the Wuhan Urban Agglomeration, and there
was a lack of cities that could both ensure economic development and achieve low-
carbon protection.

4. The Markov-PLUS model produced good simulation results for land-use carbon emis-
sions in the Wuhan Urban Agglomeration. The results of this research indicate that
limiting the expansion of built-up land and protecting forest land are the optimal and
quickest ways to achieve a carbon peak and carbon neutrality. Wuhan, Huanggang,
and Xiaogan were key cities for future carbon source reductions, and further attention
should be paid to ecological protection for the future development of Tianmen.
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