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Abstract: Analyzing the spatial pattern of urban carbon metabolism could provide insights into
spatial adjustments to mitigate the greenhouse effect. Using CASA and empirical coefficients, we
quantitatively analyzed and mapped the spatial pattern of the urban carbon metabolism of Beijing
and its response to land use change from 2000 to 2020. The results showed that the carbon emission
rate of Beijing increased in the first decade and decreased in the next, while the carbon sequestra-
tion rate kept rising over the past two decades. The net carbon emission rate of Beijing averaged
1284.52 × 107 kg C yr−1, indicating that the city functioned as a net carbon source throughout the
study period. The most harmful carbon transitions were always sourced from the southeastern sub-
urban area, where the natural components were converted to artificial components, while beneficial
carbon transitions were in the urban central area, where the artificial component with a higher carbon
emission density was converted to the other types of artificial components with relatively a lower
carbon emission density, and the northwestern mountainous areas, where land use types transferred
out of and into the forest or grass. The spatiotemporal change in urban carbon metabolism was highly
correlated with the land use transition, and the land use change from cultivated land to industrial
land accounted for 34.87% of the harmful carbon transitions. These results of key carbon flows and
hotspots provide insights for policymaking in the effective management of reducing carbon emissions
and enhancing carbon sequestration.

Keywords: urban carbon metabolism; spatial pattern; low-carbon development

1. Introduction

Urban areas are the primary contributor to global carbon emissions and have been
prioritized in the mitigation agenda [1]. Accounting for only 2% of the world’s total land
area, urban areas support 55% of the world’s population and contribute nearly 75% of global
energy consumption-related greenhouse gas (GHG) emissions [2,3]. Land use and cover
change (LUCC), such as the replacement of vegetated surfaces with built-up land, result in
almost one-third of urban carbon emissions [4]. As the present largest emitter in the world,
China has experienced a remarkable urbanization process since its Reform and Opening
Up [5]. The ongoing rapid urbanization process has inevitably profoundly influenced
land use patterns, which are generally characterized by the transition from natural lands
(e.g., forest land and grassland) to artificial lands (e.g., residential and industrial lands),
and these strongly affect the quantitative and spatial features of urban carbon emission
and sequestration [6,7]. The LUCC-related carbon emissions of China accumulated to
almost 1.45 Pg from 1990 to 2010, and 45% of those resulted from urban expansion [7,8].
It is a great challenge for China to mitigate carbon emissions and meet its commitment
to peak carbon emissions around 2030 and achieve carbon neutrality by 2060 [9] while
urbanization in China is rapidly proceeding. From the perspective of low-carbon regulation,
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cities are the key areas for implementing emission reduction measures in China [10]. Thus,
an understanding of the spatial and temporal urban carbon metabolism characteristics is
of great significance for formulating practical and reasonable mitigation policies from a
land-based perspective.

Urban carbon metabolism mostly refers to carbon flows, including both emissions and
sequestration, between the different components of the urban system [11,12]. Quantifying
urban carbon emissions and the sequestration of both natural and artificial components
is an important basis for comprehensively assessing urban carbon metabolism. Substan-
tial efforts have been dedicated to exploring carbon emissions [13,14] and sequestration
changes [10,15,16] based on LUCC changes [11–14]. Both carbon emissions and sequestra-
tion show significant regional disparities. Carbon sequestration is correlated with land
cover types in natural systems and environmental conditions [17–19]. Carbon emissions
are related to the quantity and structure of energy consumption by transportation and
industry [20–22], urban and rural households [23–25], and agricultural activities [26,27]. In
addition to showing quantity differences, previous research has also shown that the spatial
pattern of carbon sinks and sources differs among cities and within cities [28,29]. The
spatial variation in the carbon budget between urban and peri-urban areas is significant as
well. Hutyra et al. [30] took the lowland Seattle Statistical Metropolitan Area (MSA) region
as a case study and explored the spatial variation in carbon consequences of LUCC as a
function of the distance from the city center. Therefore, understanding the past patterns
and carbon consequences of LUCC is not only important for diverse and global knowledge
on urban carbon studies but also critical for informing suitable land development strategies
for local cities.

Many researchers recognize that a complete overview of urban carbon flow processes
should include the artificial components of carbon emissions and sequestration and the
changes in these components caused by LUCC. Substantial efforts have been dedicated
to quantifying LUCC-related carbon flows, aiming to explore carbon regulation strategies
using land use management [31–33]. Numerous existing studies have summarized only
one aspect, namely, they have focused on either the carbon emissions of different economic
activities and their interactions [18,34] or the carbon sequestration of the city’s natural pro-
cesses [35,36]. More recently, some scholars have studied carbon metabolism considering
both aspects since urban carbon metabolism follows the law of conservation of matter, and
carbon emission studies should also consider the flows and changes caused by increasing
or decreasing carbon storage to give a complete description of urban carbon flows [37–39].
Zhang et al. [40] analyzed carbon transitions between the artificial and natural components
of Beijing, analyzed the rates and spatial patterns of carbon emissions and sequestration,
and quantified carbon flows using an LUCC matrix from 1990 to 2008. Xia et al. [41]
assessed the carbon transitions (carbon flows) caused by land use changes in Hangzhou
through an assessment of carbon emissions and sequestration from 1995 to 2015. The above
studies have quantified the impacts of LUCC on carbon flow variability and revealed the
key carbon flow paths during different periods. The decrease in net carbon emissions was
mostly attributed to the decline in emission intensity of certain types of construction land,
such as transportation and industrial land, while the increase in net carbon sequestration
was mainly attributed to the recovery of green space [41,42].

However, the above studies focused on carbon flows in the land use transitions but
ignored the carbon change in the unconverted land use type (e.g., the decline in the carbon
emissions of unconverted transportation and industrial land with declining emission
intensity, and the increase in the carbon sequestration of unconverted recovering natural
space). Since urban carbon sequestration is affected by many additional factors, including
vegetation structure, climate change, etc. [43], the carbon sequestration of the unconverted
urban component is also temporally dynamic and spatially heterogeneous. The spatial
heterogeneity of the carbon sequestration of the same land use type and the temporal
dynamic of the unconverted land use type have not been well revealed because most of the
above studies applied empirical coefficients to evaluate carbon emissions and sequestration
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on the basis of the land use type. Among the methods used to evaluate carbon fluxes,
approaches based on remote sensing are relatively convenient and economical for data
collection but are sensitive to the resolution and quality of the raw remote sensing data [44].
As a conjunction of remote sensing and GIS technologies and a large-scale land database,
the Carnegie–Ames–Stanford Approach (CASA) model, which calculates regional carbon
storage and its spatial distribution on the basis of the principle of effective radiation
absorption of light energy by vegetation [45], has commonly been used to evaluate carbon
storage in ecosystems with a large scale [46,47].

As the capital of China, Beijing is one of the most developed cities and has the
highest urbanization level in the world. The urban population in Beijing grew from about
5.21 million (57.62%) in 1980 to 1916.6 million (87.54%) in 2020 [48]. The unprecedented
urbanization resulted in significant changes in land use and a dramatic increase in carbon
emissions, leading to a tough challenge for carbon mitigation. Consequently, this study
used Beijing as the target case and analyzed the quantity and spatial pattern of urban carbon
metabolism with land use change by evaluating carbon emissions and carbon sequestration.
Specifically, we not only examined the carbon flows caused by land use change using a
land-use change (transfer) matrix from 2000 to 2020 and divided these transitions into
beneficial processes and harmful processes, but we also analyzed the carbon change of the
unconverted land use type during four periods. The results provide empirical insights into
how to make better urban planning and management decisions to achieve low-carbon city
development in Beijing.

2. Materials and Methods
2.1. Study Area and Data Description

Beijing is a megacity with an area of 16,410.54 km2 and an average elevation of 43.71 m
located in the northwest of the North China Plain. The northwest of the city is dominated
by mountains and hills, accounting for 62% of the area, while the central and southeastern
areas are flat plains (Figure 1). During the past four decades, Beijing has experienced rapid
industrial development and economic growth. From 1990 to 2020, the per-capita GDP
of Beijing increased from CNY 4635 to 164,889 [48], and Beijing is currently ranking first
among the major cities across the country. Along with rapid economic development and
urbanization, Beijing is facing serious decarbonization challenges.

Figure 1. Digital elevation model (DEM) of the study area of Beijing.

The data used in this study included land use type data, meteorological data, NDVI
data used in carbon sequestration evaluation, agriculture data, energy and fuel consump-
tion data used in carbon emission accounting, and other basic data. The land use type data
for the years 2000, 2005, 2010, 2015, and 2020 were obtained from the Institute of Remote
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Sensing Applications, Chinese Academy of China [49], generated from Landsat-TM/ETM
and Landsat 8 images from the corresponding years [50,51]. The integrated discrimination
accuracy for the various land use types reached 95% or above. The spatial resolution of this
data was 100 m × 100 m. Depending on the category of land use type data, we choose the
Tier 2 typology for construction land and used Tier 1 for the other land use types since this
study focused on urban carbon metabolism and its relationship with urban land use change,
which was also applied widely in the existing research [28,52]. Table 1 illustrates the eight
components contained in the urban metabolism system: cultivated land (C), forest (F), grass-
land (G), water (W), urban land (U), rural land (R), transportation and industrial land (T),
and bare land (B). Bare land is unused land with little or no vegetation or signs of hu-
man activity and is thus assumed to have no carbon flow since carbon sequestration and
emissions are negligible. The Normalized Difference Vegetation Index (NDVI) data used
to evaluate the carbon sequestration in the selected years were derived from the Terra
Moderate Resolution Imaging Spectroradiometer (MODIS) Vegetation Indices (MOD13Q1);
these are generated every 16 days at 250 m spatial resolution as a Level 3 product and were
obtained from NASA’s Land Processes Distributed Active Archive Center (LP DAAC) [53].
The meteorological data, which were obtained from the China Meteorological Data Service
Center, included the monthly average temperature, monthly total precipitation, and radia-
tion. All spatial input data were transited to the same coordinate system and resampled to
the same spatial resolution of 250 m × 250 m. The agricultural production data and urban
and rural population data were obtained from the Beijing Statistical Yearbook [48], and
the energy and fuel consumption data were obtained from the China Energy Statistical
Yearbook [54] and the Beijing Statistical Yearbook [48].

Table 1. Components of the urban carbon metabolism.

Symbol Component Composition

C Cultivated land Irrigated cultivated land (C1); dry cultivated land (C2)
F Forest Forest (F1); shrub land (F2); open woodland (F3); other woodland (F4)

G Grassland
High-coverage grassland (G1, vegetation cover more than 50%); medium-coverage grassland
(G2, vegetation cover between 20 and 50%); low-coverage grassland (G3, vegetation cover

between 5 and 20%);
W Water Rivers (W1); lakes and reservoirs (W1); intermittently flooded land (W3)
U Urban land Built-up areas of the city
R Rural land Rural residential areas independent from the urban areas

T Transportation and
industrial land Large areas of industrial and transportation land outside the urban and rural residential areas

B Bare land Unused and non-vegetated land

2.2. Urban Carbon Flows Accounting

� Urban carbon metabolism calculation

Urban carbon metabolism represents the flows of both carbon sequestration and
emissions between the biosphere and the atmosphere and the carbon transitions within
the components of the urban system. The carbon metabolic density (W) was the carbon
metabolic rate per unit area, i.e., the annual carbon metabolism. Two forms were considered
for each component: carbon sequestration density (WS) and carbon emission density (WE).
The carbon transition flow represents the amount of carbon flow from one component of
the system to another and is expressed as the difference in carbon metabolic density (∆W)
wherever the land use changed, which can be calculated as follows [55]:

∆W = Wi −Wj =

(
Vi
Si

)
−
(

Vj

Sj

)

where i and j represent the final and initial components, respectively; Wi and Wj represent
the carbon metabolic density of the final and initial component, respectively; V is the carbon
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metabolism rate (kg C yr−1) and can be expressed as either the carbon emission rate (VE) or the
carbon sequestration rate (VS); Si and Sj represent the area of component i and j, respectively.

The net direction of the carbon transition flow can be determined by the result:
if ∆W > 0, it means carbon sequestration increase or carbon emission decrease, and thus
the process is beneficial; if ∆W < 0, it means carbon sequestration decrease or carbon
emission increase, and thus the process is harmful. By multiplying the area of land that
was transferred between two components by the corresponding ∆W value, the total carbon
flow between the two components was calculated. The formula was as follows [55]:

f ji = ∆W × ∆Sji

where fji refers to the carbon flow from component j to component i; ∆Sij represents the
area of land that is transferred from component j to component i.

� Carbon sequestration evaluation using the Carnegie–Ames–Stanford Approach
(CASA) model

Carbon sequestration took place through the photosynthesis of vegetation, and net
primary productivity (NPP) was used to characterize the carbon sequestration of urban
components. The CASA model calculates regional carbon storage and its spatial distribu-
tion on the basis of the photosynthetically active radiation absorbed by vegetation [45].
Carbon sequestration accounting by the CASA model can avoid the limit and inconsistency
of traditional station data in regional-scale research. Zhu et al. [46,56] modified the model
and localized parameters according to the characteristics of vegetation in China. The carbon
sequestration of the urban components in this study was calculated using the modified
CASA, which is summarized in the following equation.

NPP(x, t) = APAR(x, t)× ε(x, t)

APAR(x, t) = SOL(x, t)× FPAR(x, t)× 0.5

ε(x, t) = f1(x, t)× f2(x, t)×W(x, t)× εmax

where NPP(x, t) refers to the NPP of pixel x in month t; APAR(x, t) (MJ·m−2·month−1)
represents the absorbed photosynthetically active radiation of pixel x in month t; ε(x, t)
(g C·MJ−1) represents the light use efficiency of APAR into organic dry matter of pixel x in
month t; FPAR(x, t) refers to the fraction of the incoming photosynthetically active radiation
absorbed by the vegetation canopy, which depends on the type and coverage of vegetation;
SOL(x, t) (MJ·m−2·month−1) represents the total solar radiation; and the constant 0.5 stands
for the proportion of solar active radiation used for vegetation to the total solar radiation.

The FPAR is near-linearly correlated with the NDVI, and the correlation is determined
according to the maximum and minimum NDVI values for a certain vegetation type and
the corresponding FPAR values. Some studies have indicated that FPAR is also linearly
related to the simple ratio (SR). The mean value of FPAR estimated by the SR-FPAR and
NDVI-FPAR models was applied in this study to minimize bias [56]. Vegetation has the
maximum light use efficiency (εmax) in ideal conditions, but the actual light efficiency (ε)
of each pixel is affected by the suitability of temperature and the availability of water.
The parameters used in the study came from Zhu et al.’s work [46,56]. Using the CASA
model, the NPP of Beijing for the years 2000, 2005, 2010, 2015, and 2020 was calculated with
ENVI 5.0 software, and the NPP of each urban component for each year was derived by
overlaying the corresponding data on land use type.

� Carbon emission accounting

Carbon emissions for the components of urban land, rural land, transportation and
industrial land, and cultivated land were calculated on the basis of the consumption of fuel,
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and indirect carbon emissions were not considered in this study. The carbon emission rate
calculation for the abovementioned land use types is as follows:

vEU = ∑ EUiKi + k0Pu

vER = ∑ ERiKi + k0Pr

vET = ∑ ETiKi

vEC = vECF + vECM + vECI + vECL = k1F + k2M + k3Si + k4Pi + k5Ca

vEU is the carbon emission rate of urban land; EUi is the energy consumption of
urban households, the construction industry, and other service industries; Ki is the carbon
emission coefficient of the ith energy; k0 is the carbon emission coefficient of human
breathing; Pu is the urban population.

vER is the carbon emission rate of rural land; ERi is the energy consumption of rural
households; Pr is the rural population.

vET is the carbon emission rate of transportation and industrial land; ETi is the energy
consumption of the mining and manufacturing industries and transportation, storage,
postal, and telecommunications services.

vEC is the carbon emission rate of cultivated land, which includes the carbon emission
rate for fertilizers (vECF), farming machinery (vECM), irrigation (vECI), and livestock (vECL),
respectively. F is the amount of fertilizer; M is the mechanical power of the agricultural
equipment; Si is the irrigated area; Pi and Ca are the quantities of pigs and cattle. k1, k2,
k3, k4, and k5 are the carbon emission coefficients of the corresponding items. All the
values and references of the coefficients are summarized in the Supplementary Materials
(Tables S1–S3).

2.3. Spatial Pattern of Carbon Metabolism

To describe the detailed spatial patterns of carbon metabolism and the associated flows,
we obtained the land transformation matrix in four time intervals (2000–2005, 2005–2010,
2010–2015, and 2015–2020) to allocate the corresponding carbon metabolism changes of
each component of the city using ArcGIS 10.3.

3. Results
3.1. Land Use Change of Beijing during 2000~2020

In the past two decades, Beijing has witnessed a rapid urbanization process, pri-
marily characterized by the significant expansion of construction land and the shrinkage
of cultivated land (Figure 2, Table S4). Construction land, containing urban land, rural
land, transportation land, and industrial land, reached 3471.57 km2 in 2020, an increase
of 55% from 2000. Urban land increased from 1035.01 km2 in 2000 to 1494.37 km2 in 2020,
with an annual expansion of 22.97 km2 yr−1. Meanwhile, cultivated land dramatically
decreased from 4914.20 km2 in 2000 to 3765.47 km2 in 2020, with an annual shrinkage
of 57.44 km2 yr−1. The annual changes in forest, grassland, and water area ranged from
3.5 km2 yr−1 to 5.5 km2 yr−1, which were smaller than the changes in cultivated land and
construction land.

The urban expansion in Beijing was inextricably associated with the cultivated land
loss since newly built-up areas predominantly occupied cultivated land in former rural
areas. The land transformation matrix for the past two decades also showed that the
conversion of cultivated land to construction land has continuously been the predominant
direction of land use transformation. Over 90% of the lost cultivated land was converted to
construction land in 2000–2005 and 2005–2010, and the proportion declined to 75.5% and
53.0% in 2000–2005 and 2005–2010, respectively. Cultivated land was also converted to



Atmosphere 2023, 14, 1305 7 of 20

forest in the past decade, and the area of cultivated land converted to forest was 188.46 km2

in 2015–2020.

Figure 2. Land use map in Beijing in 2000 (a), 2005 (b), 2010 (c), 2015 (d) and 2020 (e).

3.2. Spatiotemporal Changes of Carbon Emissions and Sequestration

Carbon emissions of the four components, namely urban, rural, transportation and in-
dustrial, and cultivated land, experienced a similar trend of first increasing and then decreas-
ing (Figure 3). The total carbon emission rate of Beijing increased from 2211.31 × 107 kg C yr−1

in 2000 to 2532.85× 107 kg C yr−1 in 2010 and declined to 1764.31× 107 kg C yr−1 in 2020. In
2000, transportation and industrial land was the top contributor to the city’s carbon emis-
sions, contributing 62.8% of the total emissions with only 1.28% of the city’s area, followed
by urban land, which accounted for 24.1% of the total emissions. The carbon emission
intensity of urban land was 5.15 × 106 kg C km−2 yr−1, which was only 7.8% of the value
of transportation and industrial land. The carbon emissions of urban land increased to
1116.49 × 107 kg C yr−1 in 2015 and subsequently decreased to 965.31 kg C yr−1 in 2020.
The proportion of carbon emissions from urban land to total emissions increased to 54.7%,
surpassing that from transportation and industrial land (636.45 × 107 kg C yr−1, 36.1%) and
becoming the top contributor of carbon emissions in 2020. In addition, the carbon emissions
from rural land increased from 150.41 × 107 kg C yr−1 in 2000 to 196.8 × 107 kg C yr−1

in 2010 and decreased to 118.43 × 107 kg C yr−1 in 2020. The proportion of carbon
emissions from rural land to the city’s total ranged from 6% to 8% in 2000~2020, and
the carbon emission intensity decreased from 1.51 × 106 kg C km−2 yr−1 in 2000 to
0.72 × 106 kg C km−2 yr−1 in 2020. Meanwhile, although cultivated land was the largest of
the four carbon emission components, accounting for more than 22% of the city’s area, its
carbon emission rate was the lowest and continuously declined from 138.93 × 107 kg C yr−1

to 44.12 × 107 kg C yr−1 from 2000 to 2020.
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Figure 3. Changes in (a) carbon emission rates and (b) carbon sequestration rates and the land area of
the main contributors to (c) carbon emission and (d) carbon sequestration in Beijing from 2000 to 2020.

Compared with the carbon emission rate, the carbon sequestration rate in Beijing was
relatively lower and could not balance the carbon metabolism of the city. The CASA model
estimation results showed that the total carbon sequestration rate of Beijing increased from
851.85 × 107 kg C yr−1 in 2000 to 1098.70 × 107 kg C yr−1 in 2020, with an average annual
increase of 12.34 × 107 kg C yr−1. Forest land contributed the lion’s share of the city’s
carbon sequestration from 2000 to 2020 due to the combination of the largest area and the
highest carbon sequestration density, accounting for about 55% of the city’s total carbon
sequestration during the study period. Among its four sub-components (forest land, shrub
land, open woodland, and other woodland), forest land was the top contributor, and its
carbon sequestration reached 398.57 × 107 kg C yr−1 in 2020. Cultivated land was the
second-largest contributor to the city’s carbon sequestration and accounted for about 21.3%
of the total carbon sequestration rate. Grasslands had a higher carbon sequestration density
than cultivated land, but their sequestration rate accounted for only 7.6% of the total since
their area was much lower than that of cultivated land.

The carbon metabolism of Beijing showed a spatial gradient distribution from the
central plain area of the city to the inner suburban area and then to the outer suburbs of
the mountains, presenting a downward trend from the southeast plains to the northwest
mountains overall (Figure 4). Carbon emissions gradually decreased along this gradient,
while the carbon sequestration rate increased from the southeast to the northwest. The
central urban area in the southeast plain was the area with the highest carbon emission
rate and the lowest carbon sequestration rate in the city, and the distribution was highly
concentrated. By contrast, the northwest mountainous area was the area with the highest
carbon sequestration rate and the lowest carbon emission rate, while the distribution was
more disaggregated. The inner suburban area in the periphery of the southeast plain had
middling carbon emission and sequestration rates compared with the other two regions,
and it was a transition zone of spatial disaggregation and aggregation distribution of
carbon metabolism.
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Figure 4. Spatial patterns of carbon emissions of Beijing in 2000 (a), 2005 (b), 2010 (c), 2015 (d) and
2020 (e).

Until 2015, the urban area in the southeast plain with high carbon emissions (1.8× 106–
66.3 × 106 kg C km−2 yr−1) showed notable infilling and expansion, and the density in-
creased. The patches with moderate carbon emissions (0.3 × 106–1.8 × 106 kg C km−2 yr−1),
which were embedded in the low-carbon patches (0–0.3 × 106 kg C km−2 yr−1) in the pe-
riphery of the southeast plain, expanded and spatially aggregated. The dominant low-
carbon patches in the periphery of the southeast plain were simultaneously fragmented
overall but aggregated in several local areas. After 2015, the patches with high carbon
emissions in the central urban area shrank slightly, whereas some patches with high emis-
sions emerged in local areas, such as in the south of Daxing District, where Beijing Daxing
International Airport was constructed and put into operation in 2019.

During the first half of the study period, the spatial distribution of carbon sequestration
in the northwest mountains was relatively stable and did not show the highly aggregated
distribution that the high-carbon emission zone did (Figure 5), and only a few small-scale
clusters of patches with the highest carbon sequestration (0.75 × 106–1.1 × 106 kg C km−2 yr−1)
existed and intensified in some local areas. The periphery of the southeast plain was domi-
nated by patches with moderate carbon sequestration (0.4 × 106–0.6 × 106 kg C km−2 yr−1),
which were simultaneously fragmented overall. The patches with low carbon seques-
tration (0–0.4 × 106 kg C km−2 yr−1) embedded in the patches with moderate carbon ex-
panded and spatially aggregated. The dominant patches with low carbon sequestration
in the urban area in the southeast plain also increased and expanded. After 2010, the
dominant patch in the northwest mountains gradually changed from the second highest
(0.6 × 106–0.75 × 106 kg C km−2 yr−1) to the highest (0.75 × 106–1.1 × 106 kg C km−2 yr−1)
carbon sequestration patches, and the spatial distribution was still disaggregated. In the
periphery of the southeast plain, the patches with low carbon sequestration embedded in
the moderate-carbon patches decreased and gradually changed to patches with moder-
ate/low carbon sequestration (0.4 × 106–0.5 × 106 kg C km−2 yr−1), causing the dominant
patches with moderate carbon sequestration to increase and their degree of fragmentation
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to decrease. The dominant patches with low carbon sequestration in the urban area in the
southeast plain decreased and gradually changed to patches with moderate/low carbon
sequestration, resulting in the decrease in size and the increase in fragmentation.

Figure 5. Spatial patterns of carbon sequestration of Beijing in 2000 (a), 2005 (b), 2010 (c), 2015 (d)
and 2020 (e).

3.3. Carbon Transition between Urban Components

Table 2 summarizes the main carbon flow processes between urban components in
Beijing in 2000~2020. The overall carbon transition pattern in Beijing was the increase in
emissions before 2010 and the decrease in emissions after 2010. The net carbon transition
rate showed a carbon emission increase of 295.06 × 107 kg C yr−1 from 2000 to 2005 and
an increment decline to 131.40 × 107 kg C yr−1 from 2005 to 2010. Carbon emissions
decreased 60.97 × 107 kg C yr−1 and 166.36 × 107 kg C yr−1 from 2010 to 2015 and from
2015 to 2020, respectively. From 2000 to 2005, the total harmful carbon transition reached
343.37 × 107 kg C yr−1, nearly 7.12 times the beneficial effect caused by carbon transitions
during the same period, bringing the largest gap between the harmful effect and the
beneficial effect during the four periods. The carbon transition between cultivated land
and transportation and industrial land (168.17 × 107 kg C yr−1) was the top contributor
to harmful carbon transitions, followed by the carbon transition between cultivated land
and urban land, accounting for 48.98% of the total harmful carbon transition rate in this
phase. From 2005 to 2010, the harmful carbon transition rate decreased, while the beneficial
carbon transition rate increased. The carbon transition rate between cultivated land and
transportation and industrial land decreased to 70.57 × 107 kg C yr−1, and its proportion
of the total harmful carbon transition rate reduced to 37.43%.
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Table 2. Main carbon transition processes between urban components of Beijing from 2000 to 2020.

Process 2000~2005 2005~2010 2010~2015 2015~2020

×107 kg C yr−1 Transition
Value Direction Transition

Value Direction Transition
Value Direction Transition

Value Direction

Harmful processes 343.37 − 188.52 − 327.67 − 132.68 −
Beneficial processes 48.31 + 57.11 + 388.64 + 299.04 +

Net transition processes 295.06 − 131.40 − 60.97 + 166.36 +
P1 (C, F) 0.41 C→ F+ 0.01 C→ F+ 3.27 C→ F+ 7.39 C→ F+
P2 (C, G) 0.07 C→ G+ - - 1.36 C→ G+ 3.46 C→ G+

P3 (C, W) 0.07 W→
C− 0.01 C→W+ 1.12 C→W+ 0.32 C→W+

P4 (C, U) 87.24 C→ U− 30.60 C→ U− 78.93 C→ U− 2.28 C→ U−
P5 (C, R) 9.83 C→ R− 2.49 C→ R− 2.71 R→ C+ 10.23 R→ C+
P6 (C, T) 168.17 C→ T− 70.57 C→ T− 46.66 C→ T− 103.59 C→ T−
P7 (F, G) 0.03 F→ G+ - - 2.83 F→ G+ 0.16 F→ G+
P8 (F, U) 3.83 F→ U− 2.70 F→ U− 14.87 F→ U− 9.71 U→ F+
P9 (F, R) 0.86 F→ R− 0.35 F→ R− 2.51 F→ R− 2.88 R→ F+
P10 (F, T) 16.85 F→ T− 18.21 F→ T− 126.80 F→ T− 40.13 T→ F+
P11 (G, U) 0.46 G→ U− 1.26 G→ U− 2.95 U→ G+ 16.57 U→ G+
P12 (G, T) 5.28 G→ T− 17.93 G→ T− 7.55 G→ T− 85.65 T→ G+

P13 (W, U) 2.53 W→
U− 3.88 W→

U− 3.32 W→
U− 3.77 U→W+

P14 (W, T) 14.31 W→ T− 20.12 W→ T− 24.80 W→ T− 8.47 T→W+
P15 (U, R) 30.03 R→ U− 20.39 R→ U− 21.22 R→ U− 89.05 U→ R+
P16 (U, T) 47.59 T→ U+ 44.15 T→ U+ 204.12 T→ U+ 26.82 U→ T−
P17 (R, T) 3.62 R→ T− 12.95 T→ R+ 169.42 T→ R+ 15.78 T→ R+
P18 (B, T) - - - - 0.44 B→ T− 2.90 T→ B+

Note: Carbon transition processes lower than 1.00 × 107 kg C yr−1 through the four periods are not listed in
the table. “+” represent beneficial direction with carbon sequestration increase or carbon emission decrease;
“−” represent harmful direction with carbon sequestration decrease or carbon emission increase.

After 2010, the beneficial carbon transition rate exceeded the harmful carbon transition
rate, and the net processes indicated that carbon emissions decreased beneficially. From
2010 to 2015, the total beneficial carbon transition was the highest during the four periods,
reaching 388.64 × 107 kg C yr−1. The carbon transitions between transportation and in-
dustrial land and urban land (204.12 × 107 kg C yr−1) and between transportation and
industrial land and rural land (169.42 × 107 kg C yr−1) were the main contributors to the
beneficial carbon transitions because of the large carbon metabolism density differences, i.e.,
36.87 × 106 kg C km−2 yr−1 and 39.17 × 106 kg C km−2 yr−1, respectively. The carbon tran-
sition between forest land and transportation and industrial land (126.80 × 107 kg C yr−1)
was the top contributor to harmful carbon transitions, followed by the carbon transition
between cultivated land and urban land (78.93 × 107 kg C yr−1). From 2015 to 2020,
both the harmful and beneficial carbon transition rates were lower than those in the pre-
vious five years, while the net carbon transition increased. The main beneficial carbon
transitions occurred between urban land and rural land, between transportation and in-
dustrial land and grassland, and between transportation and industrial land and forest
land. The carbon transition between cultivated land and transportation and industrial
land (103.59 × 107 kg C yr−1) was the top contributor to harmful processes, accounting
for 78.07% of the total harmful carbon transition rate in the past five years. During the
whole study period, the primary carbon transitions in Beijing usually occurred between
components greatly affected by human activities, such as transportation and industrial
land, due to the high carbon metabolism density. Meanwhile, the carbon transition between
cultivated and urban land was also a major contributor because of the remarkable urban
expansion during the rapid urbanization process.
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3.4. Spatial Pattern of Urban Carbon Metabolism and Its Relationship to Land Use Change

The spatial pattern of the beneficial and harmful carbon metabolism effects of land
use transitions during the study period is shown in Figure 6. During the first half of the
study period, the harmful carbon transitions mainly occurred in and around the centers
of the southeast plain and some northwest mountainous districts. In the above regions,
the harmful carbon transition processes (e.g., C → T, C → U, C → R, and U → T) led
to the expansion of patches with high carbon emissions and low carbon sequestration.
Moreover, the urban land that remained unconverted also showed harmful carbon effects
since the carbon emissions of the urban sector rapidly increased from 2000 to 2010. From
2010 to 2015, the unconverted urban land in the center of the southeast plain showed
beneficial carbon effects, mainly due to the decrease in the carbon emission density since
the increment in urban carbon emissions was lower than the increase in the urban land
area. The transitions with harmful carbon effects, which mainly included C→ U, F→ U,
and R→ U, continuously led to the local expansion of patches with high carbon emissions
in all directions around the central urban area of the southeast plain. Meanwhile, some
transitions with beneficial carbon effects in the outer suburbs brought carbon sequestration
recovery (e.g., C → F and G → F) and carbon emission reduction (e.g., U → R, T → U,
and T→ R). From 2015 to 2020, the main harmful carbon transition processes (e.g., C→ T,
C → U, and R → U) in the southeast plains led to the constant expansion of patches
with high carbon emissions, especially in the south Daxing District, where Beijing Daxing
International Airport is located. Around the center of the southeast plain, the beneficial
carbon transition processes (e.g., U→ R) led to the shrinkage of patches with high carbon
emissions and low carbon sequestration. In the periphery of the southeast plain, where
rural land is embedded in cultivated land, the land use type that remained unchanged also
showed beneficial carbon effects, mainly because the carbon emissions of both rural and
agricultural sectors decreased from 2015 to 2020, resulting in the recovery of patches with
moderate sequestration and the decrease in their spatial fragmentation. In the northwest
mountainous region dominated by forest and grassland, land use types that remained
unchanged generally showed beneficial carbon effects in most periods from 2000 to 2020
since the carbon sequestration density of most patches increased while some patches
decreased locally.

As summarized in Table 3, the net gross carbon transition rate of land use change
in Beijing turned from emissions increasing by 237.03 × 107 kg C yr−1 in 2000~2005 to
emissions decreasing by 420.99 × 107 kg C yr−1 in 2015~2020. The land use conversion in
Beijing overall had a harmful carbon effect before 2010 and a beneficial carbon effect after
2010, while the land use type that remained unchanged overall showed a beneficial carbon
effect constantly from 2000 to 2020. The conversion of cultivated land to construction land
was the dominant harmful carbon transition process during the study period, especially the
conversion from cultivated land to transportation and industrial land (C→ T) and urban
land (C→ U). The largest gap between the harmful and beneficial carbon effects of land use
conversion happened from 2000 to 2005, corresponding to a substantial amount of the land
use conversion above. From 2015 to 2020, the decrease in the construction of new industrial
facilities and the reduction in urban expansion partly offset the rapid increase in the carbon
emission density of construction land, which led to a slight increase in harmful carbon
effects. In addition, the conversions from transportation and industrial land to urban land
(T → U) and rural land (T → R) were important beneficial carbon transition processes,
bringing marked reductions in carbon emissions since the carbon emission density of
transportation and industrial land was much higher than that of the other two kinds of
constriction land. For the land use type that remained unchanged, the overall net carbon
effect showed that carbon emission reduction decreased by 58.03 × 107 kg C yr−1 from
2000 to 2005, and the decrement increased to 356.20 × 107 kg C yr−1 from 2010 to 2015 and
then subsequently fell to 254.63 × 107 kg C yr−1 from 2015 to 2020. Both forest land and
grassland that remained unchanged embodied more beneficial carbon effects after 2010
than before 2010 since the carbon sequestration density significantly increased after 2010.
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Construction land (U, R, T) that remained unchanged showed beneficial carbon effects
after 2010 because the carbon emission density decreased, and the carbon sequestration
increased simultaneously.

Table 3. Main carbon flows of land use transition processes in Beijing from 2000 to 2020.

Process 2000~2005 2005~2010 2010~2015 2015~2020

×107 kg C yr−1 Transition
Value

Direction/
Proportion

Transition
Value

Direction/
Proportion

Transition
Value

Direction/
Proportion

Transition
Value

Direction/
Proportion

Land use transition
processes 295.06 − 131.40 − 60.97 + 166.36 +

Harmful processes
C→ U− −87.24 24.25% −30.60 16.04% −105.93 14.12% −49.11 11.93%
C→ R− −9.83 2.73% −2.50 1.31% −14.36 1.91% −3.50 0.85%
C→ T− −169.00 46.97% −70.57 37.00% −193.60 25.80% −163.99 39.85%
F→ U− −3.83 1.07% −2.70 1.42% −15.00 2.00% −1.58 0.38%
F→ T− −16.85 4.68% −18.21 9.55% −164.02 21.86% −13.99 3.40%
G→ T− −5.28 1.47% −17.93 9.40% −59.06 7.87% −32.57 7.91%
W→ U− −2.66 0.74% −3.91 2.05% −6.55 0.87% −2.50 0.61%
W→ T− −14.72 4.09% −20.47 10.73% −45.08 6.01% −6.25 1.52%
U→ T− - - −0.48 - −35.08 - −54.17 -
R→ U− −30.05 8.35% −20.39 10.69% −46.84 6.24% −29.73 7.23%
R→ T− −18.58 5.16% −1.34 0.70% −53.10 7.08% −49.15 11.94%

Beneficial processes
C→ F+ 0.41 0.63% 0.01 0.01% 5.91 0.73% 6.76 1.17%
C→ G+ 0.07 0.11% - - 1.98 0.24% 2.17 0.38%
C→W+ 0.02 0.03% 0.01 0.02% 1.48 0.18% 0.30 0.05%
G→ F+ 0.02 0.04% - - 2.73 0.34% 2.57 0.44%
U→ C+ - - - - 27.01 3.33% 46.83 8.10%
U→ F+ - - - - 0.14 0.02% 11.29 1.95%
U→ G+ - - - - 4.86 0.60% 18.22 3.15%
U→W+ 0.13 0.20% 0.04 0.06% 3.23 0.40% 6.27 1.08%
U→ R+ 0.02 0.04% - - 25.62 3.16% 118.78 20.55%
R→ C+ - - 0.01 0.01% 17.06 2.10% 13.74 2.38%
T→ C+ 0.83 1.28% - - 146.94 18.11% 60.40 10.45%
T→ F+ 0.00 0.00% - - 37.22 4.59% 54.12 9.37%
T→ G+ - - - - 51.51 6.35% 118.22 20.46%
T→W+ 0.41 0.64% 0.35 0.59% 20.28 2.50% 14.72 2.55%
T→ U+ 47.59 73.55% 44.62 75.21% 239.20 29.48% 27.35 4.73%
T→ R+ 14.96 23.12% 14.29 24.08% 222.53 27.43% 64.94 11.24%

Land use type unchanged 58.03 + 16.59 + 356.20 + 254.63 +
C→ C 12.69 − 20.44 − 87.49 + 53.72 +
F→ F 20.24 + 2.78 − 60.26 + 51.20 +
G→ G 2.00 + 0.07 − 8.23 + 10.32 +
W→W 0.71 + 1.22 − 2.68 + 4.31 +
B→ B 0.00 − 0.00 − 0.00 + 0.00 +
U→ U 96.55 − 137.02 − 112.07 + 3.49 −
R→ R 7.67 + 37.42 − 57.71 + 36.00 +
T→ T 136.65 + 215.54 + 27.75 + 102.57 +
Total 237.03 − 114.82 − 417.16 + 420.99 +

Note: “+” represent beneficial direction with carbon sequestration increase or carbon emission decrease;
“−” represent harmful direction with carbon sequestration decrease or carbon emission increase.
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Figure 6. Spatial patterns of beneficial (+) and harmful (−) carbon transitions in Beijing from 2000
to 2005 (a), from 2005 to 2010 (b), from 2010 to 2015 (c) and from 2015 to 2020 (d).

4. Discussion
4.1. Urban Carbon Metabolism with Land Use Change and Urban Development Policies

From 2000 to 2020, both the carbon emission rate and the net carbon emission rate
increased in the first decade and decreased in the next, while the carbon sequestration rate
kept rising. The net carbon emission rate of Beijing averaged 1284.52 × 107 kg C yr−1,
indicating that the entire system of the city has been functioning as a net carbon source
rather than a carbon sink. This rate decreased by 34.69 × 107 kg C yr−1, caused by land use
change during the study period, which amounted to 1.5% of the overall carbon emission
rate. Although the amount was very limited compared with total carbon emissions, the
overall change in carbon flux caused by land use change was beneficial during the study
period. The above positive influence was closely related to land use policy development.
For instance, a national carbon-control target was set by the central government of China
in 2009 and has been gradually incorporated into the performance appraisal system of local
governments. This policy had many positive influences on carbon emission reduction in
many areas in China.

The highest harmful carbon flows were mainly from the conversion of natural compo-
nents to artificial components, which led to a sharp decline in carbon sequestration and
a simultaneous increase in carbon emissions. The transformation from cultivated land
to industrial and transportation land and urban land led to typical harmful carbon flows
during the study period. Hence, promoting the intensive use of construction land and
carefully considering occupying cultivated land with construction land is necessary for
future urban spatial planning and land use management. As for the beneficial carbon
flows, the conversion of transportation and industrial land, which had the highest carbon
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emission density, to urban land (T→ U) and rural land (T→ R) led to carbon emission re-
duction. Another noteworthy positive carbon flow was the land use transfer out of and into
forest land or grassland. In 2012, Beijing launched the “one-million-mu afforestation and
greening project in plain areas”; a total of 1.05 million mu were afforested and more than
54 million trees were planted by 2015. The forest coverage rate in the whole city of Beijing
increased from 37.6% to 41%, and the rate in the plain area increased from 14.85% to 25%.
In 2018, Beijing implemented another round of the “one-million-mu afforestation project in
plain areas” and completed more than 0.69 mu of new afforestation by 2020. In particular,
priority was given to the afforestation of vacated urban land, abandoned opencast mines,
tidal flats, and sand wastelands in the two rounds of the project construction. The impact
of the above project was well-reflected in our study, which showed that the positive carbon
flows resulting from the conversion from other land to forest land and grassland greatly
increased after 2010 compared with that before 2010.

In addition to the carbon flows caused by the land use type transformation, this study
also assessed the carbon metabolism of the unconverted land use type. The unconverted
natural components showed a beneficial carbon process overall, indicating that the carbon
sequestration density of untransformed forest land and grassland increased during the
study period. The carbon metabolism of untransformed cultivated land was harmful
before 2010 but beneficial after 2010. It was associated with the conversion within cultivated
land. The Beijing municipal government implemented a series of water-saving measures
in response to the city’s water shortage. In particular, the rural agricultural structure
adjustments, which included reducing the planting area of water-intensive crops, such
as rice and winter wheat, was given high priorities. The area of conversion from paddy
fields to dry land was larger after 2010 than before, bringing a marked decline in carbon
emissions. The overall carbon metabolism of unconverted construction land was beneficial,
as the increasing carbon sequestration intensity could offset the carbon emission intensity
growth of individual land use types. In the master planning and the 12th and 13th Five-
Year Plans of Beijing, the general idea of green, low-carbon, and circular development
was established, and a series of measures was continuously introduced to achieve the
high-standard goals and tasks. The proportion of coal consumption in the city’s energy
consumption decreased from 25.2% in 2012 to less than 1.5% in 2020. The carbon emission
intensity of transportation and industrial land steadily declined during the study period
with the adjustment of the energy consumption structure.

The study also analyzed the spatial characteristics of urban carbon metabolism with
land use change and found that the zones of high negative carbon transitions gradually
shifted outward from places close to the city center. This trend of the main negative carbon
effects always being transferred to less developed regions has also been found by other
studies on Beijing and Hangzhou. With the development of urban progress, the city was
filled, and some industries had to be transferred outward, leading to an industrial carbon
transfer and an increase in carbon emissions in the region where these industries relocated.
In the mountainous region far from the city center, the carbon metabolism caused by
land use change overall was beneficial throughout the study period. Therefore, policies
must consider regional differences; for example, regulating carbon emissions should be
prioritized in urban areas with high concentrations of population and industries, while
increasing carbon storage should be emphasized in suburban areas and mountainous areas
far from the city center. Moreover, some market eco-compensation approaches, such as a
carbon trading market, may help curb carbon emissions and enhance carbon sinks more
efficiently in the corresponding key areas.

4.2. Comparison with Other Studies

As the capital of China, Beijing is one of the largest metropolises by both area and
population in China and has been a hot region of previous studies on urban carbon
metabolism. Zhang et al. evaluated the carbon emission and sequestration rates, an-
alyzed their spatial patterns, and quantified carbon flows caused by land use changes
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from 1990 to 2008. The growth rate of carbon emissions from 2005 to 2008 was lower than
the growth from 2000 to 2005, and this was consistent with the change trend of the carbon
emissions from 2000 to 2010 in our study. In Zhang’s [40] study, the overall carbon seques-
tration was 39.41 × 107 kg C yr−1 in 2008, which was quite a bit lower than that in our
study. This was mainly caused by the differences in the concept scope and the assessment
method. Zhang estimated the carbon sequestration rate of only four components (forest,
grassland, water, and cultivated land) using empirical carbon sequestration coefficients,
while our study evaluated the net primary production of all kinds of urban components
in the whole city using the CASA model. The carbon sequestration coefficients used in
Zhang’s [40] study were far lower than the carbon sequestration density obtained by the
CASA model in this study. However, the NPP estimated in this study was, in general,
consistent with that of other published studies [57]. The Institute of Geographic Sciences
and Natural Resources Research of the Chinese Academy of Sciences published a set of
NPP data with a spatial resolution of 1 km× 1 km for China from 2000 to 2010 based on the
GLO_PEM model [58]. In this set of data, the NPP of urban construction land and bare land
was excluded. We extracted the data of Beijing, and the average NPP of the city in 2000
and 2010 was 0.48 × 106 kg C km−2 yr−1 and 0.56 × 106 kg C km−2 yr−1, respectively. The
quantity and the increasing trend were consistent with the results of this study. Compared
with the MOD17A3HGFv061 [59] product at 500 m resolution from MODIS, the NPP results
in this study were higher, while the increasing trend and the spatial characteristics were
consistent. The disparity between MOD17A3HGFv061 and this study in mountainous
areas was more distinct than that in the plain areas, reflecting that the model accuracy is
impacted by complexity in vegetation structure, temperature, humidity, and precipitation
in mountainous areas with a large degree of relief [47].

Compared with urban metabolism in other cities, the results exhibited a high disper-
sion associated with the differences in the energy consumption structure and land use
patterns. However, some similar characteristics were still found. Our study discovered
that conversions from transportation and industrial land to urban land (T→ U) and rural
land (T→ R) near the urban center in the southeast plain area and the conversion from
cultivated land to forest land in the northwestern mountains were important beneficial
carbon transition processes in Beijing. Similar studies in Hangzhou [33,41] and the Yangtze
River Delta [60] showed a similar trend, in which the most beneficial carbon transitions
were in the urban central area, where existing industries were gradually removed, and the
western mountainous areas, which benefited from the Grain for Green Project. Although
topographic factors could have affected the spatial pattern of urban carbon metabolism,
the shift of zones with high negative carbon transitions from well-developed regions to less
developed regions seemed to be a common feature.

4.3. Limitations of the Study and Perspective for Future Research

In this study, NPP was used to represent the carbon sequestration rate of the urban
components, and the respiratory consumption of heterotrophs was not eliminated. Thus,
the carbon sequestration estimation results may be higher than those of other studies. The
NPP value of non-vegetated areas, such as water bodies (lakes and rivers), should be zero,
while the NPP value estimated in the paper is relatively high. It was partly determined
by the spatial resolution of the remote sensing data. For NDVI and LUCC data with a
spatial resolution of 250 m × 250 m, some narrow streams and small ponds cannot be
well identified. Another reason is the problem of mixing pixels. A mixed pixel of water
and vegetation may be classified as water if the proportion of water is relatively large
but also contains vegetation components, and it may be shown as a certain NDVI value
(not zero) in the remote sensing data. Similar situations also include the mixed pixels of
construction land and natural components. For instance, urban green space is a typical
mixed pixel of impervious surface and trees or shrubs and may result in a higher NDVI
value than that of pure construction land. Another limitation lies in the rough estimation
of the light energy utilization, which impacts the accuracy of the NPP results, especially
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in the mountainous region, where the vegetation structure, temperature, humidity, and
precipitation show great differences [47]. Moreover, the respiration rate of ecosystem
heterotrophs was not eliminated, so the results were larger than those of other studies
on urban carbon metabolism. However, estimating NPP with the CASA model could
effectively estimate regional carbon sequestration status in different periods, reflecting
the differences in the same urban component in the same place at different times and
in different places at the same time especially well by relating environmental variables
to vegetation. On the premise of giving full consideration to the above methodological
limitations and advantages, the results of this work should be interpreted with analytical
caution.

This study revealed the spatial pattern of urban carbon metabolism with land use
change in Beijing over the past two decades. The urban system was divided into eight rough
components, and the reallocation of carbon emission subsectors into the corresponding
individual land use types was relatively coarse due to the lack of a clear relationship
between them. Thus, further study could build a land use data set with a finer spatial and
temporal resolution to accommodate the more detailed socioeconomic data. The carbon
emission difference of the same land use type in different regions was not considered
due to the data limitations. A refined carbon emission allocation of the same urban
component to different areas is ideal for accounting for transboundary carbon transitions
more accurately. As for the methodology, the improvement of the accuracy of the CASA
model will contribute to the understanding of the regional carbon status more precisely.
In addition, the influential factors of urban metabolism and the driving mechanism are
issues worthy of further study. The simulation of urban carbon metabolism associated
with projected land use changes in different scenarios is also well worth studying since
the modeling results could provide decision-makers with more detailed information to
formulate urban low-carbon development measures.

5. Conclusions

This study presents an attempt to combine the CASA modeling and empirical co-
efficients in an urban carbon metabolism analysis. According to the evaluation of the
temporal changes in the spatial patterns of carbon emissions and sequestration of Beijing
from 2000 to 2020, the carbon metabolism processes between urban components were
quantified, and the spatial pattern of urban carbon transitions caused by land use change
was described. The results verified the harmful carbon transitions from the conversion
of natural components to artificial components, which simultaneously brought a sharp
decline in carbon sequestration and an increase in carbon emissions. The spatial pattern
of urban carbon transitions indicated that the harmful carbon transitions always lay in
and around the center of the southeast plain and some northwest mountainous districts,
and the hotspot areas shifted outward over time. Beneficial carbon flows included the
conversion of transportation and industrial land to urban land or rural land, bringing
carbon emission reduction, and land use transfers out and into forest or grass, making
carbon sequestration increase. The beneficial carbon flows were mainly distributed in the
northwest mountainous region, which benefitted from “one-million-mu afforestation and
greening project in plain areas” and were more widespread after 2010 than before. The
overall carbon metabolism of the whole city was more beneficial in the latter decade than
in the former decade. Specifically, this study also assessed the carbon metabolism of the
unconverted land use type in addition to the carbon flows caused by the transformation
of the land use type. The unconverted natural components embodied more beneficial
carbon effects after 2010 since the carbon sequestration density significantly increased
after 2010. The artificial components that remained unchanged showed a beneficial carbon
effect after 2010, as the carbon emission density decreased while the carbon sequestration
simultaneously increased.

These above findings provide important insights into the urban carbon metabolism of
Beijing and quantitative evidence on which carbon flows and key areas can be primarily
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targeted for adjustment to reduce carbon emissions or enhance carbon sequestration. This
knowledge will help policymakers to focus on the primary aspects that provide the greatest
benefit in launching locally targeted land use controls to develop a low-carbon city. Finally,
continuing research work on improving the spatial and temporal resolution of urban
carbon metabolism is warranted to detect the impact factors and the driving mechanism
and simulate the urban carbon metabolism in different scenarios.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos14081305/s1, Table S1: Coefficients in carbon sequestration.
Table S2: Population and livestock numbers. Table S3: Carbon emission coefficients of energy and
other accounting items. Table S4: The areas of the eight components of Beijing’s metabolic system
from 2000 to 2020. More details [61–63] are mentioned in the Supplementary Material file.
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