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The reduction of energy carbon emissions and the increase in the number of vegetation
carbon sinks play a crucial role in achieving China’s “carbon neutrality”. As a megacity, Beijing
faces significant pressure to reduce carbon emissions and increase the number of carbon sinks
because of its large number of individual buildings, high population density, overcrowded
transportation, and enormous amount of human activity. Therefore, calculating and analyzing
the carbon emissions, vegetation carbon flux, and spatial distribution in Beijing in recent years
provide data that support energy conservation and emission reduction, urban fine management,
ecological security pattern planning, and national land spatial planning, and contribute to the
high-quality development of the capital. In this study, we applied the C-FIX model, referring to
the “2006 IPCC National Greenhouse Gas Inventory Guidelines” and the “Provincial
Greenhouse Gas Inventory Compilation Guidelines” compiled by China. The statistical
yearbooks of different administrative regions in Beijing were referred to in calculating the
energy consumption carbon emissions and vegetation carbon flux of Beijing in 2010 and 2020.
The results show the following: 1) In 2020, the carbon emissions from energy consumption
decreased by 36.78%, with the reduction of industrial energy consumption emissions playing a
major role. 2) The demand for energy in residents’ daily lives significantly increased from 2010
to 2020, with the majority of the increase concentrated in areas with larger populations and more
frequent activities. 3) Forest land in urban centers mostly serves as a carbon source, while in
suburban areas, it serves as a carbon sink. The carbon flux of forest land in most areas shows an
increasing trend, and the overall quality of forest land is good. 4) Grasslands in urban areas
mostly serve as carbon sources, while those in suburban areas serve as carbon sinks. Moreover,
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the carbon sink capacity in most areas decreases, resulting in poor grassland quality. 5) The
carbon absorption by vegetation is lower than the carbon emissions of energy, but the gap is
significantly reduced.

1. Introduction

The IPCC Sixth Assessment Report stated that the concentration of carbon dioxide (CO,) in
the atmosphere had reached 409.9 (£0.4) ppm by 2019, an increase of 125 ppm compared with
that in 1850.() The significant increase in the concentration of atmospheric greenhouse gas
emissions caused by human activities was the main factor behind climate warming.® As an
important carrier of human production and life, cities have become the main source of global
carbon emissions and the main contributor to climate change.3~>) The impact of urbanization on
urban carbon emissions continues to increase. At the 75th United Nations General Assembly,
General Secretary Xi Jinping pledged that China aims for its carbon dioxide emissions to peak
before 2030 and strives to achieve the ambitious goal of carbon neutrality before 2060. This
means that carbon dioxide emissions per unit of gross domestic product (GDP) in 2030 will be
reduced by 60 to 65% compared with those in 2005. Under the advocacy of the Paris Agreement
and the United Nations 2030 Agenda for Sustainable Development, low-carbon and sustainable
development research had attracted increasing attention from the academic community.©% At
the same time, urban expansion and rapid development have promoted the rapid development of
urban infrastructure and construction, and energy consumption has increased rapidly, making
China the world’s largest carbon emitter.’). Energy carbon emissions, the vegetation carbon
budget, and the impact of land use change on the carbon budget have become important topics in
current carbon emission research.(10-13)

As a megacity, Beijing has a large number of individual buildings, a high concentration of
population, dense traffic, and an enormous amount of human activity that lead to an increase in
carbon emissions year by year and is still facing great pressure to reduce carbon emissions and
increase the number of carbon sinks. In the “Beijing Urban Master Plan (2016—2035)”, it was
proposed to improve the overall environmental quality of Beijing by 2020, further enhance a
green, low-carbon lifestyle, and build Beijing into an ecological city surrounded by blue sky,
clear water, and forests by 2035. We will fully tap the potential of energy conservation and
carbon reduction in the adjustment of the industrial, energy, and functional structures, and build
low-carbon cities with world-class standards.

In this context, we calculated and analyzed the spatiotemporal changes of energy carbon
emissions and the vegetation carbon budget in Beijing from 2010 to 2020 to grasp the
composition structure and influencing factors of carbon emissions and carbon sinks. On the
basis of the 2006 [PCC Guidelines for National Greenhouse Gas Inventories and the Guidelines
for the Preparation of Provincial Greenhouse Gas Emission Inventories, the energy emission
accounting list and related parameters of Beijing were determined, the carbon emissions of the
energy sector of Beijing in 2010 and 2020 were calculated, and the spatial distribution model of
energy carbon flux was established. The carbon flux and spatial distribution of the vegetation
ecosystem in Beijing in 2010 and 2020 were calculated using the C-FIX model. The research
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content and results provide data support for Beijing’s energy conservation and emission
reduction, urban fine management, ecological security pattern planning, and territorial space
planning, and help the high-quality development of the capital.

2. Research Methods and Data Sources
2.1 Study area

As a political center, cultural center, international exchange center, and scientific and
technological innovation center, Beijing is one of China’s famous historical and cultural cities
and ancient capitals (Fig. 1). As of 2020, the permanent population of Beijing was 21.893 million
(according to the seventh national population census report), the regional GDP was 3610.26
billion yuan (Beijing Statistical Yearbook), and the urban forest coverage rate was 44.4%.
Compared with 2010, the population increased by 11.63%, the regional GDP increased by
141.26%, the per capita GDP increased by 117.12%, and the forest coverage rate increased by
7.4%.

In recent years, owing to the rapid development of the city, the climate warming speed has
increased and the average temperature in Beijing increased from 12.6 °C in 2010 to 13.8 °C in
2020 (an increase of 1.2 °C in ten years). To restore the urban ecological environment and slow
down climate warming, Beijing had put forward the strategic goals of increasing the green area,
improving the forest coverage rate, and reducing carbon emissions.
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Fig. 1.  (Color online) Elevation of Beijing.
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2.2 Research method
2.2.1 C-FIX model

Terrestrial ecosystems absorb CO, from the atmosphere and convert it into organic matter,
which has a positive effect on reducing carbon dioxide emissions and is of great significance for
the realization of the national “two-carbon” strategy. Net Ecosystem Productivity (NEP) is the
difference between net primary productivity (NPP) and soil heterotrophic respiration (Rh),
which is the net carbon storage capacity of a terrestrial ecosystem and quantitatively describes
the carbon source/sink capacity of the terrestrial ecosystem. NEP > 0 means that the ecosystem
acts as a carbon sink and the opposite means that it is a carbon source. Therefore, NEP reflects
the material circulation and energy flow of the ecosystem, and is an important indicator of
carbon sinks.(14-16)

The C-FIX model is a light energy utilization model based on Montes Theory(!”) and is
capable of simulating the three basic carbon cycle components estimated at regional and global
scales [total primary productivity (GPP), NPP, and NEP]. In recent years, many scholars have
used the C-FIX model to simulate GPP, NPP, and NEP, and obtained good simulation
results.29-22) For each pixel, GPP, NPP, and NEP are estimated daily using Egs. (1) to (8).
Tables 1 through 3 list the parameters of the C-Fix model.(!”)

GPP; = ( atm)xCOzfertxgfoPARxch (1)
NPP; = GPP; x(1- 4,) )
AH
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e 8
P (Tatm ) = [AS'TAHd.pJ )
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Table 1
Parameters of the C-FIX model.
Parameter Significance Value  Unit
PTaim) Normalized temperature dependence factor"™ [0,1] [-]
COsfert Normalized CO: fertilization factor!”) [-]
€ Radiation use efficiency (RUE) gC/M1J
C Climatic eﬁiciency(m 0.48 [-]
Sg.d Incoming daily global radiation ’ MJ/m*d
Aaq Autotrophic respiratory fraction®? [-]
Rpq Heterotrophic respiration(25 ) gC/mz/d
JAPAR Fraction of absorbed photosynthetically active radiation (PAR)*®
¢ in Eq. (1) was assigned in accordance with the different land use types in Table 2.
Table 2
Radiation use efficiency (e) of vegetation for different land use types.®”
Land use types &(gC/MJ)  Land use types & (gC/MJ)
Evergreen coniferous forest 1.01 Shrubland 0.83
Evergreen broad-leaved forest 1.26 Grassland 0.61
Deciduous coniferous forest 1.10 Agriculture 0.60
Deciduous broad-leaved forest 1.04 Savanna 0.77
Mixed forest 1.12 Sparse vegetation 0.39

Others 0.39
Table 3
Parameters used in Eqs. (4)—(8).0%
Parameter Significance Value Unit
C Constant 21.77
AH,, Activation energy 52750 J/mol
AS Entropy of denaturation equilibrium of CO, 704.98 J/K/mol
R Gas constant 8.31 J/K/mol
T Air temperature K
T, Air temperature °C
AHy, Deactivation energy 211000 J/mol
T CO0,/0; specificity ratio
[CO7] CO; concentration in mesophyll tissue of leaves ppmv
[0-] O, concentration in mesophyll tissue of leaves 20.9 ppmv
[CO.Y CO; concentration in atmosphere 285 ppmv
K Affinity constant for CO; of Rubisco [%CO,]
Ko Inhibition constant for O, [%0,]
NDVI Normalized difference vegetation index
ksy Heterotrophic respiratory rate coefficient gC/mz/d

Relative increase in respiratory flux
Qo for 10 K increase in temperature 7, 15
Rya =ksy O ®)

The affinity coefficients K, and K, show a temperature dependence that follows an Arrhenius
relationship:
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K g\ EalReT). )

m

If T,> 15 °C, E,= 59.4 kJ/mol and 4 = 2.419 x 1013, or if 7, < 15 °C, E,= 109.6 kJ/mol and 4 =
1.976 x 1022.

The inhibition constant K, for O, is calculated using Eq. (10), where 4, = 8240 and £,y =
13.9135 kJ/mol.

. Afe(—Eaf/RgT) (10)

Here, 4, = 7.87 x 107> and E, = —42.8969 kJ/mol.

365 GPP,;
d=1
. by (1)
5,y 365 T
d=1p( atm )d

The parameter b, is the mean annual calibration coefficient of soil heterotrophic respiration,
and its value is 1.0.

2.2.2 Energy carbon emission accounting

On the basis of the above determination of the carbon emission range of energy consumption
in human activities, we adopted the top-down international energy consumption carbon emission
accounting method, referring to the carbon emission accounting list in the 2006 IPCC National
Greenhouse Gas Inventory Guide and the Provincial Greenhouse Gas Inventory Preparation
Guide prepared by China. The accounting model is

44

where E is the total carbon emission generated by human-induced energy consumption, j is the
energy type, C is the physical amount of energy consumption, / is the carbon emission factor, L
is the low calorific value of energy, P is the carbon content per unit calorific value of energy (kJ/
m? or kJ/kg), and O is the oxidation rate (%) in the process of energy combustion. 44/12 is the
conversion coefficient of carbon to carbon dioxide.

The IPCC guidelines provide emission factors for carbon emission accounting for various
energy sources. Since there are some differences in energy type and energy quality among
countries around the world, the IPCC guidelines recommend using specific values to account for
carbon emissions in accordance with the country and region, so as to accurately reflect the trend
of carbon emissions of different energy qualities and countries and reduce uncertainty. In this
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context, China compiled the Guidelines for the Compilation of Provincial GHG Inventories in
line with China’s national conditions, providing a valuable reference for China’s carbon emission
accounting. Using carbon content and oxidation rate in the guidelines in combination with the
General Principles for the Calculation of Comprehensive Energy Consumption, we obtained
parameters that can be used to calculate carbon emissions from various energy sources in China
(Table 4). There are many types of energy with different amounts of heat contained. To facilitate
mutual comparison and research on the total amount, China stipulated the calorific value of
standard coal to be 7000 kcal/kg (29.3076 GJ/t). The carbon content of coking coal was 25.86 kg/
GJ, and the CO, emission coefficient of standard coal was 2.7725 tCO,/tce.

2.2.3 Spatial distribution methods of energy carbon emissions

The purpose of spatial allocation was to grid energy carbon emissions at the administrative
level, that is, by selecting certain parameters (such as population and GDP), the emissions per
administrative unit were processed into emissions per grid unit. In this study, the precision of the
urban scale simulation grid depended on the spatial precision of the parameters, and the
resolution was 1 x 1 km.

The space allocation methods commonly used were the spatial interpolation and weight
methods. In this study, the weight method was mainly used. The specific steps were as follows.

The first step was to extract 1 km grid maps of GDP and population in different administrative
regions of Beijing referring to the existing administrative boundary map at the city level and
using the segmentation function of ArcGIS, as the spatial allocation base map for GDP and
population.

The second step was to calculate the grid emission coefficient of GDP and population
parameters of each of 16 administrative districts of Beijing. The specific formula was

Table 4
Carbon emission accounting parameters of various energy sources.
. Carbon content Sy Conversion coefficient

Energy type Low calorific Xah;e per unit calorific value Carbon OXoldathH of standard coal

(GJ/KJ; GJ/10™ m°) (tC/GY) rate (%) (kece/ke)
Raw coal 20.908 0.02637 94 0.7143
Cleaned coal 26.344 0.0274 94 0.9
Coal products 19.25 0.03 92 0.72
Coke 28.435 0.0295 93 0.9714
Natural gas 38.931 0.0153 99 1.21
Steam oil 43.07 0.0189 98 1.4714
Coal oil 43.07 0.0196 98 1.4714
Diesel oil 42.652 0.0202 98 1.4571
Fuel oil 41.816 0.0211 98 1.4286
Liquefied petroleum gas 50.179 0.0172 99 1.7143
Refinery dry gas 45.998 0.0182 98 1.5714
Heat 0.03412
Electricity 0.1229

Standard coal 29.3076 0.02586 94
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4. = D
ij (13)

l
Z?:lD i ’

where 4;; is the carbon emission coefficient of pixel i in region j and Dj; is the carbon emission
intensity of pixel 7 in region j. The energy carbon emissions of the primary, secondary, and
tertiary industries were calculated using GDP, and the carbon emissions of residential energy
were calculated using population.

The third step was to assign the carbon emission values in administrative districts to the grid.
The specific formula was

Ej=4;xC;, (14)

where Ej; is the energy carbon emission of an industry type in pixel i of zone j, 4; is the carbon
emission coefficient of an industry type in pixel i of zone j, and C; is the total energy carbon
emission of an industry type in zone j.

2.3  Data source
2.3.1 Land-use-type data

Cities are the main sources of carbon emissions due to their high level of industrialization and
dense population. As a megacity, Beijing’s carbon budget has attracted much attention from the
state and scholars. In the Master Plan of Beijing City (2016-2035), it was proposed that by 2020,
Beijing’s environmental quality would be generally improved, the level of a green, low-carbon
lifestyle would be further improved, and the development goal of building Beijing into an
ecological city with blue sky, clear water, and forests by 2035 would be attained. It is necessary
to properly handle the internal links between urban development and the utilization of resources
and energy, the improvement of environmental quality, and the joint response to climate change,
and to promote the green, low-carbon transformation of the economy and society. We should
fully tap the potential of energy conservation and carbon reduction in the adjustment of
industrial, energy, and functional structures, and build low-carbon cities with world-class
standards. We should also enhance the adaptive capacity of urban infrastructure and the carbon
sequestration capacity of urban systems, enhance the emergency response capacity to extreme
climate events, and build Beijing into a climate-smart demonstration city.

In this study, using the vector map of Beijing’s administrative boundaries, the land use types
of Beijing in 2010 and 2020 were extracted with a resolution of 30 m. The soil data came from
the GlobeLand30 land use product released by China. The product, developed by China,
provided the global land cover data with a 30 m spatial resolution. The GlobeLand30 2000 and
2010 editions were released in 2014. GlobelL.and30 data included 11 primary land use types,
namely, cultivated land, forest land, grassland, shrub land, wetland, water body, tundra, artificial
surface, bare land, glacier, and permanent snow.
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2.3.2 NPP data

NPP was obtained using EARTHDATA’s MOD17A3HGF V6 product, which provides annual
NPP information at a 500 m pixel resolution. The temporal resolution was year by year, the
spatial resolution was 500 m in kg carbon/m?/year (kgC/m?/year), and the geographical
coordinate system was WGS 1984,

2.3.3 Socioeconomic data

The socioeconomic data were collected from the Resources and Environmental Science and
Data Center of the Institute of Geographic Sciences and Natural Resources Research, Chinese
Academy of Sciences. The socioeconomic grid data designed in this study included two types of
data: population data and GDP data.

We downloaded the 2010 and 2019 China population and GDP spatial distribution dataset
with a 1 km grid. The dataset reflected the detailed spatial distribution of the population and
GDP across the country. The data were in a grid format and were based on the Krassovsky
ellipsoid. The projection method used was Albers projection.

2.3.4 Statistical data

Statistics mainly included population, GDP, and energy consumption, among others. The
GDP and energy consumption data were from the 2011 and 2021 statistical yearbooks of Beijing
administrative districts. The population data were obtained from the Sixth and Seventh Census
Bulletins of Beijing Municipality.

3. Results and Analysis
3.1 Energy carbon emission in Beijing

In 2020 (compared with 2010), the total carbon emission from energy consumption in Beijing
was reduced by 36.78%, and the total carbon emission from energy consumption in most
administrative regions was reduced by varying degrees. In terms of spatial distribution, by 2020,
the total carbon emission from energy consumption in Beijing (compared with 2010) had
gradually decreased from outside to inside of the city. Among all districts, the reduction ratio of
energy carbon emissions in an ecological conservation area was generally higher than that in
urban Districts of 6 (Table 5, Fig. 2). The energy carbon emissions of Dongcheng and Fengtai
administrative districts had increased, while those of the other regions had decreased. Among
them, Changping, Daxing, and Tongzhou showed significant reductions. Secondly, the spatial
distribution of total carbon emissions from energy consumption and land use cover-type data
was consistent.

The carbon emissions of energy consumption in the secondary industry of each administrative
region decreased significantly. Among them, the carbon emissions of industrial energy
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Table 5
Total carbon emissions from energy consumption. (Unit: 10* tCO, )
Administrative region 2010 2020 Rate Administrative region 2010 2020 Rate
of change of change
Dongcheng 773.06 838.60 8.48 Tongzhou 765.38  82.96 —89.16
Xicheng 1141.99 994.22 —12.94 Shunyi 2356.57 - -
Chaoyang 2746.47 2405.09 —12.43 Changping 881.37 4423 94098
Fengtai 1061.95 1247.83 17.50 Daxing 67122 8334  —87.58
Shijingshan 1792.84 331.65 —81.50 Huairou 27672  31.07  —88.77
Haidian 2091.77 1964.93 —6.06 Pinggu 266.19  28.41 —89.33
Mentougou 198.32  158.39  —20.13 Miyun 259.09 3234  —88.58
Fangshan 2405.97 - - Yanqing 137.10 1586  —88.43
e w e L 6" E "rE U$°E
A 1t i

z z T = o
z = ) z
] Total Carbon Emissions from | H Mentougou S HEE L
E s 3 Dy R Total Carbon Emissions from E
Fnergy Consumption in 2010 & Frngial gy ol Energy Consumption in 2020
(tons C/km?) b TV g Tongzhol el “ c{: ?)
— 3 tons C/km
L Fangshan Daxing ‘ 0.0 - 0.2 W 500- 800
_azrn-s=s‘nrmn P ez -os Wl 80- 100
0 1S 10120
5 Dongcheng 70 100120
E o E“U=""7]'w Xicheng B 20- 180
ER-ECNIN 258 I 20 5.0 18,0 - 2190
6° K nrew nseE w6 E urE nee L
@ (b)

Fig. 2.  (Color online) Total carbon emissions from energy consumption in each administrative region of Beijing.

particularly decreased. The analysis showed that the proportion of industrial carbon emissions in
secondary industry energy carbon emissions was much higher than that of the other industries
such as construction (Table 6, Fig. 3). By 2020, this proportion decreased, and the proportion of
industrial carbon emissions in each administrative region was mainly distributed between 69.76
and 91.28%. According to the statistics, the carbon emissions of industrial energy in each
administrative region decreased significantly, except for Xicheng and Fengtai, where they
increased slightly. Compared with 2010, industrial carbon emissions in each administrative
region decreased by more than 65.58% by 2020. Among them, the industrial carbon emissions in
Shijingshan, Huairou, and Daxing decreased by 96.49, 92.86, and 92.76%, respectively.

We found that the demand for energy in residential life has increased significantly over the
past decade. The overall decrease in household carbon emissions was mainly due to the decrease
in household carbon emissions in Tongzhou, Daxing, Huairou, Yanqing, and the other regions
(Fig. 3). According to the statistics, by 2020 (compared with 2010), the carbon emissions of
residents had been reduced by 77.52%. The living carbon emissions of Dongcheng, Xicheng,
Chaoyang, Fengtai, Mentougou, and the other districts showed an increasing trend, while the
living carbon emissions of residents in Tongzhou, Daxing, Huairou, Yanqing, and the other areas
decreased. The areas where the carbon emissions of residents increased were mainly
concentrated in places with large populations and more frequent human activities.
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Table 6
Secondary industry energy carbon emissions and changes. (Unit: 10* tCO»,

1481

Secondary industry

Industry

Administrative region

2010 2020 Variation quantity 2010 2020 Variation quantity
Dongcheng 56.84 24.68 —32.16 - - -
Xicheng 136.68 139.15 2.47 116.72 122.93 6.21
Chaoyang 761.69 289.28 —472.41 704.77 242.57 —462.20
Fengtai 187.98 217.00 29.03 151.54 159.55 8.01
Shijingshan 1600.87 68.90 —-1531.97 1577.66 55.39 —1522.27
Haidian 425.80 - —425.80 - - -
Mentougou 87.17 23.29 —63.88 80.79 16.25 -—64.54
Fangshan - - - - - -
Tongzhou 289.23 15.15 —274.08 - 9.45 -
Shunyi - - - - - -
Changping 219.37 3292 —186.45 - - -
Daxing 205.72 14.94 —-190.78 184.93 13.39 —-171.53
Huairou 142.67 10.27 —132.41 131.17 9.37 —121.80
Pinggu - 6.17 - - - -
Miyun - 8.25 - - 6.72 -
Yanqing 31.63 2.28 -29.35 - - -

Note:“-"indicates data not available in the statistical yearbook.
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Fig. 3. (Color online) Carbon emissions from household consumption.

According to the sixth and seventh censuses of Beijing, the permanent populations of
Dongcheng, Xicheng, Chaoyang, and Fengtai decreased by about 22.87, 11.02, 2.6, and 4.4%,
respectively, between 2010 and 2020. Most of the carbon emissions in residential life came from
electricity, heating, gas, and family cars. In the case of population reduction, the energy carbon
emissions generated by residents still increased, which indicated that the demand for energy in

residents’ lives had risen significantly in the past decade.
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3.2 Analysis of vegetation carbon budget in Beijing

The vegetation areas of the whole city showed a carbon sink function, and most of the
administrative regions had enhanced carbon sink capacity. The total carbon flux of vegetation in
Beijing was determined to be 1647.68 x 10* tCO, in 2010 and 2097.94 x 10* tCO, in 2020.
Compared with that in 2010, the total vegetation carbon flux in 2020 increased by 27.33%
(450.26 x 10* tCO,). According to statistics, the carbon sink capacities of vegetation in
Shijingshan, Haidian, and Miyun decreased by 1.38 x 10% 3.87 x 10%, and 8.69 x 10* tCO, in
2020, respectively.

Regions of vegetation in Dongcheng, Xicheng, Chaoyang, Fengtai, Shijingshan, Tongzhou,
and Daxing were carbon sources, and the other regions were carbon sinks. In 2010 and 2020, the
total carbon flux of vegetation in Dongcheng, Xicheng, Chaoyang, Fengtai, Shijingshan,
Tongzhou, and Daxing was negative, so they were carbon sources. Shijingshan was a carbon
sink in 2010 but had converted to a carbon source by 2020, whereas Shunyi had converted from
a carbon source in 2010 to a carbon sink by 2020. Compared with 2010, vegetation carbon fluxes
in Dongcheng, Shijingshan, and Daxing regions decreased by 2020, while the total vegetation
carbon fluxes in the other administrative regions showed varying degrees of increase in the
range from 0.01 to 80 x 10* tCO, (Table 7). The carbon fluxes of cultivated land, forest land,
grassland, and shrub in each administrative region were analyzed.

Most of the cultivated land in the administrative region acted as carbon sinks, but the carbon
sink capacity decreased. In 2020, except for Xicheng where there was no cultivated land, the
cultivated land in most areas showed the carbon sink function, among which the cultivated land
in Shijingshan and Shunyi had changed from being carbon sources in 2010 to carbon sinks by
2020. However, note that half of the administrative regions showed varying degrees of decrease
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Fig. 4. (Color online) Changes in vegetation carbon flux in each administrative region.
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Table 7
Vegetation carbon flux and its change in each administrative region. (Unit: 10* tCOy)
Administrative region 2010 2020 AUUON L nistrative region 2010 2020 Yanation
quantity quantity
Dongcheng -0.23 -0.23 —-0.01 Tongzhou —2394 -13.60 10.34
Xicheng —-0.11 —-0.11 0.01 Shunyi —3.48 16.00 19.48
Chaoyang —8.84 -3.04 5.80 Changping 130.05  161.75 31.70
Fengtai —6.85 -5.92 0.93 Daxing —33.42 -39.16 =574
Shijingshan 0.10 -1.28 -1.38 Huairou 42119  559.23 138.04
Haidian 9.32 5.45 —3.87 Pinggu 116.58  150.47 33.90
Mentougou 22799  290.18 62.20 Miyun 29487 286.18 —8.69
Fangshan 221.69  273.29 51.60 Yanqing 302.78  418.72 115.94

in cultivated land carbon flux in 2020 (Fig. 5), mainly due to the reduction in cultivated land
area.

In Shijingshan, Daxing, Pinggu, and Yanqing, the total carbon flux of cultivated land still
increased while the cultivated land area decreased. Among them, Shijingshan and Daxing were
carbon sources, and their carbon source capacity increased. Pinggu and Yanqing showed the
function of a carbon sink, and their carbon sink capacity increased.

The forest land in the whole city showed the function of a carbon sink, and the carbon sink
capacity increased. In 2010 and 2020, the total carbon flux of forest land was determined to be
1287.33 x 10* and 1710.02 x 10* tCO,, respectively. By 2020, the whole forest land showed a
carbon sink function and the carbon sink capacity had increased by 422.69 x 10* tCO,. The
carbon sink of forest land mainly reflected the regions with large forest land areas, and the
carbon source function was manifested in the regions with less forest land (Table 8).

The forest land in the central area of the city was a carbon source, and the suburban area was
a carbon sink; the carbon flux of forest land in most areas showed an increasing trend. The
analysis results showed that in areas with more forest land distribution (such as Mentougou,
Fangshan, Changping, Huairou, Pinggu, Miyun, and Yanqing), forest land showed the carbon
sink function, although the carbon sink capacity increased by different degrees (Fig. 6 and Table
8). The carbon sink capacity of Huairou increased the most, 125.08 x 10* tCO,, followed by
those of Yanging, Mentougou, and Fangshan, with increases of 96.62 x 104, 71.81 x 104, and
63.97 x 10* tCO,, respectively. Dongcheng, Xicheng, Chaoyang, Fengtai, Shijingshan,
Tongzhou, and Daxing showed the function of a carbon source, except that the carbon source
capacities of Shijingshan, Tongzhou, and Daxing continued to increase, whereas those of the
other regions decreased. This was mainly due to the reduction in forest area in the above regions.
In addition, although Haidian had always shown a carbon sink function, its carbon sink capacity
decreased by 0.91 x 10*tCO,.

The average carbon flux of forest land increased in most areas, and the quality of forest land
was generally good. The average carbon flux of forest land in Fengtai, Shijingshan, Haidian, and
Daxing areas showed a downward trend, decreasing by 51.88, 106.00, 34.44, and 28.12 g C/m?/
year, respectively. The average carbon flux of forest land in the other areas increased to different
degrees, indicating that the quality of forest land in the city was generally good. According to
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Fig. 5. (Color online) Carbon flux of cultivated land in each administrative region.

Table 8
Carbon flux and change of forest land in each administrative region. (Unit: 10* tCO2)
Administrative region 2010 2020 Varlat?on Administrative region 2010 2020 Varlat%on
quantity quantity
Dongcheng -0.23 -0.23 0.00 Tongzhou —0.08 —0.16 —0.08
Xicheng —-0.11 —0.10 0.01 Shunyi —-0.14 1.61 1.75
Chaoyang —4.08 —-1.61 2.48 Changping 102.87  136.16 33.29
Fengtai —4.73 —3.45 1.28 Daxing -044  —0.62 -0.19
Shijingshan -0.36  —0.96 —0.60 Huairou 32475  449.83 125.08
Haidian 2.17 1.26 —-0.91 Pinggu 60.99 86.91 25.92
Mentougou 192.50 264.31 71.81 Miyun 198.46  200.72 2.26
Fangshan 199.11  263.08 63.97 Yanqing 216.64  313.26 96.62
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Fig. 6.  (Color online) Carbon flux of forest land in each administrative region.
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the data of land cover type, the woodland area of Fengtai, Shijingshan, and Haidian had
decreased by 2020 (compared with 2010), and the woodland area of Fengtai and Shijingshan had
decreased by 11 and 7.58%, respectively (Fig. 7). Although the forest area of Xicheng and
Chaoyang also decreased correspondingly, the average carbon flux increased because the forest
area decreased less and the forest trees were relatively young. Although the area of forest land
increased slightly in Daxing, the average carbon flux of forest land decreased, indicating that the
quality of forest land was poor, which might be caused by the older forest age.

Grassland in the whole city showed the carbon sink function, and the carbon sink capacity of
grassland in Huairou, Pinggu, and Yanqing increased significantly. In 2010 and 2020, the total
carbon flux of grassland in the city was 204.19 x 10*and 233.40 x 10*tCO,, and the carbon flux
increased by 29.21 x 10*tCO,. The analysis showed that the increase in grassland carbon flux in
the whole city was mainly due to the increase in grassland carbon flux in Huairou, Pinggu, and
Yanqing (Fig. 8). The grassland area of Yanging among the above three regions decreased
slightly (—0.56%), while those of Huairou and Pinggu remained relatively stable, increasing by
0.05 and 0.38%, respectively. At the same time, the average carbon flux in the three regions also
showed a significant upward trend (Fig. 8). Therefore, the grassland quality in Huairou, Pinggu,
and Yanqing was higher than that in the other districts.

Most grassland in urban areas acts as a carbon source, and most grassland in suburban areas
acts as a carbon sink, the capacity of which was reduced in most areas, and the quality of
grassland was poor. The analysis results showed that in 2020, except for Haidian, Mentougou,
Shunyi, Changping, Huairou, Pinggu, Yanqing, and Miyun, all other regions acted as carbon
sinks. At the same time, the grassland carbon sink capacity increased in Haidian, Changping,
Huairou, Pinggu, and Yanqing, while the grassland carbon flux decreased to different degrees in
the other areas (Fig. 8). Compared with the changes in grassland area in different districts, the
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Fig. 7. (Color online) Average carbon flux of forest land in each administrative region.
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Fig. 8. (Color online) Carbon flux and average carbon flux of grassland in each administrative region.

grassland areas in Shijingshan, Miyun, and Yanqing decreased in 2020, while those in the other
areas increased to different degrees. Combined with the above results, it could be concluded that
the areas where the grassland carbon sink capacity decreased or the grassland was a carbon

source were mainly a result of poor grassland quality.
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3.3 Comparison of vegetation carbon sequestration and energy carbon emissions

Vegetation carbon uptake was lower than energy carbon emissions, but the gap was greatly
reduced, as shown by a comparison between energy carbon emissions and vegetation carbon
flux (Table 9). In 2010, the total energy carbon emission of Beijing was 17826 x 10* tCO,, and
the carbon absorption by vegetation was 1647.68 x 10* tCO,. In 2020, the total energy carbon
emission of Beijing was 8258.92 x 10% tCO,, and the carbon absorption by vegetation was
2097.94 x 10* tCO,. Although the carbon sink capacity of vegetation was much lower than the
carbon emissions from energy in the past decade, the gap was greatly reduced.

Areas with high vegetation cover made an important contribution to carbon uptake. In 2020,
the vegetation in Mentougou, Fangshan, Changping, Huairou, Pinggu, Miyun, and Yanging
regions showed increased carbon sink function and carbon sink capacity, and the vegetation
coverage in these regions was higher.

4. Conclusions and Discussion

We established a spatial model of energy carbon emissions in Beijing in 2010 and 2020 and
calculated and analyzed the spatiotemporal changes in energy carbon emissions and the
vegetation carbon budget in Beijing in the past 10 years and the influencing factors. The main
conclusions were as follows.

1) Vegetation carbon uptake in Beijing was lower than energy carbon emissions, but the gap was
greatly reduced. Compared with 2010, the carbon emissions from energy consumption in

Table 9
Energy carbon emission and vegetation carbon flux in Beijing. (Unit: 10* tCO,)
2010 2020
Carbon Carbon
Carbon emission sequestration by Carbon emission sequestration by
vegetation vegetation

Dongcheng 773.06 -0.23 838.60 -0.23
Xicheng 1141.99 —-0.11 994.22 —0.11
Chaoyang 2746.47 —8.84 2405.09 -3.04
Fengtai 1061.95 —6.85 1247.83 -5.92
Shijingshan 1792.84 0.10 331.65 -1.28
Haidian 2091.77 9.32 1964.93 5.45
Mentougou 198.32 227.99 158.39 290.18
Fangshan 2405.97 221.69 - 273.29
Tongzhou 765.38 —23.94 82.96 —13.60
Shunyi 2356.57 —3.48 - 16.00
Changping 881.37 130.05 4423 161.75
Daxing 671.22 —33.42 83.34 —39.16
Huairou 276.72 421.19 31.07 559.23
Pinggu 266.19 116.58 28.41 150.47
Miyun 259.09 294.87 32.34 286.18
Yanqing 137.10 302.78 15.86 418.72

Total 17826.01 1647.68 8258.92 2097.94
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Beijing had decreased by 36.78% and the total carbon flux from vegetation had increased by
27.33% in 2020. On the whole, China’s policies on energy conservation, emission reduction,
and ecological protection have achieved remarkable results.

2) The total population of Dongcheng, Xicheng, Chaoyang, Fengtai, Mentougou, and the other
districts showed a decreasing trend, but the domestic carbon emission showed an increasing
trend. In the past ten years, the demand for energy in residents’ lives increased significantly,
and carbon emissions from the tertiary industry and residents’ living energy became one of
the important sources of carbon emissions in cities.

3) The vegetation areas of the whole city showed a carbon sink function, and most of the
administrative regions had enhanced carbon sink capacity. The quality of forest land in the
whole city was generally good, and the average carbon flux of forest land in most areas
showed an increasing trend. However, grassland in urban areas mostly functions as a carbon
source. Although suburban grassland showed a carbon sink function, the carbon sink
capacity was reduced and the grassland quality was poor.

On the basis of the above conclusions, it is recommended to further reduce energy carbon
emissions while enhancing the vegetation carbon sequestration capacity. To effectively reduce
carbon emission levels, we suggest the formulation and implementation of energy-saving and
emission reduction plans for the tertiary industry and domestic energy, and the proposal of
supporting policies. The carbon emissions from the tertiary industry and residential energy have
become one of the important sources of carbon emissions in cities. Therefore, it is necessary to
sort out the industries and consumption structures involved in the tertiary industry and
residential energy consumption. Combining carbon sequestration technology, we need to
formulate and implement energy-saving and emission reduction plans for the tertiary industry
and residential life, reduce carbon emissions by reducing energy consumption, reuse energy
after increasing carbon emissions, and promote carbon sequestration technology. We propose
energy-saving and emission reduction promotion policies, such as emission reduction targets,
funding policies for the development and use of artificial carbon sequestration technologies, and
preferential policies to provide assistance for the implementation of energy-saving and emission
reduction plans.

In terms of increasing vegetation carbon sequestration, it is necessary to optimize grassland
species types reasonably and enhance the grassland carbon sequestration capacity scientifically.
Grassland, as one of the important vegetation types in Beijing, is of great significance in urban
environmental planning and ecological security pattern construction. Therefore, to verify the
distribution of grasslands in urban areas, it is necessary to sort out the types of grassland species
in different regions, identify the causes of grassland carbon emissions, reasonably optimize the
types of grassland planting species, improve grassland quality, and thereby enhance grassland
carbon sequestration capacity.
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