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ABSTRACT. Being different from inventoried data, spatialized maps of carbon dioxide (CO2) flow at high resolution in urban areas
are essential for carbon cycle research and carbon reduction management. In this research, Guangyuan, a mountainous city located in
southwestern China, which was heavily affected by the 2008 earthquake, was used as a studying case. In this city, gridded data of
vertical carbon flows at 1-km resolution was extracted based on point emission sources and other supporting data in Guangyuan.
Among the 16,020 grids, 4,465 performed as CO2 emission sources while the other 11,555 as sinks. On the whole, Guangyuan City
served as a carbon sink in 2010, with the total net flow of 0.44 Mt CO: being sequestered and stored by vegetations. The overall
pattern of emission sources and sinks matched well with local land-use patterns. The hotspots of CO2 emissions appeared in the built-
up areas along local valleys, as well as low mountainous areas. On the contrary, large areas of carbon sinks were mainly distributed in
the mountainous areas of northwest and northeast parts of Guangyuan. With regard to the distribution of gridded emissions, an
evidently clustered characteristic was identified. The proportion of the largest individual emission grid accounted for 12.01% of the
total emission. The cumulative percentage of gridded emissions indicated that supervision of 0.06% of the total area could enable
effective management of approximately 60% of the total emissions in Guangyuan. Thus, the spatialized gridded data of carbon flows

produced in this research can provide significant policy implications for urban planning and regional carbon flow mitigation.
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1. Introduction

City is the primary energy consumer in human society,
which is providing many potential opportunities for possible
energy savings and carbon emission reductions (Cai et al.,
2008, 2009; Zhang et al., 2014). Correspondingly, cities are
practical carbon flow hubs, and are thus responsible for large
amounts of carbon emission and storage. It is believed that
over 80% of global carbon emissions is originating from ur-
ban areas (Churkina, 2008; Zhang et al., 2014), which compa-
ratively occupy less than 2.4% of the total landmass (Potere
and Schneider, 2007). Urban systems play a dominant role in
the evolution and dynamics of global carbon cycle and would
be of great significance for achieving carbon emission re-
duction targets in many countries and globally (Zhang et al.,
2011). Urban carbon management based on the analysis of
carbon cycle has thus been especially focused by a number of
large- scale carbon reduction projects, attracting many efforts
from research and management communities (Dhakal, 2005).
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Therefore, it is desired to undertake accounting of carbon
cycle for urban systems, particularly in emerging countries
that are consuming large quantities of energy resources such
as China. In China, urbanization has proceeded rapidly in the
past decades and is expecting to have reached 70 to 75% by
2050 (CCRC, 2009). With rapid urbanization and industriali-
zation in this country, CO2 emissions from cities and their
shares in regional and country-wide total are definitely in-
creasing (Feng et al., 2013). To cope with this increasing
pressure and further stimulate China’s economic development,
identification of effective strategies for urban energy and car-
bon management, and undertaking systematic analysis of car-
bon flows in urban systems are of significant need.

Although emissions from a number of carbon sources
were considered by existing literatures, there was not a clear
view on carbon cycle of urban systems that could tackle car-
bon-related factors and processes such as storage and emi-
ssion in a holistic manner (Zhao et al., 2014). In consideration
of this fact, Churkina (2008) emphasized the necessity of
considering both biophysical and human-related carbon fluxes
through an integrated urban carbon cycle approach, signifi-
cantly promoting relevant studies. Inspired by this pioneering
work, recent studies in this field have attempted to simul-
taneously analyze carbon flows in both horizontal and vertical
directions within an urban system (Zhao, 2012; Zhao and
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Huang, 2013). Christen et al. (2010) simulated carbon storage
and flux at the neighborhood scale based on urban metabolism
approach, and remote sensing, energy-related and emissions
data. Kellett et al. (2013) used a bottom-up modeling approa-
ch to assess neighborhood-scale carbon storage, intake and
export within an urban system. More recently, Hao et al.
(2014) proposed a natural-social dualistic carbon cycle sys-
tem.

In addition to the studies upon integrated accounting of
carbon flows, temporal and spatial dimensions of carbon
flows in urban areas need to be considered for providing a
holistic view of urban carbon cycle. Although temporal dyna-
mics of urban carbon cycle has been analyzed by many resear-
chers (Hao et al., 2014; Hu et al., 2014; Huang et al., 2013;
Tan et al., 2010a, b, ¢; Zhao, 2012; Zhao and Huang, 2013),
there have been few attempts to quantify and map carbon
flows at a city scale (Davies et al., 2011), which is major
contribution of this paper. Comparatively, both carbon mitiga-
tion practices and research on carbon cycle and climate chan-
ge modeling require carbon flow maps at enhanced accuracy
and resolution (Wang et al., 2014). For instance, the gridded
emission data can help policy makers properly prioritize emi-
ssion control areas and facilitate the meticulous and wise
management of carbon emission mitigation (Cai and Zhang,
2014). Accurate and spatially explicit emission inventories
that serve to establish the baseline level of CO2 emissions and
validate the extent of sources’ compliance with abatement
targets, play a vital role in the calibration of general circula-
tion models that can be used to understand and predict global,
national and regional climate and ecosystem dynamics, since
they are fundamental inputs to carbon cycle models (Gately et
al., 2013). Moreover, uncertainties of CO2 emission inven-
tories have rarely been quantified on a gridded basis, leading
to difficulties in evaluating them at the regional scale. Further-
more, mapping regional carbon emissions is challenging due
to data limitations. The existing emission inventories mainly
adopted several spatial proxies such as population and night-
light information to downscale data at national or provincial
levels. Such procedures truly introduce errors where the proxy
variables and actual emissions are weakly correlated, and thus
limit analysis of the relationship between emissions and
demographic trends. For instance, emission ratio per capita is
not uniform, especially in many developing countries, and is
thus creating spatial biases (Wang et al., 2013).

With regards to the above-mentioned concerns, the main
objective of this study is to compile a 1-km resolution map of
carbon flows in urban areas of Guangyuan and to analyze the
spatial characteristics of carbon cycle and balance, covering
vertical and horizontal dimensions, as well as multiple factors
and processes. This research can thus provide theoretical and
practical guidance for urban energy management and low-
carbon energy policy formulation in different sectors of
Guangyuan, and will help identify feasible strategies of
sustainable development and emission reduction in this city.
The method and application results can be expanded for simi-
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lar cities across China.

2. Overview of Guangyuan City

Guangyuan, a mountainous city, is located at northern Si-
chuan province, containing large areas of forest and farmland
(Figure 1). It is the intersection area of Micang Mountains,
Longmen Mountain and the low mountainous area in northern
Sichuan Basin. To the north of the city are mountainous areas
with higher altitude, while the south is hilly with lower altitu-
de. One of the tributaries of the Yangtze River, Jialingjiang
River flows through the city. Its administration division invol-
ves 7 districts and counties (i.e., districts of Lizhou, Yuanba,
Chaotian, and counties of Wangcang, Qingchuan, Jiange, and
Cangxi). In 2012, the population was 3.12 million. GDP per
capita reached 2,386 US Dollars. The primary, secondary, and
tertiary industries accounted for 20, 47, and 33% of the total
GDP, respectively. Guangyuan’s economy is based on a diver-
se array of heavy industries, as well as mining and agriculture
(Guan and Barker, 2012). It was one of the epicenters of an
8.1-magnitude earthquake and aftershocks in the 2008’s Wen-
chuan earthquake. With regard to the post-earthquake recons-
truction, fossil energy consumptions and the corresponding
carbon emissions and intake in Guangyuan are definitely in-
creasing. On the contrary, as a mountainous city with high
proportion of forest coverage, it is an important carbon sink.
Identification of developing strategies is thus very critical to
Guangyuan City that is currently under rapid urbanization in
West China, which is under double challenges of economic
development and carbon emission reduction. This makes Gu-
angyuan as a desired studying case for carbon cycle analysis.
Through undertaking carbon flow mechanism analysis based
on comprehensive pointed emission dataset, a carbon flow-
map has been established for Guangyuan urban system at 1-
km resolution.

3. Methodology

3.1. Research Framework and Scope Definitions

As an open social-economic system, there are huge car-
bon flows and exchanges within and outside of an urban sys-
tem (Vaccari et al., 2013). Within such system, a lot of acti-
vities are also responsible for carbon such as generation, tran-
sform, decomposition, and transfer. Moreover, carbon can be
imported from and exported to the surrounding areas. In order
to reflect and tackle such complexities, a comprehensive
accounting framework for urban carbon cycle has been es-
tablished in the previous paper by Hao et al. (2014). Such a
framework can be characterized by multi-dimensional fea-
tures, including vertical and horizontal carbon fluxes (Churki-
na, 2008). The land-atmospheric CO: flux represents net CO:
emission that is the balance of fossil fuel induced emissions
and carbon storage by various terrestrial systems (i.e., residual
terrestrial sink).
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Figure 1. The location and land-use types of Guangyuan City in Sichuan Province, China.

Natural origin carbon fluxes are mainly related to vegeta-
tion due to its photosynthesis and respiration. The vertical flu-
xes of anthropogenic origin are mainly produced from fossil
fuel combustion, waste decomposition, and directly human
breath. Horizontal fluxes of carbon are mostly driven by hu-
man activities. These fluxes include transfer of food and fiber
from agricultural and forest products to urban systems, as well
as trash flows from urban to relevant facilities such as land-
filling sites. To account for the multi-dimension features of
carbon flows, three scopes (i.e., scopes 1 to 3) were conven-
tionally proposed as the system boundary for direct and in-
direct CO2 emissions (Folke etal., 1997; Churkina, 2008).
Scope 1 covers all direct emissions that occur within the terri-
torial boundary of the city. Scope 2 covers indirect emissions
that occur outside of the city boundary, which are mainly due
to electricity consumptions, district heating and cooling. Com-
paratively, scope 3 covers the rest of emissions that occur out-
side the city boundary, mainly including electricity transmi-
ssion and distribution losses, as well as embodied emissions
in imported fuels and goods (ICLEI and C40, 2012; UNEP et
al.,, 2010). Generally speaking, it is nearly impossible to
represent all these flows through a map due to data avai-
lability and computational requirements. In this research,
merely the vertical dimension of carbon flow is considered,
i.e., the emissions discharged into the air and COz sequestered
and stored by vegetation in the city. Specifically, with regard
to CO2 emission accounting, scope 1 was involved. Compara-
tively, scopes 2 and 3 are not covered due to the fact that
Guangyuan is a net electricity exporter without cross-city-
border supplies of heating and cooling.

3.2. Data Source

In this research, the following major data sources were
employed: (a) detailed information and data of energy con-
sumptions in 346 enterprises and clinker production plants,
coke and carbonate utilization, and iron steel production
plants, carbon contents in iron and steel industries. They were

mainly derived from The First China Pollution Source Census
(FCPC) database.The FCPSC database in China provides a
valuable basis to produce bottom-up emission maps based on
detailed point emission source inventories (Cai and Zhang,
2014). It is China’s first nationwide survey of all types of
energy consumptions, categorized by combustion fuels and
industrial feedstock in facilities with spatial coordinates
(Wang et al., 2014); (b) information and data of the residential
sector, including energy use from hotels, restaurants, hospitals,
schools, and household. Those were obtained from district/
county-level FCPSC; (c) information and data of energy con-
sumptions in agricultural and transportation sectors. They
were acquired from governmental statistics and reports such
as the Guangyuan Statistical Yearbook (GYSY, 2011); and (d)
information and data regarding land use. They were obtained
through interpreting Landsat TM (http://landsat.usgs.gov/)
imagery with necessary corrections and validations. Based on
the above-mentioned information and data, CO: emissions
were calculated through the summation of the total output
emissions due to fossil fuel consumptions. For instance, in
terms of COz emissions from the industrial sector, industries
of cement, lime, iron and steel, glass and ammonia produc-
tions were considered in this research. The corresponding
emission factors were extracted from [PCC reports (IPCC,
2006). As to the calculation of carbon sinks, land use data was
used to account for the emissions due to inspiration and
absorption of vegetation photosynthesis. Detailed process of
calculation was reported by the previous research by Hao et al.
(2014).

3.3. Method of Spatialization

The gridded carbon flow data in Guangyuan at 1-km
resolution were established in the following steps: 1) based on
a GIS platform, the total 16,020 girds were created, 2) regar-
ding the point emission sources in the city, a number of dots
were used according to their coordinates and the correspon-
ding amount of CO: emissions (from processes of energy
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consumptions and industrial productions). Then, the summa-
tion of point source CO: emissions from relevant dots within
a grid can be considered as the total for the grid. As a
undeveloped city, there are 346 enterprises in Guangyuan, and
all of them were considered in this research, 3) the total
carbon emissions associated with transportation was allocated
to the 4,544 km road line through assigning weights according
to road types (e.g. express way, and the first- to the third-
grade highway), 4) in terms of the agricultural sector, the total
sectoral COz emission of the entire study area was divided
into every county/district proportionally to their agricultural
population. Then CO: emissions were generated based on the
number of grids in the county/district and the corresponding
emission statistics, 5) the urban commercial/residential energy
consumption consisted of energy use from hotels, restaurants,
hospitals, schools, and household. For further spatialization to
values at the 1-km resolution, population were used as proxy
to allocate thed istrict/county level emissions to each grid.
Since the population grid dataset was of significance for CO2
emission spatialization, the Data Sharing Infrastructure of
Earth System Science of China were adopted, which has
produced China’s 1-km gridded population data in 2003 and
were proved to be reliable (Cai et al., 2012; Jiang et al., 2002).
In this research, the population grid data from 2003 to 2010
was updated, and up-scaled to 1-km resolution, 6) the carbon
sink by vegetation was calculated and mapped using land use
data, involving the contribution of multiple land use types,
and 7) the CO2 emissions from the industrial, agriculture/rural
household, urban residential and commercial, and transporta-
tion sectors, as well as relevant carbon sink were summed in
every grid to complete the overall gridded CO: carbon flow in
vertical dimension of Guangyuan City.

4, Results and Discussion

4.1. Carbon Emission Sources and Sinks

As a carbon emitter, the total carbon emission of Guang-
yuan was 4.22 million metric tons in 2010. Emission per
capita emission was 1.38 t, which was much lower than many
cities in China (Cai and Zhang, 2014; Kennedy et al., 2012;
Zhao et al, 2014). The emissions from point and areal sources
accounted for 54 and 32% of the total, respectively. The trans-
portation sectors accounted for 14% of the total emission. The
predominant point emissions and the industrial proportion of
the total emissions reflected that Guangyuan was in the pre-
mature stage of urbanization and industrialization in 2010,
which was also stated by many researchers (Guan and Barker,
2012).

With regards to the spatial distribution of CO2 emission
in the city, three maps have been generated, covering point,
line and areal emission sources. As indicated in Figure 2, the
direct CO2 emission from point sources was aggregated to
2.26 Mt. Also, it can be calculated that the CO> emissions
derived from fuel combustion and industrial processes were
2.02 and 0.24 Mt, accounting for 89 and 11% of the total
point emissions, respectively. Among the CO2 emissions from
fuel consumptions, combustion of coal, oil and natural gas
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were responsible for 71.64, 24.17 and 4.19%, respectively.
The majority of high-emission point sources were mainly
distributed in Lizhou and Wangcang districts that are along
the piedmont valley (i.e., Mi-cang Corridor).

The industrial point source emissions from those two
districts/counties approximately contributed to 60% of the
total point emission in Guangyuan City. Comparatively, the
gross industrial outpute in those two counties merely accoun-
ted for 24% of the total in this city. They suffered from the
largest carbon emission intensity in the city, representing over
3 t per 10* RMB output. The main reason for this was the
existence of two major coal mining sites with a number of
carbon-intensive enterprises, power plants, and cement fac-
tories.

Using the above-mentioned method, on-road CO:> emi-
ssions were estimated for each 1-km section of major roads in
Guangyuan City. These gridded results showed the strong
influence on emissions of urban areas as well as highways
across the city (Figure 3). For instance, the formation of a
higher CO. emission belt extending from northeast to
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Figure 2. Spatialized CO:z emissions from point sources in
Guangyuan City.

km

Figure 3. On-road CO: emissions in Guangyuan City.
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southwest can be attributed to a higher transportation capacity
due to the existence of urban district roads and state G5
expressway (i.e., the Jing-Kun expressway, from Beijing to
Kunming). The total of CO: emission associated with trans-
portation sector was 0.61 Mt.

In this city, areal source of COzemissions include those
derived from energy consumptions by various agricultural
activities, as well as residential energy consumption in rural
and urban areas. Similar to the point source emissions, the
distribution of areal source CO2emissions was largely affect-
ed by surface land-use features. The high emission areas were
in accordance with the Micang Corridor due to intensive agri-
cultural activities and large population. In addition to the
Micang Corridor, the southern areas of Guangyuan, i.e., the
Jiange and Cangxi counties also had relatively high emission
densities due to intensive agricultural activities. On the con-
trary, the mountainous areas with good vegetation coverage
contributed a minor part to the areal source emissions. Totally,
the areal source COzemissions reached 1.35 Mt, slightly less
than that of the point source emissions (Figure 4).

In contrast to the emission profile of COz, the carbon sink
of Guangyuan is highly related to its land use patterns. The
areas with higher sink capability were definitely in accord-
ance with vegetation coverage (i.e., the mountainous areas in
the northeast and northwest of Guangyuan). In an aggregated
sense, the total carbon uptake by vegetation in Guangyuan
within an individual year was approximately 4.65 Mt, which
was slightly higher than the total emissions. Generally, the
temperate mixed broadleaf-conifer forests in the mountainous
areas play a predominant role in offsetting the CO2 emission
to the atmosphere (Figure 5).

4.2. Net Carbon Flow

In consideration of vertical emissions and sinks in Gu-
angyuan City, the spatial distribution of net carbon flow was
produced and shown in Figure 6. Detailed accounting results
with regard to different districts/counties are listed in Table 1.
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Figure 4. Distribution map of COz emissions from areal
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Figure 6. Map of balanced carbon flow in Guangyuan City.

Among the 16,020 grids, 4,465 of them performed as the
sources while 11,555 as sinks. On the whole, Guangyuan City
served as a net carbon sink in 2010, with the total net flow of
0.44 Mt CO:2that was mainly absorbed by vegetation. Among
the 7 districts/counties, four of them served as carbon sinks.
Comparatively, three of them performed as net carbon emitt-
ers. Lizhou, the central urban district, undoubtedly was the
largest carbon emitter with 0.5 Mt net vertical emissions. On
the contrary, Qingchuan County was the largest carbon sink
with the contribution of 1.14 Mt CO:zto the total emission in
Guangyuan offset. As shown in Figure 6, the built-up area
matched well with the hotspots of CO2 emissions. It is impor-
tant to note that the intensive CO: emissions dominantly
happened along the Micang Corridor, mainly due to urban
expansion and industrial development within such a belt. In
the mountainous areas of Guangyuan, there was a high vege-
tation coverage and therefore served as major carbon sink. In
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Table 1.The Accounting Results of Vertical Carbon Emission and Sink in Guangyuan for Different Districts (unit: Mt)

L Source Sink
District - - - - - Net flow
Industrial point source Traffic line source Area source Soil and vegetation

Qingchuan 0.03 0.07 0.15 -1.40 -1.14
Jiange 0.06 0.13 0.28 -0.57 -0.10
Yuanba 0.04 0.06 0.10 -0.21 -0.01
Chaotian 0.68 0.06 0.12 -0.38 0.48
Wangcang 0.68 0.08 0.24 -1.31 -0.31
Cangxi 0.15 0.13 0.19 -0.33 0.14
Lizhou 0.61 0.07 0.27 -0.45 0.50
Guangyuan 2.26 0.61 1.35 -4.65 -0.44

the mountainous area of north and plain areas of southern
Guangyuan, most of the grid performed as carbon source, due
to high population density and intensive human activities.

With regards to the districts/counties level, the high COa
emission per capita in Chaotian (3.75 t), Lizhou (1.85 t), and
Wangcang (1.82 t) districts were mainly due to the associated
energy-intensive industries. However, Cangxi and Jiange
(0.41 t), and Qingchuan (0.49 t) were all at relative lower
levels in terms of CO2 emissions per capita.

Accordingly, in terms of the carbon sink profiles in Gua-
ngyuan City, Qingchuan was the primary contributor. Compa-
ratively, Jiange County made the least contribution. Therefore,
Qingchuan County was the largest contributor to offsetting
carbon emissions in Guangyuan City. On the other side,
Chaotian serviced as the largest carbon emitter among the 7
districts/counties in Guangyuan City.

4.3. Discussions

To further explore the spatial distributions of CO2 emi-
ssions and uptake among the grids of Guangyuan City, histo-
gram of these two carbon fluxes in grids associated with the 7
districts/counties as well as the entire city is shown in Figures
8 and 9. In the entire city, carbon emissions in the grids with
regard to the different boundaries had the lognormal distribu-
tions and Gaussian spectrums. However, there were two evi-

4 aNet
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B@Source

e N Bl

Per capita quantity (t)

Qingchuan Jiange Yuanba Chaotian Wangcang Cangxi Lizhou

Figure 7. The profile of CO2 emissions and uptake per capita
in Guangyuan City.
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dent peaks in the histogram distributions of Qingchuan Coun-
ty. The formation of the first peak was due to the large quan-
tity of low-value grids. This distribution pattern reflected the
inner uneven distribution and large gaps in CO2 emissions in
the grids of Qingchuan County because there were large num-
bers of grids with large-area of vegetation covers. Another
county with two emission peak values was Cangxi, reflecting
the land-use patterns of many scattering small-scale townships
and intensive farming activities in this county. The lognormal
distribution of CO2emissions in grids of Lizhou, Yuanba and
Chaotian as well as the entire Guangyuan showed that the
emission source patterns were evenly distributed, which was
highly related to the ongoing urbanization process. In contrast
to the distribution of carbon emissions, the distribution of car-
bon uptake among grids was diversified, which to large extent
reflected the land use patterns among the 7 districts/counties.
For instance, the increasing tendency of CO: uptake in
Qingchuan implied high forest coverage and low urbanization
ratio in this county. Evidently, in the figure of Lizhou district,
many grids had relatively low COzuptaking amounts, indica-
ting high urbanization ratio and low carbon sequestration
ability in this district. Cangxi country is characterized by ex-
tensive agricultural activities with less areas of forests and
therefore is lacking of carbon uptake capability.

The mapping of vertical carbon flow combing source and
sink provided many options for effective carbon management
and sound policy formulation. As shown in previous results,
the distribution of emissions and sinks showed a great spatial
heterogeneity, especially for the emissions. That is to say, the
contribution of the grids to the total amount emission differed
greatly. Figure 10 shows the cumulative curve of the grids that
contributed to the total emission and absorption. As indicated
by Figure 10(a), there is a high degree of emission clustering.
The individual grid with the largest emission contributed to
12.01% of total. Accumulated emissions of the top 10 grids
accounted for 38.99% of total. Moreover, emissions of the top
100 grids accounted for 55.87% of the total. The emission
map indicated that the supervision of 0.06% of the total land
could enable the management of approximately 60% of emi-
ssions in Guangyuan. This is very meaningful for the go-
vernment of Guangyuan to reallocate their monitoring and
enforcement of emission reduction quotas among the grids,
and put focused financial and human resources into these top
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Figure 8. Histogram statistics for CO2 emissions in grids associated with the 7 districts/counties and the entire Guangyuan City.

100 grids. In contrast, the cumulative curve of carbon sink by
the grids seems to have less spatial heterogeneity (i.e. distri-
buted evenly). It is worthwhile to note that the x-axes of
Figure 10(a) and (b) are different. One was logarithmic coor-
diates and the other was linear coordinates. Nevertheless, the-
re was also clustering characteristics with regard to CO2 ab-
sorption among those grids. Approximately 7,300 grids acc-
ounted for 80% of the COz sink, where the remaining 20%
emissions were shared by the other half of the total grids (i.e.,
approximately 9,300 grids).

Definitely, the high resolution CO. emissions dataset of
Guangyuan is of significance to carbon reduction manage-
ment in local areas. It could provide solid foundation for the

comparison and benchmark settlement between many districts.
For instance, the gridded data build up a uniform data plat-
form for regional COz emission estimation and comparison,
and therefore were essential to the burden sharing of CO»
emission reduction and the joint control and mitigation of COz
emissions. For city like Guangyuan, it can be easy to devise a
framework for ecological compensation due to the different
roles in carbon emission and abatement, based on such high
resolution gridded data of carbon emissions and absorptions.
If decision makers intend to balance the financial income
from penalty due to carbon emission, a virtual accounting can
be undertaken for all the grids or other regional boundaries.
Once the price of CO: emission (p) is determined, the
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Figure 9. Histogram statistics for CO: uptake in grids of the 7 districts/ counties and the entire Guangyuan City.

accounting could represent relevant funds from grids (i.e.,
Yp*e, @ is the total emission of grid i). Then the funds can be
reallocated to each grid according to their contributions to
provide carbon offsetting roles (i.e., (Xp*a/Zg)*s, §is the
total carbon absorbed by grid j). For each grid, the fund flow
would thus be p*(e-&). The positive value means it needs to
pay a certain amount of money to the virtual account or to
other grids. Comparatively, the negative value means it could
get a certain amount of money from the neighboring grids due
to its good performance in balancing carbon flow.

5. Concluding Remarks

Based on a GIS platform, a spatialized carbon dioxide
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(CO2) flow map was developed in this research through
addressing vertical COz emissions derived from energy con-
sumptions, industrial processes and vegetation uptake at 1-km
resolution in Guangyuan City. The results showed that 4,465
grids performed as the sources while 11,555 as sinks among
the total 16,020 grids. The results illustrated that Guangyuan
City was a net carbon sink when balancing emission through
economic activities and uptake by vegetation (the net total
flow of 0.44 Mt CO2 was sequestered and stored by vegetation
in 2010). With regard to CO2 emissions among all of the grids,
the individual grid with the largest emission contributed to
12.01% of total. The accumulated emissions of the top 10
grids accounted for 38.99% of the total. The emissions of the
top 100 grids accounted for 55.87% of the total. This pattern
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Figure 10. Cumulative percentage of total quantities: (a) carbon emissions by grids, (b) carbon uptake by grids. The grids were
ranked the first in terms of emission by descending order before the cumulative percent calculation.

would be of great significance to local decision makers, i.e.,
the supervision of 0.06% of the total grids could achieve
effective management of approximately 60% of emissions in
the city. The significant difference in CO:emissions between
urban and rural areas in China’s western city like Guangyuan
suggested that further studies on effects of rapid urbanization
upon CO; emissions should be addressed.

As a step forwards to urban carbon emission inventory
and combination of sources and sinks, this research repre-
sented an integrated view of urban carbon flow with high
spatial resolution at 1 km. The methodology can be applicable
to many similar Chinese cities. Those cities have great poten-
tial in CO2 emissions reduction and have been recognized as
the major possible reduction sources. The gridded data could
be used to develop a uniform data platform for CO2 emission
estimation and comparison in cities, which could reduce
spatial bias for IPCC COz analysis.

As for Guangyuan City, which is located in southwest
China, an undeveloped region in China, in which Gross Do-
mestic Production (GDP) per capita is only one-third of
China’s average, many challenges would be tackled for future
development in this city. On one hand, Guangyuan needs to
promote urbanizetion and industrialization for achieving eco-
nomic development goals. On the other hand, to maintain a
carbon sink area would be essential to both Guangyuan City
and the entire China. Definitely, Guangyuan could not identi-
fy solution of giving attentions to these two or more issues if
it would follow the development road of coastal regions in
east China. Currently, low carbon development in China is
considered as a necessary process of low carbon transforma-
tion for all cities. Then each city or every type of city should
identify their own pathway for low carbon development,
which would be significant to global CO; reduction.
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