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Abstract: This research constructs a 1 km × 1 km Shanghai energy consumption and carbon emission
spatial grid through a bottom-up approach. First, we locate all energy consumption locations
in Shanghai via GIS. Second, we calculate energy consumption and associated CO2 emissions
by energy type, by usage type, and by facilities. Finally, we use a spatial grid to represent the
energy consumption and CO2 emissions. The grid shows CO2 emissions in Shanghai are highly
spatially correlated with energy types and volumes of consumption. This research also finds out
that high energy consumption and carbon emission locations in Shanghai display significant spatial
aggregation. In 7209 spatial energy consumption cells, the top 10 grids of emissions account for
52.8% of total CO2 emissions in Shanghai; the top 20 grids account for 64.5% and the top 50 grids
account for 76.5%. The most critical point emission sources are coal-fired power plants and iron and
steel plants. The most important line emission sources are the Yan’an Road and Inner Ring viaducts.
The area emission sources that account for the most future-projected growth are commercial and
residential natural gas. After this spatial analysis, this paper makes policy suggestions and solutions
to conserve energy consumption and mitigate carbon emissions in Shanghai.
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1. Introduction

Energy-related CO2 emissions account for 91% of the global anthropogenic CO2 emissions [1,2].
Urban areas take up 3% of the Earth’s land surface, but sustain over 50% of the world’s population
(which will sustainably grow to 66% by 2050) [3] and 75% of energy-related CO2 emissions [4]. Thus,
it seems extremely significant and urgent to constantly improve the accuracy of estimating energy
consumption and related CO2 emissions in urban areas.

This research constructs a 1 km × 1 km high resolution Shanghai energy consumption and
carbon emission spatial grid data product, based on the previous greenhouse gas emission inventory
compilation, mainly aiming at probing into the scientific interests and policy implications for
establishing high-resolution energy and carbon emission data system in megacities [4]. On the one hand,
high-resolution energy-related CO2 emission grid data constitute a priori information for scientifically
estimating carbon fluxes in a certain area, and thus plays an important role in the accuracy of carbon
flux estimation [5]. Currently, there are many studies in the international community trying to analyze
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and simulate carbon cycle at global and regional scales, however, given that the global carbon cycle
is easily influenced by the source and sink of carbon emissions from marine, terrestrial and other
earth’s ecosystems, the work of measurement, reporting and verifying (MRV) of true emissions is very
difficult [6]. Carbon cycle study at a smaller scale (urban scale) may be easier to reveal the correlation
between anthropogenic carbon emissions and the climate change [7]. Urban areas constitute the most
concentrated area for anthropogenic CO2 emissions. So, estimating carbon fluxes in urban areas can
minimize the effects of the source and sink of carbon emissions in the Earth’s ecosystems on the regional
carbon cycle. On the other hand, urban areas are the leaders and drivers in human society to reduce
anthropogenic CO2 emissions [8]. Now many cities have made energy-saving and emission-reducing
policies, such as establishing the C40 cities climate leadership group to promote CO2 emission reduction
in urban areas [9]. Among the others, how to scientifically and independently evaluate the effects of
policies on emission-reducing becomes the most important challenge for policy-makers [6]. Therefore,
it is of great significance to provide more detailed urban carbon emission data with independent
MRV process, for those policy makers to evaluate the carbon emission reductions resulted from
policy implementation.

Now there are plenty of researches trying to establish high-resolution carbon emission data
on the scale of urban level [10]. A typical example is the Hestia Project conducted in the US,
which aims at quantifying energy-related CO2 emissions at the building and street scales [11]. Currently,
high-resolution carbon emission data have been established in four cities, namely Indianapolis,
IN [7], Los Angeles, CA [12], Salt Lake City, UT [5] and Baltimore, MD. Other cities, like Paris,
France, have established high-resolution CO2 emission data [13]. Such studies indicate that regional
CO2 emission concentration trends can be more accurately predicted, by combining the bottom-up
high-resolution energy-related CO2 data with atmospheric retrieval method.

After a rapid rise in 2000–2010 with an annual average growth rate (AAGR) of 7.6%, the total
Shanghai energy consumption entered a stationary phase, with AAGR of 0.3% in 2010–2015. But AAGR
by energy type in the same period presents comparatively obvious distinctions, e.g., petroleum 0.5%,
natural gas 11.8%, imported electricity 9.8%, and primary electricity 27.7%. As for coal consumption,
it peaked in 2011 at 61.42 million tons (Mt) and dropped to 47.28 Mt in 2015, with AAGR −4.9% in the
five years. Thereafter, Shanghai energy consumption and carbon emissions step into a controllable
stage. In order to enhance the comparability and make policy performance clear, we take 2010 as the
benchmark year and initial year, and construct a 1 km × 1 km Shanghai energy consumption and
carbon emission spatial grid database.

Many researchers have studied Shanghai energy-related CO2 emissions issues from various
perspectives [14–16], but most of these studies estimate the energy-related CO2 emissions based on
energy statistic data, which are too ambiguous and lack any spatial information. Cai et al. established
high-resolution spatial distribution data of Shanghai CO2 emissions based on the general pollutant
investigation data [17]. However, considering that the energy data contained in the general pollutant
investigation are rather limited, and population distribution data are widely used as a proxy system to
disaggregate emissions, the spatial distribution status of Shanghai energy-related CO2 emissions thus
cannot be well reflected.

This research selects Shanghai as a case study mainly for four reasons. First, Shanghai constitutes
one of the uppermost megacities, occupying 6340 square kilometers and accommodating 24.26 million
populations (in 2015), with great influence and representativeness. Second, compared to the frequently
questioned national energy statistic data [18–22], Shanghai energy statistic data are deemed to have
better continuity, accuracy and transparency, which guarantees the higher data quality when taking
Shanghai as an analysis case for energy and carbon emission spatial configuration in megacities.
Third, Shanghai intends to build into a global city and specifically put forward its goal for carbon
emissions control in the Shanghai City Master Plan (2016–2040) [23], in which carbon emissions of the
whole city and per capita will peak around 2025 and then total carbon emission will mitigate around
15% compared to the peak by 2040. Under such circumstance, high-resolution carbon emission data
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facilitates policy makers to set targeted energy-reducing policies. Last, China is now establishing a
space-air-ground integrative monitor system for CO2 concentration [24]. Combining high-resolution
energy-related CO2 emission data with the atmospheric transmission mode and satellite monitoring
data constitutes a key method of verifying CO2 flux in the future. While high-resolution CO2 emission
data constitutes key a priori information for a space-air-ground CO2 monitor system.

This paper includes the following three parts. The first part is about research method and data
gridding, briefing the estimation method for energy-related CO2 emission and the basic data source,
systematically elaborating the gridding method for 2010 Shanghai energy consumption and carbon
emission data as well as the achievement. The second part analyzes Shanghai energy consumption
and CO2 emission spatial configuration, by energy type, by usage type, and by facilities. The last part
is to pointedly propose the policy suggestions and solutions, and to prospect the priorities and output
during the next step work.

2. Materials and Methods

2.1. Estimation Method for Energy Related CO2 Emissions

Estimation method for energy-related CO2 emissions is mainly derived from the classical material
balance method, i.e., to estimate CO2 emissions based on activity data of various energy and carbon
emission factors, which is particularly expressed as:

E = ∑
g

ADi,j,g × EFi,j,g × R

where E is CO2 emissions; AD represents activity data; i represents energy of various types; j represents
various facilities using various energy types; g represents various grids; EF represents carbon emission
factors; and R represents carbon oxidation rate, which is set as 1 in this research.

In the estimation, the energy types (i) mainly include four types: coal, oil, natural gas and
imported electricity. On the basis of various facilities (j), coal can be further divided into eight types:
coal for electricity, coal for heating, coking coal, pulverized coal used for injection (PCI), feed coal,
lump coal, steam coal used in other industries, and coke; oil divided into seven types: gasoline, diesel,
fuel oil, kerosene, liquid petroleum gas (LPG), refinery gas, and other petroleum products; and natural
gas divided into two types: natural gas for electricity and natural gas for other uses. The heating
values and carbon emission factors are different even for the same type of energy used in various
facilities. See Table 1 for more details.

Table 1. Net heat value and related carbon emission factors of various energy types.

Fuel Types Net Heat Values MJ/kg, MJ/m3 Emission Factors kg-C/MJ

Coal

Coal for electricity 21.41 26.78
Coal for heating 20.54 26.78

Coking coal 27.71 25.21
PCI 26.14 27.39

Lump coal 25.68 26.86
Feed coal 24.89 26.29

Steam coal used in other industries 21.74 26.29
Coke 28.43 29.20

Oil

Gasoline 43.07 18.92
Diesel 43.51 20.22

Kerosene 43.07 19.12
Fuel oil 41.82 21.12

LPG 50.18 17.22
Refinery gas 46.00 15.72

Other oil products 35.43 20.02

Natural gas Natural gas used by power plants 34.71 15.32
Natural gas used by other sectors 36.30 15.32

Data source: net heat values of oil and natural gas are from [25]; and carbon emission factors of oil and natural
gas are from [26]; coal related data are from the authors’ estimation. PCI: pulverized coal used for injection;
LPG: liquid petroleum gas.
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Energy activity data mainly come from Shanghai Statistical Yearbook on Energy [25], energy
management agencies such as Shanghai municipal Development and Reform Commission (SDRC),
Shanghai Municipal Commission of Economy and Information technology (SEIT), and Fudan
University Energy Flow and Potential Carbon Emission Factor Database [27]. Given that the
uncertainty of oil and natural gas emission factors is very small, the default value recommended by
the Intergovernmental Panel on Climate Change (IPCC) shall be applied herein. However, since the
uncertainty of coal-related carbon emission factors are relatively large, this research adopts coal-related
carbon emission factors that are calculated based on data of inner-core coal quality such as whole
moisture (Mt), ash content of dry coal (Ad) and carbon content of dry and ash-free coal (Cdaf) that
conform more to the coal utilization features in China [27,28].

2.2. Method of Gridding of Energy Consumption and Carbon Emissions Data

We develop a 1 km × 1 km Shanghai energy consumption and carbon emissions spatial grid
database through a bottom-up approach. First of all, it locates all energy consumption facilities’
locations in Shanghai by means of GIS. It then calculates energy consumption and associated CO2

emissions by energy type, by usage, and by facilities. As last, grids are generated based on energy
consumption and associated CO2 emissions. Spatial configuration mainly contains three elements,
which are point emission sources, line emission sources and diffusion emission sources. See Figure 1
for more details.
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Figure 1. Spatial distribution of Shanghai’s energy consumption. (a) presents the spatial distribution
of total energy consumption in Shanghai, 2010 (Unit: t-CO2); (b) presents point distribution of coal
facilities in Shanghai, 2010; and (c) presents annual on-road oil consumption for Shanghai, 2010.

2.2.1. Point Emission Sources

Point source data means energy consumption and carbon emissions with specific longitude and
latitude locations within Shanghai. In 2010, Shanghai point sources for energy consumption and
carbon emissions cover 26 power plants, which are further divided into 20 coal-fired power plants,
four gas-fired power plants and two oil-fired power plants; eight centralized heating enterprises;
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four iron and steel production sets; seven chemical enterprises and chemical industry parks; three gas
plants and over 3000 middle and small coal-fired boilers. In addition to the above point sources,
other energy and emission data that specific locations cannot be identified will be disaggregated in the
area source data.

2.2.2. Line Sources

Line source data means traffic line emission sources bearing traffic oil consumption and associated
CO2 emissions, including on-road transportation, waterway transportation and air transportation.
This research mainly focuses on oil consumed by on-road transportation and associated CO2 emissions.
Other relevant data related to waterway transportation and air transportation is excluded.

Methods of estimating on-road transportation related oil consumption and associated CO2

emissions are usually divided into “bottom-up” and “top-down” approaches. The “bottom-up”
approach estimates based mainly on the parameters of vehicle types, volume, driving distance and
fuel economy of vehicles. The “top-down” approach estimates based mainly on the oil consumption
of transportation sector and the follow-up subdivision according to various vehicles with various oil
consumption. Currently, the data of driving distance and fuel economy of various vehicles in Shanghai
possesses higher uncertainty, while the oil consumption statistic data is relatively more accurate and
reliable, with lower uncertainty. Hence, we apply the “top-down” approach to estimate on-road
transportation related energy consumption and total associated CO2 emissions. Then we distribute the
on-road traffic energy consumption and related CO2 emissions into each grid with the consideration
of traffic flow by road types in different urban regions. Specific estimating methods are shown below:

(1) To re-calculate and obtain the on-road transportation oil consumption in accordance with
Shanghai energy statistic data and the division method of oil consumption sector. Shanghai energy
statistic data counts oil consumption based on legal entities, instead of ultimate utilization. Hence,
in Shanghai Statistical Yearbook on Energy, oil consumed by the “traffic, transportation and storage”
sector only include oil consumed by the public transportation sector, excluding oil consumed by the
private traffic sector. To reveal the actual traffic oil consumption, oil consumed by other sectors will be
disassembled and incorporated into the transport sector. Given the China oil statistical system and
Shanghai’s oil consumption features, and considering pertinent literature and empirical data from
statisticians, oil consumed by on-road transportation is disassembled in the following methods and
principles: (a) all of the oil consumed by the transportation, storage and mail industries are subsumed
into oil consumption of the transport sector; (b) all of the oil consumed by the residents is subsumed
into oil consumption of the transport sector; (c) all of the gasoline and half of the diesel consumed by
the wholesale, retail, accommodation and catering industries are subsumed into oil consumption of
the transport sector; (d) half of the gasoline and diesel consumed by the industry sector is subsumed
into the oil consumption of the transport sector; (e) all of the oil consumed by the primary industry is
subsumed into the oil consumption of the transport sector; (f) oil consumed by the transport sector
is further disassembled into on-road traffic, waterway traffic, and air traffic, based on the features of
petroleum products. The kerosene consumed by the transport sector is subsumed into the air traffic
oil consumption. Fuel oil and 10% of diesel consumed by the transport sector is subsumed into the
waterway traffic oil consumption; all of the rest oil consumed by the transport sector is subsumed into
the on-road traffic oil consumption.

(2) To identify Shanghai’s daily turnover volume of vehicles in terms of regions and road types
according to the data of Shanghai daily turnover of motor vehicles by regions, motor vehicle volumes
and traffic capacity by road types, developed by Shanghai City Comprehensive Transportation
Planning Institution (CCTPI), and then to disassemble the traffic oil consumption by regions and by
road types according to such weights.

Among these, in the light of the Shanghai spatial configuration, the urban regions are divided into
five regions, which are Puxi inside the Inner Ring viaduct (Pxii), Pudong inside the Inner Ring viaduct
(Pdii), Puxi between the Inner Ring viaduct and the Outer Ring viaduct (Pxio), Pudong between the
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Inner Ring viaduct and the Outer Ring (Pdio), and areas outside Outer Ring viaduct (Aoo). Road types
are divided into four grades, namely fast roads (including expressway), main roads, secondary main
roads and local roads. See Table 2 for more detailed and ultimate confirmed proportions of Shanghai
daily turnover volume of motor vehicles by various regions and by various road types.

(3) To count the length of roads of various types via GIS, and then to calculate the corresponding
oil consumption based on oil consumption intensity and length of roads by various regions and
various types.

(4) To add up all of the length of roads of various types in each grid, and then to calculate oil
consumption of various oil types in each grid.

(5) To estimate associated CO2 emissions of on-road transportation in various grids according to
the oil consumption of various oil types in each grid.

Table 2. Ratio of annual turnover volume of motor vehicles for Shanghai (by regions and road types).

Road Types City Centre Suburb

Pxii Pdii Pxio Pdio Aoo

Fast road 32.3% 27.9% 49.3% 49.7% 34.8%
Primary road 36.1% 39.7% 26.1% 23.5% 35.4%

Secondary road 17.0% 21.7% 11.4% 13.2% 17.5%
Local road 14.6% 10.7% 13.1% 13.7% 12.2%

Sum 100.0% 100.0% 100.0% 100.0% 100.0%

Data source: The Author estimated based on report from Shanghai City Comprehensive Transportation Planning
Institution (CCTPI) [29].

2.2.3. Area Sources

Area source data means energy consumption whose geo-spatial locations cannot be identified.
Such energy consumption is usually characterized by “low-quantity and wide-area diffused”, such as
energy consumed by the commercial sector, residential sector and industrial enterprises below a
designated size. We make use of usage characteristics of various energy types in each area source data,
taking socioeconomic data that can reflect such characteristics as a proxy system, so as to indirectly
obtain the gridded energy consumption and associated CO2 emission data. The mentioned proxy
system is mainly the GDP grouped by regions and by industries, Shanghai population distribution by
streets, and Shanghai industrial concentration data. GDP data grouped by regions and by industries is
collected from Shanghai regional annual statistical bulletins 2011 [30], population distribution by streets
is from China’s sixth nationwide census data [31], and industrial concentration trend is represented by
the concentration of middle and small sized boilers in each grid (see Figure 1b). See Table 3 for more
detailed corresponding relationship between energy consumption and reference system.

Table 3. Proxies used for disaggregating energy and CO2 emissions to grids.

Fuel Types Sectors Proxy

Coal middle & small coal fired boilers Industry concentration

Oil

industrial enterprises below designated size Industry concentration
commercial sector GDP of tertiary industry

Resident sector Population
Agriculture GDP of agriculture

Natural gas
industrial enterprises below designated size Industry concentration

commercial sector GDP of tertiary industry
Resident sector population
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3. Spatial Configuration Characteristics and Trends Analysis

3.1. Coal

3.1.1. Main Characteristics and Coping Strategy

2010 Shanghai gridded energy consumption and carbon emission products show (Figures 1a and 2)
that pointed coal consumption account 93.85% of all coal consumption in Shanghai. Coal consumption
is distributed in 1183 grids, accounting for 16.41% of the total grids (Figure 1b). In the gridded coal
consumption data, accumulated coal consumption in the top 10 grids amount to 49.15 (Mt), accounting
for 76.4% of the total coal consumption, and accumulated coal consumption in the top 20 grids amounts
to 52.58 Mt, accounting for 89.5% of the total consumption. This indicates that coal consumption has
very strong spatial aggregation characteristics.

By further disassembling the composition of the grid data, it reveals that the top 20 grids of
coal consumption are mainly grids centralized with coal-fired power plants, and iron and steel mills.
Although middle and small sized boilers have very large quantities and wide coverage, the ratio of coal
use to total coal consumption is small. Therefore, the key to determine coal consumption control level
in Shanghai is the coal use in coal-fired power plants, and iron and steel mills. Considering the reality
of the cross-regionality of Chinese administrative jurisdictions and large enterprises, the responsibility
of reducing coal use shall be assumed by the Shanghai municipal energy management departments
and related central enterprises and state owned enterprises.
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Comparatively speaking, county governments have larger territorial jurisdiction over those
enterprises with middle-and-small-sized boilers, and thus should bear principal responsibility for the
tasks of reducing coal use by middle-and-small-sized boilers.

In recent years, the control of Shanghai coal consumption mainly focuses on the shutdown or
substitution of middle-and-small-sized boilers. It is anticipated that all middle-and-small-sized boilers
will be shut down or replaced by clean energy by 2017 [32]. Then Shanghai coal consumption will
be more highly concentrated in power plants, and iron and steel mills, which makes the spatial
configuration of coal consumption more aggregated, and accordingly, the object of coal-reducing
policies will be more targeted at power plants, and iron and steel mills. For example, to absolutely
forbid building new coal-fired power plants, to transform and upgrade middle-and-small-sized
coal-fired power plants, to enhance the external migration of large iron and steel mills, and coal
chemical enterprises.
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3.1.2. Trends of Shanghai Coal Consumption

Shanghai coal consumption peaked in 2011, and then reduced gradually year by year to 47.28 Mt
in 2015, with 23.1% less than the peak value, under the combined actions of the continuing slowdown
of economic growth, the massive increase in imported electricity, and the well-aligned work of the
shutdown and replacement of middle and small sized boilers. Among the other sectors, coal used
for electricity generation reduced by 9.23 Mt, accounting for 65.2% of total coal mitigation, coal used
by middle-and-small-sized boilers reduced by 2.05 Mt, accounting for 14.5% of total coal mitigation,
and coking coal reduced by 1.62 Mt, accounting for 11.5% of total coal mitigation. See Table 4 for
more details.

Table 4. Coal consumption by usage for Shanghai (2010–2015) (Unit: Mt).

Year Total Power Generation Heating Middle and Small
Sized Boilers Gas Coking PCI Chemical Feed Used by Corex

2010 58.76 34.21 32.25 5.34 0.08 9.75 3.76 1.44 0.95
2011 61.42 36.68 32.40 5.07 0.07 9.92 3.62 1.37 1.45
2012 57.03 33.97 32.26 4.25 0.09 9.87 3.40 1.58 0.64
2013 56.86 35.59 31.02 4.55 0.04 8.38 3.48 1.72 0.0
2014 48.96 28.14 29.95 4.55 0.01 7.59 3.59 2.07 0.0
2015 47.28 27.45 29.57 3.03 0.0 8.31 3.48 2.05 0.0

Data source: [26].

With regard to the contribution of coal to Shanghai’s total energy consumption control and CO2

emission reduction, one is the decrease of total consumption, and the other is the transformation
of utilization methods. In the near future, the primary mission is to reduce coal consumed by
middle-and-small-sized boilers. In the medium term, the government may focus on reducing the coal
consumed by combined heat and power generation facilities, which is characterized with low efficiency
and high pollution. Then for the long term, the government may implement policies to fundamentally
reduce the connection between coal combustion and carbon emissions, and to completely realize coal
cleaning and low-carbon utilization, while improving coal quality and enhancing coal utilization
efficiency, by means of upgrading power generation technology and smelting technology. We projected
the total coal consumption will decrease to 46.5 Mt by 2020 and 40.5 Mt by 2030 [32].

3.2. Oil

3.2.1. Main Characteristics of Spatial Configuration

In 2010, 34.0% of oil was consumed by waterway and air transport sector. However, so far
only statistical data relating to sales volume is available, the data of oil consumed within the
Shanghai domain is not yet accessible. As such, in order to decrease the uncertainty of data gridding,
we do not proceed with the data gridding of oil consumed by waterway and air transport sectors.
After subtracting oil used in waterway transport and aviation, Shanghai oil consumption is 21.53 Mt,
in which oil consumed by industrial sector occupy the largest proportion, accounting for 55.8%,
oil consumed by on-road transportation have a proportion of 34.4%, and oil consumed by commercial,
residential and agricultural sectors add up to 9.8%.

(1) Key Point Sources of Shanghai Oil Consumption

Oil consumption accumulated in the top 10 grids amount to 8.52 Mt, accounting for 39.6% of oil
consumption in all grids. Oil consumption accumulated in the top 20 grids amount to 8.94 Mt, accounting
for 41.5% of oil consumption in all grids. Shanghai Gaoqiao Petrochemical plant, Shanghai Jinshan
Petrochemical Plant, and Shanghai Chemical Industry Park constitute the key point emission sources of
oil consumption in Shanghai industrial sector, adding up to 9.83 Mt of oil consumption, accounting for
81.9% of oil consumption in industrial sector. It should be noted that most of the oil consumed in the
three petrochemical parks is “other petroleum products”, which is mainly used as feedstock in refining
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process. In this study we calculated the potential CO2 emissions emitted from refining process based on
the carbon content of other petroleum products.

(2) Key Line Sources of Road Traffic Oil Consumption

The average oil consumption intensity of Shanghai on-road is 0.265 t/m, with great distinction of
oil consumption intensity among different roads. The oil consumption intensity of the Puxi fast roads
inside the Inner Ring viaduct in the central urban area is the highest at 8.21 t/m. As a whole, the most
important line emission sources are Yan’an Road and Inner Ring viaducts. The oil consumption
intensity of Puxi roads is higher than that of Pudong roads, and Puxi areas inside the Inner Ring
viaduct have the maximum oil consumption intensity in Shanghai road traffic. For more details see
Table 5 and Figures 1c and 3.

Table 5. The annual average oil consumption density of various regions by road types for Shanghai,
2010 (Unit: t/m).

Road Types
City Centre Suburb

Pxii Pdii Pxii Pdii Pxii

Fast road 8.210 5.865 8.067 6.899 1.899
Primary road 6.993 4.181 3.402 1.683 1.415

Secondary road 1.823 1.588 0.681 0.656 0.282
Local road 0.181 0.115 0.136 0.110 0.048

Average 1.105 0.917 0.827 0.631 0.265
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3.2.2. Trends of Shanghai Oil Consumption

As one of the most important oil refining bases, air harbors and shipping ports, Shanghai takes on
a pattern of large inflows and outflows of oil. Oil consumption is affected by many factors. The total oil
consumption increased rapidly from 12.31 Mt in 2000 to 34.29 Mt in 2015, and then enters the stage with
low-speed growth, probably reaching 39.70 Mt by 2020 and 39.10 Mt by 2030, respectively. During the
process of advancing the Sinopec Shannghai Gaoqiao Petrochemica Co., Ltd., Caojing Refining and
Chemical Integration Project, the oil refining capacity of Shanghai arises to 35 Mt, increasing the
consumption of other oil products directly. We anticipate that other petroleum product consumption
in Shanghai will rise to 13 Mt by 2020. Refining gas and LPG consumption will grow along with
the increase of petroleum refinery distillation capacity. Aviation kerosene will also grow along with
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the construction of Shanghai airline center. In 2015, passenger numbers in Shanghai Pudong Airport
and Shanghai Hongqiao Airport reached 99 million. It is anticipated that such numbers will arrive
at 120 million by 2020 and 160 million by 2030 [33], when kerosene consumption in Shanghai will
reach 6 Mt by 2020 and 7.50 Mt by 2030. Diesel and fuel oil consumption is stable with a slight decline.
Gasoline consumption will peak around 2020 and then decrease due to the increase of public transit,
improved fuel efficiency and development of new energy vehicles. Gasoline consumption will reach
7.50 Mt by 2020 and 6.50 Mt by 2030.

3.3. Natural Gas

3.3.1. Main Characteristics of Spatial Configuration

The total consumption of Natural gas in Shanghai in 2010 is 4.5 billion cubic meters (Bcm) [25],
in which natural gas for the industrial sector accounts for 51.8%, for electricity generation accounts
for 22.1%, and for commercial and in residential sector accounts for 26.1%. Point sources of Shanghai
natural gas consumption mainly include four natural gas power plants, Baosteel, Shanghai Chemical
Industrial Park, Jinshan petrochemical, etc. The total natural gas consumption from point sources
covered in the gridded database established in this research account for 52.03% of the total natural gas
consumption for the year.

Figure 4 presents the spatial distribution of natural gas related CO2 emissions for Shanghai.
In all of the grids, natural gas consumption accumulated in the largest 10 grids amount to 2.41 Bcm,
accounting for 53.4% of total natural gas consumption. Natural gas consumption accumulated in the
largest 20 grids amount to 2.49 Bcm, accounting for 55.4% of total natural gas consumption. It indicates
that the degree of natural gas’s concentration is much lower than that of coal and oil, which is mainly
due to the facts that the proportion of natural gas consumed by residential sector to all natural gas
consumption is largely higher than that of coal and oil consumption in the residential sector to all coal
and oil consumption.
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3.3.2. Trends of Shanghai Natural Gas Consumption

Shanghai natural gas consumption has experienced swift growth since 2000, particularly after the
completion of West-to-East Gas Pipeline Project, growing from 0.50 Bcm in 2003 to 77.21 Bcm in 2015,
with AAGR of 25.68%. We anticipate that Shanghai natural gas consumption will reach 12 Bcm by
2020 and 20.50 Bcm by 2030, respectively.
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3.4. Spatial Distribution of Shanghai Total Energy Consumption and Carbon Emission

3.4.1. Main Characteristics of Spatial Configuration

Based on Shanghai Statistical Yearbook on Energy, when estimating fossil fuel CO2 emissions
via “top-down” approach, the obtained Shanghai energy-related CO2 emissions in 2010 are 251.8 Mt.
When estimating via a “bottom-up” approach, by point sources, by line sources and by block sources,
the total energy-related CO2 emissions emitted from point sources, line sources and area sources are
204.0 Mt. The difference between the two approaches accounts for 17.1% of total emissions. There are
two reasons for such a difference. First, oil consumed by waterway and air traffic is not included in
the bottom-up approach, which accounts for 14.1% of total CO2 emissions estimated from top-down
approach. Second, CO2 emitted from imported power are not included in Shanghai local emissions
based on the principle of territory, which accounts for 3.0% of total CO2 emissions estimated from
top-down approach. It should be noted that in 2010, 75.7% of electricity transferred from other
provinces to Shanghai is generated by hydroelectric plants, which is considered as zero CO2 emission.
See Table 6 for more details.

As shown in Figure 5, the spatial configuration of Shanghai energy-related CO2 emissions
(Figure 5) highly conforms with its configuration of energy consumption (Figure 1a), mainly depending
on the spatial configuration of industrial facility. The largest four coal-fired power base, three chemical
industry parks and Baosteel Group constitute the major sources for Shanghai energy-related CO2

emissions. Shanghai Wujing Industry Park and Gaoqiao Chemical Industry Park are relatively close to
the Shanghai central area, while other industry parks are mostly along the river or coast, far away from
the city center area with large population aggregation. With the gradual adjustment of configuration
of the Shanghai industrial bases, the spatial configuration of Shanghai energy-related CO2 emissions
will concentrate more in the southern coastline and northern coastline.

Table 6. Differences between Shanghai energy-related CO2 emissions estimated from the top-down
and bottom-up approaches (Unit: t).

Fuel Types Top-Down Approach Bottom-Up Approach Differences Percentage

Coal 13,066.1 13,066.1 0.0
Coke 259.7 259.7 0.0
Oil 9633.1 6162.5 3470.6 14.1%

Natural gas 909.4 909.4 0.0
Imported electricity 736.4 0.0 736.4 3.0%

Sum 24,604.8 20,397.7 4207.1 17.1%
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3.4.2. Trends of Shanghai Energy Consumption

Since 2000, the trends of Shanghai total energy consumption present three distinctly different
developing periods. During 2000–2008, total energy consumption grows rapidly with AAGR of 8.4%.
Since 2008, the growing rate experiences a small concussion and a negative growth appears in 2014,
with a growing rate of 2.7% in 2015. After that, it enters a stage of low-speed growth.

In terms of the structure of energy consumption, the coal proportion has been falling, from 65.9%
by 2000 to 32.0% by 2015; the oil proportion is pretty steady around 43%, and natural gas and imported
electricity proportion increase rapidly and substantially. The imported electricity proportion grows
from less than 0.1% in 2000 to 14.9% in 2015, and the natural gas proportion grows from 1% in 2000 to
8.6% in 2015.

With the adjustment of industrial structure and accelerating control of coal consumption, Shanghai
total energy consumption will keep a low-speed growth in the long term. Total coal consumption
and its proportion will continue to decline, but considering the safety of the Shanghai electric power
system and stability of Baosteel production, as well as the constraints of the scale of renewable energy
and price of natural gas, the further reduction space of Shanghai coal consumption is very limited.

3.4.3. Trends of Shanghai Energy-Related CO2 Emissions

Before 2012, the trends of Shanghai energy-related CO2 emissions is highly consistent
with the change of energy consumption. However, with the rapid and substantial growth of
imported clean electricity, Shanghai local coal consumed by power plants declines accordingly,
which makes the downtrend of CO2 emissions faster than the downtrend of energy consumption.
Shanghai energy-related CO2 emissions will reach the peak around 2025 in advance of energy
consumption [23], earlier than the national target that China CO2 emissions reach peak around 2030.
See Figure 6 for the trends of Shanghai energy consumption and associated CO2 emissions.
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4. Conclusions and Policy Suggestions

Cities are the most concentrated areas for human manufacturing and living, as well as for energy
consumption and anthropogenic CO2 emissions. It will enhance the focalization of energy-saving and
emission-reducing in entire society by locating urban anthropogenic CO2 emission sources scientifically.
This research constructs a Shanghai 1 km × 1 km high resolution energy consumption and carbon
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emissions spatial grid data product via a “bottom-up” approach for the year of 2010, based on the
detailed energy data, population distribution data and GDP data. Such gridded data can reveal the
spatial configuration of Shanghai energy consumption and carbon emission by usage type and energy
type, and provide decision-making basis and data foundation so as to estimate Shanghai energy-related
CO2 emission more accurately and to set out a reasonable plan of urban sustainable development.
The conclusions of this research are listed as below:

(1) Shanghai energy consumption and energy-related CO2 emissions are characterized by high
spatial aggregation. In the total 7209 grids, CO2 emissions accumulated from the top 10 grids account
for 52.8% of the total gridded energy-related CO2 emissions in Shanghai; CO2 emissions accumulated
from the top 20 grids account for 64.5% of the total gridded energy-related CO2 emissions in Shanghai;
and CO2 emissions accumulated from the top 50 grids account for 76.5% of the total gridded
energy-related CO2 emissions in Shanghai. As such, policy-makers should implement strategies
based on emission resources when making energy and carbon emission related policies. In other
words, they should implement delicacy management on energy consumption in the key grids, in order
to achieve the maximum effects of policy with the least administrative cost.

(2) The Shanghai industrial sector constitutes the major sector of CO2 emissions while carbon
emissions in resident sector have relatively low ratio. Energy-related CO2 emissions in the industry
sector account for 63.45% of total emissions, while energy used in resident sector only accounts
for 3.36%. According to the development plan for the future industry sector, we anticipated that
Shanghai CO2 emission spatial configuration in the future will aggregate more in the southern coastline
and northern coastline. The gridded energy consumption and carbon emissions data product can
provide a strong tool in Shanghai planning decision making system to support urban planning in a
sustainable way.

(3) Emission intensity of on-road traffic ranks highest in the central area. CO2 emissions emitted
from Shanghai on-road traffic account for 8.96% of Shanghai total emissions. The carbon emission
intensity of roads in Shanghai central area is 4.63 times that of roads in rural areas. Roads in the central
area assume 48.5% of Shanghai traffic volumes, but the length of such roads account for only 21.9% of
the total length of roads in shanghai. Given such, more attention shall be paid to the road planning in
the central area, particularly for road planning inside the Inner Ring viaduct. In addition, underground
rail traffic shall be promoted so as to mitigate road traffic demand in the central area.

(4) The grid constructed by this research realizes high-resolution identification and location to key
point sources of coal-related CO2 emissions, key line sources of road traffic related CO2 emissions and
natural gas related CO2 emissions for the year of 2010. There are some improvements that can be done
in the future. First, re-disaggregate gas consumption consumed by commercial and resident sector by
gas type, based on the house based natural gas consumption data, so as to enhance the accuracy of
the emission spatial distribution. Currently, the gas consumed by resident and commercial sector is
allocated according to the populations and GDP of the tertiary industry, which cannot accurately reflect
the natural gas consumption difference among population with different income and the internal
difference of the tertiary industry among various districts. Second, with regard to oil consumption,
aviation CO2 emissions emitted inside Shanghai will be estimated and the spatial configuration
coverage of carbon emissions will be expanded in the future, based on parameters such as the aviation
flight flow and the average take-off distance at the airport, in order to provide more detailed essential
data for monitoring and verifying the Shanghai carbon flux.
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