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As cities are the main source of carbon emissions for human-social systems,
clarifying the characteristics of carbon emission structure and distribution in
urban areas is an important foundation for achieving carbon neutrality of cities
and also an important challenge for human-social systems to achieve global
carbon balance goals. The spatial utilization of cities is often characterized
by the agglomeration of construction land, population concentration, and
industrial production, with high carbon emission intensity and large total
amount. The current research on the quantification of regional carbon
emissions is mainly in two categories, namely, bottom-up calculation method
system based on emission inventory and top-down method system based
on energy balance and input-output model. However, how to clarify both
the total regional carbon emissions and their spatial distribution has been a
difficult problem in the field of carbon emission quantification. Based on the
comprehensive consideration of these two aspects, this study tries to construct
an approach that combines the top-down carbon emission measurement
method with the bottom-up spatialization process. The total carbon emissions
of the human-society system are specified to each land patch and, thereby,
the carbon emission pattern of each emission sector in the city could be
determined. In this study, we quantified the carbon emissions of Nanjing in
2020 and obtained the spatial pattern of carbon emissions in this city based
on land use. The results showed that the carbon emission intensity of the main
urban area of Nanjing was much higher than that of other districts, while energy
consumption of the industrial production system was the main source of
carbon emissions in the human-social system there. The method of this study
has a relatively wide applicability and can help researchers and governments
to clarify the quantity and location of their carbon emissions clearly, which is
meaningful for the implementation of urban carbon reduction strategies.

KEYWORDS

carbon emission, calculation framework, energy consumption, land use, human-
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Introduction

Achieving carbon balance is one of the most important
challenges and tasks facing the development of human society
worldwide (Randerson, 2013; Hong et al., 2021). Cities are the
main sites of carbon generation and emission in the human-
social system; thus, the carbon source and sink characteristics
of cities are one of the basic and important research areas for
their regulation to achieve urban carbon balance. The shape of
future urban development, the development of agglomerative,
and clustered urban agglomerations is the main trend of
future urban development, which is the core meaning of
discussing and considering carbon balance under the scale
of urban agglomerations (Yan et al., 2018). The development
pattern of urban agglomerations is an intensive development
pattern of the human-social system that is partially self-
sufficient in a certain land space by interacting with relatively
dense urban space and natural ecological space with sufficient
supporting capacity, which is the direction of high-performance
development of social economy and also puts forward extremely
high requirements on the supporting capacity of natural
ecological system and proximity resource and energy supporting
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system (Seneviratne et al., 2016; Nemeth-Durko, 2020). From
the perspective of achieving regional carbon balance, although
climate change and carbon neutrality are worldwide issues
(Acheampong et al,, 2022), the underlying logic is that if all
perspectives of society can plan their socio-ecological systems
with the goal of self-sufficiency, then the carbon neutrality of the
whole world means the carbon neutrality of each country and
each region (Zhang et al., 2019).

Cities have probably become the direction of human-social
system development all over the world. The agglomeration
of cities means the highest possible input-output efficiency
and the most intensive land use. Cities are actually a
viable strategy for urban and regional development under
current resource constraints, climate change constraints, and
sustainable development goals (Wang et al., 2022). The resource
and energy consumption, ecological load, and additional
redundancy from a distance corresponding to concentrating
a larger population on a relatively small plot of land
are likely to be far less than those of a diffuse urban
layout, which may be the fundamental reason for the
development of urban agglomerations worldwide. Thus, it is
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also of great relevance to discuss the carbon balance at the
urban scale.

Regional carbon emission accounting, assessment, and land-
based spatial patterns of carbon sources are of great significance
for realistic applications (Herrero et al., 2016), influencing and
driving key factors of urban agglomerations on their carbon
balance patterns and the resulting development strategies for
urban agglomerations (Chen et al., 2022). Energy carbon
emissions are closely related to the level of socioeconomic
development, controlling energy carbon emissions or figuring
out the intensity and pattern of energy carbon emissions is
extremely important for human society to control its own
greenhouse gas load (Shan et al., 2017), and the intensity and
pattern distribution of energy carbon emissions are often close to
or completely consistent with the pattern of urban construction
(IPCC, 2019; Yang et al., 2020).

From an efficient point of view, controlling the area of
construction land and increasing the carbon emission per unit
of construction land area are a feasible land strategy to control
human carbon emissions (Stechemesser and Guenther, 2012).
The premise of this strategy is that we can know the pattern
of construction land and the pattern of energy carbon emission
more clearly, and based on the spatial expression of land use,
we can know the distribution and change of carbon emission
on specific land parcels (Zmami and Ben-Salha, 2020; Ong
et al., 2021). This is very consistent with the requirement of
carbon neutrality. Although the scale of carbon neutrality is
generally global, national, or at least an administrative region,
it is still significant to analyze carbon sources and sinks at the
scale of land parcels with a carbon neutrality perspective, which
helps us to look at the land use types on specific land parcels
with a carbon neutrality perspective, and consider the future
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development direction of each type of land parcel with a carbon
neutrality purpose. This also provides a very basic data structure
and methodological support for the regional land strategy.

With this overall consideration, this article combines the
top-down calculation method with the bottom-up spatial
analysis for the human-social system, which covers carbon
emission calculation models for different industrial types, energy
structures, and living patterns in agriculture, industry, inner-
city, and rural areas within the administrative boundary of the
city, and also integrates various data sources such as energy
balance sheets, socioeconomic statistical yearbooks, and land-
use data. We chose the Yangtze River Delta urban agglomeration
region (Sun et al., 2010), which has the highest degree of
urbanization development and the most drastic changes in the
urbanization process in China. For the specific study case, we
chose a typical metropolis, Nanjing, the capital city of Jiangsu
Province, to conduct specific research on carbon emission
calculation and spatialization analysis (Qiao et al., 2016).

Methodology and materials

Framework for carbon emission
calculation and visualization

The carbon emissions from the human-social system mainly
include those from the industrial production system, those from
the agricultural production system from human life, and those
from the urban or rural support human life system, mainly from
direct consumption or combustion of energy, and a smaller part
comes from the synthetic link of industrial production, such as
cement manufacturing. The total amount and proportion of this

Human-Social System
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agricultural processes
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FIGURE 1

The framework for regional carbon emission calculation and visualization of human-social system.
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part of carbon emissions are small, so they are not included
in the calculation boundary. The sources of carbon emissions
from human-social systems have different energy consumption
characteristics and spatial distribution structures. In this study,
we have used the concept of categorical calculation-stratified
spatialization-overlay aggregation. The specific calculation and
spatial visualization framework are shown in Figure 1.

Calculation model of carbon emission

Considering the calculation purpose to clarify the overall
performance of carbon emissions, a calculation perspective
based on the consumption side is therefore adopted (Ong et al.,
2021). The calculation of energy carbon emissions is based
on the regional energy balance sheet with the actual energy
consumption of industries and sectors, including industrial
production system energy carbon emissions, agricultural
production system energy carbon emissions, intraurban energy
carbon emissions, and rural energy carbon emissions, which
are independent parts of each other in terms of spatial land-
use types and together form the main source of energy
carbon emissions. By considering the primary/secondary energy
conversion process, we try to identify and deduct the part of
thermal power generation in the calculation and turn to calculate
the indirect carbon emissions of electricity consumption.

Besides, the socioeconomic system is divided into four
parts, namely, industrial carbon emissions, agricultural carbon
emissions, urban carbon emissions, and rural living carbon
emissions, where carbon emissions from the tertiary sector such
as the service sector are also included in the calculation of urban

carbon emissions.
CE = CEfactory + CEurban + CEagriculture + CEruralliving 1)

where CE is the total carbon emissions from the socioeconomic
system in the calculation region, CE/@<0" is the total carbon
emissions from energy consumption of all industrial production
systems, CEY4 s the total carbon emission of inner cities,
CE@griculture s the total carbon emissions from agricultural
processes around the city, and CE™"a!living s the total carbon

emissions of the rural domestic around the city.

Carbon emissions from industrial production
systems

The carbon emissions of industrial production systems are
calculated through the energy consumption at the ultimate
consumption side, considering the direct and indirect carbon
emissions of all the industrial production processes, but
taking care to deduct the conversion of primary to secondary
energy sources.

n
Z Z energyjj * w; 2)

7]

Cgfactory _ Z CEf“fmr)’j —
J
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where CE/*%"Y is the total carbon emissions from energy
consumption of all industrial production systems in the
calculation region, CE is the carbon emissions from energy
consumption of industrial production enterprise j, w; is the
carbon emission factor of the energy consumption i, which
the specific value is derived from the IPCC’s greenhouse gas
emissions inventory, energy;; is the energy consumption i of
industrial production enterprise j, and j traverses all industrial
production industries.

Carbon emissions of inner city

Urban carbon emissions include the emission from the
distribution sectors, urban serving sectors, state organs,
political party organs, social organizations, police, and military.
Specifically, the sectors include transportation, storage and
postal services, information transmission, computer services
and software, wholesale and retail, accommodation and
catering, finance, real estate, leasing and business services,
scientific research, technical services and geological exploration,
water, environment and public facilities management,
residential services and other services, education, health, social
security and social welfare, culture, sports and entertainment,
public administration and social organizations, international
organizations and other industries, as well as urban residents’

energy consumption.

n
CEMrban — Zenergyi * W) (3)

1

where CE¥"04" s the total carbon emissions of inner city in
the calculation region, energy; is the energy consumption, and
w; is the carbon emission factor of the energy consumption i,
which the specific value is derived from the IPCC’s greenhouse
gas emissions inventory.

It is worth noting that urban carbon emissions are mainly
indirect carbon emissions from secondary energy consumption
such as electricity; however, in this study, in order to focus
the study on the actual energy consumption side, carbon
emissions from electricity are not accounted for at the electricity
production side but at the consumption side through the
verification of the grid structure.

Carbon emissions from rural domestic and
agricultural processes around the city

Carbon emissions from rural life mainly refer to carbon
emissions from energy consumption of industries other
than agricultural production and from domestic energy
consumption of rural residents that occur in rural areas.
Carbon emissions from agricultural production are generated
from farmland around Nanjing. Carbon emissions from energy
consumption used for agricultural production mainly include
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energy consumption of agricultural production machinery and
devices, and energy consumption of fertilizers and pesticides.

Spatialization of carbon emission and
sequestration

Spatial visualization of carbon emissions needs to be based
on a clear distinction and identification of the land use of
human-social systems that generate carbon emissions. To clarify
the spatial distribution of carbon emissions from industrial
production systems, agricultural production systems, intraurban
energy, and rural energy, we make a basic classification of each
land use based on the 2020 Nanjing land-use data (with an
accuracy of 30 m) from China’s multi-period land use/land cover
remote sensing monitoring database.

Finding land use of industrial production
system

The industrial production system land includes three parts,
namely, the urban construction land excluding the urban
residents, urban infrastructure, organizations; the land for
industrial parks; and the point layer of industrial production
enterprises. Other construction lands are the data with number
53 in the database, which is the land of factories and mines, large
industrial areas, oil fields, salt fields, and quarries; using ArcGIS
to spatially correct and supervise the classification of Nanjing
Landsat 8 satellite remote sensing images can get industrial
park data; based on Baidu map open platform to get Nanjing

10.3389/fevo.2022.990037

enterprise point data, a 15-m buffer zone is set as the spatial
scope of industrial enterprises The spatial scope of industrial
enterprises is set as a 15-m buffer zone. The three parts are
combined to obtain industrial production and construction
land. Meanwhile, in order to avoid double counting, industrial
parks and enterprise ranges are excluded from other land types.

Finding the land of urban construction and
residents

The land for urban construction and residential life is the
data of number 51 in the database, which refers to the land
for built-up areas of large, medium, and small cities or the
county town.

Finding the agricultural production land

Agricultural land is the data with number 1 in the database,
which contains all types of arable land.

In addition, we use ArcGIS to combine the land use and
administrative divisions to get the raster data of zoning and land
use, assign data of carbon emission to different regions and land
use, and get the carbon emission visualization map.

Finding the rural residential land

Rural residential land for living is the data with number 52 in
the database, which refers to the rural settlements independent
of the towns.
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FIGURE 2
Location of Nanjing.
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Study area

Nanjing is in the eastern part of China and the central
part of the lower Yangtze River. Nanjing is the capital of
Jiangsu Province, a mega-city and a national important gateway
city for the development of the central and western regions
driven by radiation from the Yangtze River Delta (Dai and
Wu, 2011). Nanjing is also an important central city in the
eastern region of China, an important national research and
education base and a comprehensive transportation hub, as
determined by the State Council of China. Nanjing has 12
districts within its administrative boundaries, among which
Gulou, Xuanwu, and Qinhuai districts, and Jianye, Qixia,
and Yuhuatai districts are the main urban areas, while the
rest of the districts are areas surrounding the districts. See
in Figure 2.

Nanjing is one of the most densely populated cities in China,
with a resident population of 9,319,700 in 2020 and a population
density of about 1423.97 people per square kilometer, which
is 10 times the national average population density, according
to data from China’s seventh census. Nanjing has a very high
level of urbanization, and with the development of social
economy (Zhang et al., 2021), Nanjings urban construction is
also accelerating, and now it has basically formed a five-level
urban hierarchy, main city—new urban area—new city—key
town—general town, with an urbanization rate of over 85%. See
in Figures 3, 4.

Besides its super high population density and complete
town development system, Nanjing’s comprehensive economic
strength is perennially ranked among the top ten in China, and
has even jumped to fourth in recent years, just behind Beijing,
Shanghai, and Shenzhen. Nanjing is an important industrial
base in China, an important national comprehensive industrial
production base and an international advanced manufacturing
base, as well as one of the three major electronic industrial
bases in China, with well-developed chemical, manufacturing,

10.3389/fevo.2022.990037

energy manufacturing, and equipment industries. While these
industries bring economic takeoft and vitality to the city, they
are also an important source of carbon emissions for the city.

Data sources

The data types required for this study are mainly
land-use data classified based on remote sensing, energy
consumption data based on energy balance sheets and statistics,
socioeconomic data based on statistical yearbooks, greenhouse
gas conversion coefficient matrix from Intergovernmental
Panel on Climate Change (IPCC), and industrial production
system location and extent data from government departments.
Considering the accuracy requirements of the study area scale,
the data of land use are used with 30-m resolution and corrected
by the reference data with 10-m resolution in the urban area. See
in Table 1.

Results

Land use characteristics in Nanjing

The general characteristics of land use in Nanjing are
shown in Figure 5. Overall, the administrative area of Nanjing
is dominated by agricultural land and construction land,
respectively, accounting for 50.7 and 26.8% of the total area
of Nanjing. This is followed by water areas, including rivers
and wetlands, which account for 11.2% of the total area of
the administrative district of Nanjing. The six administrative
districts of Nanjing’s downtown area are obviously dominated
by construction land, but Xuanwu, Jianye, Qixia, and Yuhuatai
districts also have a certain proportion of forests, farmlands, and
waters, which also reflects the relatively high-quality land-use
pattern of Nanjing.

10 thousands
1000

Population of Nanjing

900

800

700

Year

600

80.0

Urbanization level of Nanjing
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FIGURE 3
The Population and urbanization level of Nanjing.
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FIGURE 4
The structure of GDP in Nanjing.
TABLE 1 Data sources.
Data types Data sources Data description
Land use Nanjing Land Use Raster Data-2020 From the Resource Environment Data Platform of the Chinese Academy of
Sciences, with a spatial resolution of 30m, this dataset mainly includes 6
primary classifications and 25 secondary land use types
Nanjing Land Use Raster Data with 10 meter-2020 For calibration data, ESA 10 m resolution land use raster data
Energy consumption Nanjing primary and secondary energy consumption-2020 Including Nanjing’s primary energy consumption of coal, oil, natural gas,
liquefied petroleum gas, etc. and electricity consumption by sector and
industry in 2020
Socioeconomic data The population, urbanization rate, gross domestic product and From Nanjing Statistical Yearbook
structure of Nanjing in 2000-2020 https://tjj.nanjing.gov.cn/bmfw/njtjnj
Nanjing industrial Government departments Including the location of industrial production enterprises and the location
system point data and extent of industrial parks
Greenhouse gas 2019 Refinement to the 2006 IPCC Guidelines for National
conversion factors Greenhouse Gas Inventories, 2019 Refinement to the 2006 IPCC

Guidelines for National Greenhouse Gas Inventories

The carbon emission characteristics in
Nanjing

million tons of carbon dioxide equivalents. Among them, the
total energy carbon emission from the industrial system is
119,166,700 tons, accounting for 93.73% of the total, from

Based on the carbon emission from human-social Systems’ inner Clty and urban residential hvmg about 6.18% of the total,
calculation model of this study, the total carbon emission and the total energy carbon emission from the agricultural
from energy in Nanjing in 2020 is estimated to be 127.1447 system and countryside is less than 1%. From the structural
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FIGURE 5
The land use characteristics in Nanjing in 2020.

TABLE 2 Carbon emission of each district and land use in Nanjing.

Districts Agricultural production Industrial production system Inner city Rural residents Total
Xuanwu 0.00 8.48 35.76 0.00 4424
Qinhuai 0.00 17.06 39.04 0.00 56.10
Jianye 0.01 0.00 38.40 0.01 38.41
Gulou 0.00 0.00 39.32 0.00 39.32
Pukou 0.21 2206.15 86.67 1.69 2294.72
Qixia 0.05 1736.65 116.37 0.31 1853.38
Yuhuatai 0.01 125.72 58.00 0.13 183.87
Jiangning 0.34 3289.64 203.55 2.30 3495.83
Liuhe 0.41 1826.91 94.55 3.15 1925.02
Lishui 0.27 2430.79 42.22 1.58 2474.86
Gaochun 0.19 275.27 32.09 1.16 308.71

characteristics of the carbon emission, the industrial system and
the development of the city itself are the main sources of carbon
emissions in Nanjing. In the “Results” section of carbon emission
characteristics, it should be noted that this study mainly
calculates carbon emissions from energy-consuming systems.
Parts such as chemical synthesis in industrial production,
livestock respiration in agricultural systems, and emissions from
plant physiological processes in agricultural cultivation are not
covered by the results of this study. See in Table 2.
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Spatialization characters of carbon
emissions of Nanjing

Based on the spatialization method of this study, a
spatial quantification process was carried out for the energy
carbon emission results of Nanjing in 2020. Specifically,
the point and range information of industrial parks and
industrial production enterprises in Nanjing were collated
and labeled, the information on urban construction land and
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residential area locations were determined, and the energy Pukou, Lihe, and Qixia districts are the five districts with high
carbon emissions in Nanjing were overlaid with the land- overall carbon emissions in Nanjing, which are all located
use pattern map of Nanjing according to emission sectors, around the main urban area and are the more industrialized
spatial locations, and emission intensities. The obtained spatial areas of Nanjing. The results of carbon emissions by the districts
pattern of carbon emissions in Nanjing in 2020 is shown also imply the main distributions of industrial carbon emissions

in Figure 6. Overall, the carbon emission intensity of the six in Nanjing. See in Figures 8, 9.
districts in the main urban area of Nanjing is significantly In this study, the spatialized analysis of carbon emissions
higher than that of other regions, and there are a large from different sources was also conducted by subregion. It can
number of industrial parks at the edge of the urban area, be seen that Jiangning District, as the key new development
which are the main gathering place of carbon emissions from area of Nanjing, performs very significantly in all sources of
industrial systems. Such characteristics are consistent with the carbon emissions. Although the six districts in downtown are
distribution of industrial production systems in Nanjing. See in significantly higher than other districts in terms of emission
Figure 7. intensity, their total carbon emissions are much lower than those
of Jiangning and other districts due to the limitation of their area

Discussion and limitation and total population.

This also provides a clear direction for the optimization
Regiona[ and structural characteristics of Nanjing’s urban spatial pattern toward carbon neutrality.
for carbon neutrality The main downtown area is characterized by high emission
density, and further improvement of energy efficiency is
From the results of the subregional carbon emission the key to carbon neutrality in this area. For the areas
calculation in Nanjing, it can be seen that Jiangning, Lishui, outside the main city, we need to carry out characteristic

@® Coal @ Eletricity @ carbonemission @ liquefied petroleum gas
® Naturialgas @ Industry system @ innercity @ rural domestic
@ agricultural system

FIGURE 6
The carbon emission characteristics in Nanjing.
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FIGURE 9
Spatial pattern of carbon emissions by sectors in Nanjing.

planning strategies according to their development direction.
In areas where industrial parks and industrial production
are the leading industries, circular industrial parks that
combine upstream and downstream industries should be
set up according to their industrial characteristics, so as
to lengthen the energy use chain and improve energy
efficiency and industrial production efficiency adequately
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and efficiently. In regions where agricultural production and
natural landscape are the main industries, it is necessary to
carry out carbon sink enhancement strategies for natural
ecosystems according to local conditions, enhance the
carbon sequestration capacity of natural ecosystems in the
region, and contribute to carbon neutrality from the carbon
sink side.
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Consistency and uncertainty of carbon
emission calculations for human-social
systems

There are generally two ways to calculate carbon emissions
from human-social systems, top-down or bottom-up, and
both calculation methods can well portray the greenhouse
gas contribution of human-social systems. In this study, we
combine the top-down calculation method with the bottom-
up spatial analysis model. Carbon emissions from energy
statistics and annual statistics of the region are calculated
through the top-down method. The carbon emission results
are then evenly divided into different land patches using
a bottom-up approach based on point of interest (POI)
data and regional industrial park point data. This results
in higher spatial resolution pattern distribution of carbon
emission calculation.

The methodology of this study is ideally consistent
with the model, as the raw data, reference systems, and
weights used are derived from a uniform standard of caliber
yearbook with reference system tables that have been accepted
in the field. Thus, it is of considerable significance in
methodological generalization. The uncertainty mainly comes
from the mismatch of data and inconsistency of scale derivation
in the top-down computational model and the bottom-up
spatialization process.

Applications and limitations of spatialized
carbon emission methods

In specific regional governance practices, how to
integrate the results of carbon emission calculation with
spatial distribution organically is often one of the more
challenging tasks. The general methods or management
tools mainly use carbon emission conversion factors of
land use to directly calculate or only characterize those
regional scales with statistical caliber. This makes the
analysis of the actual pattern of regional carbon emissions
vague and wunclear. Thus, the calculation method and
spatialization process in this study well combine getting
an accurate carbon emission and drawing a clear map of
carbon emission, making it possible to understand the spatial
structure of carbon emission while understanding the total
amount and intensity of regional carbon emission. This
provides a direction for the management and planning of
carbon sources.

However, for carbon emissions and the spatial portrayal,
the methodology of this study still suffers from relatively
insufficient resolution and relatively low refinement. A more
refined instrument should be a bottom-up inventory accounting

method combined with the spatialization process. Such a
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method would allow us to have a clearer picture of the
real situation of regional carbon emissions. This method
is limited by the great difficulty of data acquisition and
the incoherence of trend analysis which makes it difficult
to really be used. Therefore, the methodology system in
this study is not a bad alternative to the current data
basis premises.

Conclusion

This study established the methodology of top-down carbon
emission calculation model and bottom-up spatial analysis
process, which is expected to quantify the total amount and
intensity of regional carbon emissions and, at the same time,
to know the spatial distribution pattern of regional carbon
emissions. In this study, Nanjing, a metropolitan city in
China, was used as a case study for the calculation and
analysis. The carbon emission calculation of the human-
social system is divided into four major components, namely,
industrial production system, inner-city and urban residential
life, agricultural production system, and rural residential life.
The spatial distribution pattern of carbon emission in Nanjing
is obtained through the combination of remote sensing data and
point data.

The results of the study showed that the total human-
social system energy carbon emissions of Nanjing in 2020
exceeded 120 million tons of carbon dioxide equivalents, of
which the important source is the energy consumption from
the industrial production system, followed by the energy
consumption from the inner city and urban residential life.
The spatial distribution of carbon emissions in the six districts
of Nanjing’s downtown area is significantly higher than that
of other districts. However, the total carbon emissions of
Jiangning, Lishui, Pukou, Liuhe and Qixia districts surrounding
the downtown area were significantly higher than those of the
downtown area and other districts, which could be attributed to
the major industrial production enterprises and industrial parks
of Nanjing.

Based on the calculation and spatialization results of this
study, it is possible to propose a zone-to-stratum carbon
reduction strategy for Nanjing. For the areas with high carbon
emission intensities and high densities but low total emissions
in downtown Nanjing, further strategies should be adopted
to improve energy efficiency to enhance the endogenous
capacity of regional energy-carbon transformation and sustain
the development of downtown areas and urban residential
life. For the five districts dominated by industrial production
systems and densely distributed industrial parks, the emission
reduction approach should be adopted to create circular
industrial zones and extend the energy-carbon production
chain. For other districts where agricultural production
and maintenance of natural ecosystems are dominant, they
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should enhance natural ecosystem services by multiple
approaches and focus on reducing energy consumption in
agricultural production.

Quantification of regional carbon emissions is one of the
important aspects of carbon neutrality and tackling climate
change. Carbon emissions from human-society systems are
often closely related to energy consumption, which in most
cases is a fixed point source emission. How to spatially express
these emissions and effectively integrate them with regional
land use is an important prerequisite for the management
and planning of the regional carbon sources side. It can be
expected that along with more research on data accuracy and
emission inventories, it may be possible to fully determine
the amount, location, and timing of regional carbon emissions
in the future. However, at this stage, we are not vyet
able to completely count every single chimney, and this
study hopes to provide some reference and basis to clarify
where and how much carbon is emitted from the human-

society system.
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