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Abstract: Facing the global climate change crisis, many cities have proposed the goal to achieve
net-zero carbon cities. The natural carbon sink in urban space is indispensable for net-zero carbon
cities, but the existing measurement system has shortcomings in the measurement elements and
precision. This leads to unclear control objectives and elements of spatial planning, and the relevant
planning strategies lack the support of quantitative results. We included the often-ignored natural
carbon sink space and soil in the measurement scope. Taking Hangzhou as an example, we built
a natural carbon sink capacity measurement system with respect to the carbon sequestration and
storage capacity, measured the natural carbon sink, and evaluated its carbon neutrality’s contribution
in urban space. The results showed that the carbon sink capacity of soil and small green spaces in
built-up areas could affect the quantity and spatial pattern of the measurement results. Both should be
included in the measurement system to improve corresponding spatial planning strategies’ reliability
and feasibility. Additionally, Hangzhou’s annual natural carbon sequestration offset approximately
9.87% of the carbon emissions in the same year. With respect to the contribution to carbon neutrality,
the role of natural carbon sinks in urban space was necessary, but the effect was limited. Therefore,
strategies to reduce carbon emissions are integral for the net-zero carbon goal. Some spatial planning
strategies to improve the urban natural carbon sink capacity are discussed. A more precise and
comprehensive understanding of the urban natural carbon sink capacity can support the construction
of a net-zero carbon city better.

Keywords: natural carbon sink; carbon neutrality; net-zero city; climate change

1. Introduction

Climate change is a severe global challenge that is receiving increasing attention from
governments. An Intergovernmental Panel on Climate Change (IPCC) report showed that
human activities caused a global temperature increase of approximately 1 ◦C above the
pre-industrial levels by 2017 [1]. Climate change has led to a series of highly harmful
consequences, such as heatwaves, floods, and droughts, which have already posed a real
threat to human society.

As a major responsible country, China has announced that it will enhance its nationally
determined contribution to climate change and strive to achieve carbon neutrality before
2060. According to the definition of IPCC, carbon neutrality refers to a state in which
anthropogenic emissions and removals of CO2 reach a global balance within a specific
period [1].

Depending upon whether zero CO2 emissions can be achieved, the technological
routes to achieve carbon neutrality can be divided into two types: zero emissions and
net-zero emissions [2]. Due to the high uncertainty of achieving the zero emissions route,
many countries and regions have chosen the more probable net-zero emissions path [3].
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In the net-zero emissions context, carbon sinks become non-negligible [4]. One of the
most important sources of carbon sinks is the natural carbon sinks provided largely by
vegetation, water, and soil. From 2000 to 2015, China’s terrestrial ecosystems achieved an
increase in natural carbon storage of 3202.23 Tg [5]. Some scholars have predicted that
forest vegetation in China will absorb 22.14% of fossil fuel CO2 emissions from 2020 to
2050 [6]. As the largest carbon pool in terrestrial ecosystems [7], soil accounts for up to
56% of the total urban carbon pool [8]. Therefore, exploring natural carbon sink spaces’
contribution is of great importance in realizing the vision of carbon neutrality.

The management of urban areas, which are the main regions of global carbon emis-
sions, is crucial to mitigate and address climate change [9]. With increasing attention
to climate change and its effects in recent years, global cities have enhanced their com-
prehensive strategies to address climate change, from low- to net-zero carbon strategies.
Compared with the incremental change approaches [10], net-zero cities need a clearer, more
accurate, and comprehensive carbon quantification system to support their deep systemic
transformation [11]. The system used to measure the urban natural carbon sink capacity
is an indispensable part of the quantitative system on carbon. Generally speaking, the
urban natural carbon sink capacity can be divided into carbon sequestration and storage
capacity. The capacity to sequester carbon refers primarily to vegetation’s ability to convert
atmospheric carbon into organic matter and fix it through photosynthesis, while carbon
storage capacity refers to the ability of vegetation, soil, water, etc. to store carbon in the
carbon pool in the form of organic or inorganic matter [12,13]. The natural carbon sink
capacity measurement system is composed of different carbon sink measurement methods
organically. Currently, there are a variety of methods for measuring different participants
and processes of carbon sinks. However, the measurement systems of the urban natural
carbon sink capacity still have many deficiencies, such as incomplete measurement ele-
ments and insufficient measurement accuracy. In the field of spatial planning, due to the
lack of reliable quantitative results of natural carbon sinks, it is difficult for policymakers to
clarify the contribution of natural carbon sinks to net-zero carbon cities and their spatial
patterns. Therefore, the corresponding spatial strategies may not be able to play their due
role and become effective tools to cope with the severe challenges of climate change [14].

In order to make spatial planning better contribute to the goal of net-zero carbon
cities, there are three key questions that should be addressed with respect to the urban
natural carbon sink capacity: (1) How do we build a more comprehensive, accurate, and
concise measurement system for urban natural carbon sink capacity? (2) How much
does the natural carbon sink contribute to the goal of net-zero carbon cities? (3) How do
the measurement results of the natural carbon sink capacity support the corresponding
spatial planning strategies? To address these questions, we incorporated soil carbon sinks
into the system to measure the urban natural carbon sink capacity at the municipal scale
and measured the amount and spatial patterns of the urban natural carbon sink capacity
based upon high spatial resolution remote sensing images. Compared with the existing
studies, we added consideration to soil and small green spaces in built-up areas. Moreover,
we evaluated the natural carbon sequestration’s contribution to urban carbon neutrality
in combination with carbon emissions measurement. Finally, we proposed such spatial
planning strategies as consolidating the natural carbon pool and increasing the annual
average natural carbon sequestration to provide reference methods and countermeasures
to support the achievement of a net-zero carbon city (Figure 1).



Sustainability 2022, 14, 2680 3 of 20Sustainability 2022, 14, x FOR PEER REVIEW 3 of 20 
 

 
Figure 1. Research framework. 

2. Literature Review 
2.1. Effects of Spatial Planning on the Natural Carbon Sink Capacity 

Spatial planning can affect green spaces’ area, type, vegetation structure, and man-
agement intensity, which, in turn, affects cities’ natural carbon sink capacity. The size of a 
green space is closely related to the carbon sink capacity of vegetation. It has been reported 
that controlling the expansion of construction land and maintaining or enhancing the area 
of existing green spaces can preserve or enhance vegetation’s carbon sink capacity effec-
tively [15,16]. Moreover, land use can have long-term effects on soil organic carbon stor-
age (SOCS) [17]. For example, the soil organic carbon density (SOCD) of the topsoil under 
impervious surfaces is much lower than that under vegetation-covered surfaces [18]. With 
respect to type, the proportions of the vegetation types also affect the natural carbon sink 
capacity of an urban space because of differences in their carbon sequestration capacity 
and storage capacity of vegetation on different types of lands, such as cropland and forest 
land [19]. The vegetation structure of green spaces in built-up urban areas can also lead to 
differences in the carbon sink capacity [20] and thus affect the efficiency of natural carbon 
sinks [21]. At the implementation and management stage, a reasonable and reliable plan-
ning supervision and regulation mechanism can guarantee vegetation and soil carbon 
pools’ stability, avoid unnecessary disturbances and losses, and maintain the urban natu-
ral carbon sink capacity [22,23]. 

2.2. System to Measure the Natural Carbon Sink Capacity of Urban Spaces 
Many studies have provided a variety of measurement methods for different carbon 

sink participants and processes. Common methods to measure the vegetation carbon sink 

Figure 1. Research framework.

2. Literature Review
2.1. Effects of Spatial Planning on the Natural Carbon Sink Capacity

Spatial planning can affect green spaces’ area, type, vegetation structure, and man-
agement intensity, which, in turn, affects cities’ natural carbon sink capacity. The size
of a green space is closely related to the carbon sink capacity of vegetation. It has been
reported that controlling the expansion of construction land and maintaining or enhancing
the area of existing green spaces can preserve or enhance vegetation’s carbon sink capacity
effectively [15,16]. Moreover, land use can have long-term effects on soil organic carbon
storage (SOCS) [17]. For example, the soil organic carbon density (SOCD) of the topsoil
under impervious surfaces is much lower than that under vegetation-covered surfaces [18].
With respect to type, the proportions of the vegetation types also affect the natural carbon
sink capacity of an urban space because of differences in their carbon sequestration capacity
and storage capacity of vegetation on different types of lands, such as cropland and forest
land [19]. The vegetation structure of green spaces in built-up urban areas can also lead
to differences in the carbon sink capacity [20] and thus affect the efficiency of natural
carbon sinks [21]. At the implementation and management stage, a reasonable and reliable
planning supervision and regulation mechanism can guarantee vegetation and soil carbon
pools’ stability, avoid unnecessary disturbances and losses, and maintain the urban natural
carbon sink capacity [22,23].

2.2. System to Measure the Natural Carbon Sink Capacity of Urban Spaces

Many studies have provided a variety of measurement methods for different carbon
sink participants and processes. Common methods to measure the vegetation carbon
sink capacity include micrometeorological methods, remote sensing estimation methods,
vegetation carbon sink estimation system methods, and so on [24,25]. Methods to measure
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SOCS include horizontal space estimation methods and soil profile methods, as well
as several new methods [26]. The InVEST model is representative of comprehensive
methods [27]. Through the organic combination of these methods, existing studies have
made useful explorations of the system to measure the urban natural carbon sink capacity.
However, with the net-zero carbon city as the planning goal, existing measurement systems
have deficiencies in measurement elements, accuracy, and data sources. First, the carbon
sink capacity measurement systems in existing studies have placed primary emphasis
on vegetation and focused on measuring its annual carbon sequestration [28,29], carbon
storage [30,31], and other vegetation-related carbon sink indicators. The soil’s carbon sink
capacity has been ignored. Since soil is an essential component of the natural carbon sink,
assessments involving only vegetation cannot fully demonstrate the urban space’s natural
carbon sink capacity [32]. Secondly, due to the limited accuracy of basic data, researchers
have excluded urban built-up areas from the study area or used remote sensing images
with large spatial resolutions as the original data when assessing cities’ natural carbon
capacity, which leads to the neglect of a large amount of vegetation information in built-up
areas [33]. Current studies commonly use Landsat satellite images as raw data to estimate
cities’ natural carbon sink capacity [34,35]. However, their spatial resolution cannot support
the interpretation of small green spaces in built-up areas well, so these green spaces are
not included in the measurement scope. The omission or neglect of small green spaces in
urban built-up areas may affect policymakers’ understanding of the urban natural carbon
sink capacity [36] and thus influence decision outcomes. In addition, there have been
some studies of the natural carbon sink capacity of urban spaces that used high-quality
but expensive closed source data [16,37,38], which increases the difficulty of translating
academic approaches into planning practice methods and is not suitable for promotion to
other cities (Table 1).

Table 1. Comparison of natural carbon sink capacity measurement systems in previous studies.

Authors Inclusion of Soil
Carbon Sink Capacity

Inclusion of Carbon Sink Capacity of
Small Green Spaces in Built-Up Area

Open Source Underlying
Landcover Map/Remote

Sensing Imagery

Wang et al. [28]
√

Wu et al. [29]
√

Chen et al. [30]
Li et al. [31]

√

Dorendorf et al. [32]
√ √

Jiang et al. [34]
√

Tao et al. [35]
√ √

Sallustio et al. [36]
√

Speak et al. [16]
√

Trlica et al. [37]
√

Tao et al. [38]
√

Not stated

2.3. Spatial Planning Approaches to Enhance the Natural Carbon Sink Capacity

Territorial spatial planning, which takes all elements in the entire administrative area
and all spatial activities as planning objects, is an effective tool to enhance the natural
carbon sink capacity in a systematic and integrated manner [14,39]. The spatial planning
methods that scholars have proposed have largely promoted the realization of net-zero
carbon cities by controlling the three spatial regulators: districts, land types, and land
parcels [40]. At the district scale, the spatial planning control focuses on green spaces’ scale
and boundaries. Zheng et al. [41] pointed out that the area of blue–green space should not
be less than 30% of the district’s total area in the spatial planning scheme. Pan et al. [42]
proposed a planning tool based upon a socio-ecological model, the simulation results of
which showed that over 50% of carbon sequestration loss could be avoided by prohibiting
urban sprawl in areas in the district with a high carbon sink capacity. With respect to
land types, spatial planning could improve urban space’s natural carbon sink capacity by



Sustainability 2022, 14, 2680 5 of 20

controlling the structure and layout of land use. From a three-dimensional perspective,
Wu et al. [29] developed a parametric model to evaluate urban–rural green carbon sinks,
which can be used to compare planning schemes with different land structures. Fu et al. [43]
established a spatial layout model of “three sources of green space” based upon the carbon
sequestration theory and recommended the location and distribution patterns of green
space with different areas and types. At the parcel level, spatial planning could ensure
the green space carbon sink capacity’s efficiency by controlling the proportion of trees and
shrubs, vegetation coverage, and other green space indicators [41]. In general, there are
various spatial planning methods to enhance the natural carbon sink capacity. However, the
control factors are still relatively limited, and some natural carbon sink system components
have not been fully considered. Most methods focus on vegetation and ignore the carbon
sink capacity of soil and water. In addition, some planning strategies lack the support of
quantitative analysis and fail to demonstrate spatial planning’s effect on the natural carbon
sink capacity with a concise and comprehensive approach, which cannot serve the goal of
net-zero carbon cities well.

3. Materials and Data
3.1. Study Area

Hangzhou, located in Eastern China, is the capital of Zhejiang Province. It comprises
12 districts and counties and covers an area of 16,850 km2 (Figure 2). In the seventh
population census in 2020, there were 11.936 million long-term residents of Hangzhou [44].
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Figure 2. Study area.

In recent years, the adverse effects of global climate change on Hangzhou have shown
an increasing trend. In 2020, Hangzhou experienced a super-long Meiyu flood period with
abnormally high rainfall. However, Hangzhou has made extensive efforts to reduce carbon
emissions in response to climate change. The marginal utility of various carbon emission
reduction measures continues to decrease, making it increasingly difficult to reduce carbon
emissions. This is a typical problem in the realization of a net-zero carbon city, which many
cities are facing or are about to face, including Hangzhou. Urban natural carbon sinks may
be one of the keys to solving the problem.

Hangzhou is the first national ecocity among the provincial capitals, and it is also a
low-carbon demonstration city [45]. From the perspective of ecological environment condi-
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tions, Hangzhou has a good natural carbon sink foundation. Additionally, the Hangzhou
government is willing to contribute to the realization of a net-zero carbon city by improving
the urban carbon sink capacity and to provide experiences that other cities can learn from.

Therefore, Hangzhou serves as a typical case for exploring the contribution of the
natural carbon sink capacity to carbon neutrality and related spatial planning measures.
The urban natural carbon sink capacity measurement framework in this study can be
applied to other cities, and the findings of this study can provide a reference for other cities.

3.2. Data

The acquisition and processing of remote sensing images in this study were carried out
on Google Earth Engine (GEE) (https://earthengine.google.com/, accessed on 2 August
2021), a planetary online geospatial analysis cloud platform based upon Google’s large-scale
computing power [46]. The remote sensing image data were Sentinel-2 satellite images
with a spatial resolution of 10 m, which the GEE platform provided. Through the APIs
of the GEE platform, we retrieved and filtered Sentinel-2 Level-2A data covering the
study area with less than 1.5% cloudiness in 2020 (from 1 January to 31 December). Then,
we synthesized a cloud-free image of Hangzhou City in 2020 by performing a series of
preprocessing operations, such as cloud masking and median synthesis, on the image
collection. The Advanced Land Observing Satellite Digital Elevation Model with a spatial
resolution of 30 m used in remote sensing interpretation was also obtained from the GEE
platform. SOCD data with a spatial resolution of 1 km was derived from the global soil
organic carbon map (GSOCmap) the Food and Agriculture Organization of the United
Nations produced [47] (http://54.229.242.119/GSOCmap/, accessed on 25 August 2021).
The Hangzhou Municipal Bureau of Planning and Natural Resources provided the vector
administrative boundary data. Data on the yields of major farm crops and cultivated areas of
townships commonly used in 2020 were taken from the Hangzhou Statistical Yearbook 2021.

Energy consumption data from the energy balance tables of Zhejiang Province from
2005 to 2019 were obtained from the China Energy Statistical Yearbook (2006–2020). Socioe-
conomic development data, such as gross domestic product (GDP) and the value-added in-
dustry of Zhejiang and Hangzhou, came from the Zhejiang Statistical Yearbook (2006–2020)
and Hangzhou Statistical Yearbook (2006–2020), respectively.

3.3. Land Use Classification Using Remote Sensing Images

Referring to relevant research practices [33,48], and based upon the study area’s
situation, we divided the land in Hangzhou into seven types: forest land, shrubland,
grassland, cropland, water, construction land (excluding water surface and vegetation
therein), and bare land (Table 2). Based upon the land classification, we constructed
a sample dataset consisting of 6376 samples within the study area by combining field
visits and an online high-resolution satellite map, street views that Baidu Map provided
(https://map.baidu.com/, accessed on 8 August 2021), and published land use data [46,49].
We chose the Random Forest (RF) model as the land use classifier, with the number of
trees taken as 200. This classification method is one of the methods used most widely
to classify land use and has higher classification accuracy and processing efficiency than
similar models [50]. For the classification feature collection, we selected 26 characteristic
variables in 3 categories: spectral, texture, and terrain features.

There were many misinterpretations of grassland and cropland in the urban built-up
area in the process of pre-interpretation. Based upon the cultivated areas of townships
commonly used in 2020 and the completeness of the geographical area, this study divided
Hangzhou into two regions for separate interpretations. Before interpreting each region,
30% of the data were selected randomly from the sample set as validation data. The
accuracy validation results showed that both regions’ kappa coefficients exceeded 0.90,
which met the accuracy requirements [51]. Thus, the interpretation results (Figure 3) could
be used in this study.

https://earthengine.google.com/
http://54.229.242.119/GSOCmap/
https://map.baidu.com/
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Table 2. Definitions of land use types.

Code Land Use Types Definition

1 Forest land Land with tree crown cover of more than 20% and vegetation
dominated by trees.

2 Shrubland Land with vegetation dominated by scrub, shrubs, or stunted trees.
3 Grassland Land with vegetation dominated by grasses.

4 Cropland Land that is primarily for the regular cultivation of crops using the
surface tillage layer and sown at least once a year.

5 Water Natural, semi-natural and artificial waters, including rivers, lakes,
canals, etc.

6 Construction
land

Land with artificially constructed surfaces, including residential areas,
commercial land, etc., excluding water and vegetation therein.

7 Bare land Land with a soil surface and very little vegetation cover.
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3.4. Methods
3.4.1. Capacity to Sequester Carbon

In this study, the carbon sequestration capacity referred to vegetation and water’s
ability to remove CO2 from the atmosphere in various ways, which can be characterized by
each land use type’s annual carbon sequestration density and annual gross natural carbon
sequestration. There were five types of land with carbon sequestration capacity in the study
area: forest land, shrubland, grassland, cropland, and water. Except for cropland, we could
calculate the other land types’ annual carbon sequestrations according to their respective
annual carbon sequestration densities and areas using Equation (1):

Ai = Si × di (1)

in which Ai is land use type i’s annual carbon sequestration, Si is land use type i’s area, and
di is land use type i’s annual carbon sequestration density. The annual carbon sequestration
densities of forest land, shrubland, grassland, and water were the arithmetic mean of the values
that authoritative journals or masters and doctoral dissertations in related fields provided.

Due to the apparent regional differences in the spatial distribution of agricultural
activities [52], it would be inappropriate to adopt a cropland’s annual carbon sequestration
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density in other regions directly. Referring to the existing literature [53], a cropland’s annual
carbon sequestration was estimated by Equation (2):

Ac =
n

∑
j

Ccj =
n

∑
j

cj ×
(
1− Pj

)
× Bj =

n

∑
j

cj ×
(
1− Pj

)
×

Yj

Hj
(2)

in which Ac is cropland’s gross annual carbon sequestration, Ccj is crop j’s annual carbon
sequestration, n is the number of crop types, cj is crop j’s carbon fixation rate, Bj is crop j’s
biological yield, Pj is crop j’s moisture content, Yj is crop j’s economic yield, and Hj is crop
j’s economic coefficient, i.e., the ratio of the crop’s economic yield to its biological yield.
Each crop’s economic coefficients and carbon fixation rates were taken from relevant studies
by Tian [53], Zhao [54], and Xie et al. [55] (Table 3). The gross annual carbon sequestration
of Hangzhou’s cropland in 2020 was calculated as 0.97 Mt C, and cropland’s annual carbon
sequestration density was 5.374 t C/ha. Compared with the results in existing studies,
these results are in the normal range and can be used in this study [56,57].

Table 3. Economic coefficient, water content, and carbon fixation rate of main crops.

Crop Type Economic Coefficient Moisture Content (%) Carbon Fixation Rate

Grain crop 0.40 13.3 0.45
Cotton 0.10 8.0 0.45

Rapeseed 0.25 9.0 0.45
Sesame 0.15 15.0 0.45
Peanut 0.43 9.0 0.45

Sugar cane 0.50 5.0 0.45
Vegetable 0.60 9.0 0.45
Melon as

Fruit 0.70 9.0 0.45

Others 0.40 12.0 0.45

On the basis of Equations (1) and (2), the annual gross natural carbon sequestration of
an urban space can be calculated using Equation (3):

Cse =
m

∑
i

Ai (3)

in which Cse is the gross annual natural carbon sequestration of an urban space, and m is
the number of land types, including forestland, shrubland, grassland, cropland, and water.

3.4.2. Capacity to Store Carbon

Urban spaces’ natural carbon storage capacity refers to vegetation, soil, and water’s
ability to store carbon stably in carbon pools, which may be represented by the carbon pool
density and the gross natural carbon pool storage. We divided the natural carbon pool
into three sub-pools: soil, vegetation, and water and calculated them separately. For soil,
this study measured the organic carbon pool in the 0–30-cm soil layer for the following
reasons. First, although soil contains both organic and inorganic carbon, inorganic carbon is
relatively stable, and studies and management practices on soil carbon sequestration have
focused primarily on organic carbon [58]. Therefore, this study did not take soil inorganic
carbon into account. Second, compared with shallow soil, deeper soil layers are affected
less by external disturbances and have relatively high soil carbon stability [59]. Moreover,
with respect to the storage capacity, approximately 65% of SOCS in Zhejiang Province is
stored in shallow soil (0–30 cm) [60]. In summary, it may be considered that the organic
carbon pool of the 0–30-cm soil layer can characterize the soil carbon storage capacity
effectively. In addition, because urban building activities remove the shallow soil from
construction land, its soil carbon pool was ignored in this study based upon the methods of
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previous studies [61]. We used ArcGIS 10.5 to mask, project, and resample the GSOCmap
to match the land use data.

Vegetation and water’s carbon pool densities were obtained from the literature review,
and the selection criteria and aggregation methods were the same as the annual carbon
sequestration density. Since the GSOCmap did not contain soil carbon pool data for water
areas, the carbon pool densities of aboveground water bodies and sediment were all derived
from the literature. Further, given that crops are harvested regularly, it is difficult to store
the crops’ fixed carbon stably in cropland vegetation for a long while [62]. Therefore,
cropland vegetation’s carbon storage capacity was not considered.

The carbon stocks of vegetation and water were calculated with Equation (4):

Bi = Si × Di (4)

in which Bi is the carbon pool storage of the vegetation or water corresponding to land use
class i; Si is the land use type i’s area; and Di is the carbon pool density of the vegetation
or water corresponding to the land use type i, which includes forest land, shrubland,
grassland, and water.

The gross natural carbon pool storage was calculated using Equation (5):

Cst = Bw + B f + Bsh + Bg + Bso (5)

in which Cst is the gross natural carbon pool storage; Bw is water’s carbon storage; B f , Bsh,
and Bg are forest land, shrubland, and grassland vegetation’s carbon storage, respectively,
and Bso is the soil’s carbon storage. We used ArcGIS 10.5 to obtain the soil carbon pool
storage with the statistics of the preprocessed GSOCmap.

The carbon sink coefficients mentioned above are shown in Table 4.

Table 4. Coefficients involved in the measurement of the natural carbon sink capacity of urban spaces.

Land Use Type
Annual Carbon

Sequestration Density
(t C/(ha·yr))

Sources
Vegetation/Water

Carbon Pool Density
(t C/ha)

Sources

Forest land 1.026 [20,29,63] 35.96 [6,64–67]
Shrubland 0.618 [20,29,63] 9.45 [6,57,67,68]
Grassland 0.518 [29,69] 5.03 [57,68]
Cropland 5.374 This study / /

Water 0.402 [70]
0.32 (Water body) [71,72]
24.5 (Sediment) [73]

3.4.3. Carbon Emissions Measurement

This study referred to Shan et al.’s [74,75] method to account for urban carbon emis-
sions. The accounting scope included the carbon emissions from the consumption of
fossil fuels and certain industrial processes within the city’s administrative boundary. The
city-level carbon emissions were calculated with Equation (6):

Ce = Cen + Cp (6)

in which Ce is the gross carbon emissions within the city’s administrative boundary, Cen
is the carbon emissions from the consumption of fossil fuels, and Cp refers to the carbon
emissions generated from industrial processes.

The carbon emissions from fossil fuel consumption were calculated with Equation (7):

Cen =
m

∑
i

Ei × EFi =
m

∑
i

Ei × NCVi × CCi ×Oi (7)
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in which Ei is fossil fuel type i’s consumption, m is the total number of fossil fuel types, EFi
is fossil fuel type i’s CO2 emission factors, NCVi is fossil fuel type i’s net calorific value, CCi
is fossil fuel type i’s default carbon content, and Oi is fossil fuel type i’s carbon oxidation
rate. The Statistical Yearbooks of Hangzhou did not provide data related to fossil fuel
consumption. Therefore, referring to existing study methods [75], we estimated Hangzhou’s
fossil fuel consumption data from the energy balance table of Zhejiang Province based
upon the ratio of the corresponding socioeconomic indicators of Zhejiang Province and
Hangzhou City. The carbon emission factors were obtained from “Guidelines for Provincial
Greenhouse Gas Inventory of Zhejiang (2018 Revised Edition)” [76] and related studies by
Shan et al. [74,75] (Table 5).

Table 5. Carbon emission factors of fossil fuels.

Fuel Type Net Calorific Value
(TJ/104 t, 108 m3)

Default Carbon Content
(t C/TJ)

Carbon Oxidation Rate

Industry Other Socioeconomic
Sectors

Raw coal 209.08 26.37 0.90 0.85
Cleaned coal 263.44 25.41 0.90 0.85

Other washed coal 104.54 25.41 0.90 0.85
Briquettes 188.33 33.56 0.90 0.85

Gangue 83.63 20 0.90 0.85
Coke 284.35 29.42 0.90 0.85

Other coking products 284.35 29.42 0.90 0.85
Coke oven gas 1798.09 13.58 0.99

Blast Furnace gas 376.34 70.8 0.99
Converter gas 794.5 49.6 0.99

Other gas 1425.5 12.2 0.99
Gasoline 430.7 18.9 0.98
Kerosene 430.7 19.6 0.98
Diesel Oil 426.52 20.2 0.98
Fuel Oil 418.16 21.1 0.98
Naphtha 413.98 20 0.98

Lubricants 429.45 20 0.98
Paraffin waxes 399.34 20 0.98
Petroleum coke 319.47 20 0.98

Liquefied Petroleum
gas 501.79 17.2 0.98

Refinery gas 460.55 18.2 0.99
Other petroleum

products 418.16 20 0.98

Natural gas 3893.1 15.32 0.99
Liquefied Natural Gas 514.34 15.32 0.99

The carbon emissions generated from industrial processes were calculated with
Equation (8):

Cp =
q

∑
j

Mj × EFj (8)

in which Mj is industrial process j’s product output, q is the number of industrial process
types, and EFj is industrial process j’s carbon emission factor. The industrial processes con-
sidered in this study included ammonia production, soda ash production, steel production,
and cement manufacturing. The corresponding carbon emission factors were determined
with respect to Shan et al.’s [74,75] and Feng et al.’s [77] studies (Table 6).
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Table 6. Carbon emission factors of main industrial processes.

Industrial Process Carbon Emission Factor (t CO2/t)

Ammonia production 1.5000
Soda ash production 0.4150
Cement production 0.2906

Steel production 1.7890

4. Results
4.1. Hangzhou’s Urban Natural Carbon Sink Capacity
4.1.1. Capacity to Sequester Carbon

Our results showed that Hangzhou’s natural gross carbon sequestration in 2020 was
2.16 Mt C. The annual mean natural carbon sequestration density was 1.45 t C/(ha·yr),
which is similar to existing research results (1.66 t C/(ha·yr)) [78]. Compared with other
cities in the Yangtze River Delta, Hangzhou’s carbon sequestration capacity is relatively
low, with Hefei at 1.19 t C/(ha·yr), Shanghai at 1.45 t C/(ha·yr), Ningbo at 1.96 t C/(ha·yr),
and Nanjing at 2.87 t C/(ha·yr) [79]. With respect to the spatial structure (Figure 4),
different regions of Hangzhou had different main participants in carbon sequestration.
Carbon sequestration in Northeastern Hangzhou derived primarily from cropland, while
the process of carbon sequestration in the southwest of the city occurred mainly in forest
land. The high-value region of natural carbon sequestration density in Hangzhou was the
ring area surrounding the urban core, where a large area of cropland was distributed, and
the forest land in the southwest.
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4.1.2. Capacity to Store Carbon

Hangzhou’s gross natural carbon storage was 107.42 Mt C. Among them, the soil
carbon storage was 69.51 Mt C and accounted for 64.71% of the total storage. Thus, the soil
is the most essential component of urban natural carbon storage. The carbon storage of veg-
etation (including forest land, shrubland, and grassland) was 37.87 Mt C, which accounted
for 35.25% of the total storage. Vegetation’s mean carbon pool density was 31.38 t C/ha,
which was similar to the result of Hangzhou in a previous study (30.25 t C/ha) [78]. In
comparison to other major cities in China, Hangzhou’s vegetation carbon pool density is
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higher than the average (21.43 t C/ha) and only lower than several cities such as Changchun
(38.80 t C/ha) and Nanjing (38.69 t C/ha) [79]. This indicated that Hangzhou’s vegetation
has excellent carbon storage capacity. The water carbon storage was 0.03 Mt C or 0.03% of
the total storage.

With respect to spatial distribution, the natural carbon pool density presented a spa-
tial pattern in which it was low in the northeast and high in the southwest (Figure 5).
Low-carbon storage capacity regions were located in the main urban areas, such as Gong-
shu, Shangcheng, and Qiantang. High-carbon storage capacity patches were distributed
largely in areas with high forest coverage in the southwest of Hangzhou, such as the West-
ern Lin’an and Northern Jiande. Fuyang and the eastern part of Lin’an were a transition
region from high- to low-carbon storage capacity.
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4.2. Carbon Emissions and the Urban Natural Sequestration Offset

From 2005 to 2019, Hangzhou’s carbon emissions showed an increasing and then
decreasing trend (Figure 6), in which the peak occurred in 2012 at 27.26 Mt C. After a
relatively rapid decline from 2012 to 2016, the decreasing trend in the carbon emissions of
Hangzhou has begun to slow down in recent years. The carbon emissions in 2019 were
21.93 Mt C, while its carbon emissions’ intensity maintained a downward trend from 2005
to 2019, falling to 0.52 t CO2/10,000 yuan in 2019.

Assuming that Hangzhou’s urban spaces’ capacity to sequester natural carbon in 2019
was largely the same as that in 2020, this capacity could offset 9.87% of the emissions in the
same year. Similar studies at home and abroad have shown that the proportion of carbon
that urban natural carbon sequestration offsets ranged from 2% [80] to 16.9% [81]. However,
the measurement processes have a great influence on this ratio, making cross-sectional
comparisons challenging.
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5. Discussion
5.1. Optimizing Urban Natural Carbon Sink Measurement System

This study focused on building a more concise, comprehensive, and high-precision
system to measure the urban natural carbon sink capacity. It was conducive to describing
cities’ amount and spatial pattern of their natural carbon sink capacity more effectively and,
thus, supported net-zero carbon city planning. Firstly, based upon high-resolution land use
data, this measurement system showed more details of small green spaces’ natural carbon
sink capacity, particularly in built-up areas. Globeland30 [82], a 30-m spatial resolution
land cover product The National Geomatics Center of China developed, was used as the
comparative land use data. For example, we chose Sijiqing Street, where the Hangzhou
Municipal People’s Government is located. Globeland30 2020 only identified two types of
land use at the street and showed that its annual carbon sequestration was 110.78 t C, which
was completely contributed by water. In contrast, the results of this study indicated that, in
addition to water, there were still many green spaces with the capacity to sequester carbon
at Sijiqing Street, and the total annual carbon sequestered was 238.70 t C (Figure 7). Thus,
for urban core areas, small green spaces’ carbon sink capacity can affect urban planners’
perceptions on the intensity and spatial pattern of the carbon sink capacity in this area
significantly. A more accurate carbon sink capacity assessment framework can reduce
spatial planning strategies’ ambiguity and uncertainty.

Secondly, this study incorporated soil into the measurement of urban natural carbon
pools, which improved not only the measurement system’s comprehensiveness but also
enhanced the measurement results’ applicability in relevant spatial planning. Similar to the
results of previous studies [8,38], this study’s results also showed that soil carbon storage
accounted for the highest proportion of the total urban natural carbon storage. In addition,
this study’s findings revealed that the soil carbon storage capacity had an impact on the
spatial pattern of the urban natural carbon storage capacity, because the soil carbon storage
was large and not distributed evenly in the urban space [61].

5.2. Carbon Neutral Contribution of Urban Natural Carbon Sink

The offset ratio of natural carbon sequestration to carbon emissions showed that,
although urban natural carbon sequestration was essential to construct a net-zero carbon
city, its role was limited. Relying only on increasing the natural carbon sequestration to
achieve the net-zero carbon goal is an enormous challenge, so we need to explore many
alternative and comprehensive methods, including energy system reform. Among the
different land use types, forest land had the highest annual carbon sequestration and
accounted for 47.45% of the total, while cropland, the land type with the highest natural
carbon sequestration density, had the next-highest annual carbon sequestration, which
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accounted for 44.85% of the total. These two types of land uses were the most significant
contributors to carbon neutrality. Notably, some scholars have believed that the amount of
carbon cropland sequesters was neutral, in that they ignored it because the carbon crops fix
would return to the atmosphere in a short time [83]. However, one of the characteristics of
plant carbon flows in cropland ecosystems is the coexistence of carbon sequestration and
carbon emission [84]. In the measurement of carbon emissions, this study calculated the
direct or indirect carbon fluxes in cropland ecosystems based upon the final consumption
of energy. If crops’ carbon sequestration is ignored, it will result in a short circuit of carbon
flux. Therefore, this perspective is unsuitable for studies that focus on the greenhouse
gas balance. Further, many empirical studies have demonstrated that cropland’s annual
carbon sequestration density is not zero [57,85] and even much higher than that of forest
land during the same period [86]. Although cropland had a strong capacity to sequester
carbon, forest land was still the most prominent component of the carbon sink system,
with comprehensive utility, considering the carbon storage capacity, the natural carbon
pool’s stability, the ecosystem’s resilience, the abundance of ecosystem services, and other
factors. Hence, it is inappropriate to attempt to increase the annual carbon sequestration by
converting forest land to cropland.

Sustainability 2022, 14, x FOR PEER REVIEW 14 of 20 
 

 
Figure 7. Differences in the results of measurements of the capacity to sequester carbon at 10m and 
30m spatial resolutions at Sijiqing Street, Hangzhou. 

Secondly, this study incorporated soil into the measurement of urban natural carbon 
pools, which improved not only the measurement system’s comprehensiveness but also 
enhanced the measurement results’ applicability in relevant spatial planning. Similar to 
the results of previous studies [8,38], this study’s results also showed that soil carbon stor-
age accounted for the highest proportion of the total urban natural carbon storage. In ad-
dition, this study’s findings revealed that the soil carbon storage capacity had an impact 
on the spatial pattern of the urban natural carbon storage capacity, because the soil carbon 
storage was large and not distributed evenly in the urban space [61]. 

5.2. Carbon Neutral Contribution of Urban Natural Carbon Sink 
The offset ratio of natural carbon sequestration to carbon emissions showed that, alt-

hough urban natural carbon sequestration was essential to construct a net-zero carbon 
city, its role was limited. Relying only on increasing the natural carbon sequestration to 
achieve the net-zero carbon goal is an enormous challenge, so we need to explore many 
alternative and comprehensive methods, including energy system reform. Among the dif-
ferent land use types, forest land had the highest annual carbon sequestration and ac-
counted for 47.45% of the total, while cropland, the land type with the highest natural 
carbon sequestration density, had the next-highest annual carbon sequestration, which 
accounted for 44.85% of the total. These two types of land uses were the most significant 
contributors to carbon neutrality. Notably, some scholars have believed that the amount 
of carbon cropland sequesters was neutral, in that they ignored it because the carbon crops 
fix would return to the atmosphere in a short time [83]. However, one of the characteristics 
of plant carbon flows in cropland ecosystems is the coexistence of carbon sequestration 
and carbon emission [84]. In the measurement of carbon emissions, this study calculated 
the direct or indirect carbon fluxes in cropland ecosystems based upon the final consump-
tion of energy. If crops’ carbon sequestration is ignored, it will result in a short circuit of 
carbon flux. Therefore, this perspective is unsuitable for studies that focus on the green-
house gas balance. Further, many empirical studies have demonstrated that cropland’s 
annual carbon sequestration density is not zero [57,85] and even much higher than that of 
forest land during the same period [86]. Although cropland had a strong capacity to se-
quester carbon, forest land was still the most prominent component of the carbon sink 
system, with comprehensive utility, considering the carbon storage capacity, the natural 
carbon pool’s stability, the ecosystem’s resilience, the abundance of ecosystem services, 

Figure 7. Differences in the results of measurements of the capacity to sequester carbon at 10m and
30m spatial resolutions at Sijiqing Street, Hangzhou.

5.3. Spatial Planning Strategies to Enhance the Urban Natural Carbon Sink Capacity

This study’s objective was to provide a scientific reference and decision-making basis
for the spatial planning strategies of a net-zero carbon city and thus served the development
of net-zero carbon cities better. Based upon the research results, the following two strategies
are proposed.

5.3.1. Stabilizing and Consolidating the Existing Natural Carbon Sink Capacity of Urban Spaces

Rather than expanding green spaces blindly, a more sustainable spatial planning
strategy is to stabilize and consolidate urban spaces’ existing natural carbon sink capacity
by controlling the boundary and scale. With respect to the carbon storage capacity, planners
need to delineate areas in Hangzhou with a high natural carbon storage capacity and
develop corresponding protection measures to prevent carbon emissions attributable to
land use change [87]. We used Jenk’s natural breaks method in ArcGIS 10.5 to divide
the whole city into six regions according to the natural carbon storage capacity, from
very low to extremely high (Figure 8). The evaluation results could be helpful to roughly
identify patches with high-carbon storage capacity within the city. Therefore, planners
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should prioritize the necessary land use transformation activities in areas with relatively
low-carbon storage capacity to ensure the relative stability of the urban natural carbon
pool [22]. With respect to the capacity to sequester carbon, planners can determine the
minimum scale and reasonable structure of green spaces based upon scenario projections
of future carbon emissions and the estimation of natural carbon sequestration. With the
vision of a net-zero carbon city, spatial planning must control urban sprawl and ensure
sufficient green space to provide enough annual carbon sequestration.
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5.3.2. Increasing the Increment in Urban Ecosystem’s Annual Carbon Sequestration

The natural carbon sink capacity is not immutable. Spatial planning strategies such
as index control can improve an urban space’s natural carbon sequestration efficiency
effectively. For urban core areas such as Shangcheng, where the types of green space are
primarily urban parks and residential green spaces, it is necessary to control such indices
as the green space ratio and tree coverage in the planning area. A green space’s carbon
sink efficiency can be improved by extending green spaces, allocating natural communities,
and other methods [28]. For areas with a relatively high proportion of cropland, such as
Linping, the quantity of agricultural inputs and the use of agricultural machinery should be
controlled through such indicators as carbon emissions per mu [88], and more sustainable
low-carbon farming methods should be promoted. For forestland-dominated areas such
as Lin’an and Chun’an, the forestland’s carbon sequestration efficiency can be improved
by controlling the structure of forest age and type, carbon emissions from conservation
activities, and other indicators [89,90].

6. Conclusions and Implications
6.1. Conclusions

The problems thatclimate change causes have prompted people to pay more attention
to the realization of carbon neutrality, and the natural carbon sink capacity of urban space
is an indispensable element in achieving the goal of a net-zero carbon city. From the
perspectives of carbon sequestration and storage capacity, this study constructed a more
concise, comprehensive, and high-precision system to measure the urban natural carbon
sink capacity by including the often-ignored natural carbon sink space in the built-up area
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and soil into the measurement scope. The measurement results showed that the decision of
whether to consider the carbon sink capacity of soil and small green spaces in built-up areas
can affect policymakers’ perceptions of the amount and spatial pattern of the urban natural
carbon sink capacity. Furthermore, the contribution of the natural carbon sequestration
capacity to urban carbon neutrality was integral but limited. The results of this study
highlighted that, in order to achieve the goal of a net-zero carbon city, policymakers and
the public should attach more importance not only to urban green spaces, particularly
small green spaces, but should also enhance soil protection to reduce its degradation.
In addition, spatial planning strategies related to carbon sinks need to be coordinated
with high-intensity strategies to reduce carbon emissions [91–93]. Finally, based upon
our measurement results, this study proposed spatial planning strategies to enhance the
urban natural carbon sink capacity by scale, structure, and index control. Spatial planning
strategies based upon a more comprehensive understanding of the urban natural carbon
sink capacity will help cities better cope with the serious challenges of climate change.

6.2. Limitations

There were some limitations in this study. First, we classified urban land use in
Hangzhou into seven categories, but in reality, many other factors, such as trees’ age,
density, and condition, influence the urban natural carbon sink capacity as well [94]. Future
research could establish a better classification system based upon richer data to measure
the natural carbon sink capacity in a more accurate way [48]. Secondly, the coefficients
used to measure the natural carbon sink capacity were derived largely from the literature.
Hence, they were secondary data rather than the results of field measurements. Thus, these
coefficients cannot reflect the current situation of a specific city accurately. Future studies
can further optimize the measurement results of this study based upon field measurements.
Thirdly, the GSOCmap resolution was different from that of the land use data. When spatial
data of different resolutions are merged, introducing inaccuracies is inevitable to some
extent [95].
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