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Abstract: Urban areas play an important role in the global carbon cycle, and human-induced
carbon emissions from urban areas urgently need to be reduced. Therefore, understanding
the relationship between carbon sources and sinks is the first step toward mitigating the effect
of urban areas on climate change. Combined with the land use and land cover (LULC)
empirical coefficients and statistical methods, urban carbon and oxygen balances in Beijing
were evaluated. In this study, the carbon sequestration and oxygen emission capabilities of
various LULC types were calculated, and the partitioning of carbon emissions and oxygen
consumption in Beijing were estimated. The evaluation results indicated that the ecosystem
services from the LULC in an area were not adequate to offset the urban carbon emissions
and oxygen consumption. The areas with a high capacity for carbon sequestration and
oxygen emissions were primarily distributed in the exurban districts of Beijing, and the
carbon and oxygen balances in the exurban districts were superior to those of core urban
areas. Industrial fossil fuel consumption dominated all of the human-induced carbon sources.
The methods developed in this research were shown to be viable for the quantitative
evaluation of urban ecosystem carbon and oxygen balances.



Sustainability 2015, 7 196

Keywords: LULC; carbon sequestration; carbon emissions; ecosystem service;
urban ecosystem

1. Introduction

Human-induced carbon emissions have led to global climate change, and understanding and
quantifying carbon emissions is increasingly acknowledged as essential in addressing the problems
associated with climate change. If carbon emissions continue increasing unabated, then global climate
changes may rapidly extend beyond the self-adjustment capacity of the biosphere, leading to its complete
collapse [1,2]. Arguably, 76% of the global consumption of coal has occurred in urban areas, even though
such areas cover less than 1% of the earth’s surface [3,4]. The effects of urban areas on the environment
extend far beyond built-up areas, affecting the biogeochemistry of substantially larger areas [5]. It is
obvious that the accurate quantification of the terrestrial ecosystem carbon sink and its increasing
potential will provide a scientific basis for carbon management in climate change mitigation [6].
Unfortunately, our poor understanding of the carbon cycle leads to difficulty in balancing the global and
regional carbon budget, and the common practice of assuming a uniform vegetation condition for vast
areas in models simulating the global carbon cycle may lead to serious bias [7].

Based on the relationship between urban development intensity and carbon dioxide emissions using
panel data, land use intensity is the most important factor in CO2 emissions [8]. Because urban areas are
responsible for a substantial share of the changes in the global carbon cycle, the reduction of carbon
emissions from urban ecosystems is crucial. Estimates of territorial carbon emissions, i.e., those occurring
within jurisdictional boundaries, likely do not reflect the true human contribution to global warming [9].
A regional carbon budget is an important basis for identifying the most efficient measures and policies
to improve the carbon budget on a regional level, and to quantify their impact in the future [10]. So,
calculation of the regional or urban carbon budget is the first step toward mitigating climate change.

Since the late 1960s, the issue of human societies’ dependence on nature has been discussed in the
scientific literature, highlighting the ability of healthy ecosystems to provide vital services in support of
human economy and wellbeing [11]. Actually, ecosystems can provide more than one kind of ecosystem
service to us. Of the four kinds of ecosystem services—provisioning, regulating, supporting, and cultural
services—regulating services help with maintaining the regulation of ecosystem processes (e.g., carbon
sequestration and climate regulation, pest and disease control, and waste decomposition) [12]. Carbon
sequestration and oxygen emission capacities were the most important regulating services of a healthy
ecosystem. As a consequence, studying carbon and oxygen budget together would be helpful for better
understanding ecosystem regulating services, and finding available ways to mitigate climate change
effects. Previous studies have shown that the carbon flow balance of a forest ecosystem has an important
feedback on global warming [13], particularly with regard to the reduction of atmospheric CO2 caused
by urban forests [14—17]. Therefore, researchers have increasingly focused on the contributions of forest
ecosystems to the global carbon balance [18-23]. During the ecological process of carbon sequestration,
vegetation releases a large amount of oxygen at once; however, this process has received limited
attention in previous studies [24]. It was also proved that ecosystems representing different LULC types,
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such as arable land, grass, and water bodies, can reduce the unfavorable effects of carbon emissions by
providing the appropriate ecosystem services [2,25-33].

Remote sensing and ecosystem modeling techniques therefore seem suited to being integrated for a
more efficient simulation of the ecosystem carbon circle [34-36]. As a result, numerous models have
been developed to determine the net primary productivity of these natural ecosystems and to evaluate
urban vegetation and soils [5]. Examples of these models are as follows: the Miami Model, which is
related to climate factors [37]; the Terrestrial Ecosystem Model [38] and CENTURY model [39], which
are based on ecosystem processes; and the Carnegie—Ames—Stanford Approach [40], which considers
light use efficiency. In the broader sense of urban ecosystem modeling and assessment, researchers have
focused on the relationship between data sources and methods, i.e., whether the relationship is properly
used to develop new models and assessment methods. Some researchers have modeled urban ecological
systems based on the unified biophysical measure of cosmic emergy in terms of embodied cosmic
exergy [41]. Others have used the latest developments in ecological economics and ecological thermodynamics
to construct ecological evaluation frameworks for the urban economy [42]. The urban resource structure,
economic conditions, and trade status based on a series of emergy indicators have also been discussed;
the indices and ratios that emerged from emergy studies could evaluate both ecological and economic
contributions, assess the sustainability of economic systems, and enable international comparisons [43].
As one type of efficient ecological assessment approach, the ecological service value is advantageous
because it can integrate various resources and contribute to an urban material metabolism model, which
is proven to be an efficient method for assessing the ecosystem [44,45].

A common difference among studies of human-induced carbon emissions, carbon footprints, and
carbon cycles has been the measurement scale, which can range from a specific product to a building,
company, organization, block, neighborhood, city, ecosystem, region, or entire nation [1,9,46—55]. The
carbon footprint can be viewed in two ways: the carbon emissions of human activities, i.e., measuring
the emissions [24,46,47,56,57]; and regarding human activities as part of the ecological footprint, which
is the ecological carrying capacity required to absorb CO2 emissions from fossil fuel combustion over a
given area [47,48,58]. Ecological footprint studies have obtained valuable results that can be used
directly. To assess how changes in the economy and society affect future land use, biophysical,
economic, and societal data must be combined [59]. The current ecological footprint method has
potentially been improved. Researchers have computed the ecological footprint based on emergy [60,61],
conducted sectoral analysis for each component [62], and modified the calculation of the ecological
footprint by using the embodied exergy ecological footprint instead of the conventional footprint.
Although the ecological footprint has been widely regarded as an effective and easy tool to measure the
consumption of resources and carrying capacity, an extensive academic debate on the interpretation of
the ecological footprint has emerged [63]. Based on the ecological footprint theory, ecological
researchers developed carbon footprint methods to analyze the carbon emission sources of urban areas.
As newly emerging terminology and associated qualitative and quantitative research is ongoing, a
unified method for calculating the carbon footprint does not exist [64].

Because of the limited resources and pollution-absorbing abilities of urban areas, such areas have a
footprint that extends far beyond built-up areas. A number of practical methods and models have been
developed to estimate the CO2 exchange of urban areas. Most of these approaches have been used
worldwide, such as the eddy covariance method, which is a direct flux measurement [65,66]; the emission
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inventories method recommended by the IPCC [9,23,52,67]; statistical methods that use information
from yearbooks, statistical data or other experimental site data [53,54,68—75]; the GAINS-City integrated
assessment model [76]; life-cycle assessment models [77]; economic input—output models [9,50,55,78,79],
which can provide detailed inventories of main sources (e.g., energy production, agricultural activities,
and waste treatment) [80]; carbon sink estimations with LULC data and empirical coefficients [81,82];
and other approaches. However, the eddy covariance method does not provide valuable partitioning
information for CO2 emissions and cannot be used to identify specific carbon sources and sinks [65,68,83].
Emission inventories and statistical methods are able to quantify the carbon emission contributions from
various sources, and these methods may be able to provide a more intuitive and comprehensive
understanding of the urban carbon balance compared with other models or methods when combined with
LULC data.

In Beijing, urban carbon cycle studies have primarily focused on ambient concentrations and emission
inventories [26,66,74] and have applied various methods, such as the gas chromatography technique [84],
the emission inventories method [23,67,85], input—output models [55,70,86], statistical methods [69,74],
the LULC empirical coefficients method [16,82], and the eddy covariance (EC) technique [66]. Usually,
the carbon emissions from fossil fuel combustion accompany oxygen consumption. Therefore, the
carbon and oxygen balances of a particular region should be considered concomitantly. In China, the
regional and national carbon and oxygen balances have received more attention recently [27,87,88];
however, studies on the application of carbon and oxygen balance theory at small urban scales have been
limited [2,24,89]. Only a few studies have focused on the carbon and oxygen balances in Beijing because
of the sparse information on CO: emissions from different carbon sources and the oxygen production
from different LULC types in urban areas. In addition, the complexity of natural and human attributes
of cities has presented numerous conceptual and methodological challenges to elucidating the carbon
and oxygen balances of urban ecosystems.

To reduce carbon emissions and improve urban air quality, however, reliable baseline assessments
are required to evaluate the urban carbon and oxygen balances. In this context, we studied methods used
to evaluate the carbon and oxygen balances of urban ecosystems using LULC and statistical data. The
objectives of this study were to detect the contributions of ecosystem services (focusing on carbon
sequestration and oxygen emissions) from different LULC types, evaluate the effects of various human
activities on carbon emissions and oxygen consumption, and develop a method for evaluating the carbon
and oxygen balances in urban ecosystems.

2. Data and Methodology

The methodology to examine the carbon and oxygen balances of the Beijing urban ecosystem
(Figure 1) is divided into four main steps: LULC classification, ecosystem services calculation (carbon
sequestration and oxygen emissions) from different LULC types, urban carbon emissions and oxygen
consumption modeling based on socio-economic statistics, and carbon and oxygen balance evaluations
of the urban ecosystem.

First, LULC classification results were generated from Landsat TM images using the object-oriented
approach. Second, an urban carbon sequestration model and oxygen emission model were established to
calculate the annual ecosystem services calculation (carbon sequestration and oxygen emissions) from
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different LULC types. Third, an urban carbon emission model and oxygen consumption model were built
to calculate the annual carbon emissions and oxygen consumption induced by human activities in an
urban area. Finally, relative differences in the carbon and oxygen balances were deduced as assessment

indicators to evaluate the carbon and oxygen status of the urban ecosystem.
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Figure 1. Research framework.
2.1. Study Area and Data Collection

Beijing is located in the North China Plain between the Taihang Mountains and Yanshan Mountains.
The mountainous areas account for 62% of the total administrative areas, whereas the plains account for
only 38%. The mountainous areas are mainly composed of low terrain. A warm temperate continental
monsoon climate with an annual average temperature of 10—12 °C dominates. The annual frost-free
period is 180-200 d, and the average annual rainfall is approximately 595 mm. The main land use type
is arable land in the plains, whereas deciduous forest and shrub vegetation dominate in the mountains.

The study area covers the entire administrative border of Beijing. Beijing usually refers to the entire
area within the administrative borders, including the 16 sub-administrative districts (Figure 2, black
lines). High-quality Landsat TM satellite images (path 123/row 32, path 123/row 33 and path 124/row 32)
from 2010 (USGS at http://landsat.usgs.gov/index.php) were downloaded to generate the LULC results.
The acquisition dates were 08-AUG-2010, 23-JUL-2010 and 15-AUG-2010. The spatial resolution of
these TM images is 30 m.

The field sample collection for the LULC classification and calibration was performed from July to
September 2010. The total number of samples was 539, of which 50% were used for the LULC classification;
the remaining samples used for the accuracy assessment.
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The socioeconomic statistics for the urban carbon emissions and oxygen consumption modeling were
obtained from the Beijing Statistical Yearbook [90]. The corresponding municipal data included the
population, industrial fossil fuel consumption, domestic electricity consumption, transportation fuel
consumption, and amount of municipal solid waste. These socioeconomic statistics were all collected
at the district scale.
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Figure 2. Study area in Beijing, China.
2.2. LULC Classification
2.2.1. Object-Oriented Classification

In this study, an object-oriented approach and decision tree were used for the LULC classification.
Based on field survey data and our research objectives, the Beijing LULC was classified into
six categories: arable land (AL), forest land (FL), grassland (GL), built-up area (BU), water body (WB),
and bare land (BL). Initially, the multi-scale image segmentation was completed using eCognition v8.7
software. After the segmentation parameter experiments were performed, a value of 10 was used as the
optimal image segmentation scale. Combined with the field samples, the training sample library was
established using the sampling tools of eCognition v8.7 software.

2.2.2. Accuracy Assessment

The accuracy analysis was based on the collected field data using ERDAS 9.3 and the confusion error
matrix method. The overall accuracy was evaluated by the error matrix and Kappa coefficient, which were
calculated with PA (producer’s accuracy) and UA (user’s accuracy) assessments for each land use type.

2.3. Carbon Sequestration and Oxygen Emission Modeling of Urban Ecosystems
2.3.1. Urban Carbon Sequestration Model

An urban carbon sequestration model has been established to calculate the annual net carbon
sequestration within a particular area based on LULC data [89], and the parameters used for the model
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are shown in Table 1. Here, four LULC types (arable land, forest land, grassland, and water body) were
considered in the construction of our model, which included the assumptions that the urban atmosphere
within the jurisdictional boundaries is a closed system and that urban carbon sequestration and oxygen
emissions from LULC within the urban jurisdictional boundaries should offset the effects of urban carbon
emissions and oxygen consumption. All the parameters used to calculate the annual carbon sequestration
were strictly selected according to the location of the study area. Each healthy ecosystem has a particular
degree of self-purification. Ecologically, the atmospheric pollution of the urban ecosystem should be
absorbed by its own purification capacity. We also assumed that there was no carbon capacity in the
built-up areas; thus, these areas were not considered carbon sinks equivalent to the other ecosystems.

Table 1. Parameters for the urban carbon sequestration and oxygen emission model.

Parameters Value Source
Cyppi from LULC of forest 37.05 t/(ha-a) [29]
Cgri: from LULC of forest 6.47 t/(ha-a) [87]
Cyppi from LULC of arable 17.97 t/(ha-a) [87]
Cgri from LULC of arable 3.56 t/(ha-a) [91]
Cyppi from LULC of grass 16.32 t/(ha-a) [29]
Cgri from LULC of grass 5.67 t/(ha-a) [87]
Cnppi from LULC of water 0.57 t/(ha-a) [25]
Og; from LULC of forest 27.28 t/(ha-a) [29]
Ogri from LULC of forest 4.71 t/(ha-a) [92]
Og; from LULC of arable 11.20 t/(ha-a) [87]
Ogri from LULC of arable 3.96 t/(ha-a) [92]
Og; from LULC of grass 11.84 t/(ha-a) [87]
Ogri from LULC of grass 4.12 t/(ha-a) [92]
Opg; from LULC of water 1.51 t/(ha-a) [25]

Note: Cyppi from LULC of forest represents the annual carbon sequestration per unit area from forest land
(t/(ha-a)), and Cgg; from LULC of forest represents the annual carbon emissions from soil respiration per unit area
from forest land (t/(ha-a)). Cyppi from LULC of arable represents the annual carbon sequestration per unit area
from arable land (t/(ha-a)), and Cgr: from LULC of arable represents the annual carbon emissions from soil
respiration per unit area from arable land (t/(ha-a)). Cypp; from LULC of grass represents the annual carbon
sequestration per unit area from grassland (t/(ha-a)), and Cgr; from LULC of grass represents the annual carbon
emissions from soil respiration per unit area from grassland (t/(ha-a)). Cnpp; from LULC of water represents the
annual carbon sequestration per unit area from water (t/(ha-a)). Og from LULC of forest represents the annual
oxygen emissions per unit area from forest land (t/(ha-a)), and Ogg; from LULC of forest represents the annual
oxygen consumption from soil respiration per unit area from forest land (t/(ha-a)). Og from LULC of arable
represents the annual oxygen emissions per unit area from arable land (t/(ha-a)), and Ogg; from LULC of arable
represents the annual oxygen consumption from soil respiration per unit area from arable land (t/(ha-a)). Og; from
LULC of grass represents the annual oxygen emissions per unit area from grassland (t/(ha-a)), and Ogg; from
LULC of grass represents the annual oxygen consumption from soil respiration per unit area from grassland

(t/(ha-a)). Og; from LULC of water represents the annual oxygen emissions per unit area from water (t/(ha-a)).
The annual net carbon sequestration can be expressed as follows:

(CNPPi — CERi) X Ai (1)

n
Carbon_seq =

i=1
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where Carbon_seq represents the annual carbon sequestration in an urban area in tons of carbon per year
(t/a). Cnppi represents the annual carbon sequestration per unit area from an LULC of type i, namely, the
net primary productivity in a particular area in tons of carbon per ha per year (t/(ha-a)). Ceri represents
the annual carbon emissions from soil respiration per unit area from an LULC of type i, namely, the
carbon emissions from ecosystem respiration in tons of carbon per ha per year (t/(ha-a)). 4Ai represents
the total area of an LULC of type i (ha). When the LULC type is a water body, Ckr: is equal to zero.

2.3.2. Urban Oxygen Emission Model

The urban oxygen emission model is established to calculate the annual net oxygen emissions in a
particular area using the same method of the urban carbon sequestration model. The parameters of
oxygen emission model are provided in Table 1.

The annual net oxygen emissions can be expressed as follows:

n
Oxygen_emi = Z(OEi — OERI) x Ai (2)
i=1
where Oxygen_emi represents the annual net oxygen emissions in an urban area in tons of oxygen per
year (t/a). Ok represents the annual oxygen emissions per unit area from a LULC of type 7 in tons of
oxygen per ha per year (t/(ha-a)). Okr: represents the annual oxygen consumption from soil respiration
per unit area from a LULC of type i, namely, oxygen consumption from ecosystem respiration in tons
of oxygen per ha per year (t/(ha-a)). Ai represents the total area of a LULC of type i (ha). When the
LULC type is a water body, Okr: is equal to zero.

2.4. Carbon Emissions and Oxygen Consumption Modeling of Urban Ecosystems
2.4.1. Urban Carbon Emission Model

An urban carbon emission model was built to calculate the annual urban carbon emissions that are
induced by human activities in an urban area. Based on previous research on an urban carbon and
oxygen balance model (UCOB) [89], calculations were introduced, such as a method for calculating
transportation fuel consumption [71,72,93] and municipal solid waste [94], to improve the accuracy of
the results. The carbon sources discussed in this study are human respiration, industrial fossil fuel
consumption, transportation fuel consumption, domestic energy use, and municipal solid waste.

The annual carbon emissions in an urban ecosystem are calculated as follows:

Carbon_emi = Cur + Cir+ Crr+ Cpe+ Csw 3)

where Carbon_emi represents the annual urban carbon emissions (t/a), and Cur, Cir, Crr, Cpe, and Csw
are the annual carbon emissions (t/a) from human respiration, industrial fossil fuel consumption,
transportation fuel consumption, domestic energy use, and municipal solid waste in urban ecosystem,
respectively. The units (t/a) are tons of carbon per year.

In Equation (3), the five factors are calculated as follows:

Cur = R carbon % p X 365 x 1073

Cir= E_industrial X fcoal



Sustainability 2015, 7 203

Crr = Car mmber % distance X gX feasotine X 365 x 1076

CpE = E_domestic X felectricity X feoal X 1073

Csw =W _solid X Rpoc % fpoc,
where R _carbon represents the average carbon emission per person per day (kg/(person-day)), a parameter
estimated by sampling a large number of Chinese people; p represents the population of a particular area;
E indusrial represents the annual industrial fossil coal consumption, which can be acquired directly from
the Beijing Statistical Yearbook [90]; feeas represents the carbon emission factor (t-C/t), which proved to
be accessible and representative of the Chinese coal-based carbon emission factor [81]; Car number
represents the actual number of vehicles in a particular area; distance represents the driving distance of
each vehicle per day (km/day), which is assumed to be 40 (the average commute time across all modes
is expected to be pertinent because an increase in this variable is likely to lead to an increase in CO2
emissions (longer trips) in an urbanized area [95]; g represents the estimated amount of fuel combusted
for each trip, in which the gasoline is combusted in a medium-freight vehicle (0.265 L/km) [93]; feasoline
represents the conversion factor for gasoline to g C (65.8 g-C/L), which is the parameter from the
research on carbon emissions modeling at an urban neighborhood scale [93]; E domesiic represents the
domestic electricity use; ferecrricity represents the conversion factor for electricity to standard coal, which
is widely used in China; and W _s.iid represents the municipal solid waste production, which can also be
acquired directly from the Beijing Statistical Yearbook [90]. Rpoc is the ratio of biodegradable organic
carbon to solid waste (the [PCC-recommended value for an East Asian country is 14% [94]); and fpoc
is the actual decomposition ratio of the DOC (50% is the IPCC-recommended value [94]). The
abovementioned parameters are listed in Table 2.

Table 2. Parameters for the urban carbon emission and oxygen consumption model.

Parameters Value Source

R _carbon 0.90 kg/(person-day) [96]
Jeoal 0.9769 [81]

g 0.265 L/km [93]
Seasotine 65.8 g/L [93]
Setectricity 0.404 kg standard coal/kWh [89]
Rpoc 14% [94]
Jooc 50% [94]

R oxygen 0.75 kg/(person-day) [96]
Rzorc 2.67 [89]

Note: R carpon represents the average carbon emissions per person per day (kg/(person-day)); fou represents the
carbon emission factor (t-C/t); g represents the estimated amount of fuel combusted for each trip, i.e., gasoline
combusted in a medium-freight vehicle (0.265 L/km); fyasoiine represents the conversion factor for gasoline to
g-C (65.8 g-C/L); feteerriciry Tepresents the conversion factor for electricity to standard coal; Rpoc is the ratio of
biodegradable organic carbon to solid waste (the [IPCC-recommended value for an East Asian country is 14%);
Jpoc is the actual decomposition ratio of the DOC (50% is the IPCC-recommended value); R oyeen represents
the average oxygen consumption per person per day (kg/(person-day)); and R,o«c represents the molecular
weight ratios for oxygen/carbon based on 1 mol carbon combined with 1 mol O, when the carbon from energy
and waste are completely combusted.
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2.4.2. Urban Oxygen Consumption Model

An urban oxygen consumption model was built to calculate the annual urban oxygen consumption
that is induced by human behavior in urban areas. The oxygen consumption sources discussed in this
study are human respiration, industrial fossil fuel consumption, transportation fuel consumption,
domestic energy use, and municipal solid waste.

The primary human-induced oxygen consumption in an urban region can be expressed as follows:
Oxygen_con = Our + O + Orr + Ope + Osw @)

where Oxygen_con represents the annual urban oxygen consumption (t/a) and O#ur, Oir, O1r, OpE, and
Osw represent the annual oxygen consumption (t/a) induced by human respiration, industrial fossil fuel
consumption, transportation fuel consumption, domestic energy use, and municipal solid waste in urban
ecosystems, respectively. The units (t/a) are tons of oxygen per year.

In Equation (4), the above five factors are calculated as follows:

OHR = R oxygen X p X 365 x 1073

O1r = E_industrial X fcoal X R20/c

Orr = Car mumber % distance X g X faasotine X 365 x 1076 x Rzo/c

ObE = E_domestic X felectricity X feoat X 107 X Raosc

Osw =W _salid X Rpoc % fpoc % Raorc,
where R oxygen represents the average oxygen consumption per person per day (kg/(person-day)), and
R2o/c represents the molecular weight ratios for oxygen/carbon based on 1 mol carbon combined with

1 mol O2 when the carbon from energy and waste are completely combusted. The related parameters are
listed in Table 2.

2.5. Evaluation of the Carbon and Oxygen Balances of Urban Ecosystems

Under the assumption that an urban ecosystem is a completely closed system, we revised the UCOB
evaluation system to determine whether the carbon and oxygen conditions are balanced in the
urban ecosystem [89]. The relative differences in the carbon and oxygen balances are deduced as
assessment indicators:

Carbon_seq — Carbon_emi
Carbon_bal =

)

Carbon_emi

Oxygen_emi — Oxygen_con
Oxygen_bal = Oxygen_con (6)

where Carbon_bal and Oxygen_bal represent the relative differences in the carbon and oxygen balances,
respectively. A positive value for the relative difference indicates that the carbon and oxygen balances
have improved in the urban ecosystem, and higher values indicate better conditions. A negative value
for the relative difference indicates that the carbon and oxygen balances have worsened.
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3. Results and Discussion
3.1. LULC Classification in Beijing

In this study, a decision tree based on the object-oriented method was used to generate the
classification results. The accuracy of each individual LULC class is provided in Table 3, which shows
that the overall classification accuracy was 80.89% with a Kappa coefficient of 0.74. Because of the poor
resolution of the Landsat images, manual modifications using expert knowledge were required to
improve the results of the automatic LULC classification; the results were sufficiently accurate to provide
fundamental data sources for carbon sequestration and oxygen emission modeling of urban ecosystems.

Table 3. Accuracy assessment for the LULC results in Beijing.

FL GL WB AL BU BL
Area (km?)  8468.43 867.40 267.21 4128.48 2589.20 71.99
Area (%) 51.66% 5.29% 1.63% 25.18% 15.79% 0.44%
PA 90.00% 79.31% 95.45% 44.44% 83.54% 72.73%
UA 74.67% 74.19% 100.00% 72.73% 90.73% 72.73%
Note: Abbreviations: FL, forest land; GL, grassland; WB, water body; AL, arable land; BU, built-up area; BL,

bare land; PA, producer’s accuracy; and UA, user’s accuracy.

The forest and arable lands were the dominant and sub-dominant LULC types, respectively, in
Beijing. The area and proportion of the built-up area ranked third (Table 3, Figure 3). Constrained by
the mountains to the north and west, the arable land and built-up area were mainly located on the
southeast plains. Therefore, the forest land was maintained in the north, northwest, and southwest
mountainous areas of Beijing (Figure 3).

Legend

Arable land

I Forest land

Grass land

Water body

Bare land
- Build-up areas
|:| Urban boundaries

km
0510 20 30 40

Figure 3. Beijing LULC distribution in 2010.
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3.2. Spatial Pattern of Carbon Sequestration and Oxygen Emissions from Different LULC Types

The results for the carbon sequestration and oxygen emissions using the proposed models are listed

as follows. Table 4 shows the LULC composition of the carbon sinks and oxygen sources. The net carbon

sequestration and oxygen emissions in Beijing were 3.28x 107 t/a and 2.28x 107 t/a, respectively. As

shown in Table 4, the net carbon sequestration and oxygen emissions were the highest in Huairou

compared with all of the districts and counties in Beijing, whereas the values in Xicheng were the lowest.

Table 4. Carbon sequestration and oxygen emissions from different LULC types (Units: t/a).

Districts Arable Land Forest Land Grassland  Water Body Total
Changping 4.53 x 10° 2.26 x 108 2.98 x 104 9.01 x 10? 2.74 x 108
Chaoyang 3.97 x 10* 1.36 x 10° 4.97 x 104 4.92 x 10? 2.26 x 10°
Daxing 8.98 x 10° 1.12 x 10° 3.97 x 10* 3.19 x 10? 1.05 x 10°
Dongcheng 7.21 x 103 2.73 x 103 5.85 x 10! 1.00 x 10*
Fangshan 7.12 x 10° 3.51 x 10° 9.83 x 10* 9.74 x 10? 4.32 % 108
Fengtai 7.22 x 10* 5.26 x 10* 3.22 x 10* 4.63 x 10! 1.57 x 10°
Haidian 1.14 x 10° 3.11 x 10° 3.82 x 10* 5.54 x 10? 4.63 x 103
Huairou 2.69 x 10° 4.94 x 10° 2.37 x 10 7.94 x 107 5.45 x 106
Carbon sequestration Mentougou 1.02 x 10° 3.92 x 10° 7.88 x 10° 2.72 x 10? 4.03 x 10°
Miyun 7.28 x 10° 4.16 x 10° 1.65 x 10° 5.35x10° 5.06 x 10°
Pinggu 2.58 x 10° 1.94 x 10° 1.97 x 10* 1.01 x 10° 2.21 x 10°
Shijingshan 5.96 x 103 7.49 x 10* 6.52 x 10° 7.05 x 10! 8.75 x 10*
Shunyi 7.73 x 10° 5.31x10° 4.29 x 104 8.72 x 10? 1.35 x 10°
Tongzhong 7.92 x 10° 1.01 x 10° 1.63 x 10* 1.69 x 10° 9.11 x 10°
Xicheng 2.43 x 10° 2.22 x 103 9.40 x 10! 4.74 x 103
Yanqing 7.34 x 10° 3.85 x 106 1.30 x 10° 1.62 x 103 4.72 x 108
Beijing 5.95 x 10° 2.59 x 107 9.18 x 10° 1.51 x 10% 3.28 x 107
Changping 2.8 x 10° 167106 2.16x10°  239x10°  1.92 x 10°
Chaoyang 1.99 x 10* 1.00 x 10° 3.60 x 10* 1.31 x 10 1.58 x 10°
Daxing 4.51 x 103 8.29 x 10* 2.88 x 104 8.44 x 10? 5.64 x 10°
Dongcheng 5.32 x 10° 1.98 x 10° 1.55 x 10? 7.46 x 10°
Fangshan 3.58 x 10° 2.59 x 10° 7.12 x 10* 2.58 x 10° 3.02 x 10°
Fengtai 3.63 x 10* 3.88 x 10* 2.33 x 10* 1.23 x 10? 9.86 x 10*
Haidian 5.71 x 10* 2.30 % 103 2.77 x 104 1.47 x 10° 3.16 x 10°
Huairou 1.35x10° 3.65 x 10° 1.72 x 10° 2.10 x 103 3.96 x 10°
Oxygen emissions Mentougou 5.14 x 10* 2.89 x 10° 5.71 x 10° 7.21 x 10? 2.95 x 10°
Miyun 3.66 x 10° 3.07 x 10° 1.20 x 10° 1.42 x 10* 3.57 x 10°
Pinggu 1.30 x 10° 1.43 x 106 1.43 x 10* 2.68 x 10° 1.58 x 10°
Shijingshan 3.00 x 10° 5.53 x 10* 4.73 x 103 1.87 x 10? 6.32 x 10*
Shunyi 3.88 x 10° 3.92 x 10° 3.11 x 10* 2.31 x 10° 8.13 x 10°
Tongzhong 3.98 x 10° 7.44 x 10* 1.18 x 10* 4.49 x 10 4.89 x 103
Xicheng 1.80 x 10° 1.61 x 103 2.49 x 10? 3.65 x 10°
Yanqing 3.69 x 10° 2.84 x 10° 9.42 x 10* 4.30 x 10° 3.31 x 10°
Beijing 2.99 x 10° 1.91 x 107 6.66 x 10° 4.01 x 104 2.28 x 107
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To explain the spatial differences in the carbon sequestration and oxygen emission capacity,
the spatial distribution of the carbon sequestration and oxygen emissions per unit area are displayed in
Figures 4 and 5, respectively. The carbon density is influenced by the prevailing climate, temperature,
illumination time, dominant vegetation, regional development, urbanization level, population density,
and land use intensity [2,4,18,19,81,88]. Even a particular type of vegetation at one location may have
variable biomass due to the environmental heterogeneity. Therefore, meaningful comparisons across
different studies are difficult because of the variation in regions and the methodological approaches
used [28,51,93]. Figures 4 and 5 show that the areas with high carbon sequestration and oxygen
emissions per unit area were mainly distributed in the exurban counties, such as Mentougou, Huairou,
Yangqing, Pinggu, Miyun, and Fangshan. However, the areas with a low capacity for carbon sequestration
and oxygen emissions per unit area were mainly distributed in core urban areas that were developed as
“downtowns,” such as Xicheng, Dongcheng, and Chaoyang. The carbon sequestration for Hangzhou is
1.66 t/(ha-a) [14], which is between the values for the downtown areas of Xicheng (0.94 t/(ha-a)) and
Dongcheng (2.4 t/(ha-a)). In another study, Florence, which has a typical Mediterranean environment,
was classified as follows: lawn, forest, mixed vegetation, and lawn with shrubs. The carbon sequestration
values were 4.3 t/(ha-a) for lawns and 5.8 t/(ha-a) for forests; mixed vegetation (trees and shrubs) and
lawns with shrubs classes were an additional 0.07 t/(ha-a) [17]. The carbon sequestration considerably
varied because of the heterogeneous land cover. Our research was subjected to the spatial resolution of
the satellite images, so the area cannot be classified into specific categories as was done with Florence.
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Figure 4. Distribution of carbon sequestration per unit area in Beijing.
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Figure 5. Distribution of oxygen emissions per unit area in Beijing.

Table 5 shows the carbon sequestration associated with different LULC types in Beijing. We can
conclude that the contribution of forest land to carbon sequestration was dominant among the four land
use types, particularly in the exurban mountainous regions. The carbon sequestration in Daxing,
Tongzhou, and Shunyi was mainly from arable land, and the carbon sequestration from grassland was
higher in Xicheng and Dongcheng than in the other districts; thus, grassland is an important carbon sink
in downtown areas. The carbon sequestration contribution from water is small compared with the carbon
sinks created by forests and arable land. Table 6 shows that the oxygen emission contributions of
different LULC types in Beijing exhibited the same pattern as the carbon sequestration for the same

LULC types.

Table 5. The percentages of carbon sequestration in different LULC types at the district scale.

District CS-AL CS-FL CS-GL CS-WB
Changping 16.52% 82.36% 1.09% 0.03%
Chaoyang 17.57% 60.21% 22.00% 0.22%

Daxing 85.50% 10.69% 3.78% 0.03%
Dongcheng 0.00% 72.15% 27.27% 0.58%
Fangshan 16.48% 81.22% 2.27% 0.02%

Fengtai 45.97% 33.50% 20.50% 0.03%

Haidian 24.51% 67.12% 8.25% 0.12%

Huairou 4.94% 90.70% 4.34% 0.01%
Mentougou 2.54% 97.26% 0.20% 0.01%
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Table 5. Cont.

District CS-AL CS-FL CS-GL CS-WB
Miyun 14.38% 82.24% 3.27% 0.11%
Pinggu 11.67% 87.40% 0.89% 0.05%
Shijingshan 6.82% 85.65% 7.45% 0.08%
Shunyi 57.37% 39.38% 3.19% 0.06%
Tongzhong 86.95% 11.08% 1.79% 0.19%
Xicheng 0.00% 51.30% 46.72% 1.98%
Yanqing 15.55% 81.66% 2.75% 0.03%

Note: The values are the percentages of carbon sequestration in different LULC types. The carbon sequestration
contributions of arable land, forest land, grassland, and water bodies are abbreviated CS_AL, CS FL,CS_GL,
and CS_WAB, respectively.

Table 6. The percentages of oxygen emissions from different LULC types at the district scale.

District OE-AL OE-FL OE-GL OE-WB

Changping 11.86% 86.89% 1.13% 0.12%
Chaoyang 12.65% 63.67% 22.85% 0.83%
Daxing 80.04% 14.71% 5.10% 0.15%
Dongcheng 0.00% 71.41% 26.51% 2.08%
Fangshan 11.84% 85.72% 2.36% 0.09%
Fengtai 36.80% 39.39% 23.68% 0.12%
Haidian 18.07% 72.69% 8.78% 0.47%
Huairou 3.42% 92.19% 4.34% 0.05%
Mentougou 1.74% 98.04% 0.19% 0.02%
Miyun 10.24% 86.01% 3.36% 0.40%
Pinggu 8.24% 90.68% 0.91% 0.17%
Shijingshan 4.74% 87.49% 7.48% 0.30%
Shunyi 47.74% 48.15% 3.83% 0.28%
Tongzhong 81.43% 15.24% 2.42% 0.92%
Xicheng 0.00% 49.18% 43.99% 6.83%

Yanqing 11.13% 85.89% 2.84% 0.13%

Note: The values are the percentages of oxygen emissions from the different LULC types. The oxygen emission
contributions of arable land, forest land, grassland, and water bodies are abbreviated OE_AL, OE FL, OE_GL,

and OE_WB, respectively.
3.3. Estimation of Carbon Emissions and Oxygen Consumption Based on Socioeconomic Statistics

Using the urban carbon emission and oxygen consumption models built in this study, we calculated
the human-induced carbon emissions and oxygen consumption of urban ecosystems. The total carbon
emissions and oxygen consumption in Beijing were 7.25 x 107 t/a and 1.95 x 108 t/a, respectively (Table 7).
The results showed that industrial fossil fuel consumption in the five subsystems contributed to over
75% of the total carbon emissions and oxygen consumption for all 16 districts in Beijing. Most of the
carbon emissions originated from urban industrial areas as a result of burning fossil fuels, including coal,
oil, and natural gas [5]. Based on the CO2 emission inventories method, which is recommended by the
IPCC, Geng and other authors studied the Beijing CO2 emission inventories according to fuel type from
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1990 to 2007; the results showed that coal combustion accounted for over 60% of the total CO2 emissions
in Beijing over the past two decades, similar to our results. Chuai et al. also reported that carbon
emissions from traditional fossil-fuel energy consumption were one of the main causes of global
warming [46]. Using the input—output structural decomposition analysis model, production structure
change and population growth were the two main drivers for increasing CO2 emissions in Beijing over
1997-2010 [79]. A three-scale input—output model for an urban economy is presented using a case study
on CO2 emissions, in which carbon emissions from coal account for 56.81% of the total emissions in
Beijing [86]. The research on simulating energy consumption and CO2 emissions at the urban scale in
the United States indicated that depending on the definition of urban, between 37% and 86% of direct
fuel consumption in buildings and industry and between 37% and 77% of on-road gasoline and diesel
consumption occurs in urban areas [97]. The percentages for other human-induced carbon sources, such
as domestic energy use, human respiration, transportation, and municipal solid waste, were relatively
lower. In addition, the total carbon emissions and oxygen consumption of different regions showed that
Chaoyang was the largest carbon source in Beijing and that Yanqing had the lowest value of carbon
emissions and oxygen consumption. Landscape fragmentation is highly positively correlated with total
CO: emissions and negatively correlated with CO2 uptake [17].

Table 7. Total human-induced carbon emissions and oxygen consumption in the urban
ecosystems (Units: t/a).

Districts Industrial Fossil Fuel Human Respiration Domestic Energy Transportation Solid Waste Total
Changping 3.11 x 10° 1.49 x 10° 4.13 x 10° 7.94 x 10* 3.15x 10* 3.78 x 10°
Chaoyang 9.77 10° 3.18 x 10° 1.18 x 10° 2.15 % 10° 9.02 x 10* 1.16 x 10°
Daxing 2.84 x 10° 1.22 x 10° 2.54 x 10° 7.37 % 10* 2.89 x 10* 3.32 % 10°
Dongcheng 2.70 x 10° 8.23 x 10* 3.76 x 10° 8.26 x 10* 3.15x 10* 3.28 x 10°
Fangshan 8.48 x 10° 8.47 x 10* 1.84 x 10° 4.75 % 10* 1.19 x 10* 8.81 x 10°
Fengtai 3.74 x 10° 1.89 x 10° 7.04 x 10° 1.44 x 10° 6.18 x 10*  4.84 x 10°
Haidian 7.82 % 10° 2.94 x 10° 8.87 x 10° 1.89 x 10° 6.35x 10* 9.26 x 10°
Huairou 9.81 x 10° 3.34 x 10* 7.64 x 10* 1.95 x 10* 7.67 x 10° 1.12 x 10°

Carbon
Mentougou 7.08 x 10° 2.60 x 10* 7.18 x 10* 1.45 x 10* 6.95 x 10° 8.28 x 10°
emissions
Miyun 9.13 x 10° 4.19 x 10* 9.15 x 10* 1.78 x 10* 7.40 x 10° 1.07 x 10°
Pinggu 9.67 x 10° 3.73 x 10* 7.43 x 10* 1.81 x 10* 5.58 x 10° 1.10 x 10°
Shijingshan 6.17 x 10° 5.52 x 10* 1.13 x 10° 3.24 x10* 9.28 x 10° 6.38 x 10°
Shunyi 8.30 x 10° 7.86 x 10* 2.58 x 10° 4.70 x 10* 1.20 x 10* 8.70 x 10°
Tongzhong 2.72 x 10° 1.06 x 10° 3.41 % 10° 5.65 x 10* 1.62 x 10* 3.24 x 10°
Xicheng 4.02 % 10° 1.11 x 10° 3.94 x 10° 1.03 x 10° 4.07 % 10*  4.67 x 10°
Yangqing 4.88 x 10° 2.84 x 10* 4.96 x 10* 1.21 x 10* 4.35x10° 5.83 x 10°
Beijing 6.37 x 107 1.76 x 10° 5.47 x 10° 1.15 x 10° 430 10° 7.25 % 107
Changping 8.28 x 10° 4.55x 10° 1.15 x 10° 2.12x10° 8.40 x 10* 1.02 x 107
Chaoyang 2.61 % 107 9.70 x 10° 3.28 x 10° 5.73 x 10° 2.40 x 10° 3.11 % 107
Daxing 7.58 x 10° 3.74 x 10° 7.08 x 10° 1.97 x 10° 7.71 x 10* 8.94 x 10°
Oxygen
Dongcheng 7.21 % 10° 2.52 % 10° 1.05 x 10° 2.20 x 10° 8.41 x 10* 8.81 x 10°
consumption

Fangshan 2.26 x 107 2.59 x 10° 5.14 x 10° 1.27 x 10° 3.18 x 10* 2.35x 107
Fengtai 9.98 x 10° 5.78 x 10° 1.96 x 10° 3.85x 10° 1.65 x 10° 1.31 x 107

Haidian 2.09 x 107 8.98 x 10° 2.47 % 10° 5.05 x 10° 1.69 x 10° 2.49 x 107
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Table 7. Cont.

Districts Industrial Fossil Fuel Human Respiration Domestic Energy Transportation Solid Waste Total
Huairou 2.62 x 10° 1.02 x 10° 2.13 x 10° 5.19 x 10* 2.05x10*  3.00 x 10°
Mentougou 1.89 x 10° 7.94 x 10* 2.00 x 10° 3.87 x 10* 1.85x 10* 223 x10°
Miyun 2.43 x 10° 1.28 x 10° 2.55 % 10° 4.75 % 10* 1.97 x 10*  2.88 x 10°
Pinggu 2.58 x 10° 1.14 x 10° 2.07 x 10° 4.82 x 10* 1.49 x 10*  2.96 x 10°
Oxygen Shijingshan 1.64 x 107 1.69 x 10° 3.15x 10° 8.63 x 10* 2.48 % 10 1.70 x 107
consumption Shunyi 2.21 % 107 2.40 % 10° 7.19 x 10° 1.25 x 10° 321x10* 233107
Tongzhong 7.26 x 10° 3.24 x 10° 9.50 x 10° 1.51 x 10° 433 %10 8.73 x 10°
Xicheng 1.07 x 107 3.40 x 10° 1.10 x 10° 2.75 % 10° 1.08 x 10° 1.26 x 107
Yanqing 1.30 x 10° 8.68 x 10* 1.38 x 10° 3.22 % 10* 1.16 x 10* 1.57 x 10°
Beijing 1.70 x 10® 5.37 x 10° 1.50 x 107 3.07 x 10° 1.15 x 10° 1.95 x 108

Figures 6 and 7 show the spatial distribution of carbon emissions and oxygen consumption per unit
area. Because of the lower levels of economic development and population density, the exurban counties
had relatively lower values of carbon emissions and oxygen consumption than the urban and suburban
districts. The areas with high values of carbon emissions and oxygen consumption per unit area were
mainly concentrated in downtown areas, including Xicheng, Dongcheng, Chaoyang, Haidian, Shijingshan,
and Fengtai. According to the eddy covariance CO: flux measurements for North Beijing over 2008, the
annual CO2 emissions from the study site were estimated at 20.6 kg/(m?-a) [66] or 206 t/(ha-a), which
was consistent with the yearly emissions of 215.4 t/(ha-a) for Haidian in our results. The annual modeled
local emissions in Vancouver, British Columbia, Canada were estimated at 7.42 kg/(m?-a) with direct
eddy covariance measurements. This value equals 74.2 t/(ha-a), which is much lower than the value of
215.4 t/(ha-a) for Haidian in our results [68]. The annual carbon emission value of 74.2 t/(ha-a) in
Vancouver is close to the value of 85.11 t/(ha-a) in Shunyi, which indicates similar urbanization levels
in these two areas.

3.4. Data Limitation and Uncertainty Analysis

While uncertainties in the carbon budget itself are mainly assigned to data and system definitions, the
methodology for assessing the impact of reduction measures includes different types of uncertainty [10].

The overall LULC classification accuracy of the study area was 80.89%, which met the demand of
the research. Because of the lower resolution of TM images, the LULC was classified into six broad
categories: arable land, forest land, grassland, built-up area, water body, and bare land. The LULC
classification cannot attain the secondary classification level, such as evergreen coniferous forest or
broadleaved deciduous forest. Moreover, the field data corresponding to the LULC classification of the
secondary classes were scarce. In reality, many of the built-up areas in large cities such as Beijing are
vegetated and have varying amounts of plant cover. However, we did not consider the pixels and patches
of these small green spaces in the built-up landscape of Beijing because of the resolution of the TM
images. All of these factors affect the final calculation accuracy of the carbon sequestration and oxygen
emissions. Therefore, the actual carbon sink for the study area may have been underestimated.
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Figure 7. Distribution of oxygen consumption per unit area in Beijing.
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Commonly, numerous parameters and factors that are used to build ecosystem models are highly
uncertain. Because CO2 emission data for all carbon sources in Beijing are not currently provided at the
district scale, acquiring all the data officially is difficult. For example, there is an absence of statistical
data on livestock in the districts. The results of human-induced carbon emissions and oxygen
consumption were slightly lower than the real values without considering the livestock respiration. In
addition, the transportation carbon emissions must be calculated based on the actual regional fuel
consumption, rather than the number of vehicles. The carbon emission results for municipal solid waste
can be also improved using more exact experimental parameters.

Thus, to improve the model’s accuracy, further efforts are needed to obtain high-resolution LULC
results and field experiment data in the future.

3.5. Evaluation of the Carbon and Oxygen Balances in Urban Ecosystems

Based on the detailed models, the Carbon bal and Oxygen bal relative differences for the entirety of
the Beijing area and its sub-administrative areas were calculated to evaluate the carbon and oxygen
balances of an urban ecosystem (Table 8). The results showed that the carbon sequestration and oxygen
emissions within Beijing cannot meet the demand for urban carbon emissions and oxygen consumption.
The relative differences of Carbon bal and Oxygen bal in Yanqing, Huairou, Mentougou, and Miyun
were all positive, which indicated that the carbon and oxygen balances in these urban ecosystems were
superior; however, all four of these counties are located in exurban regions (Figures 8 and 9).

Table 8. Carbon and oxygen balance relative differences of the urban ecosystem.

Districts Carbon_bal Oxygen_bal
Changping —0.2742 —0.8116
Chaoyang —0.9805 —0.9949
Daxing —0.6838 —-0.9369
Dongcheng —0.9969 —0.9992
Fangshan —0.5091 -0.8716
Fengtai —0.9676 —0.9925
Haidian —0.9499 —0.9873
Huairou 3.8764 0.3180
Mentougou 3.8707 0.3261
Miyun 3.7230 0.2382
Pinggu 1.0099 —0.4681
Shijingshan —0.9863 —0.9963
Shunyi —0.8451 —0.9650
Tongzhong -0.7191 —0.9440
Xicheng —0.9990 —0.9997
Yanqing 7.0970 1.1076

Beijing ~0.5479 ~0.8828
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Compared with the exurban districts that showed good carbon and oxygen balances, the districts
whose Carbon_bal and Oxygen_bal relative differences were negative were almost all located in the
core areas of the urban and suburban districts (Figures 8 and 9). These core areas of the urban and
suburban areas worsened the carbon and oxygen balances. Thus, measures to improve the carbon and
oxygen balances in these areas are urgently needed [98].

4. Conclusions

Based on the LULC data and empirical coefficients, the carbon sequestration and oxygen emission
model can produce reasonable estimates of urban ecosystem services that sequester carbon and emit
oxygen. The areas with a high capacity for carbon sequestration and oxygen emissions were mainly
distributed in the exurban districts of Beijing, whereas the areas with a poor capacity were mainly
distributed in the core urban areas.

Based on the urban carbon emission and oxygen consumption model built in this study, the sources
of human-induced carbon emissions and oxygen consumption can be partitioned within the urban
ecosystem. The results show that in the five subsystems, the consumption of industrial fossil fuel
produced the highest total carbon emissions and oxygen consumption. The contributions from other
human-induced carbon sources, such as domestic energy use, human respiration, transportation, and
municipal solid waste, were small compared with that of industrial fossil fuel consumption.

The relative differences in the carbon and oxygen balances varied among the 16 districts in Beijing.
The carbon and oxygen balances in the exurban districts were improved over those of the core urban
areas. Variations in the different regions were a result of the level of urbanization, LULC distribution,
economic structure, population, and fossil energy consumption. As shown in this study, forest, arable
land, grassland, and water can play important roles in offsetting urban carbon emissions; thus, urban
planning and management could be a method of mitigating climate change. Evaluating carbon and
oxygen balances in urban ecosystems significantly reduces the burden on urban planners and government
policymakers to understand current emissions. The methods developed in this research are viable for the
quantitative evaluation of urban ecosystem carbon and oxygen balances.
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