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Abstract: It is of great significance to study urban carbon metabolism and explore the low-carbon
land use management framework from the perspective of “ecological-production-living” space,
an important means for the government to strengthen spatial regulation. In the study; first of all,
a carbon metabolism network model was established based on the evolution of the “ecological-
production-living” space. Secondly, an ecological network analysis (ENA) method was used to
identify the ecological relationships between land use types under the effect of carbon metabolism. In
addition, ArcGIS software was used to visualize the spatial distribution of carbon flow and ecological
relationships. Finally, a low-carbon oriented land use management framework was proposed based
on the above research. Yulin, a typical coal resource-based city in China, was taken as a case study for
verification. The results showed that Yulin had net carbon emissions from 2010 to 2020, indicating that
the evolution of “ecological-production-living” space had a negative impact on the carbon metabolism.
Industrial, mining and transportation land dominated carbon emissions, while forestland played
an important role in carbon sequestration. Under the effect of carbon metabolism, a controlling
and exploitative relationship was the main ecological relationship, and a mutualism relationship
accounted for the smallest proportion, indicating that the urban ecological conflict was obvious in
the evolution of the “ecological-production-living” space. Based on the above research, a land use
management framework was proposed, which divided urban space into six types of control units. In
conclusion, the results provided experience for other coal resource-based cities to promote low-carbon
and sustainable land use.
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1. Introduction

Global climate change caused by increasing carbon emissions has become the focus of
attention. Studies have shown that urban areas account for 75% of global carbon dioxide
emissions (the Intergovernmental Panel on Climate Change, IPCC, 2006). The increase
in urban carbon emissions is mainly due to the expansion of economic scale [1]. Large-
scale urbanization caused by economic growth further stimulates energy consumption
and land use and land cover change (LUCC) [2,3], which profoundly affects the urban
carbon metabolism system. LUCC caused by urbanization is usually characterized by
the transition of carbon sink land (e.g., forestland and grassland) to carbon source land
(e.g., industrial, mining, and transportation land) [4,5]. Studies have shown that carbon
emissions generated by such LUCC account for one third of urban carbon emissions [6].
Therefore, countries worldwide have attempted to optimize the urban carbon metabolism
system through adjustments of land use management measures, which has become a
strategy to promote low-carbon development and realize sustainable urbanization [7,8].
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“Ecological-production-living” space is the general term for an ecological space, production
space and living space. Ecological space refers to the geographical space that has an eco-
logical protection function and can provide ecological products and ecological services [9].
Production space refers to a specific functional area where people engage in production
activities [10]. Living space refers to the territorial space for people to live, consume, relax
and entertain [11]. The 18th Party Congress of the Communist Party of China [12], held in
November 2012, is a very important congress held at the decisive stage of building a moder-
ately prosperous society in all respects. The theme of the report is to unswervingly advance
along the path of socialism with Chinese characteristics and strive to finish building a
moderately prosperous society in all respects. The report made the first summary of the
development essentials of “ecological-production-living” space from a strategic perspective,
namely “intensive and efficient production space, livable and comfortable living space,
and beautiful ecological space”. The method of spatial division coincides with the “three
pillars” concept of sustainable development: environment, society and economy widely
recognized at home and abroad [13]. The sustainable development of the city is based on
the sustainable development of “ecological-production-living” space. As a development
goal, “ecological-production-living” space has important guiding significance to the urban
land layout. Therefore, the analysis of urban carbon metabolism and the discussion of the
land use management framework from the perspective of “ecological-production-living”
space are helpful for urban low-carbon and sustainable development.

Urban carbon metabolism refers to the flow of carbon between the biosphere, atmo-
sphere and artificial components of the urban system, including carbon emissions from the
biosphere to the atmosphere, carbon sequestration from the atmosphere to the biosphere,
and carbon transition through LUCC [14]. The balance between these processes determines
whether cities function as carbon sources or sinks.

At present, the content of the research on urban carbon metabolism can be summa-
rized into two aspects. On the one hand, the estimation of carbon emissions and carbon
sequestration is the basis of carbon metabolism research [15,16]. When estimating carbon
emissions, most studies were based on 2006 IPCC Guidelines for National Greenhouse
Gas inventories. For example, Liang et al. [17] calculated energy-based CO, emissions by
the IPCC carbon emissions coefficient method, covering 30 provinces in China. Cellura
et al. [18] used the IPCC and the Life Cycle Assessment (LCA) approach to estimate the
energy-related greenhouse gas (GHG) balance for Italian cities. However, for the case study
of China, the Guidelines for Compiling Provincial GHG Inventories issued by China’s
National Development and Reform Commission in 2011 may be more suitable, as the
emission factors provided in the guideline are obtained by measuring carbon emissions in
some Chinese cities, which is more in line with China’s national conditions. For example,
Ma et al. [19] used the emission factors in the guideline to measure the carbon emissions
of Yantai, China. When estimating carbon sinks, researchers mainly used the carbon sink
coefficient method to calculate the carbon sinks of carbon sink land (such as woodland,
grassland, water, etc.). For example, Kong et al. [20] estimated carbon emissions and
sequestration of urban turfgrass systems in Hong Kong. Escobedo et al. [21] analyzed the
efficacy of subtropical urban forests in offsetting carbon emissions from cities. On the other
hand, analyzing and simulating the carbon metabolism process from the perspective of
“network” has gradually become an emerging research direction. In the early stage, some
scholars constructed a carbon metabolic network model with socioeconomic sectors as
metabolic compartments, aiming to provide suggestions for carbon emission reduction in
various industries of the city [22]. With the deepening influence of LUCC on urban carbon
emissions, the research on the carbon metabolism network based on land conversion with
land use types as metabolic compartments has been gradually carried out [23]. Ecological
network analysis (ENA) method was widely used in the analysis of the carbon metabolic
network. The reason is that the method can not only quantitatively identify the key nodes
and paths that affect the urban metabolic system, but also quantitatively analyze the ecolog-
ical relationships among components, which can provide information for urban low-carbon
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construction [24]. For example, Chen et al. [25] took Dongguan as a case study, established
a carbon metabolism network model including 42 socio-economic sectors based on the
input-output table, and combined with the ENA method to reveal the main contributors
and action paths of carbon emissions in all social sectors. The results showed that the total
direct and embodied carbon flows were mainly concentrated in the manufacturing industry.
Zhang et al. [26] took Beijing as an example, constructed a carbon metabolism model based
on LUCC, and used the ENA method to analyze the structure and function of the network,
as well as the ecological relationship between components. The results showed that carbon
throughflow of the network decreased and positive relations mostly outweighed negative
relations.

The research objects of urban carbon metabolism were mainly cities that do not rely
on resources and less coal resource-based cities [27,28]. In 2013, the Chinese State Council
issued the Sustainable Development Plan for National Resource-based Cities (2013-2020),
which clearly points out that resource-based cities are cities with mining and processing of
natural resources such as minerals and forests as the leading industries. A coal resource-
based city refers to the city with mining and processing of local coal resources as the
leading industry. Coal resource-based cities are a kind of special city in the world, mainly
distributed in the United States, Russia, Australia, China and other countries with rich
coal resources. There are 58 coal resource-based cities in China, accounting for 61% of
the number of mining cities. Coal resource-based cities play an important role in China’s
economic development, but most of them have an extensive economic development mode,
large energy consumption and arduous low-carbon construction task. Therefore, they are
the main undertakers to achieve the goal of “carbon peaking and carbon neutrality”.

In general, the research on urban carbon metabolism has achieved rich results, which
have an important reference for this paper, but there are still the following shortcomings:
(1) The carbon emission accounting list was not comprehensive enough, especially for farm-
land and industrial land; (2) As a new target of land use layout at the present stage, few
studies studied carbon metabolism from the perspective of “ecological-production-living”
space, which cannot fully meet the needs of decision makers for land use management
practices; (3) The spatial characteristics of the carbon metabolism network were not suffi-
ciently described; (4) It provided policy suggestions at the macro level, but did not provide
a land use management framework from the practical level; (5) Lack of attention to coal
resource-based cities, an important carrier of carbon emission reduction.

Therefore, from the perspective of “ecological-production-living” space, the study
constructed a carbon metabolism network based on a comprehensive carbon emissions and
carbon sinks accounting system and LUCC. Then, the ENA method was used to identify
the ecological relationships between components under the effect of carbon metabolism.
Additionally, ArcGIS software was used to analyze the spatial characteristics of carbon
flow and ecological relationships. Finally, a low-carbon land use management framework
based on carbon metabolism was proposed. Figure 1 shows the technical route of the paper.
Taking Yulin, a typical coal resource-based city, as an example, the above technical thinking
was verified to form a complete and propagable technical system. The following aspects
are solved: (1) What is the comprehensive impact of LUCC on urban carbon metabolism?
What is the direction and spatial distribution of carbon transfer induced by LUCC? What
are the key nodes and paths associated with net carbon emissions? (2) What is the eco-
logical relationship between land use types under the effect of carbon metabolism and its
distribution characteristics? (3) How do we construct the land use management framework
based on carbon metabolism? The purpose of the study is to provide a scientific basis for
the technical path of sustainable land use management in coal resource-based cities.
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A low-carbon-oriented land use management framework
based on carbon metabolism
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Figure 1. Technical diagram to construct a low-carbon land use management framework. Note:
F represents woodland; G represents grassland; W represents water; B represents unused land; C
represents cultivated land; I represents industrial, mining and transportation land; U represents
urban land; R represents rural residential land.

2. Materials and Methods
2.1. Study Area

Yulin is located in the northernmost part of Shaanxi Province in China (36°57' N~39°35' N,
107°28’ E~111°15' E), at the boundary of the Loess Plateau and the Mu Us Sandy Land. It
has jurisdiction over one county-level city, two districts and nine counties, with an area of
4.29 x 10* km? (Figure 2). As a city with growing resources, Yulin is rich in energy resources,
known as China’s “Kuwait”, and is China’s emerging energy and chemical industry base.
At present, 48 kinds of mineral resources in 8 categories have been discovered in Yulin. In
the north, there is the Jurassic coal field, one of the seven largest coal fields in the world. In
the west, there is the largest integrated gas field in China’s interior. In the south, there is
the largest rock salt deposit in China. Among them, the most advantageous resource is the
coal resource. Yulin has the largest reserves of high quality coal in China. About 54% of the
land in Yulin City contains coal; its predicted coal reserves are 2.720 x 10! t, and its proven
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reserves are 1.490 x 10! t, accounting for 12% of China’s proven reserves. Yulin relies on
coal resources to develop and grow, and the coal chemical industry is the pillar industry of
its economic and social development. In the Sustainable Development Plan for National
Resource-based Cities (2013-2020) issued by the Chinese State Council, Yulin was defined
as a coal resource-based city and the supply and reserve base of China’s energy resources.
In recent years, Yulin’s urbanization and industrialization process accelerated. The process
of urban development and expansion relied on coal resources mining, processing and other
related industries, causing resource development to rise. While driving regional economic
development and social progress, the inertial dependence on carbon-based energy such
as coal also brought challenges to the low-carbon development of Yulin. As a typical
representative of the growing coal resource-based cities, Yulin is faced with a more complex
and urgent task of low-carbon construction under the “carbon peak and carbon neutrality”
goal. Therefore, it is typical and universal to select Yulin as the research area to study urban
carbon metabolism.
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Figure 2. Study area.

2.2. Data Sources

The data used in this paper includes DEM data, land use data and statistical data.
DEM data were obtained from Geospatial Data Cloud (http://www.gscloud.cn, accessed
on 5 January 2022). The land use data were obtained from Resource and Environment
Science and Data Center (http://www.resdc.cn/Default.aspx, accessed on 5 January 2022),
with a resolution of 1 km x 1 km. Statistical data were obtained from Yulin Statistical
Yearbook, Shaanxi Statistical Yearbook and Yulin Statistical Bulletin of National Economic and
Social Development.

2.3. Research Methods
2.3.1. Land Classification of “Ecological-Production-Living” Space

Referring to relevant research [29-32], according to the land use classification system
of the Chinese Academy of Sciences, the “ecological-production-living” space was divided
on the basis of the dominant function of land use (Table 1).
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Table 1. The “ecological-production-living” space classification.

“Ecological-Production-Living” Space Land Use Type and Code

Woodland (F)
Grassland (G)
Water (W)
Unused land (B)

Cultivated land (C)
Industrial, mining and transportation land (I)

Urban land (U) !
Rural residential land (R) 2

! Urban land refers to the land within the scope of planned city proper. 2 Rural residential land refers to the
rural settlements independent of the town. Information source is the remote sensing monitoring data of land use
types in China from Resource and Environment Science and Data Center of the Chinese Academy of Sciences
(http:/ /www.resdc.cn/Datalistl.aspx?FieldTyepID=1,3, accessed on 5 January 2022).

Ecological space

Production space

Living space

2.3.2. Carbon Metabolism in “Ecological-Production-Living” Space

The carbon metabolism of this paper fully considers the carbon emissions from the bio-
sphere to the atmosphere, the carbon sequestration from the atmosphere to the biosphere, and
the potential carbon transfer among land use types in “ecological-production-living” space.

(1) Carbon emission from the biosphere to the atmosphere

Urban carbon emission sources include all land use types of production space and
living space. Carbon emissions for these land use types are calculated as follows.

The carbon emission sources of cultivated land mainly include agricultural production
activities, animal enteric fermentation, animal manure management and rice fields. Carbon
emissions from agricultural production activities are calculated as:

Ca=Bxkp+Dxkp+Exkp+Fxkp+Gxkg+Hxkyg+W Xky 1)

where Cj4 is the carbon emissions of agricultural production activities; B, D, E and F are
the usage of chemical fertilizer, pesticide, agricultural film and agricultural diesel oil,
respectively; G and H are the irrigation and planting area of agricultural land, respectively;
W is the total power of agricultural machinery; k is the carbon emission coefficient, which
refers to Tian and Zhang [33], as shown in the Supplementary Table S3.

The CH4 emissions from animal enteric fermentation are calculated by multiplying
the year-end number by the corresponding emission factors. The CHy emissions from
animal manure management are calculated by multiplying the number of animals by
the corresponding emission factors. The CHy emissions from rice field are calculated
by multiplying the sown area by its emission factors. The above emission factors refer
to Guidelines for Compiling Provincial Greenhouse Gas Inventories, as shown in the
Supplementary Tables S3 and S4.

Carbon emissions from industrial, mining and transportation land mainly come from
transportation, energy activities and industrial production processes. In the paper, the
carbon emission calculation method of transportation in the study refers to Du et al. [14].
Additionally, the greenhouse gas calculation method recommended by the IPCC is adopted
to calculate the carbon emissions of energy activities:

n
Ce=)_ Ei x N; x 6; x O; x 44/12 )
i=1

where C, is the total amount of carbon emissions from energy activities, n is energy types;
E;, N;, 6; and O; are the consumption, average low calorific value, carbon content and
carbon oxidation rate of i energy, respectively. The molecular weight ratio of CO, and C is
44/12. The relevant index values refer to Wang et al. [34].
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For Yulin, this paper considers carbon emissions in the production of cement and
calcium carbide. It is obtained by multiplying the output of cement or calcium carbide by
the corresponding emission factors, which refer to Guidelines for Compiling Provincial
Greenhouse Gas Inventories, as shown in the Supplementary Table S3.

The carbon emissions of urban land mainly come from residents’ respiration and living
energy consumption, but the carbon emission source of rural land is the burning of straw
besides two parts. First of all, the carbon emissions of residents’ breathing are calculated by
multiplying the urban or rural permanent population by the carbon emission coefficient of
human breathing. The carbon emission coefficient of human breathing is 79 kg /per./a. [14].
Secondly, the carbon emissions of living energy consumption are calculated according
to Equation (2). Finally, the carbon emissions from straw combustion are calculated as
Equation (3):

m
Co=) P xSixfxaxb 3)
i=1
where C; is carbon emissions from straw burning; m is the number of crop species; P; is
the production of i crop; S; and 0; are the ratio of grain to straw and the carbon emission
coefficient of straw burning of 7 crop, respectively; a is the open burning ratio of straw; b is
the burning efficiency of straw. The values of above indicators refer to Du et al. [14].

(2) Carbon sequestration from the atmosphere to the biosphere

The components that play the role of carbon sink are all land use types of ecological
space and cultivated land. Their carbon sinks are calculated as follows.
The formula for calculating the carbon sink of woodland, grassland, water and unused
land is:
Cl‘ = Si X K; (4)

where C;, S; and K; are carbon sink, area and carbon sink coefficients of i component,
respectively. The carbon sink coefficients refer to existing research [35-37] and are shown
in the Supplementary Table S1.

The carbon sequestration of cultivated land is calculated by Equation (5):

CC:iPi/H,‘X(l—Vi)Xf,’ (5)
i=1

where C, is the carbon sequestration of cultivated land, n is the number of crop species,
P;, H;, 1, f; are the economic output, economic coefficient, moisture content and carbon
absorption rate of the i crop, respectively. The values of relevant indicators refer to Tian
and Zhang [33], as shown in the Supplementary Table S2.

(8) Carbon flow caused by LUCC

A carbon flow from component j to component i was represented as f;; [38].
fij =AW x AS (6)

AW =W, —W; = Vj/S; ~ Vi/S,; @)

where AW is the difference in carbon metabolism density between component j and i; AS
is the area difference between j and i; W; and W; are the net carbon metabolism density
of j and i, respectively; V; and V; are the net carbon metabolism of component j and i,
respectively; S; and S; are area of component j and i, respectively.
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2.3.3. Ecological Network Utility Analysis

In order to characterize the effective direct utility amount among the components, the
direct utility matrix D is defined, as shown in Equation (8) [39]. Based on this, we calculate
the dimensionless total utility matrix U, as shown in Equation (9) [39]:

dij = (fij — fii)/Ti 8)

U= (u;) =D°+D'+...D"=(I-D)" )

where dl-]- is the element of matrix D; ﬁ]- is the direct flow from j to i; f]-i is the direct flow from
i to j; T; is the carbon flux of i; ujj is the element of matrix U; # is the number of components;
I is identity matrix.

In the matrix U, positive elements represent positive utility, and negative elements
represent negative utility. According to the matrix U, the ecological relationship between
the two components can be judged. The possible types of ecological relationships are
shown in the Supplementary Table S5. Among them, four common ecological relationships
are competition, control, exploitation, and mutualism. Control and exploitation relation-
ships indicate that one component benefits from the relationship and the other is harmed.
Competitive relationships indicate that two compartments compete with each other and
both lose their utility. Mutualism relationships indicate that both compartments increase
their utility in the process of interaction.

The utility of the ecological relationship to the system is evaluated using the mutualism
index M, as shown in Equation (10) [39]:

M=N,/N_ (10)

where N, and N_ are the numbers of positive and negative elements in matrix U, re-
spectively. M > 1 indicates that the evolution of “ecological-production-living” space has
a positive effect on the urban carbon metabolism balance, and the larger the value, the
stronger the positive effect; when M < 1, the effect is opposite.

3. Results
3.1. Carbon Metabolism in “Ecological-Production-Living” Space

Table 2 shows the carbon emissions and carbon sinks of Yulin City’s “ecological-
production-living” space in 2010 and 2020. In terms of carbon emissions, Yulin’s total
carbon emissions in 2020 were 4.46 times that of 2010. The dominance of carbon emissions
from industrial, mining and transportation land during the study period was prominent,
accounting for about 99% of the total carbon emissions on average, indicating that the
carbon emissions of industrial, mining and transportation land determined the total carbon
emissions of Yulin City. Therefore, the carbon emission reduction work of Yulin City needs
to start from the carbon emission reduction in the industrial and transportation industry.
In 2020, compared with 2010, the carbon emissions of rural land decreased by 14.78%, and
the carbon emissions of cultivated land, urban land, industrial and transportation land
increased by 32.03%, 28.37% and 348.33%, respectively. Figure S1 shows the distribution
of “ecological-production-living” space in Yulin City in 2010 and 2020. Combined with
Figure 51, the reasons are analyzed. It is found that the area of rural land increased from
2010 to 2020, but its carbon emissions decreased. This indicates that the carbon emission
density of rural land decreased from 2010 to 2020. Possible causes are as follows. On
the one hand, with the implementation of the rural revitalization strategy, the farmers’
production and living conditions have improved, the level of rural electrification has
enhanced, and rural activities such as cooking and heating have been gradually replaced
by clean energy, so the carbon emissions from rural coal fired have reduced. On the other
hand, in recent years, with the implementation of a ban on straw burning in Yulin city,
carbon emissions from straw burning in rural areas have decreased. However, with the
continuous improvement of the rural mechanization level, the widespread use of chemical
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fertilizers, pesticides and agricultural machinery has led to an increase in carbon emissions
from cultivated land. In addition, Yulin City is in the stage of rapid industrialization
and urbanization, so that energy consumption is rapidly increasing. As a result, carbon
emissions from urban land as well as industrial and transportation land during the study
period increased.

Table 2. Carbon emissions and carbon sinks of “ecological-production-living” land in Yulin (x10% t).

Land Use Type 2010 2020
Ca.lrb.on Carbon Sinks C?rb.o n Carbon Sinks
Emissions Emissions

C 26.54 119.23 35.04 192.26
F 1349.03 1411.92
G 3.93 4.00
Y 1.37 1.18
U 12.55 16.11
R 15.16 12.92
1 8524.81 38,219.30
B 0.02 0.02

Sum 8579.07 1473.59 38,283.36 1609.38

In terms of carbon sinks, the total carbon sinks of Yulin in 2020 were 1.10 times that
of 2010. Forest land was the most important components of carbon sink in 2010 and 2020,
accounting for 89.64% of the total carbon sinks on average. In addition, the carbon sink
capacity of cultivated land could not be ignored, whose carbon sinks accounted for about
10.02% of the total carbon sinks on average. Compared with 2010, the carbon sinks in
ecological space increased by 4.63% in 2020. Among them, the carbon sinks of forest
land and grassland increased by 4.66% and 1.78%, respectively, the carbon sinks of waters
decreased by 13.87%, and the carbon sinks of unused land remained unchanged. It can
be seen from Figure S1 that the area of the ecological space decreased from 2010 to 2020,
but here we see an increase in its carbon sink. The reason is that the area of forest land
and grassland in ecological space increased, indicating that the carbon sink role of forest
land and grassland in the ecological space is more obvious. In addition, from 2010 to 2020,
the carbon sinks of cultivated land increased by 61.25%, but according to Figure S1, the
area of cultivated land decreased. This indicates that the carbon sink capacity of cultivated
land was enhanced from 2010 to 2020. Overall, the carbon emissions of Yulin City in 2010
and 2020 were greater than the carbon sinks, and the carbon emissions were 5.82 and
27.79 times the carbon sinks, respectively, indicating that the carbon metabolism imbalance
in Yulin City intensified during the study period.

Based on the land use transition matrix (Table S6), the “carbon flow” matrix of Yulin’s
“ecological-production-living” space was obtained (Table S7). Figure 3 shows the carbon
flow network among components. The results showed that the net carbon flow in Yulin
from 2010 to 2020 was —2.76 x 108 t, which indicated that the evolution of Yulin’s “ecological-
production-living” space had led to an increase in carbon emissions. Among them, the
main path for negative carbon flow was the transfer of ecological space and cultivated land
into industrial, mining and transportation land, accounting for 81.24% and 16.24% of the
total negative carbon flow, respectively. The positive carbon flow was only 26.07% of the
negative carbon flow; its main path was the transfer of industrial, mining and transportation
land into various lands of ecological space and cultivated land, accounting for 25.66% and
12.07% of the total positive carbon flow, respectively. This indicated that industrial, mining
and transportation land was the key component of carbon metabolism in Yulin city. In
addition, the transfer of other land use types to forest land was also an important path for
positive carbon flow, and the positive carbon flow on the path accounted for 10.37% of
the total positive carbon flow. Among them, the positive carbon flow along the path from
cultivated land to forest land accounted for 42.69%, indicating that the implementation
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of the project of returning farmland to forestland had a certain promoting effect on the
balance of urban carbon metabolism.

Figure 3. Carbon flow network. Note: Green represents positive carbon flow, red represents negative
carbon flow, and the darker the color, the greater the flow.

In order to more intuitively display the spatial distribution of net carbon flow in
the “ecological-production-living” space of Yulin city from 2010 to 2020, the study finally
divided both positive and negative carbon flow into four grades, which achieved the best
grading effect, as shown in Figure 4. From 2010 to 2020, the patches without carbon transfer
in the horizontal direction of Yulin City accounted for 55.76% of the total area, and the
patches with negative carbon flow and positive carbon flow accounted for 23.24% and
21.00%, respectively. Although the area of the plaques with positive and negative carbon
flow was not much different, it could be seen from above that the overall net carbon flow
was a large negative number, which indicated that the carbon emission intensity of the
plaques with negative carbon flow was far greater than that with positive carbon flow.
It could be seen from Figure 4a that according to the flow grade from low to high, the
area proportions of the plaques with negative carbon flow accounted for 77.76%, 1.40%,
13.75% and 7.09%, respectively. The lowest grade patches with negative carbon flow
accounted for the largest proportion, whose carbon flow was mainly caused by the transfer
of cultivated land to grassland. In addition, although the plaques with carbon flow higher
than 100 x 10* t only accounted for 7.09%, their contribution to the negative carbon flow
was 54 times that of other grades of plaques. Moreover, the study found that the spatial
distribution of these patches with the highest grade of negative carbon flow was consistent
with that of the newly added industrial, mining and transportation land mentioned above,
which further highlighted the negative effects of industrial, mining and transportation
land on urban carbon metabolism. It could be seen from Figure 4b that according to the
flow grade from low to high, the area proportions of the plaques with positive carbon flow
accounted for 82.02%, 0.97%, 16.73% and 0.28%, respectively. The lowest grade patches
with positive carbon flow accounted for the largest proportion and were widely distributed,
whose carbon flow was mainly caused by the transfer of grassland to cultivated land and
the transfer of unused land to grassland. In view of the small area, small number, and
scattered distribution of patches with the highest grade of positive carbon flow, green
circles were added around them for convenient observation. It was found that the plaques
with the highest grade of positive carbon flow were mainly distributed in the coal mining
areas of Shenmu, Fugu and Yuyang. This was closely related to the fact that the Yulin City
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government took the Shenmu-Fugu coal distribution area, Yulin-Shenmu coal distribution
area and Fugu coal distribution area as key governance areas of the mining environment
during the study period, and carried out vegetation restoration and land reclamation for
abandoned mines.

(a) Negative carbon flow

' — Administrative boundaries
Positive carbon flow (x10*1C) £
=100

— Administrative boundaries
Negative carbon flow (x10*tC)[ . . ;
<100 e

B -100~-50 I 50~100
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Figure 4. Spatial distribution of net carbon flow in “ecological-production-living” space of Yulin City
from 2010 to 2020.

3.2. Ecological Relationships among “Ecological-Production-Living” Space Land

Figure 5 shows the ecological relationships between various land use types in the
“ecological-production-living” space in Yulin City under the action of carbon metabolism,
including the four relationships: competition, control, exploitation, and mutualism. Among
them, control and exploitation are identical in essence although they are presented in
opposite ways. Therefore, these two relationships are combined for statistics in the study.
The results showed that the number of control and exploitation relationships accounted for
60.72% of the total, and they were widely distributed among the components. Among them,
grassland, industrial, mining and transportation land were very important components
of the exploitation relationship, both of which accounted for 23.53% of the relationship.
It showed that the increase in grassland area and the expansion of industrial, mining
and transportation land had important effects on urban carbon metabolism. Competition
relationships accounted for 28.57% of all relationships, 75% of which existed in cultivated
land and the land of ecological space. This indicated that under the action of the system,
there was fierce competition for carbon storage among land use types, including cultivated
land and all types of land in ecological space. The reason was that all these land use types
have the function of carbon sequestration, and competition between them was inevitable
under the premise of limited carbon storage in the system. Mutualism relationships
accounted for only 10.71% of all relationships. There were mutualism relationships between
grassland and urban land, between grassland and industrial, mining and transportation
land, and between urban land and rural land. Under the premise that carbon emission was
fixed and there was no obvious land transfer between these two types of land, the carbon
emitted by urban land and industrial, mining and transportation land was absorbed by
grassland, which promoted the expansion of grassland. At the same time, the enhanced
carbon absorption brought about by the expansion of grassland also reduced the pressure
on the carbon emission of the system, which was beneficial to the expansion of urban
land and industrial and transportation land. For urban land and rural land, although
the direct “carbon flow” will not bring about a mutualism relationship, the transfer of
these two types of land to other types of land to a certain extent will reduce the carbon
emissions of these two types of land relatively. In general, the carbon metabolism system of
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“ecological-production-living” space in Yulin was dominated by the control and exploitation
relationship, and the proportion of mutualism relationships in all relationships was smaller
than that of competition relationships. This showed us that the relationship among the
components in the carbon metabolism system was relatively conflicted and the reciprocal
level of the carbon metabolism system was not high.

W= ® CE Q™A

= competition mm control exploitation == mutualism

Figure 5. Ecological relationships between components of “ecological-production-living” space.

The spatial distribution of ecological relationships is shown in Figure 6. The white
area in the figure is the area where the land use type has not changed. It could be seen
from the figure that the control and exploitation relationships were widely distributed,
mainly in Shenmu, Dingbian and Yuyang, accounting for 30.70%, 30.35% and 28.42% of the
relationship, respectively. This is because the area of mutual transfer between cultivated
land and grassland, grassland and rural land, forestland and grassland in these areas
is relatively large. The competition relationships were mainly distributed in Yuyang,
Jingbian and Suide, accounting for 16.11%, 14.15% and 12.00%, respectively. The main
reason is that the area of mutual transfer between rural land and cultivated land, and
cultivated land and forestland, in these areas is relatively large. In addition, there was also
a large transfer area between cultivated land and forest land. The mutualism relationships
were mainly concentrated in Shenmu, Fugu and Yuyang, accounting for 45.41%, 21.00%
and 16.27%, respectively. The reason for this is that the transfer area between grassland
and industrial, and mining and transportation land, in these areas was relatively large.
Generally speaking, the distribution of control and exploitation relationships were relatively
broad, the distribution of competition relationships were relatively scattered, and the
distribution of mutualism relationships were more concentrated.

The mutualism index M considers both the ecological relationship of direct and indirect
carbon flow, which reflects the impact of the comprehensive effect of carbon flow on urban
carbon metabolism, and can more comprehensively evaluate the carbon metabolism of
urban “ecological-production-living” space. The value of M obtained by the calculation is
0.94 < 1, indicating that the positive effect of carbon flow is less than the negative effect
in the carbon metabolism system, and the evolution of the “ecological-production-living”
space exacerbates the disturbance of urban carbon metabolism, which is consistent with
the calculation results of net carbon flow.
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Figure 6. Spatial distribution of ecological relationships.

3.3. Low-Carbon Land Use Management Framework in”Ecological-Production-Living” Space

According to the dominant factors such as the distribution pattern of carbon flow and
its ecological relationships, the status quo of “ecological-production-living” space and so
on, a low-carbon land use management framework was proposed. In the paper, an overlay
analysis was carried out on the spatial distribution map of Yulin’s “ecological-production-
living” space in 2020, and the spatial distribution map of carbon flow and its ecological
relationships from 2010 to 2020, and the whole area of Yulin was divided into six types of

management and control units (Figure 7).

M Ecological space-enhancing carbon sink capacity unit
M Production space-carbon emission reduction unit
[ Ecological space-priority restoration unit

Living space-focused optimization unit
M Production space-priority control unit
~ General control unit

— Administrative boundaries
0

Figure 7. Management and control units of “ecological-production-living” space in Yulin.
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(1) Ecological space—priority restoration units

These units refer to the area with negative carbon flow and a competitive ecological
relationship in the ecological space at the end of the study period. The main reason is
that water and bare land with a lower carbon sink density compete with cultivated land
and forest land with a higher carbon sink density, resulting in a decline in the carbon sink
capacity of the system and a negative effect on urban carbon metabolism. These units
accounted for 1.27% of the whole area, and were mainly distributed in Yuyang, Hengshan,
Shenmu, Jingbian and Dingbian, accounting for 26.67%, 18.70%, 17.04%, 16.67% and 10.56%,
respectively. The changes in land use types during the study period of these units indicated
that there were phenomena of human destruction of the ecological environment, such
as deforestation and abandonment of land. Therefore, it was necessary to strengthen
management, resolutely stop and punish all man-made destruction activities that lead to
the continuous deterioration of ecological functions, and it was also necessary to strengthen
the follow-up construction work such as supplementary afforestation and land reclamation.

(2) Ecological space—enhancing carbon sink capacity units

These units refer to the area with negative carbon flow and control and the exploitation
relationship in ecological space at the end of the study period. Grassland can be found to
be a very important component in forming an exploitation relationship. A total of 87.81%
of such units were derived from the exploitation of other land by grassland. Among them,
78.11% of the units originated from the exploitation of cultivated land by grassland, which
may be influenced by the policy of returning farmland to grassland. For these units, on
the basis of suitability evaluation, priority should be given to restoring the cultivated
land that needs to be transferred to forest land, so as to improve the carbon sequestration
capacity. In addition, 7.9% of the units originated from the exploitation of forest land by
grassland. However, it was the large carbon sink density difference between grassland
and forestland that caused 91.31% of the negative carbon flow. These units accounted for
18.54% of the whole area, and were widely distributed but mainly in Shenmu, Yuyang,
Dingbian, Hengshan and Jingbian, accounting for 15.66%, 14.11%, 12.98%, 11.08% and
10.61%, respectively. These units may be anthropogenically affected by logging, mining,
etc., so the forest land is degraded and turned into grassland. Therefore, it was necessary
to revegetate these units to improve the ecological restoration effect.

(8) Living space—focused optimization units

These units refer to the area with negative carbon flow and control and exploitation
relationship in the living space at the end of the study period. They accounted for 0.32% of
the total area, mainly distributed in Dingbian, Jingbian, Yuyang, Shenmu and Hengshan,
accounting for 33.33%, 15.22%, 11.59%, 9.42% and 9.42%, respectively. They originated
from the exploitation of ecological space and cultivated land by living space, resulting
in an increase in carbon emission sources and a decrease in carbon sinks, which had an
important impact on the balance of urban carbon metabolism. Therefore, the expansion of
such units should be controlled in time to avoid the exploitation of the carbon sink land.
At the same time, resource allocation should be used to attract the population to live in a
concentrated area, so as to improve the efficiency of resource utilization, and then achieve
the goal of reducing carbon emissions.

(4) Production space—priority control units

These units refer to the area with a negative carbon flow and competitive ecological
relationship in the production space at the end of the study period. They accounted
for 1.44% of the total area, mainly distributed in Suide, Qingjian, Zizhou, Jingbian and
Dingbian which belong to the loess hilly region, accounting for 22.39%, 15.85%, 14.71%,
14.05% and 8.50%, respectively. They mainly included the following two types. One
was the competition between industrial, mining and transportation land and rural land;
such units accounted for only 0.33%. They reflected the industrialization of rural areas
to a certain extent, and were conducive to promoting economic development and social
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progress in rural areas. Therefore, it was necessary to accelerate the exploration of low-
carbon technologies and reduce carbon emissions in the production process. The other was
the competition between cultivated land and forest land; such units accounted for 99.67%.
The reason for this was that in order to achieve cultivated land requisition-compensation,
the supplementary cultivated land mainly came from forestland. Therefore, these units
should be based on the premise of farmland protection and ecological protection, and the
farmland that is not suitable for farming should be transferred into forest land to enhance
carbon sinks.

(5) Production space—carbon emissions reduction units

These units refer to the area with a negative carbon flow and a control and exploitation
relationship in the production space at the end of the study period. They were mainly
the exploitation of ecological space and cultivated land by industrial and transportation
land, and their negative carbon flow exceeds 5.00 x 108 t, which seriously affected the
carbon metabolism balance of Yulin. These units accounted for 0.81% of the whole area, and
were mainly distributed in Yuyang, Shenmu, Hengshan, Fugu and Jingbian, accounting
for 26.88%, 24.57%, 13.01%, 12.14% and 10.98%, respectively. The main reason is that
these areas are the coal mines of Yulin. As a growing resource-based city, Yulin’s resource
exploitation is on the rise. Especially under the “dual circulation” strategy, it is bound to
speed up resource exploitation and utilization. Therefore, on the one hand, these units
should eliminate high energy-consuming industries and support new energy industries;
on the other hand, it is necessary to optimize the layout of industrial production space,
establish industrial parks to form low-carbon, efficient, and high-quality production spaces.

(6) General control units

These units refer to areas other than the above-mentioned units. They account for
77.62% of the total area and are widely distributed. They include three types, namely units
with no change in land use type during the study period, units with positive carbon flow,
and units with negative carbon flow but with a mutualism relationship. Such units have no
negative effect on the urban carbon metabolism balance. Therefore, under the premise of
prioritizing the quality of the ecological environment, management and utilization should
be carried out according to the original land use type, and a low-carbon mode of land use
should be sought at the same time.

4. Discussion

The study analyzed the carbon metabolism process of the “ecological-production-
living” space in Yulin, a coal resource-based city, and found that the carbon emissions
from industrial, mining and transportation land dominated the total carbon emissions,
and forest land was the most important component of carbon sink. This is the same as the
research results of Xia [24], but different from those of Du et al. [14]. Xia [24] analyzed the
carbon metabolism process in Hangzhou from the perspective of land use, and found that
industrial and transportation land was the main source of carbon emissions in Hangzhou
from 1995 to 2015, whose carbon emissions accounted for about 86.89% of the total carbon
emissions on average, and forest land is the most important component for carbon sink,
whose carbon sinks accounted for 70% of the total carbon sink on average. Du et al. [14]
studied the carbon metabolism of the “ecological-production-living” space in Zhaotong City,
a coal resource-based city. He took the industrial land and road land as two independent
components and compared its carbon emissions with those of the cultivated land, urban
land, and rural land. It was found that cultivated land had the largest carbon emissions in
2010, and industrial land had the largest carbon emissions in 2018. However, by summing
up the carbon emissions of industrial land and road land, it was found that in 2010 and
2018, the carbon emissions of industrial land and road land in Zhaotong City accounted for
41.96% and 79.00%, respectively, which is the most important source of carbon emissions.
Compared with this study, the proportion of carbon emissions from industrial and road
land in Zhaotong City is lower than that of Yulin City. The possible reason is that the
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industrial development level of Zhaotong City is lower than that of Yulin City. For example,
in 2010, the industrial added value of Yulin City was about 7.44 times that of Zhaotong City.
Therefore, the industrial carbon emission of Zhaotong City is lower than that of Yulin City.
In addition, Du et al. [14] found that cultivated land was the most important land for carbon
sink in Zhaotong City during the study period, which was different from the results of the
study. The possible reason is that the proportion of the added value of Zhaotong City’s
primary industry in GDP is higher than that of Yulin. For example, in 2010, the proportion
of primary industry in Zhaotong City and Yulin City was 19.5% and 5.3%, respectively.
Therefore, the proportion of crop planting areas in Zhaotong City may be higher than that
in Yulin City, resulting in a more prominent role of cultivated land as a carbon sink. To
sum up, irrespective of whether they are resource-based cities or non-resource-based cities,
industrial and transportation land are the main sources of carbon emissions in cities, and
forest land and cultivated land are the main components of carbon sinks in cities.

The limitation of the study is that the resolution of land use data is coarse. This is
because the land use classification of the higher resolution land use data in Yulin at this
stage cannot meet the needs of the land use classification of “ecological-production-living”
space in this study, so the data with a resolution of 1 km is selected. In the future, it is
necessary to use higher-resolution spatial data to carry out research to accurately grasp
the spatial evolution of Yulin City’s “ecological-production-living” space and carbon flow
changes, so as to formulate regional land use management framework more accurately.

5. Conclusions

Taking Yulin, a typical coal resource-based city in China, as an example, we proposed
a low-carbon land use management framework based on the urban carbon metabolism
network. The results showed that industrial, mining and transportation land had the
largest carbon emissions, accounting for more than 90% of the total carbon emissions.
Carbon sequestration of forestland was prominent, accounting for 89.64% of the total carbon
sequestration. The main path of negative carbon flow was the transfer of ecological land and
cultivated land to industrial, mining and transportation land. The positive carbon flow was
mainly caused by the transfer of industrial, mining and transportation land to ecological
land and cultivated land. The ecological relationships between land use types under the
effect of carbon metabolism was dominated by control and exploitation relationships, and
mutualism relationship accounted for the lowest proportion. The value of mutualism
index M was 0.94 < 1, indicating that the evolution of “ecological-production-living”
space in Yulin had a negative effect on urban carbon metabolism. Based on the spatial
analysis of carbon flow and the ecological relationship, combined with the current situation
of “ecological-production-living” space, and oriented by low-carbon development, six
types of control units are divided: Ecological space—priority restoration units; Ecological
space—enhancing carbon sink capacity units; Living space—focused optimization units;
Production space—priority control units; Production space—carbon emissions reduction
units; General control units. This provides a reference framework of low-carbon land use
management on a practical level for international coal resource-based cities.
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Table S5: Ecological relationships classification in ecological network analysis; Table S6:”Ecological-
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