International Journal of
Geo-Information

isprs

Article

Carbon Emission Patterns and Carbon Balance Zoning in Urban
Territorial Spaces Based on Multisource Data: A Case Study of
Suzhou City, China

Zhenlong Zhang *{, Xiaoping Yu !, Yanzhen Hou !, Tianhao Chen 2, Yun Lu ! and Honghu Sun !

check for
updates

Citation: Zhang, Z.; Yu, X.; Hou, Y.;
Chen, T,; Lu, Y.; Sun, H. Carbon
Emission Patterns and Carbon
Balance Zoning in Urban Territorial
Spaces Based on Multisource Data:
A Case Study of Suzhou City, China.
ISPRS Int. ]. Geo-Inf. 2023, 12, 385.
https://doi.org/10.3390/
1jgi12090385

Academic Editors: Wolfgang Kainz
and Godwin Yeboah

Received: 13 July 2023
Revised: 11 September 2023
Accepted: 15 September 2023
Published: 20 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Architecture and Urban Planning, Suzhou University of Science and Technology,
Suzhou 215011, China

2 School of Geography and Planning, Cardiff University, Cardiff CF10 3AT, UK

*  Correspondence: zlzhang@usts.edu.cn

Abstract: The concept of green and low-carbon development is integrated into territorial spatial
planning and district control research. It is one of the systematic policy tools for emission reduction
and carbon sequestration, greatly contributing to achieving the double carbon goal. This paper
presents a method for measuring the carbon emissions of urban territorial spaces using multisource
big data, aiming to identify the spatial patterns and levels of carbon emissions at microspatial scales.
The spatial patterns of carbon emissions were used to construct a carbon balance zoning method to
evaluate the regional differences in the spatial distribution of carbon emissions, taking Suzhou as
an example to achieve carbon balance zoning at the micro scale of the city. Based on our research,
the following was determined: (1) Suzhou’s total carbon emissions in 2020 was approximately
240.3 million tons, with the industrial sector accounting for 81.32% of these emissions. The total
carbon sink was about 0.025 million tons. (2) In Suzhou City, the high-value plots of carbon emissions
are mainly located in industrial agglomeration areas. By contrast, low-value plots are primarily
located in suburban areas and various carbon sink functional areas, exhibiting a scattered distribution.
(3) The territorial space unit was divided into four functional areas of carbon balance, with 36 low-
carbon economic zone units accounting for 37.11%, 29 carbon-source control zone units accounting for
29.90%, 14 carbon-sink functional zone units accounting for 14.43%, and 18 high-carbon optimization
zone units accounting for 18.56%. As a result of this study, carbon balance zoning was achieved at the
grassroots space level, which will assist the city in low-carbon and refined urban governance. Some
ideas and references are also provided to formulate policies for low-carbon development at the micro
scale of a city.

Keywords: carbon emissions; spatial pattern; carbon balance zoning; territorial spatial planning;
Suzhou City

1. Introduction

Human activity is primarily concentrated in cities, which are the largest sources of
carbon emissions. According to the sixth IPCC report in April 2022, urban carbon emissions
in 2020 amounted to 67 to 72% of total global emissions [1], making urban-area carbon
emissions an important target in the fight against climate change. Considering that cities
are the spatial carriers of various carbon-source activities and carbon emissions, relying
solely on industrial policies and emission reduction technologies on the energy supply side
is not enough to curb the surge in carbon emissions. To achieve low-carbon development,
it is necessary to explore a people-oriented, sustainable, and low-carbon city development
model with spatial planning as the breakthrough point [2]. The territorial space carries
a variety of carbon sink entities and the carbon emissions of social and economic activities.
As a result, territorial spatial planning has become one of the systematic policy tools for
coordinating carbon emissions and sinks in order to reduce carbon emissions and sequester
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carbon [3]. In September 2020, China set the “carbon peaking and carbon neutrality”
strategic goal. Considering the construction of ecological civilization and the “double
carbon” strategy, it is important to integrate the concept of green, low-carbon development
into territorial spatial planning systems. Meanwhile, in view of the differences in urban
development levels and natural resource endowments between regions, there is a wide
gap in carbon emission and carbon balance states between urban areas. There should be
guidance countermeasures involving low-carbon territorial spatial planning using different
carbon emission reduction targets, methods, and paths for different carbon balance states
in each region. They should also highlight adaptations to local conditions and dynamic
adjustments in planning in order to efficiently achieve the “double carbon” target. The
division of carbon balance functional zones according to different carbon balance states
and creating urban carbon balance zoning is important for reducing carbon emissions and
developing low-carbon cities.

Carbon emissions in territorial spaces have been studied by some scholars in recent
years. The existing research focuses primarily on measurement methods [4-6], spatial-temporal
patterns [7-10], influencing factors [11-13], and planning paths and strategies [14,15]. Carbon
emission measurements and spatial patterns are the basis and key to the follow-up field of
research. This research was conducted in different urban sectors, such as agriculture [16],
transportation [17], construction [18], manufacturing [19], etc., to refine the spatial dis-
tribution differences of carbon emissions across sectors. Research areas were primarily
concentrated at the national level [20], the regional level [21], and the urban level [22]. In
analyzing the current research results, we discovered that scholars have concentrated their
efforts on research at a medium-macroscale, whereas measurements and spatial patterns re-
garding carbon emissions at a micro-scale are underrepresented, especially at the township
level. As a consequence of the nonuniformity and inadequacy of territorial space carbon
emission data, the accuracy of the relevant calculation results is insufficient to fulfill the
high requirements regarding refined governance in territorial space carbon emissions.

Researchers have also researched carbon balance and its zoning methods at various
spatial scales in recent years. On the national scale, as a result of land use and climate
change, the evolution of the total terrestrial carbon balance pattern in China has been
analyzed by calculating changes in carbon storage and carbon sinks (sources) in terres-
trial ecosystems [23,24]. At the regional scale, carbon balance zoning at the metropolitan
county level was achieved based on regional carbon budget accounting and carbon bal-
ance analysis [25]. The empirical results of social network analysis were superimposed on
the regional carbon budget analysis, which aims to achieve the carbon balance zoning of
the Beijing-Tianjin—-Hebei urban agglomeration county unit [26]. Using the PLS-STIRPAT
model, some scholars have explored the impacts of population and economic, spatial,
and ecological urbanization on carbon emissions and further analyzed the urban carbon
balance state in the Middle Reaches of the Yangtze River urban agglomeration of China [27].
At the urban level, they have also explored quantitative structures and spatial pattern
optimization in the Beijing green space from the perspective of carbon balance to improve
the total carbon sink of the city [28]. In Ensenada, a coastal city in Mexico, the carbon
flow and carbon balance of its urban system were estimated by measuring vertical and
horizontal carbon fluxes [29]. At the county scale, carbon balance functional zones were
divided based on the county carbon balance zoning method in accordance with carbon
budget calculations and analyses of the carbon balance state of Huantai township units [30].
At the community level, using spatial and non-spatial data relating to urban form, energy,
and carbon emission modeling, the carbon balance state of Vancouver was simulated [31].

Since the influencing factors of carbon emissions are diverse and their external effects
are complex, research on carbon balance and its zoning methods has primarily been
conducted at a relatively macro-scale, such as in regions, the data from which has been
used to make macro-level decisions regarding the development and protection of territorial
spaces. The “dual carbon” strategy requires multi-level government input to formulate
low-carbon development strategies to reduce carbon emissions, especially for township
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units, for example, in the grassroots management units of cities, which directly affects the
implementation of low-carbon strategies. However, the limitations of data accuracy and
method systems prevent research on carbon emission spatial patterns and carbon balance
zoning at the micro level, which leads to a lack of guidance on low-carbon planning and
grassroots management unit governance, hindering the implementation of low-carbon
governance of territorial space. Based on this, this article aims to guide the low-carbon
development of cities and assist in the “dual carbon” strategy. Using high-precision carbon
emission spatial patterns and carbon balance zoning at the micro-scale of cities as the entry
point, a method for calculating territorial space carbon emissions was constructed. Based
on multi-source big data, carbon emissions were accurately calculated at the micro-scale
to obtain high-precision carbon emission spatial patterns, providing ideas and methods
for measuring the high-precision spatial patterns of urban carbon emissions. Furthermore,
from the perspective of regional carbon budget balance, a method of territorial space carbon
balance zoning was also constructed. Using this method, achieving carbon balance zoning
at the urban township level provides a reference for the study of carbon balance zoning at
the micro-scale within cities. Finally, based on carbon balance zoning results from urban
grassroots units, this article proposes differentiated carbon emission reduction strategies to
provide a new perspective on optimizing and adjusting grassroots territorial space units.
Thus, it will shape a coordinated, low-carbon, and sustainable development territorial
space pattern and help achieve the “dual carbon” goal.

2. Materials
2.1. Overview of the Study Area

Suzhou is located in the south of Jiangsu Province. Taihu Lake lies to the west of
Suzhou, and the Yangtze River lies to the north. The city is regarded as one of the most
important centers in the Yangtze River Delta and is a famous historical and cultural site
(Figure 1). There are five municipal districts and four county-level cities under the jurisdic-
tion of Suzhou, and the city has 97 townships, or street administrative units, with a total
area of 8657.32 km?. By 2020, Suzhou had reached an urbanization rate of 81.72% and
a GDP of CNY 20,170.45 billion, making it a leading area in China’s economic transforma-
tion and development. Furthermore, its industrial output value has consistently ranked in
the top three in the nation, with an industrial structure ratio of 1:46.5:52.5. As a national his-
torical and cultural city and an important manufacturing center in China, Suzhou promotes
energy conservation, recycling, and low carbon. It also promotes the green transformation
of spatial patterns. There are, however, several challenges to overcome, such as contin-
uous population influx, rising energy consumption, land conflicts, etc., creating higher
requirements for developing efficient, low-carbon, coordinated, and sustainable land use.

In addition, the township economy is an example of the economic model prevalent
in southern Jiangsu. Developing carbon balance zoning and studying the spatial pattern
characteristics of carbon emissions at the township level in Suzhou will help us understand
how carbon emissions affect social economies under the southern Jiangsu model and
provide ideas for green and low-carbon economic development in townships.

2.2. Data Sources

Statistical and spatial data are presented in Table 1. Given Suzhou's statistical yearbook
for all districts and counties in 2020, statistics were available on energy, industry, trans-
portation, agriculture, population, and economy. Land use, POIs, mobile phone signaling,
and road data were all included in the spatial data. The land use data were derived from
the Suzhou Gaofen-2 remote sensing satellite, provided by the China Resources Satellite
Application Center (2020); data on mobile phone signaling were obtained from the China
Unicom Smart Footprint Platform; POI information was obtained from the Gaode API; and
road data for the study area were obtained from the Open Street Map.
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Figure 1. Location of Suzhou City: (a) location of Suzhou in the Yangtze River Delta; (b) administra-
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tive boundary of Suzhou.

Table 1. Description of research data sources.

Data Source

Specific Data

Data Content

Data Type

Energy data

Industrial data

Statistical data
Transportation data

Agricultural data

Demographic data
Economic data

Energy consumed by industrial
enterprises; energy consumed by urban
residents in daily life
Production of cement, glass, synthetic
ammonia, and other major
industrial products
Passenger and freight turnover for road,
rail, and water transportation; annual
mileage of urban public transportation
Quantities of agricultural machinery,
pesticides, fertilizers, livestock,
crop yields, etc.
Population of residents
GDP data

Statistical Yearbook for each
urban area (2020)
The Seventh Population
Census of Suzhou
The Fourth National Economic
Census of Suzhou

Land use data

Spatial Data POI data

Cellular signaling data

Road data

Based on interpretations of remote
sensing satellite images from Gaofen-2,
a classification was made in accordance

with the Technical Regulations of the
Third National Land Survey
Suzhou area POI data, sorted, filtered,
and grouped according to research needs,
as well as data cleaning and
coordinate transformation
Data on the presence and movement of
populations with specific coordinates
Highways, national roads, provincial

roads, county roads, township roads, and

other urban sub-grade roads

China Resources Satellite
Application Center

Gaode API

China Unicom Smart Footnote Platform

Open Street Map

3. Method

Based on the corresponding relationship between territorial space and carbon emis-

sions, a measurement method was developed for territorial spatial carbon emissions based
on multisource big data. In addition, we calculated the spatial carbon emission levels based
on measurement results from various departments in the city to determine the character-
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istics of urban carbon emission spatial patterns. Lastly, we developed a carbon balance
zoning method based on the territorial space carbon emission results to define the carbon
balance functional zones (Figure 2).
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Figure 2. An overview of the methodological flowchart.

3.1. Method of Carbon Emission Calculation at the City Level

Quantitative calculation of territorial space carbon emissions is the premise and
foundation of studies on regional carbon balances. Some scholars researched calculation
methods for carbon emissions closely related to spatial planning in recent years. This
includes developing correlation frameworks between land use and carbon emissions [2]
and accounting for the carbon emissions of Beijing [32] and Shanghai’s overall urban
plans [33], thus establishing a greenhouse gas accounting model for the overall planning of
territorial space and accounting for greenhouse gas emissions associated with territorial
space [34]. However, in the above research, only relying on a single statistical dataset and
method to calculate the carbon emission level of land use has resulted in homogenized
calculation results from various types of land use, making it challenging to accurately
show the spatial pattern characteristics of carbon emissions and regional carbon balance
states. This article improves the traditional carbon emission measurement method based
on statistical data [2,34], combining multisource big data with statistical data to construct
a measurement method for territorial space carbon emissions. By calculating departmental
carbon emissions using statistical data, the multisource big data were used to construct
a spatialization method for urban carbon emissions, allocating carbon emissions generated
by different departments into specific spatial plots. Furthermore, the spatial pattern of
carbon emissions is summarized at the micro scale within the city. This method breaks
through the limitations of spatial scale and achieves high-precision measurements of
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carbon emission spatial patterns at an urban microscale. Furthermore, it more accurately
reveals the carbon emission spatial pattern and carbon balance characteristics of urban
grassroots management units, providing basic support for carbon balance zoning research
on microscale grassroots units.

3.1.1. Establishing the Relationship between Territorial Space and Carbon Emissions

Using territorial space as a carrier, this paper links urban carbon emission inventories
to territorial space planning, reflecting the influence of economic and social activities. From
the perspective of urban consumption, this paper summarizes carbon emission sectors in the
IPCC Greenhouse Gas Emission Guidelines and divides them into six categories: industry,
construction, transportation, agriculture, waste treatment, and carbon sinks [35]. The
corresponding association between the territorial space and carbon emission departments
can be determined based on spaces where terminal consuming activities generate carbon
emissions (Figure 3).
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Figure 3. The relationship between territorial space land and carbon emissions.

3.1.2. Carbon Emission Measurement of Urban Sectors

This paper’s methodology for measuring carbon emissions mainly draws on the
IPCC National Greenhouse Gas Inventories Guidelines and the Provincial Greenhouse Gas
Inventories Guidelines. To measure the total urban carbon emissions (C), the level and
coefficient of the terminal carbon emission activity are used. There are various sectors,
including industry (Cg), construction (Cg), transportation (Cr), agriculture (Cr), waste
treatment (Cy), and carbon sinks (C4). Since CO, accounts for most of the greenhouse
gases measured, the remaining gases are converted into CO; equivalents based on IPCC
Global Warming Potential data.

C=Cg+Cg+Cr+Cr+Cw+Cy 1

In the industrial sector, carbon emissions are mainly derived from fossil fuel combus-
tion in industrial processes and the chemical or physical conversion of materials. Emissions
from industrial power plants are primarily determined by the type and quantity of fuel
used in the industry [36]. It is difficult to obtain a correlation coefficient for industrial
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production because the processes are complex, and carbon emissions are based on cement,
steel, glass, and synthetic ammonia production [37].

Ce= Em,n Efmn > Cfmn + Zk Epj < Cpy ()

In this formula, Cg represents industrial sector carbon emissions, m represents in-
dustrial types, n represents types of energy consumption, E f;, , represents n-type energy
consumption in the m industry, C f;;,» represents the carbon emission coefficients of n-type
energy in the m industry, Epy represents types of industrial production, and Cpy represents
the carbon emission coefficient of per-unit-weight industrial products.

Construction sector carbon emissions primarily relate to the consumption of natural
gas, liquefied petroleum gas, and electrical energy during the operation of residential,
commercial, and public buildings.

Cp = Egng X Cgng + E8ipg X C8ipg + (E€ep—p + Eeep—p) X Ceep 3)

In the formula, Cp represents construction sector carbon emissions; E Sng. E Slpgs Eeep, hy
Ee,, j represent the consumption of natural gas, liquefied petroleum gas, and electricity
for residential and commercial buildings; and Cg;¢, C Sipgs Ce,p represent carbon emission
coefficients corresponding to energy [38].

The transportation sector’s carbon emissions are calculated based on the transporta-
tion structure within the city, which includes freight, intercity passenger transport, and
urban passenger transportation. The carbon emissions associated with freight and intercity
passenger transportation are calculated based on the mode’s annual turnover [39]. In urban
passenger transportation, carbon emissions are determined by calculating the mileage of
different vehicles that people use in their daily commutes [40].

Cr = Cg + Cipt + Cupt = Zf Tr X cpt+ Zp Tyt X cpr + Y, Tra X Cpa 4)

In the formula, Ct represents transportation sector carbon emissions; C ttr Cipts Cupt
represent carbon emissions of freight, intercity passenger transport, and urban passenger
transport, respectively; f represents the transportation modes of railways, highways, and
waterways; Ty and Tp represent the turnover volume of freight and intercity passenger
transportation modes, respectively; cs; and cps represent the carbon emission coefficient of
various modes of transportation; ¢ represents types of transportation vehicles; T;; represents
the annual mileage of various transportation vehicles; and c;; represents the corresponding
carbon emission coefficient.

In the agricultural sector, carbon emissions result from agriculture and agricultural
materials. In addition, carbon emissions from animal intestinal fermentation and manure
management must not be overlooked in the field of animal husbandry. To calculate the
carbon emissions generated by agricultural cultivation, the cultivated land area and carbon
emissions per unit area are taken into account [41]; the carbon emissions generated by agri-
cultural materials are calculated based on their annual consumption and carbon emission
coefficients [10]. To calculate the carbon emissions associated with animal husbandry, the
yearly stock of animals and the carbon emission coefficients associated with their related
activities are taken into account [36].

Cr= Ccf+Csf @)

In this formula, Cr represents agricultural sector carbon emissions, C s represents
plantation carbon emissions, and Csf represents carbon emissions from animal husbandry.

CO; and CH4 produced by municipal wastewater and solid waste treatment are
also important sources of urban carbon emissions. Industrial wastewater and domestic
wastewater produce methane emissions that contribute to carbon dioxide emissions. The
term “solid waste” refers to both domestic and industrial waste. Domestic waste treatment
results in the emission of carbon dioxide from waste incineration and landfill disposal.
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Since industrial waste has a comprehensive utilization rate of 95%, it does not fall within
the range of carbon emissions measured. As there is no statistical information regarding
the organic content of domestic sewage, methane emissions from industrial wastewater are
calculated based on carbon dioxide emissions and their unit CHy production capacity [36].
The amount of methane emitted is calculated based on the population and amount of
organic matter per capita [42]. To calculate the carbon emissions of domestic waste, its scale
and the proportion of municipal waste incineration and landfill treatment are taken into
account, as well as the associated parameters [36].

In this formula, Cyy represents waste treatment sector carbon emissions, Cj,, represents
carbon emissions from wastewater treatment, and Cs, represents carbon emissions from
domestic waste treatment.

City’s leading carbon sinks come from non-construction land and crops, such as
forest land, grassland, and water areas. Considering that it is difficult to obtain relevant
vegetation survey data, this paper uses the carbon absorption per unit area of land use to
calculate the carbon sink of forest land [43], water areas [44], and unused land [45]. Based
on the carbon absorption rate, economic yield, water content, and economic coefficient of
each crop in the city, the carbon sink of agricultural activities can be calculated [46].

Ca :C,+Cic:ZjijClj+2xcaxxYxx (1 —wcy)/HI )

In this formula, C4 represents the total amount of urban carbon sequestration; C;
represents the carbon absorption of crops on non-constructive land; C;. represents the
carbon absorption of crops; j represents various types of non-constructive land; A j repre-
sents j-type land areas; Cl; represents the carbon emission coefficient for corresponding
land types; x represents various crop types; and cay, Yy, wcy, and HI, represent various
crop types for the carbon absorption rate, economic yield, water content, and economic
coefficient, respectively.

3.1.3. Carbon Emission Measurement of Territorial Space

The carbon emissions of territorial space can be measured using two main methods.
One method involves calculating carbon emissions based on the actual energy consumption
of each plot. The other method is the top-down approach. Based on the characteristics of
carbon emission activities in different sectors, appropriate spatial allocation methods are
employed to allocate carbon emissions to each plot after calculating the carbon emissions
of each sector based on statistical data or night-light data [47]. This process is referred to
as the “spatialization of carbon emissions” in this paper. As a general rule, the former is
used to measure carbon emissions at the microscale or in a sector; however, the latter is
used more commonly given the ease of data acquisition, but the accuracy of the results also
differs because of differences in spatialization methods. The accuracy of spatial allocation
can be improved by relying on big data and spatial models [48]. We calculated sectoral
carbon emissions and then spatialized them using a top-down approach. By using the
correspondence between carbon emissions and land use types, we can reflect the differences
in carbon emissions caused by varying human activity intensities across different spatial
elements. For each carbon emission sector, appropriate spatial allocation methods were
selected based on the characteristics of carbon emissions on different land types. Methods
of spatializing carbon emissions (Table 2) were developed based on multi-source big data
in order to distribute the total carbon emissions in territorial space. Finally, the precise
spatial patterns of carbon emissions at different spatial scales were obtained via carbon
emission spatialization.
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Table 2. Correspondence between territorial space types and carbon emission inventories.

Carbon Emission Territorial Space Types Data Types Spatialization Methods
Ind I\gining Mining land Ind POILd The carbon emissions of an industrial site are allocated based on
ndustry In ustr1a¥ Industrial land ndustry ata, the ratio of the number of POIs in the site to the total number of
manufacturing and land use data .
. - - POIs of that type of site
Supply industry Municipal utilities
. . The carbon emissions of a residential site are assigned based on the
. . Urban residential land, X N .
Resident life Cellular ratio of the number of people on the site to the total population
and rural homestead ionali X . X X B
. signaling data, in the area, which are obtained from cellular signaling data
Construction . . Commercial and business services . . L
Business services ) Based on the ratio of the number of POIs of commercial services in
X business land, as well as POI data, and land X - .
and public L. R commercial land use to the total POIs of commercial services, the
S ) administration and use data o . . .
administration . . carbon emissions of this type of commercial land use are assigned.
public services land
Carbon emissions from air, road, and waterway transportation and
. rail transportation sites are allocated based on the ratio of the road
Freight 1 . .
. ength of each site to the total length of the corresponding
transportation, Urban road data, R
. Intercity passenger traffic facility POI transportation type.
Transportation ) Transportation land To measure the carbon emissions from road transportation land,
transportation, data, and land he POI data f ion facilit i d h
City passenger use data the ata for transportation facilities are first used to correct the
transportation standard length of each road area, and then, the corrected standard
P length of each road area is used to determine the carbon
emission levels.
Plantation Culhvaéed lla nccll and Carbon emissions from agricultural land are spatialized based on
Agriculture garden ‘an Data on land use the ratio of the area of a certain type of parcel to the total area of
. Agricultural land .
Animal husbandry this type of land.

for facilities

Waste treatment

Industrial waste
Domestic waste

Industrial land
Municipal utilities

Data on land use

Carbon emissions from an abandoned sector are spatialized based
on the ratio of the plot site’s area to the total area of this type of site.

Carbon sink

Non-construction
land

Agricultural crops

Forest land, grassland,
water, and unused land
Cultivated land and

Data on land use

Carbon sequestration in the carbon sink sector is spatialized based
on the ratio of the land area of the plot to the total area of this type

garden land of land.

3.2. The Method of Carbon Balance Zoning

Carbon balance refers to the situation of carbon emissions and absorption offset by
each other in a particular area. A carbon balance is an essential basis for the spatial organi-
zation between carbon sources and sinks in territorial spatial planning since it describes
the rational relationship between carbon sources and sinks. Using the principle of carbon
balance, carbon balance zoning accounts for carbon budget accounting in specific areas
and divides regional types based on their respective carbon balance states [30]. The carbon
compensation rate measures the balance between regional carbon emissions and carbon
sinks. The regional carbon balance state can be intuitively reflected by using the carbon com-
pensation rate, which divides the region into carbon sinks or carbon source areas. Previous
studies have mainly used carbon compensation rates as the basis for zoning [49]. However,
because most urban areas are carbon source areas, it is difficult for the carbon compensation
rate to reflect regional differences in carbon balance states. As far as it goes, the research
perspective is relatively singular, making it difficult to reflect the comprehensiveness of
zoning. Based on the economic contribution coefficient and ecological carrying coefficient
of carbon emissions, regional differences in carbon emissions can be analyzed from eco-
nomic and ecological perspectives, respectively. In addition to reflecting the regional carbon
budget balance in terms of regional environmental and economic development, this can
also reflect the degree of economic development, ecological environment foundation, and
future development potential in the region [50]. As a consequence, from the perspective of
regional carbon budget balance and low-carbon coordinated development, we constructed
a territorial space carbon balance zoning method in the economic—ecological composite
dimension. Specifically, it uses the carbon compensation rate, the carbon emission eco-
nomic contribution coefficient, and the ecological carrying coefficient to analyze the carbon
balance states of urban grassroots units in order to achieve carbon balance zoning at the
urban microlevel.



ISPRS Int. ]. Geo-Inf. 2023, 12, 385

10 of 22

3.2.1. Carbon Compensating Rate

The carbon compensating rate (CCR) can provide a direct indication of the regional
carbon budget balance. Because the carbon compensation rate is not affected by the absolute
value of the carbon budget, it is more convenient for horizontal comparisons between
regions. The carbon balance states can be more accurately measured from the perspective
of the regional balance [51].

CCR=E/C ®)

In this formula, C represents regional carbon emissions, E represents regional carbon
absorptions, and CCR represents regional carbon compensation rates. When CCR is <1,
the area is a carbon source; when CCR is >1, the area is a carbon sink zone. The larger
the CCR, the stronger the capacity to absorb carbon; when CCR = 1, carbon balance is
achieved, carbon neutrality has been achieved, and regional carbon sinks have neutralized
regional emissions.

3.2.2. Economic Contributive Coefficient of Carbon Emissions

A carbon emission’s economic contribution coefficient (ECC) uses a region’s GDP as
a reference, measures the benefits that the region produces while generating specific carbon
emissions, and illustrates the low carbon efficiency of regional economic development [52].

ECC:%/% )

In this formula, G; and G represent the regional GDP of each geographic unit and city
area, respectively; C; and C represent the total carbon emissions of each spatial unit and
city, respectively.

When ECC is >1, the carbon emission level of the spatial unit is lower than its level
of economic development. This implies that it has a higher level of economic efficiency.
When ECC is <1, the carbon emission level of the spatial unit is higher than its economic
development level. This implies that its carbon emission economic efficiency is lower.

3.2.3. Ecological Support Coefficient of Carbon Emissions

The ecological support coefficient (ESC) of carbon emissions uses the carbon sinks of
a spatial unit as a reference to measure the carbon absorption that corresponds to a certain
amount of carbon emissions in the region, which represents the ecological carbon sink
effect in the spatial unit.

Cai /Ci
ESC =& /2 (10)

In this formula, C4; and C4 represent the annual carbon sinks of each spatial unit and
city area, respectively; C; and C represent the yearly carbon emissions of each spatial unit
and city area.

If ESC is >1, the region’s contribution rate to carbon absorption is more significant
than its contribution rate to carbon emissions, indicating a relatively high rate of carbon
compensation; if ESC is <1, the region’s contribution rate to carbon absorption is less than its
contribution rate to carbon emissions, indicating a lower rate of carbon compensation [25].

4. Results
4.1. Calculation and Spatial Pattern of Municipal Territorial Spatial Carbon Emissions
4.1.1. Calculation Results for Carbon Emissions

Based on the previous method for calculating carbon dioxide emissions, Suzhou'’s total
carbon dioxide emissions in 2020 were 240.3 million tons (Table 3). The industrial sector
had the highest emissions at 193 million tons, accounting for 81.32% (Figure 4). In this
sense, Suzhou'’s industrial production scale is large, and its energy consumption is high,
which is the primary target for reducing carbon emissions. Secondly, carbon emissions
from residents’ energy consumption reached 29 million tons, representing 12.13% of the
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total, with electricity production accounting for most of the emissions. A total of 14 million
tons of carbon dioxide were emitted because of transportation, accounting for 5.98% of total
emissions. There were few carbon sink resources in Suzhou, with a total carbon absorption
of approximately 0.02 million tons. Land used for agriculture, forestry, and natural water
was the main component of the carbon sink.

Table 3. Carbon emissions in the city’s regional space.

Departmental Carbon

Department Types of Territorial Space Type.s O.f Land Use Carbon Emissions
Emissions (10,000 Tons)
(10,000 Tons)
Industrial land 12,430.46
Industry Municipal utilities 6905.31 19,334.77
Urban residential land 767.06
. Rural homestead 537.13
Construction Commercial and business land 1030.09 2882.76
Administration and public service land 548.48
Traffic Transportation land 421.44 1421.44
. Cultivated land and garden land 94.68
Agriculture Agricultural land for facilities 6.02 100.70
Industrial land 1.02
Waste Municipal utilities 287.28 288.30
. Cultivated land and garden land —71.96
Carbon sink Woodland, grassland, and water —179.9 —251.86
Total 23,776.11 23,776.11

\Waste 1.20%
Agriculture0.42% =

Traffic 5.91%
Construction 12.00%

@ 'ndustrial land Municipal utilities Urban residential land (il Rural homestead
Administration and public services land Transportation land @ Cultivated land and garden land

@@ Woodland, grassland, and waters Commercial and business land

Figure 4. The proportion of carbon emissions by departments and land use.

Given the relationship between territorial space and carbon emissions established
above, the carbon emission activities of each department were carried out in the corre-
sponding territorial space land. The industrial department had the most carbon emissions
in industrial land and municipal utilities, with 12,430.46 tons and 69.0531 million tons,
respectively, accounting for 51.73% and 28.73%. In the construction department, carbon
emissions were generated by residential areas; rural homesteads; commercial and business
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areas; and administration and public service areas. These areas accounted for 12.13% of the
total carbon emissions at 767.06, 537.13, 1030.09, and 5.4848 million tons, respectively. As
a result of the transportation department’s carbon emissions, the transportation land gener-
ated 14.2144 million tons of carbon dioxide, or 5.98% of the transportation department’s
emissions. In terms of carbon absorption activities, cultivated land, garden land, and crops
and plants on non-constructive land accounted for 71.96 million tons, while carbon sinks
accounted for 1.799 million tons, accounting for 0.30% and 0.76% of the total, respectively.

4.1.2. Spatial Pattern Characteristics of Carbon Emissions

Based on the above spatialization methods of carbon emissions, the total carbon
emissions in Suzhou were decomposed into each specific piece of land within the territorial
space. The spatial distribution of carbon emissions within the municipal territory is
summarized in Figure 5. In the figure, the carbon emissions from the territorial space
plots in Suzhou range from —36.05 to 2.5694 million tons. High-emission sites are located
primarily in industrial clusters within the city, while low-emission sites are mainly located
in suburbs and carbon sink zones. In Suzhou, the carbon sink space is primarily composed
of large lakes and hills scattered throughout the city because of its dense water network,
but there are no organic connections between the carbon sink spaces.

(b)

(@) A

0 10 20KM
I

Legend Legend

Territory Space Carbon Emissions

I 36.05-0.00 (low)

0.01-0.10 (lower)

Territory Space Carbon Emissions

I 0.16-0.00 (low)

0.01-1.00 (lower)
0.11-0.50 (median)

7 0.51-2.00 (higher)

provincial boundary [JJll 2:01-256.95 (high)

1.01-5.00 (median)
~ 5.01-20.00 (higher)
——— Provincial boundary [l 20.01-396.47 (high)

City boundary City boundary

Figure 5. Carbon emissions of Suzhou City: (a) carbon emissions from land for the territorial space;
(b) carbon emissions from a grid for the territorial space.

As there are large differences between the area attributes of land parcels in different
territorial spaces, it is difficult to show the spatial structure characteristics of carbon emis-
sions on the spatial distribution map. Carbon emissions can only be expressed in terms of
the amount of carbon emitted in land parcels, and it is difficult to express carbon emissions
in terms of their intensity. A square grid of 1000 m x 1000 m was used in this study to
divide the urban land area evenly, and the total carbon emissions (carbon sinks) of each
square grid were tallied to create a carbon emission intensity grid map of each municipal
territorial space. We can see that the carbon emissions ranged from —0.15 to 3,964,700 tons
(Figure 5). The high-carbon-intensity sites are primarily concentrated in the central urban
areas and industrial parks of the Suzhou urban area and its county-level cities, namely the
production spaces and living spaces of the cities, with the production space of Zhangjiagang
City having the greatest value and distribution, exhibiting an expanding outward trend,
which is consistent with the development structure. The majority of low-value plots are
found in the suburban areas of Suzhou and its county-level cities, as well as in various
carbon sink areas, such as Taihu Lake, the largest carbon sink main area, which displays
a scattered distribution.

Using the aggregated administrative boundary vector data at the township level in
Suzhou, we calculated the carbon emission (carbon sink) levels for each township territorial
space unit (Figure 6). The spatial pattern of carbon emissions can be characterized as follows:
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——— Provincial boundary [l 821.10-3098.41 (high)

(1) The carbon emissions of territorial space units ranged from 0.2434 to 30.984 million tons,
with an average value of 2.4770 million tons. The overall carbon emissions varied greatly,
with 80.41% in areas with low and lower carbon emissions, 10.31% in areas with middle
emissions, and 9.24% in areas with high and higher emissions, which is characterized by
extreme differences. (2) There is a pattern involving one main emission value and two sub-
ordinate emission values, with a high value in the north and a low value in the south, in
the distribution of carbon emission values for township units; i.e., the high-value industrial
town in Zhangjiagang is the core, while the secondary cores in Taicang and Kunshan are
located in the north and south, respectively; middle-value areas are openly connected to the
high-value areas, exhibiting a stretching trend; and throughout the central city of Suzhou,
the lower-value areas are distributed in a continuous distribution around the high-value
and higher-value clustering areas. Each street is primarily a low-value area, extending
from the townships surrounding large water bodies in a continuous clustering pattern.
(3) As Suzhou is the largest manufacturing city in China, it has the highest proportion of
industrial carbon emissions, so towns with a high proportion of manufacturing industries
will have higher carbon emissions. Although urban areas, particularly the central city
streets, have high-intensity population activities, the carbon emissions of the construction
and transportation sectors, which are closely related to population activities, are relatively
low, thereby resulting in relatively low total carbon emissions; given ecological protection
and restrictions on industrial development, towns near large ecological elements such as
Taihu Lake also have low carbon emissions.

(b)

Legend Legend

Township Unit Carbon Emissions Township Unit Carbon Sinks

I 24.34-141.42 (low) I 0.06-1.41 (low)
Town boundary ‘77 141.43-287.41 (lower) Town boundary 7 1.15-2.61 (lower)
County boundary 287.42-505.59 (median) County boundary 2.62-4.64 (median)
City boundary 505.60-821.09 (higher) City boundary | 4.65-10.41 (higher)

——— provincial boundary [Jl 10.42-22.47 (high)

Figure 6. Carbon emissions and sink of township units in Suzhou City: (a) carbon emissions;
(b) carbon sinks.

The following table shows that the pattern and distribution characteristics of carbon
sinks within township territorial space units are as follows: (1) The carbon sinks of township
and street territorial space units ranged from 700 to 450,400 tons, with a mean value of
67,700 tons. The overall difference in carbon sinks was not significant, with 61.85% in areas
with low and lower carbon sinks, 28.87% in areas with median carbon sinks, and 9.28% in
areas with high and higher carbon sinks. (2) The spatial distribution of carbon sink values
in the township units shows a “low at the center and high at the edges” pattern; i.e., the low-
value areas are mainly concentrated in the central city of Suzhou; the lower-value areas are
connected in a circle pattern at the periphery of the low-value areas, showing an extension
trend; the middle-value areas are distributed throughout Suzhou and its counties; higher-
value clusters are located near the municipal boundary areas with abundant ecological
resources; and high-value cores are located near Taihu Lake. (3) In the central city of Suzhou,
there is a high level of urbanization and a limited amount of unbuilt land and agricultural
land, i.e., the main carbon sinks lead to low-value carbon sinks in townships and street
units in the central city and form low-value and lower-value clusters with them as the core.
Because of the dense network of water in the city, as well as large lakes and hills that serve
as major carbon sinks, township units in the area around Taihu Lake and towns with large
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water bodies or hilly terrain have a high carbon sink, forming high-value and higher-value
agglomeration areas.

4.2. Carbon Balance Analysis Based on the Township Territorial Space Unit
4.2.1. Carbon Compensating Rate

A comparative analysis of the total carbon emissions and carbon absorption in Suzhou
indicates that its carbon compensating rate is only 1.05%. Thus, the carbon sink level in
Suzhou is insufficient to compensate for carbon emissions resulting from human activity,
which results in Suzhou, as a whole, being a net carbon source. Given the results for the
carbon compensating rates of each township territorial space unit (Figure 7), (1) the average
carbon compensating rate of each township land spatial unit ranges from 0.08% to 29.64%,
with an average value of 2.19%, and the numerical difference reflects the balance of regional
carbon budgets. There is an obvious urban-rural divide in the carbon compensation rate,
which is higher in the west and south and lower in the north, middle, and east in spatial
terms. There is a core gathering area in the Wuzhong and Wujiang Districts, with high-
value and higher-value townships, median openness around the high value, and a higher-
value outer circle forming a central agglomeration posture. Lower-value areas are mainly
located in the suburbs of each city. Suzhou and county-level downtowns have the highest
concentration of low values. (2) The southwest areas of Wuzhong and Wujiang contain
large areas of water and hilly terrain, resulting in a large carbon sink area. The amount of
carbon sink in this area is relatively large, and the overall carbon emission level is low, so
spatial units in this area generally receive high carbon compensation rates. In the central
city, there is a high level of urbanization, so there is a smaller distribution of carbon sink
land and, thus, a relatively low total amount of carbon sink. The level of carbon emissions
in township street units is not low given the concentration of carbon emission factors, such
as buildings and transportation, so the carbon compensating rate in urban areas is generally
low. In contrast, some township units with relatively high levels of carbon sinks end up
with low carbon compensation rates as a result of their high levels of carbon emissions
from industrial production.

0 10 20KM

Legend

Carbon Compensation Rate
0.0008-0.0095 (low)

Town boundary | 0.0096-0.0190 (lower)

— County boundary [ 0.0191-0.0305 (median)

— Cityboundary [l 0.0306-0.0683 (higher)

——— Provincial boundary [ 0.0684-0.2964 (high)

Figure 7. Township territorial space unit carbon compensation rate.

4.2.2. Economic Contributive Coefficient of Carbon Emissions

The economic contributive coefficient of carbon emissions measures the difference
between regional carbon emissions from the perspective of economic development. Using
the economic contribution coefficient, the following results were obtained for each township
territorial space unit (Figure 8): (1) The values of the economic contribution index range
from 0.09 and 8.46. The number of townships with an ECC of >1 accounts for 67.01%, while
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= Provincial boundary - 5.48-8.46 (high)

the number of townships with an ECC of <1 accounts for 32.99%. (2) Geographically, this
shows that the distribution characteristics can be defined as “high in the middle, low in
the north and south, and different between urban and rural areas”. Downtown Suzhou
and the core streets of Kunshan City are the high-value core; the median area surrounds
the outer circle, forming a central agglomeration trend. The contiguous areas of towns and
townships in the northern and southern suburbs of the city exhibit low-value agglomeration
characteristics. (3) This is because the different functional positions of industries in different
townships and streets lead to differences in the economic benefits of carbon emissions
in each township. The street units in the urban areas have relatively advanced industrial
categories, with a high proportion of production services and advanced manufacturing
industries and a high contribution to the carbon emission economy. Marginal towns rely
on a relatively low-level industrial structure and traditional energy structure, and the
economic contribution of carbon emissions is relatively low.

(a)

A

Legend Legend
Economic Contribution Coefficient Ecological Carrying Coefficient
I 0.09-0.64 (low) I 0.08-0.94 (low)
— Town boundary 0.65-1.61 (lower) - Town boundary 0.95-2.10 (lower)
County boundary 1.62-3.08 (median) County boundary 2.11-4.36 (median)
City boundary 3.09-5.47 (higher) s City boundary | 4.37-7.65 (higher)

——— provincial boundary [l 7.66-45.47 (high)

Figure 8. Carbon balance indexes of township units: (a) economic contribution coefficient; (b) eco-
logical support coefficient.

4.2.3. Ecological Support Coefficient of Carbon Emission

The ecological support coefficient of carbon emissions measures differences in the
regional carbon compensation rate and reflects regional carbon sink capacity. Using the
ecological support index, the following results were obtained for each township territorial
space unit (Figure 8): (1) The values of the ecological support index ranged from 0.09 to
45.47, reflecting the uneven spatial distribution of carbon sinks. The number of townships
with an ESC of >1 accounts for 51.55%, while the number of townships with an ESC of <1
accounts for 48.45%. (2) Geographically, this shows that the distribution pattern can be
defined as “high in Taihu Lake and low in urban areas, with urban-rural differences”,
which is similar to the ecological pattern of Suzhou. Near large water bodies, township
streets that have a high ecological support index form high-value areas in Taihu Lake, and
they also form median areas along the Yangtze River and the southern water network
of the city. A majority of the areas with low indexes are located in the central city, sur-
rounding townships, and urban subdistricts. (3) The ecological background, as the main
component of carbon sinks, provides the foundation for the spatial ecological carrying
capacity, but the lack of ecological network integrity results in obvious differences in it.
However, a contiguous agglomeration of urban buildings squeezes the ecological space,
affecting the coordination of carbon emissions and absorption and forming low-value
contiguous agglomerations.

4.3. Carbon Balance Zoning on the Township Territorial Space Unit

When the economic contribution coefficient for carbon emissions exceeds 1, it indicates
that the ratio between the economic output value of the township unit and the total
output value is greater than the ratio between the carbon emissions of the township unit
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and the total carbon emissions, illustrating greater efficiency in energy use and greater
carbon productivity. Conversely, it also shows that the efficiency of energy use and carbon
productivity of the township unit is relatively low [25]. To characterize the level of energy
use efficiency and carbon productivity, 1 is used as a zoning threshold for economic
contribution coefficients; when the ecological support coefficient of carbon emission is
greater than 1, it means that the ratio between the carbon absorption of the township
unit and total carbon sinks is greater than the ratio between the carbon emissions of the
township unit and the total carbon emissions, which indicates that it has a higher carbon
compensating rate [25] and carbon sink capacity in the ecosystem. In contrast, this indicates
that the township units have a relatively low carbon compensation rate and carbon sink
capacity; thus, 1 is taken as the zoning threshold of the ecological support coefficients, which
represent the levels of the regional carbon compensation rates and the carbon sink capacity.

Based on the calculations for the economic contribution coefficients and ecological
support coefficients of each township unit in the previous section, carbon balance zoning
was carried out in Suzhou township units to achieve low-carbon coordinated development
and regional carbon balance. The township units were divided into four functional zones:
a low-carbon economic zone, a carbon source control zone, a carbon sink functional zone,
and a high-carbon optimization zone. Table 4 indicates the basis for the division and
characteristics of each zone.

Table 4. Characteristics of carbon balance zones.

Carbon Balance Zoning Classification Basis Regional Characteristics

The economic efficiency of carbon emission is high,

Low-carbon economic zone ECC>1,ESC>1 and the carbon sink capacity of the ecosystem is high.
Carbon source control zone ECC>1, ESC <1 The economic eff1c1ency (?f carbon emission 1s.h1gh,
and the carbon sink capacity of the ecosystem is low.

Carbon sink functional zone ECC <1, ESC > 1 The economlcl eff1c1ency of carbon emission 1.s low, and
the carbon sink function of the ecosystem is strong.

High-carbon optimization zone ECC <1, ESC <1 The economic efficiency of carbon emission is low, and

the carbon sink capacity of the ecosystem is low.

Figure 9 shows the results of the carbon balance zoning based on the township ter-
ritorial space unit. Out of these, 36 township units were low-carbon economic zones,
accounting for 37.11% of the total, with high economic efficiency in carbon emissions and
the carbon sink capacity of the ecosystem. This type of township unit is mainly located in
suburban areas around the central urban area, presenting a circular distribution pattern.
The economic development and ecological protection of such township units are relatively
balanced, and low-carbon industries in these townships should be continuously developed
to ensure that the ecological environment achieves high-quality development. They should
maintain a high level of carbon sink capacity and adhere to the dual focuses of economic
development and ecological protection.

A total of 29 township units were carbon source control zones, accounting for 29.90%,
with high economic efficiency in carbon emissions but low carbon sink capacity. Town-
ship units of this type are primarily located in the central urban areas of Suzhou and
concentrically distributed in the central and eastern regions of the city. The ecological
carrying capacity of such township units is a key constraint factor on their socio-economic
development. The goal should be to enhance the ecological carbon sink capacity and build
an ecological security pattern based on the natural background characteristics of the re-
gion. The townships should continuously improve the carrying capacity of the ecological
environment for carbon emissions as a future development direction.
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Figure 9. (a) Township territorial space unit carbon balance zoning; (b) number of carbon balance
zoning types; (c) the proportion of carbon balance zoning types.

A total of 14 township units are carbon sink functional zones, accounting for 14.43%
of the total. Although their carbon emission economic efficiency is low, the ecosystem has
a high carbon sink capacity. Township units of this type are predominantly located in the
southern areas of Wuzhong and Wujiang, as well as along rivers in the northern areas of
Taicang and Changshu, mainly distributed in the north-south edge of the city. The industrial
and energy consumption structure of these township units is a key constraint factor on
their high-quality development. Efforts should be made to vigorously develop a green and
low-carbon economic model and transform the economic growth mode. The townships
should accelerate green technology innovations and adjust their industrial structures. They
should also optimize and upgrade traditional industries, as well as strengthen the leading
role of scientific and technological innovation.

A total of 18 township units are high-carbon optimization zones, accounting for 18.56%
of the total, with a low economic efficiency of carbon emissions and carbon sink capacity in
the ecosystem. It is mainly industrial towns in Zhangjiagang and Taicang that constitute
township units, concentrically distributed in the eastern and northern regions of the city.
The imbalance between the economic development and ecological protection of these
township units hinders their high-quality development. It is necessary to comprehensively
improve the economic efficiency of their carbon emissions and achieve both emission
reduction and carbon sequestration. In response to the problem of excessive emissions,
efforts should be made to change the urban energy consumption structure and vigorously
develop low-carbon industries. Furthermore, it is necessary to consolidate and enhance the
carbon sink capacity of the ecosystem, increase carbon sink resources such as forests and
grasslands, and increase investment in ecological environment protection to improve the
carrying capacity of the ecological environment.

5. Discussion

To the best of our knowledge, there is no unified standard method for measuring
city-scale carbon emissions, nor is there an accurate statistical value for urban carbon
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emissions. The China Emission Accounts and Datasets (CEADs), an authoritative carbon-
accounting data platform, did not publish Suzhou’s carbon emission data for 2020, but
it has published carbon emission data for 290 Chinese cities for 2019, indicating that the
total carbon emissions of Suzhou should be 231.2 million tons. As measured in this paper,
the Suzhou region’s carbon emissions in 2020 were 240.3 million tons. Compared with
data from the China Carbon Accounting Database 2019, this represents a slight increase,
in line with the development trend of carbon emissions in Suzhou. This data comparison
demonstrates that the carbon measurement method and results presented in this paper are
scientifically valid and reliable. The results of the carbon emission measurement method
can serve as the basis for carbon balance zoning, and the more accurate carbon emissions
measured in this paper reflect the scientific and reasonable results of carbon balance zoning,.

In this paper, carbon balance zoning in township units was achieved based on a re-
gional analysis of the economic efficiency of carbon emissions and the ecological carrying
capacity from the perspective of green and low-carbon development orientation. Com-
pared with studies on the spatial patterns of carbon emissions and carbon balance zoning
at the provincial level [53] and those on carbon balance zoning in watersheds [54], this
study focuses more on carbon balance zoning at the micro-scale. Additionally, we propose
differentiated carbon reduction strategies for grassroots administrative units, facilitating
the implementation of strategies related to low-carbon governance in territorial space
planning. In contrast to a study on county carbon balance zoning [30], which also focused
on the micro-scale, the method used in this study exceeded the traditional measurement
method based on statistical data. With more accurate measurement results, the regional
differences in the carbon balance states between grassroots units can be revealed more
precisely, assisting in propositions for more effective low-carbon governance strategies.

Low-carbon economic zones are typically located at the edges of central urban areas
where there is a large amount of ecological land. These regions possess a higher level of
carbon sinks and compensation and exhibit good economic efficiency in carbon emissions
given their more reasonable industrial structure. Because of the expansion of construction
land and reductions in ecological space, township units in central urban areas exhibit
a strong carbon emission capacity but a weak carbon sink capacity. This has resulted in
a significant disparity between the carbon budget and expenditures of these townships.
However, given the high proportion of tertiary industry, its carbon emission economic
efficiency is relatively high. Thus, carbon source control zones are typically located in
central urban areas. There is a general consistency between the findings of this study and
those of other studies concerning the intrinsic mechanism of forming different functional
zones [25]. As a result of the scale of regional carbon sink land, the carbon sink capacity
can be determined. Thus, carbon sink functional zones are generally located in areas
with a concentrated distribution of carbon sink land. Because of factors such as industrial
structure and energy structure, industrial towns dominated by traditional manufacturing
and energy-consuming industries have excessive carbon emissions, serious carbon deficits,
and strong negative ecological effects generated by economic development. These towns
are usually high-carbon optimization zones, which are a major point of conflict in the
development of regional carbon balance. There are some similarities between the distri-
bution patterns of the above-mentioned functional zones and those discovered in other
studies [53].

In terms of guiding future territorial spatial development, carbon balance zoning pro-
vides some scientific support for the optimization of grassroots territorial space planning.
Taking into account the characteristics of various carbon balance functional zones, it is
necessary to adopt differentiated and localized low-carbon development strategies: (1) As
low-carbon economic zones, industrial scale should be controlled, industrial agglomer-
ation effects should be strengthened, and larger industries should be developed while
maintaining an ecological red line. It is necessary to develop an efficient and low-carbon
spatial structure model to enhance the environmental value and carbon sinks. (2) A carbon
source control zone should limit the unrestricted spread of production and living space
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and promote the use of green and clean energy and low-carbon construction technolo-
gies. Furthermore, it is necessary to strengthen the ecological environment and steadily
improve the regional carbon sink capacity by increasing the scale of carbon sink land and
limiting the destruction of the ecological environment. (3) As the primary carbon sinks in
the region, carbon sink function zones are responsible for maintaining a high ecological
carrying capacity, preventing ecological degradation as a result of economic development.
It is necessary to strictly define urban development boundaries, prohibit occupations of
ecological land, and prevent pollution and the destruction of the ecological environment
to maintain a high degree of ecological quality. (4) The development of carbon balance
mainly focuses on high-carbon optimization zones. This should strengthen low-carbon
technology innovation in industries, continuously improve the level of energy savings and
carbon reduction, and enhance the use efficiency of industrial energy. It is necessary to
strictly control the scale of urban construction, accelerate the formation of compact and
intensive urban spatial structures to promote a jobs—housing balance, and reduce carbon
emissions from the construction and transportation sectors. Additionally, it is necessary to
increase urban green areas and balance their distribution, protect the existing ecological
environment, and increase the supply of carbon sink products to enhance the ecological
carrying capacity. (5) In addition to focusing on the overall coordination involved in devel-
oping the regional carbon balance, we should also analyze the carbon circulation process
of different spatial units, coordinate goals and policies to reduce carbon emissions in each
functional zone, and investigate the mechanism of carbon compensation among townships.
To increase regional low-carbon development, we should consider implementing carbon
compensation policies between various functional zones based on carbon balance zoning
to promote regional synergistic emission reductions.

We constructed a territorial space carbon emission measurement method based on
multi-source big data. It can measure carbon emission spatial patterns at the microscale
within cities and can make high-precision measurements of carbon emission spatial patterns.
Furthermore, high-precision spatial patterns can achieve the carbon balance zoning of
urban grassroots units, enriching the research on carbon balance zoning at the microscale
of cities. However, there are shortcomings in this article: (1) The carbon emissions of
urban agriculture and waste sectors only account for 1.62% of the total amount, and
determining their carbon emission spatialization still follows traditional method, which
is not precise enough compared with other methods and needs further improvement.
(2) Carbon emissions, as greenhouse gases, have the characteristics of flow, diffusion, and
cumulative changes. Given limitations in data acquisition, this article only studied the
carbon emission spatial pattern and carbon balance zoning of a single period. Based on the
perspective of spatiotemporal evolution, research on the characteristics of territorial space
carbon emissions and carbon balance zoning still needs to be deepened.

6. Conclusions

Based on the relationship between territorial space and carbon emissions, this paper
constructed a calculation method for carbon emissions in urban territorial spaces based on
multisource big data and analyzed the spatial patterns of territorial space carbon emissions
at the microscale of a city. Furthermore, we constructed a method of carbon balance zoning
based on the economic contribution coefficient and ecological support coefficients. Suzhou
City’s townships were divided into different carbon balance functional zones with this
zoning method, which was used to develop targeted and differentiated strategies for
reducing carbon emissions.

Suzhou’s carbon dioxide emissions in 2020 were estimated to be 240.3 million tons,
with the industrial sector being the largest contributor, followed by the construction
and transportation sectors. In terms of carbon absorption, there was a total amount of
2,518,600 tons, and the main source of carbon sinks consisted mainly of agricultural and
forestry lands and natural waters. In the city, plots that emit high levels of carbon dioxide
are mainly concentrated in production and residential areas and show a tendency to expand
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outward. Most of the low-value plots are located in the suburbs of Suzhou, as well as in
the main carbon sinks.

Suzhou has a carbon compensation rate of only 1.05%, which means that the city
as a whole is a net carbon source. There is an obvious difference between the urban and
rural areas when it comes to the carbon compensating rate within each township unit.
This reveals a spatial structural pattern, being higher in the west and south and lower in
the north, central, and eastern regions. In each township unit, the economic contribution
coefficient for carbon emissions shows a spatial distribution that is higher in the central
part, lower in the north and south, and different between urban and rural areas. Because
the industrial functional position of each township unit is different, the economic benefits
of carbon emissions may vary from one township to another. Carbon emission ecological
carrying coefficients for each township unit have spatial distribution characteristics, such as
high values in Taihu Lake and low values in urban areas, and there are differences between
urban and rural areas. To some extent, this corresponds to the urban ecological patterns
of Suzhou.

Based on a carbon balance analysis of township units, we categorized them into
four types of carbon balance functional zones, of which 36 township units were low-
carbon economic zones, accounting for 37.11%, with high economic efficiency in carbon
emissions and the carbon sink capacity of the ecosystem. In total, 29 townships were
carbon source control areas, accounting for 29.90% of the total. Township units of this type
have high economic efficiency in carbon emissions but low carbon sink capacity. There
were 14 township units that were carbon sink functional zones, accounting for 14.43%,
with a high carbon sink capacity and low carbon emission economic efficiency. A total of
18 township units were high-carbon optimization zones, accounting for 18.56%, with low
economic efficiency in carbon emissions and the carbon sink capacity of the ecosystem.

This paper discusses the spatial patterns of carbon emissions and carbon balance
zoning in a single period. Considering the need for “dual carbon” strategies, the dynamic
evolution of carbon emissions and carbon balance zoning can be carried out from a time
perspective in future research. Furthermore, on based this study, future research can be
conducted on the carbon compensation mechanisms of township spatial units. Specifically,
such research can examine the mechanisms of compensating carbon between different
carbon balance functional zones and propose an overall strategy to protect ecological
environment patterns and optimize urban spatial distribution from the perspective of
carbon reduction. This will provide scientific support for the coordinated development of
urban grassroots units and the development of ecological civilization.
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