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Abstract Air pollution, causing significantly adverse
health impacts and severe environmental problems, has
raised great concerns in China in the past few decades.
Guangdong Province faces major challenges to address the
regional air pollution problem due to the lack of an
emissions inventory. To fill this gap, an emissions
inventory of primary fine particles (PM2.5) is compiled
for the year 2012, and the key precursors (sulfur dioxide,
nitrogen oxides) are identified. Furthermore, policy
packages are simulated during the period of 2012‒2030
to investigate the potential mitigation effect. The results
show that in 2012, SO2, NOx, and PM2.5 emissions in
Guangdong Province were as high as (951.7, 1363.6, and
294.9) kt, respectively. Industrial production processes are
the largest source of SO2 and PM2.5 emissions, and
transport is the top contributor of NOx emissions. Both the
baseline scenario and policy scenario are constructed based
on projected energy growth and policy designs. Under the
baseline scenario, SO2, NOx, and PM2.5 emissions will
almost double in 2030 without proper emissions control
policies. The suggested policies are categorized into end-
of-pipe control in power plants (ECP), end-of-pipe control
in industrial processes (ECI), fuel improvement (FI),
energy efficiency improvement (EEI), substitution-pattern
development (SPD), and energy saving options (ESO).
With the implementation of all these policies, SO2, NOx,
and PM2.5 emissions are projected to drop to (303.1, 585.4,
and 102.4) kt, respectively, in 2030. This inventory and
simulated results will provide deeper insights for policy
makers to understand the present situation and the
evolution of key emissions in Guangdong Province.
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1 Introduction

Driven by rapid economic development and urbanization
as well as growing energy consumption, air pollutants,
especially particulate matter with a diameter less than
2.5 μm (PM2.5), have attracted wide-ranging attention in
China during recent years. Due to the severe environmental
problems and significant health effects caused by PM2.5

(Pope and Dockery, 2006; Huang et al., 2014; Pui et al.,
2014; Zhao et al., 2014), much effort has been devoted to
thoroughly understanding PM2.5 aerosols. Mo et al. (2015)
collected samples to investigate the characterization of
summer PM2.5 aerosols from four forest areas in Sichuan,
Southwest China. Meng et al. (2015) employed a supply-
chain approach to study the role of final demand purchase
in initiating production processes that lead to primary
PM2.5 emissions in China. Pui et al. (2014) reviewed the
measurement, source apportionment, visibility, and health
effects of PM2.5, and identified the major PM2.5 sources in
China as coal combustion, motor vehicle emissions, and
industrial sources. In addition, both sulfur dioxide (SO2)
and nitrogen oxides (NOx) emissions contribute to the
formation of secondary PM2.5 and the corresponding city
haze in the atmospheric environment (Zhang et al., 2015).
Based on existing studies, a series of emissions control

policies have been implemented in China. It was found that
measures such as pollution levying (Wang and Wheeler,
2005), reform of fossil-fuel subsidies (Liu and Li, 2011),
command-and-control for sulfur dioxide (Schreifels et al.,
2012), and measures directed at specific industries (e.g.,
energy-efficient scheduling, installing desulfurization
units, demand-side management) (Zhang et al., 2015)
had significant effects on pollution control. However,
considering China’s current inferior environmental perfor-
mances (Chang et al., 2009; Deng et al., 2012; Xue et al.,
2014), there is still a great challenge in improving air
quality.
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A comprehensive understanding of pollution sources is
the basis of pollution abatement as well as investigating the
related health and environmental impacts. A series of
efforts have been made to identify emissions from various
sources at a global scale (Huang et al., 2014), inter-
continental scale (Ohara et al., 2007), national scale
(Winther, 2008), regional scale (Zheng et al., 2009), and
urban scale (Majumdar and Gajghate, 2011). In the case of
Guangdong Province, only its core region, the Pearl River
Delta, has been studied regarding the air pollutants SO2,
NOx, CO, PM10, PM2.5, and VOC, and only for the years of
1997, 2001, 2003, and 2006 (HG-JWGSDEP, 2005, 2008;
Zheng et al., 2009). For the whole province, only a few
emissions sources, such as vehicular emissions (Cai and
Xie, 2007), and the burning of rice, wheat, and corn straws
residues (Zhang et al., 2008a) have been investigated.
Therefore, there is still a significant gap in establishing a
comprehensive pollution emissions inventory in Guang-
dong Province, not to mention a long-term evaluation of
possible emissions trends.
A long-term evolution of emissions depends on energy

consumption forecasting and the modeling of policy
implementation. Currently, a series of energy consumption
forecasting methods have prevailed in previous studies,
such as peak oil models (Feng et al., 2008), leap models
(Huang et al., 2011; Liang et al., 2014), and the energy
elasticity coefficient method (Wang and Li, 2008). The
effects of policy implementation can be studied with a
comparison between the baseline scenario and the policy
scenarios. Various policy scenarios should be set corre-
sponding to varied research purposes, such as the influence
of new energy policies (Shabbir and Ahmad, 2010; Tao
et al., 2011; Chen et al., 2013), energy consumption under
emissions caps (Jiang et al., 2008), optimal technology
options on energy supply and demand (Kikuchi et al.,
2014), the assessment of the potential of flexible demand
(Kwon and Østergaard, 2014), and the reduction effect of
chief atmospheric pollutants (Pan et al., 2013).
The interaction between air pollution abatement and

environmental policies has been widely studied. A series of
environmental policies, involving efficiency improve-
ments, fuel switching, and end-of-pipe control options
without affecting the emission-producing activity, were
employed to survey their effects on air pollutants reduction
based on the computable general equilibrium model
WorldScan (Bollen and Brink, 2014). Some suggested
measures (e.g., technology improvement, process control,
waste reutilization) were executed for a ceramic tile plant
to achieve cleaner production with fewer air pollutants
(Huang et al., 2013). Kanada et al. (2013) depicted the
long-term impact of SO2 control policies in Kawasaki City,
Japan, indicating that pollutant treatment devices and
facilities, emission limit enforcement, and the establish-
ment of monitoring systems have been important con-
tributors to SO2 reduction during the past few decades.
Numerous policies, including promotion of low-sulfur

coal, substitution of natural gas consumption for coal
consumption, switching from heat-only boilers to com-
bined heat and power schemes, the China V standard for
vehicles, improvement of energy efficiency, installation of
end-of-pipe pollutants treatment devices, and others, were
integrated into the GAINS-City model to evaluate their
emissions reduction potential in Beijing (Liu et al., 2013).
As indicated by Wang et al. (2011), technological
improvement linked to the vehicle emissions standard
would lead to a substantial decrease in emissions from cars
by 2020 in China. The People’s Government of Guang-
dong Province has issued multiple government documents
introducing a series of qualitative policies (e.g., end-of-
pipe control in power plants, oil quality improvement,
energy efficiency improvement) in the context of energy
saving and emissions control in recent years (PGGP, 2009,
2014a, b), but their quantitative influences integrated into
policy scenarios need to be evaluated urgently.
Therefore, the main objective of this paper is to develop

a comprehensive emissions inventory of primary PM2.5

emissions and its key precursors (SO2, NOx) for the year
2012 in Guangdong Province in addition to quantifying the
potential influence of several key policies. We first present
the data sources and methods used in this study, wherein
the methods of compiling emissions inventory and policy
simulation are explored (Section 2). In Section 3, we focus
on different emissions sources, the development trend of
emissions under the baseline scenario, and the quantitative
results of emissions abatement under the policy scenario.
Findings and recommendations are discussed in Section 4.

2 Data and methodology

2.1 Study area

Guangdong Province lies in Southern China (109º04′E and
117º20′E, 20º09′N and 25º31′N), adjacent to Hong Kong
and Macao. Its land area amounts to 179,800 km2 (1.87%
of the land area in China), of which 0.89% is island. In
China, Guangdong Province has the longest coastline, with
a length of 3368.1 km.
Since 1989, Guangdong Province has led China in

economic growth and ranked first in terms of economic
performance. In 2012, its GDP reached 5706.79 billion
CNY, contributing 11.0% of the total GDP in China. The
population of permanent residents was 105,500,000 in
2012, with a per capita GDP of 54,095 CNY, close to that
in middle developed countries.
As shown in Table 1, energy production in Guangdong

Province amounted to 10.1 Mtce (106 tons of standard coal
equivalent) in 1990, of which coal was the dominant
source. In the mid-1990s, coal contributed approximately
one-third of energy production. Afterwards, the ratio of
coal declined steadily, while natural gas and electricity use
increased. In 2006, the last coal mine in Guangdong was
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closed, and there has been no local coal exploitation since
then.
Final energy consumption in Guangdong Province

witnessed a significant growth in recent years and in
2012 was 283.8 Mtce, which was 7.2 times as large as that
in 1990 (Table 2). Guangdong Province relied on energy
inflows to meet its energy demand, attributed to the closure
of local coal mining and relatively small energy resource
potential. The dilemma facing Guangdong Province is to
decouple economic growth and energy consumption as
well as showing awareness of energy consumption’s
negative impacts on the environment.
With the rapid economic development in the past thirty

years, air pollution has demonstrated a new feature in
China. Haze days induced by atmospheric PM2.5 have
increased significantly, leading to a revision of a national
ambient air quality standard in 2012 in which PM2.5 was
forced to be monitored for the first time. To protect and
improve the atmospheric environment in Guangdong
Province, the People’s Government of Guangdong Pro-
vince (PGGP) released a series of measures, paying special
attention to PM2.5. To control air pollution in the Pearl
River Delta, PGGP issued a law pledging to control the
total amount of key emissions (PGGP, 2009). Afterwards,
PGGP aimed to reduce SO2 and NOx emissions to 0.72 and
1.10 Mt in 2015 (PGGP, 2014a). In light of the adverse
impacts of PM2.5 emissions, the concentration of PM2.5 in
the Pearl River Delta in 2017 should be 15% lower than
that in 2012, while the concentration in the other regions of
Guangdong Province should be less than 35 µg/m3 (PGGP,
2014b).

2.2 Data collection and methodology

Mass balance and emission factor methods adopted in this
study are typical for regional emissions quantification.
Emissions sources are categorized into power plants,
agriculture, industrial processes, transport, residential use,
and others, referring to previous studies (Zheng et al.,
2009; Tang et al., 2012). It should be noted that emissions
from industrial processes arise from energy and non-
energy activities.

Multiple data sources are used covering various sectors,
fuels, and non-energy sources. Fossil fuel consumption for
power plants, industrial processes, and residential use are
collected from the China Energy Statistical Yearbook
(CESY, 2013). Agricultural products are derived from the
China Agriculture Statistical Yearbook (CASY, 2013).
Industrial products and possession of vehicles are cited
from GSY (2013).

2.2.1 The estimation of emissions

The general equation for emissions estimation can be
expressed in Eq. (1), which is consistent with the method
used by the United States Environmental Protection
Agency (EPA, 2009).

E ¼ A� EFun � ð1 – ηÞ, (1)

where E is the total emission; A is a specified activity data;
EFun is an emission factor without end-of-pipe emissions
control, i.e., the unabated emission factor; and η is the
removal efficiency of emissions. An emission factor means

Table 1 Time series of energy production in Guangdong Province

Item 1990 1995 2000 2005 2010 2011 2012

Energy production/Mtce 10.1 26.2 37.1 47.6 52.7 48.5 50.9

Raw coal/% 63.1 29.1 8.0 7.2 0.0 0.0 0.0

Crude oil/% 7.0 35.5 53.6 44.1 37.9 34.0 34.0

Natural gas/% 0.0 0.5 11.3 12.5 21.5 22.9 21.8

Primary electricity/% 29.9 34.9 27.1 36.2 40.7 43.2 44.2

Source: Guangdong Statistical Yearbook (GSY, 2013).

Table 2 Time series of final energy consumption in Guangdong Province

Year Energy consumption/Mtce Composition/%

Raw coal Oil products Electricity Others

1990 39.4 33.6 22.4 33.0 11.0

1995 70.6 27.0 20.9 39.7 12.4

2000 90.8 17.1 22.6 45.4 14.9

2005 172.6 10.9 23.6 50.7 14.8

2010 263.4 11.4 18.9 47.0 22.7

2011 277.8 12.3 17.3 48.6 21.8

2012 283.8 11.6 17.2 49.2 22.0

Source: Guangdong Statistical Yearbook (GSY, 2013).
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the average amount of a specific pollutant or material
discharged into the atmosphere by a specific process, fuel,
equipment, or source (EPA, 2009). In a Chinese national
standard (the manual of pollutants-producing and dischar-
ging coefficients from industrial sources), unabated
emissions factors are termed pollutants-producing coeffi-
cients of emissions, and abated emissions factors are
termed discharging coefficients of emissions (MEP, 2010),
wherein abated emissions factors are the product of
unabated emissions factors and the remaining ratio of
emissions after the end-of-pipe control. In this paper,
abated and unabated emissions factors are distinguished
and used for different purposes.

2.2.1.1 Power plants, industrial processes, and residential
use

For SO2 emission, the annual emissions are calculated
using the mass balance method, as presented in Eq. (2).

E ¼
X

i,k

Mi,k � Si,k�2� βi,k � ð1 – ηi,kÞ, (2)

where i represents fuel type; k indicates different fuel usage
for power plants, industrial sources, or residential use; E is
the total emission of SO2;M is annual fuel consumption; S
is the sulfur content of fuel; β is the transformation ratio of
sulfur from fuel; and η is the removal efficiency. Notably,
for coal in power plants, industrial sources, or residential
use, there is a variance of removal efficiencies. The coal
consumed by power plants in Guangdong Province has a
low sulfur content, taken to be 0.8% by weight, and the
average desulphurization efficiency is approximately 80%,
as estimated by Guangdong Electric Power Design
Institute (GEDI, 2013). As a result, the unabated SO2

emission factor of coal for power plants is calculated as
14.4 kg/t, and the corresponding abated SO2 emission
factor is 2.9 kg/t, with an average transformation ratio of
sulfur from coal being 90%. In addition, compared with
power plants, there is a lower average desulphurization
efficiency in industrial processes, which is assumed to be
60%. For residential use, emissions are released into the
atmosphere directly, and hence, its desulphurization
efficiency is set to be zero.
For NOx emission, the emission inventory is compiled

with Eq. (3).

E ¼
X

i

Mi�PPCi � ð1 – ηiÞ, (3)

where i represents fuel type; E is the total emission of
NOx; M is annual fuel consumption; PPC is the average
pollutants-producing coefficient or unabated emission
factor; and η is the removal efficiency. For coal for
power plants, industrial sources, or residential use, it is
worthwhile to note that these removal efficiencies are
different. The unabated NOx emission factors of power

plants and industrial processes are drawn from Zheng et al.
(2009). The denitration efficiency of power plants in 2012
is estimated to be 50% because it will be just 75% in 2015
(GEDI, 2013). Moreover, the denitration efficiency of
industrial processes and residential use are assumed to be
40% and zero, respectively. The corresponding calculated
results are listed in Table 3.
Secondary particulate matter is formed from precursors

(SO2 and NOx) released into the atmosphere (Ying and
Kleeman, 2006), and these amounts are not calculated
directly in this paper due to the unclear formation
mechanism (Wang and Wang, 2014). As a result, we
calculate SO2 and NOx instead. Primary PM2.5 emissions
from coal combustion of power plants or industrial sources
are estimated as follows:

E ¼
X

i,j,k

Mi,j,k�Aari,j,k � �i,j,k � ωi,j,k � ð1 – ηi,j,kÞ, (4)

where i represents fuel type; j indicates the jth boiler; k
indicates different fuel usage for power plants or industrial
sources; E is the total emission of PM2.5; M is annual fuel
consumption; Aar is the ash content of coal; σ is the ratio of
fly ash; ω is the mass fraction of PM2.5 in fly ash; and η is
the dust collection efficiency of the exhaust control system.
As suggested by MEP (2014), for power plants, the ash

content of coal is 20%, the ratio of fly ash for a pulverized
coal boiler and a fluidize-bed boiler are 85.00% and
60.00%, respectively, and the mass fraction of PM2.5 in the
fly ash of a pulverized coal boiler and a fluidize-bed boiler
are 6.00% and 5.00%, respectively. Dust collection
efficiency depends on the choice of exhaust control
system, while a value of 92.6% from electrostatic
precipitator is used. Similarly, PM2.5 emission factors
from industrial sources and residential use can be
calculated with Eq. (4), and their dust collection
efficiencies are 80% and zero, respectively. The final
calculated results are shown in Table 3.
In addition, a fraction of emissions can be traced back to

Table 3 Abated emissions factors of SO2, NOx and PM2.5 from energy

sources

Emissions
source

Fuel type Emissions factor

PM2.5 SO2 NOx

Power plants Coal/(kg$t‒1) 0.7 2.9 3.9

Oil/(kg$t‒1) 0.0 2.0 7.0

Natural gas/(kg$10‒6$m‒3) 15.3 180.0 1660.0

Industrial use Coal/(kg$t‒1) 0.4 5.4 3.2

Oil/(kg$t‒1) 0.1 4.0 4.8

Natural gas/(kg$10‒6$m‒3) 60.0 180.0 96.5

Residential
use

Coal/(kg$t‒1) 7.4 20.8 1.9

Oil/(kg$t‒1) 0.6 10.0 1.1

Natural gas/(kg$10‒6$m‒3) 300.0 180.0 21.0
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the non-energy industrial manufacturing process, as shown
in Eq. (5).

E ¼
X

i

InPi�PPCi � ð1 – ηiÞ, (5)

where i represents industrial product type; E is the total
emissions of SO2, NOx, and PM2.5 from industrial
manufacturing processes; InP is the amount of industrial
products; PPC is the average pollutants-producing coeffi-
cient; and η is the removal efficiency.
Table 4 presents the unabated emissions factors of

industrial products collected from previous studies and
national standards in which chemical fertilizer, cement, pig
iron, steel, coke, paper, glass, ceramic, sulfuric acid,
copper, lead, and zinc are included. Average dust
collection efficiency, desulphurization efficiency, and
denitration efficiency of industrial products are the same
as those of industrial energy sources.

2.2.1.2 Transport

Regarding the contribution of SO2, NOx, and PM2.5

emissions, vehicles are classified as passenger vehicles,
freight vehicles, and others. Passenger vehicles consist of
large, medium, small vehicles, and minibuses, while
freight vehicles include heavy, medium, light vehicles,
and mini trucks. As illustrated in Eq. (6), emissions of
vehicles are estimated from vehicle population annual
vehicle kilometers traveled (AVKT) categorized by vehicle
types (He et al., 2005; Tang et al., 2012).

E ¼
X

i

Vi�EFi � AVKTi, (6)

where i represents vehicle type; E is the total emissions of
SO2, NOx, and PM2.5 from vehicles; V is the vehicle

population; EF is the emission factor of vehicles in each
category; and AVKT represents annual vehicle kilometers
traveled.
Table 5 shows the emissions factors and AVKT of on-

road vehicles, derived from Zhao and Ma (2008). Due to
the lack of statistical data on fuel consumption for each
vehicle type, this relatively simple estimation method of
transport emissions is used in this study, although more
complicated models (e.g., MOBILE 5b and COPERT IV
models) can be employed when more comprehensive and
abundant data are available (Zheng et al., 2009; Qiu et al.,
2014).

2.2.1.3 Agriculture

Biomass burning leads to considerable emissions in the
atmosphere, especially particulate matter emissions (Tang
et al., 2012), because large amounts of crop residues are
produced from rural cultivation, and a considerable
percentage are disposed of via direct combustion. Emis-
sions from burning crop residue are estimated in Eq. (7),
and the details of this method are revealed elsewhere
(Streets et al., 2003).

E ¼
X

i

Pi�Ni � Bi � ηi � EFi, (7)

where i represents crop type; E is the total emission of
biomass burning; P indicates crop yield; N indicates a
crop-specific production-to-residue ratio; B is the percen-
tage of burned residues; η represents the burn efficiency of
residues; and EF is the emission factor of crop dry matter
residues.
In this paper, the crop-specific production-to-residue

ratios of rice, wheat, soybean, tubers, fiber crops, and oil-
bearing crops are 1.00, 1.00, 2.00, 1.50, 1.00, 0.50, and

Table 4 Unabated emissions factors from non-energy industrial products

Industrial products
Unabated emissions factor

PM2.5 SO2 NOx

Chemical
fertilizer/(kg$t‒1)

8.60 (Klimont et al., 2002) — —

Cement/(kg$t‒1) 3.30 (Lei et al., 2011b) 0.30 (Garg et al., 2001) 1.58 (MEP, 2010)

Pig iron/(kg$t‒1) 3.06 (Lei et al., 2011a) 0.11 (MEP, 2010) 0.50 (MEP, 2010)

Steel/(kg$t‒1) 10.50 (Klimont et al., 2002) — 1.16 (MEP, 2011)

Coke/(kg$t‒1) 10.13 (Lei et al., 2011a) 1.11 (MEP, 2011) 0.39 (MEP, 2011)

Paper/(kg$t‒1) — — 1.50 (MEP, 2010)

Glass/(kg$t‒1) 7.01 (Lei et al., 2011a) 0.84 (MEP, 2011) 4.37 (MEP, 2011)

Ceramic/(g$m‒2) — 33.6 (MEP, 2011) 48.35 (MEP, 2010)

Sulfuric acid/(kg$t‒1) — 12.00 (Garg et al., 2001) —

Copper/(kg$t‒1) — 330.00 (Garg et al., 2001) —

Lead/(kg$t‒1) — 502.40 (MEP, 2010) —

Zinc/(kg$t‒1) — 3.34 (MEP, 2010) —
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2.00, respectively (Zhao and Ma, 2008). The percentage of
burned residues and the burning efficiency of crops are
estimated to be 20% and 80%, respectively, in contrast
with the estimates by other researchers of approximately
22% and 90% (Zhang et al., 2008b; Tang et al., 2012).

2.2.2 Policy scenarios and simulations

Future energy consumption is mainly estimated according
to energy consumption in the base year (2012) and
forecasted sectoral energy growth rates. Energy growth
rate projections are collected from the Energy Develop-
ment Strategy of Guangdong Province (GDRC, 2013),
whereas a few pieces of the data are adjusted in accordance
with the projection of electricity consumption by Southern
Power Grid. GDRC (2013) employed the sector-analysis
method to estimate the long-term energy growth rates in
Guangdong Province, wherein three energy-growth sce-
narios (i.e., a recommended scenario, a high-growth
scenario, and a low-growth scenario) are introduced, and
the recommended scenario is applied in this manuscript
(Table 6). The supply and demand of electricity are
balanced, which means the sum of indigenous electricity
consumption and exported electricity are equal to the sum
of indigenous production of thermal power, hydropower,
nuclear power, wind power, and imported electricity. The

baseline scenario is constructed using projected energy
growth rates, in which no emissions control policies are
strengthened.
Six types of policies are proposed to evaluate their

impacts on emissions reduction under the policy scenario,
as listed in Table 7. As a whole, the policies are categorized
as end-of-pipe control in power plants (ECP), end-of-pipe
control in industrial processes (ECI), fuel improvement
(FI), energy efficiency improvement (EEI), substitution-
pattern development (SPD), and energy saving options
(ESO). Each policy has its own special meaning and can be
precisely implemented and adjusted by establishing
quantitative indicators. Taking ECP for example, desulfur-
ization efficiency, denitration efficiency, and dust removal
efficiency can be set to simulate their impacts on the
emissions trend from power plants with appropriate
volumes.

3 Results and discussion

3.1 Emissions inventory

The total emissions of SO2, NOx, and primary PM2.5 of
Guangdong Province in 2012 amounts to (951.7, 1363.6,
and 294.9) kt, respectively. As listed in the official statistics

Table 5 Emissions factors and AVKT of on-road vehicles

Vehicle type Emissions factor/(g$km‒1) Annual vehicle kilometers traveled (AVKT)/(104 km$yr‒1)

PM2.5 SO2 NOx

Passenger vehicles Large 0.11 1.20 18.06 3.00

Medium 0.11 0.80 3.96 2.80

Small 0.01 0.40 1.12 2.00

Minibuses 0.01 0.10 0.71 1.50

Freight vehicles Heavy 4.61 1.00 17.20 3.00

Medium 0.11 0.70 3.96 2.80

Light 0.04 0.60 2.37 2.00

Mini trucks 0.01 0.10 0.71 1.50

Others 0.01 0.10 0.72 1.00

Table 6 Projected energy growth rates by sector in Guangdong Province

Sector
Energy growth rate/%

2011‒2015 2016‒2020 2021‒2025 2026‒2030

Agriculture 2.10 1.70 1.80 1.50

Industry 5.60 3.40 1.10 0.40

Construction 4.00 3.20 2.80 2.10

Transport and storage 5.20 4.20 3.80 2.80

Wholesale and catering 6.30 5.60 5.30 4.90

Other service activities 7.70 6.50 6.50 6.20

Residential use 5.30 5.20 4.00 5.70

Source: Energy Development Strategy of Guangdong Province (GDRC, 2013).
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(GSY, 2013), industrial and residential SO2 emissions are
771.5 kt and 27.2 kt, respectively; industrial, residential,
and transport NOx emissions are (809.1, 11.3, and 482.3)
kt, respectively. The total SO2 emissions in this study is
higher than that in the official statistics, and it is likely that
some emissions sources (e.g., transport, agriculture) are

not included in the official statistics. To some extent, the
estimated pollution emissions in this study and those in the
official statistics are inconsistent. It should be noted that
“others” represent remaining industries in Guangdong
Province, excluding agriculture, power plants, industrial
processes, transport, and residential use.

Table 7 List of policies by category

Policy Content Indicator

End-of-pipe control in power plants (ECP) Improving desulfurization efficiency, denitration efficiency,
and dust removal efficiency in power plants

Desulfurization efficiency in power plants

Denitration efficiency in power plants

Dust removal efficiency in power plants

End-of-pipe control in industrial processes
(ECI)

Improving desulfurization efficiency, denitration efficiency,
and dust removal efficiency in industrial processes

Desulfurization efficiency in industrial
combustion

Denitration efficiency in industrial combus-
tion

Dust removal efficiency in industrial com-
bustion

Fuel improvement (FI) Promotion for low-sulfur coal, oil quality improvement,
and biomass burning reduction to decrease emissions

Promotion for low-sulfur coal Lowering sulfur content of coal in power plants, industrial
processes, and residential use

Sulfur content of coal in power plants

Sulfur content of coal in industrial processes

Sulfur content of coal in residential use

Oil quality improvement Lifting oil standards for oil quality improvement Descent rate of SO2 for vehicles

Descent rate of NOx for vehicles

Descent rate of PM2.5 for vehicles

Biomass burning reduction Lowering the amount of biomass burning Descent rate of biomass burning

Energy efficiency improvement (EEI) Improving energy efficiency of thermal power and employing CHP

Thermal power energy efficiency
improvement

Lowering coal or natural gas inputs per unit of electricity
generation

Coal equivalent input per unit of electricity
generation

CHP Coal-fired industrial boilers are substituted by CHP to decrease
fossil fuel consumption for heat supply

Descent rate of coal for heat supply

Descent rate of natural gas for heat supply

Substitution-pattern development (SPD) Power supply mix optimization, substitution of natural gas for coal,
substitution of electricity for oil, acceleration of natural gas usage

Power supply mix optimization Accelerating the supply of hydropower, nuclear power, wind power
to reduce coal consumption

Descent rate of coal consumption

Substitution of natural gas for coal Switching substitution of natural gas for coal in power plants to
that in industrial processes

The proportion of natural gas in place of
coal in power plants

The proportion of natural gas in place of
coal in industrial processes

The proportion of natural gas in place of
coal in residential use

Substitution of electricity for oil Promoting electric vehicles to lower oil consumption of traditional
vehicles

The amount of electricity usage in vehicles

Acceleration of natural gas usage More natural gas is utilized The amount of natural gas usage

Energy saving options (ESP) Energy saving is achieved by technical progress, management progress,
etc.

Energy saving efficiency
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3.1.1 Sulfur dioxide

Figure 1 shows the contributions of SO2 emissions from
different sources in Guangdong Province. Industrial
processes contribute the largest portion of the emissions
(41.0%), followed by power plants (29.0%), others (9.7%),
and transport (9.0%). Power plants consume more fossil
fuels, but they release less SO2 than industrial sectors. This
is due to the lack of SO2 emissions treatment devices in
some industries or the usage of low-efficiency equipment.
To alleviate the negative impacts of the overall SO2

emission, technological and capital investments in SO2

emissions reduction should be focused on industrial
sectors, as well.

3.1.2 Nitrogen oxides

As demonstrated in Fig. 2, transport accounts for the
largest share (35.4%) of NOx emissions from different
sources in Guangdong Province, while power plants and

industrial processes are responsible for 33.2% and 25.8%
of the total NOx emission, respectively. As the most
important contributor to NOx emission, transport should be
given priority for the achievement of NOx emissions cap.
NOx formation is a complicated process, where nitrogen

from the combustion of air or fuel is converted to NO,
NO2, N2O, NH3, etc., relying on combustion temperature
and fuel/oxygen ratio (Hill and Douglas Smoot, 2000). In
general, the unabated emission factor of NOx emissions for
power plants is higher than that for industrial use according
to combustion condition, as proven in Zheng et al. (2009).
However, NOx emissions control technologies, such as the
low nitrogen boiler (LNB) and selective catalytic reduction
(SCR), have been improved for power plants in Guang-
dong Province, leading to a lower abated NOx emission
factor than that from industrial processes.
Table 8 shows the emissions of on-road vehicles, of

which passenger vehicles contribute 74.4% of SO2

emissions, 60.0% of NOx emissions, and 9.2% of PM2.5

emissions, respectively. It is worth noting that heavy
freight vehicles contribute the largest faction of PM2.5

emissions because of the relatively high emission factor in
Table 5. Heavy freight vehicles should be given priority for
emissions control of on-road vehicles.

3.1.3 Particulate matter

As illustrated in Fig. 3, among the different PM2.5

emissions sources in Guangdong Province, the major
contributors are industrial processes, power plants, and
agriculture, accounting for 35.0%, 28.3%, and 17.1%,
respectively. In contrast to SO2 and NOx emissions,
agriculture contributes a non-ignorable share for PM2.5

emissions from biomass burning. Given that rice is the
staple grain in Guangdong Province, and 60.0% of the
sown area is utilized for rice plantation (GSY, 2013), rice
residue is an important source of emissions from biomass
burning.

Fig. 1 Contributions of SO2 emissions from different sources in
Guangdong Province.

Fig. 2 Contributions of NOx emissions from different sources in
Guangdong Province.

Fig. 3 Contributions of PM2.5 emissions from different sources
in Guangdong Province.
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In addition to primary PM2.5 emissions released from
fossil fuel combustion, biomass burning, and industrial
production directly, secondary emissions formed from
precursor gaseous species play an important role in the
constitution of PM2.5 emissions (Zhang et al., 2015). As a
result, the SO2, NOx, and PM2.5 emissions caps should all
be set to control the formation of PM2.5 aerosols.

3.1.4 Contributions of sub-category emissions sources

As indicated in Fig. 4, coal is responsible for 45.0% of
energy consumption in Guangdong Province, followed by
oil, primary electricity, natural gas, and others. According
to official statistics (CESY, 2013), other energy sources
consisted of heat, gangue, coke, coke oven gas, blast
furnace gas, heat, and others. As an advanced economy,
Guangdong Province has a large amount of oil consump-
tion, implying that emissions control without oil reduction
and oil quality improvement will be ineffective. The

amount of primary electricity is estimated by the
equivalent caloricity method rather than the equivalent
heat value method, which is consistent with the official
calculation (CESY, 2013).
The source categories of SO2, NOx, and PM2.5 emissions

in Guangdong Province for the year 2012 are illustrated in
Fig. 5. Because it accounts for the largest share of total
energy consumption, coal categories are divided into coal
for industrial sectors, coal for power plants, and coal for
residential sectors to analyze the structural contributions of
coal. Coal for power plants is responsible for the largest
share of PM2.5 emissions, approximately 28.3% of the total
emissions in this region. At the same time, coal for power
plants is the major source of SO2 and NOx emissions,
accounting for 28.8% and 32.2%, respectively. Coal for
industrial sectors contributes a considerable share of SO2

emissions, while biomass burning and industrial products
are important sources of PM2.5 emissions. Oil accounts for
28.4% of total energy consumption, while its contribution
to SO2 and NOx emissions both rank first, with shares of
30.3% and 44.0%, respectively. In addition, minor
emissions can be attributed to coal for residential use and
natural gas because of their low shares of energy
consumption.

3.2 Energy and emission projections

As shown in Fig. 6, the total amount of energy
consumption will increase sharply from 283.5 Mtce in
2012 to 507.9 Mtce in 2030 according to the energy and
electricity consumption growth rates mentioned above.
Primary electricity and natural gas will increase faster than
other energy sources, with average annual growth rates of
5.5% and 6.5%, respectively, during 2012‒2030.
Figure 7 presents a substantial transformation of the

energy consumption mix from 2012 to 2030. In 2030, coal,
oil, natural gas, primary electricity, and others will account

Table 8 Emissions of on-road vehicles

Vehicle type Vehicle population Emissions/t

SO2 NOx PM2.5

Passenger vehicles 8,616,036.0 75,363.4 290,713.8 3094.5

Large 158,351.0 5700.6 85,794.6 536.8

Medium 194,236.0 4350.9 21,561.9 598.3

Small 8,142,154.0 65,137.2 182,058.6 1937.8

Minibuses 121,295.0 174.7 1298.7 21.7

Freight vehicles 1,698,565.0 25,246.3 188,788.5 30,377.8

Heavy 207,682.0 6230.5 107,163.9 28,722.4

Medium 192,826.0 3779.4 21,405.4 593.9

Light 1,265,840.0 15,190.1 59,874.2 1055.7

Mini Trucks 32,217.0 46.4 345.0 5.8

Others 70,518.0 630.6 4762.2 78.2

Fig. 4 Contributions of energy consumption by fuel types in
Guangdong Province.
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Fig. 5 Emissions contributions by sub-categories category in Guangdong Province.

Fig. 6 Energy consumption under the baseline scenario during 2012‒2030.

Fig. 7 Energy consumption mix under the baseline scenario during 2012‒2030.
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for 45.0%, 28.4%, 5.6%, 16.2%, and 4.7%, in contrast with
the volumes of 41.0%, 21.8%, 9.7%, 23.7%, and 3.7% in
2012, respectively. Clearly, under the baseline scenario,
coal and oil are partially displaced by natural gas and
primary electricity.
As indicated in Fig. 8, future SO2, NOx, and PM2.5

emissions will continue to rise rapidly without proper
emissions control measures. NOx emissions will reach
2331.8 kt in 2030, and SO2 and PM2.5 emissions will be
1505.2 kt and 416.8 kt. Faced with urgent pressures from
rising emissions, policy makers should be engaged in
formulating effective emissions reduction policies.

3.3 Policy simulations

The mix of policies implemented in Guangdong Province
during the period 2012‒2030 will contribute to emissions
abatement. Table 9 shows the default values of various
indicators under a policy scenario in 2030. Taking “the
great progress in end-of-pipe control technologies towards
emissions control” into account, future emissions removal
efficiencies in both power plants and industrial processes
will increase. Desulfurization efficiency of boilers can be
improved with the application of matured desulfurization
technologies such as limestone-gypsum technology, flue
gas desulfurization, circulating fluidized bed, and others.
NOx emissions can be eliminated by the improvement of
combustion condition or typical technologies involving
selective catalytic reduction (SCR), selective non-catalytic
reduction (SNCR), and the combination of these two
technologies. As suggested by GEDI (2013), most power
plants adopt limestone-gypsum technology, whose desul-
furization efficiency for boilers is designed to be 95% in
China due to the unacceptable economic cost accompanied
by an efficiency higher than 95%. However, it is difficult
for all the power plants to achieve the best efficiency of
95% in Guangdong Province, and hence, the value in 2030
is set to be 92%. Similarly, because of technical limitations,
denitration efficiency in 2030 is set to be 75%. Addition-
ally, dust removal efficiency in power plants is assumed to

be 98%, referring to an estimation by Zhang et al. (2015).
Moreover, it should be noted that emissions removal
efficiencies in industrial processes are not higher than those
in power plants, whose corresponding desulfurization,
denitration, and dust removal efficiencies are shown in
Table 9.
The sulfur content of coal has a critical impact on SO2

emissions, and the sulfur content of coal in power plants in
Guangdong Province is appropriately 0.8% in 2012
(GEDI, 2013). With the popularization of washing coal
or importing low-sulfur coal, the sulfur content of coal in
power plants will be reduced to 0.7% in 2030. The sulfur
content of coal in residential use is higher than that in
power plants, which is set to be 0.8% in 2030. Due to a
higher oil quality allowing for lower pollutant generation
and the promotion of the China IV standard in Guangdong
Province, emissions from oil combustion will be reduced
substantially in 2030. With the appearance of the gasoline
stage IV quality standard in 2014, the permissible sulfur
content of gasoline was reduced by 66.7% compared with
that of the stage III standard (Zhou et al., 2013). With
respect to the diesel quality standard, it is estimated that the
stage IV quality standard will greatly reduce the
permissible sulfur content (Zhou et al., 2013). As a result,
the descent rate of SO2 for vehicles is estimated to be 40%
in 2030. Grounded in the result of the emissions inventory,
we find that biomass burning is an important source of
PM2.5, implying that actions to recycle biomass residues,
e.g., biogas production, should be taken, as they could
offer promising solutions to emissions reduction. The
descent rate of biomass burning is assumed to be 50% in
2030.
Energy efficiency improvement is highly correlated with

thermal power energy efficiency improvement or systema-
tic progress with Combined Heat and Power (CHP). Once
supercritical and ultra-supercritical technologies are pro-
moted in power plants, thermal power energy efficiency
will be remarkably improved. Ultra-supercritical technol-
ogy can even decrease by 30 gce/kWh of fuel consump-
tion, in contrast to supercritical technology with the same
capacity. Currently, ultra-supercritical technology is very
costly, but it will be popularized in the future as its price
gradually declines. As suggested by GEDI (2013), coal
equivalent input per unit of electricity generation will be
290 gce/kWh in 2030. Subject to heat demand and the
length of heat-supply pipelines, CHP plants are commonly
built upon industrial parks. Given that industrial produc-
tion dominates heat consumption in Guangdong Province,
descent rate of fossil fuels for heat supply is assumed to be
90%.
Substitution-pattern development receives wide accep-

tance in emissions reduction policies, and involves power
supply mix optimization, substitution of natural gas for
coal, substitution of electricity for oil, and acceleration of
natural gas usage. An optimization of the energy supply
mix refers to the substitution of renewable energy for fossil

Fig. 8 Emissions under the baseline scenario during 2012‒2030.
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fuels, and hence, fossil fuel use will decrease by 10% in
2030. A switch from coal boilers to natural gas boilers is an
attractive alternative for air quality improvement, although
natural gas has a higher price and a relatively scarce supply
compared with coal. Consequently, natural gas is prone to
displace coal use in industrial processes rather than in
power plants, due to the higher emissions factors of coal
use in industrial processes. In 2030, the proportion of
natural gas in place of coal in industrial processes is
assumed to be 68.1%, in contrast with 30% in power
plants. The development of electric vehicles can accelerate
the usage of electricity, and it is estimated its amount will
achieve 15 billion kWh in 2030. Moreover, the amount of
natural gas usage in the policy scenario nearly doubles the
amount in the baseline scenario, replacing coal consump-
tion to some extent.
There is a great potential in the improvement of energy

end-use efficiency. Taking large public buildings as an

example, nearly seventy percent of electricity consumption
can be traced back to transportation and distribution of
heating and cooling capability by fans and pumps, whose
improvements can lead to a nearly thirty-percent electricity
saving for the entire air-conditioning system. In considera-
tion of other factors, such as industrial structure adjust-
ment, stricter national energy-saving standards, and
management progress, it is appropriately estimated that a
thirty percent energy saving will be achieved in 2030.
With the combination of policies suggested by Table 7,

the energy consumption mix will alter greatly. As shown in
Fig. 9, in 2030 the proportions of primary electricity and
natural gas will reach 38.2% and 20.6%, respectively,
higher than the proportions in the baseline scenario. The
current natural gas supply relies on imports from Australia
under an inexpensive contract (Jiang et al., 2008), offshore
gas exploited from the South China Sea, and the West-East
Gas Pipeline project (GEDI, 2013). With a higher price and

Table 9 Values of indicators the under policy scenario

Policy Indicator Value in 2030

End-of-pipe control in power plants (ECP) Desulfurization efficiency in power plants 92.0%

Denitration efficiency in power plants 75.0%

Dust removal efficiency in power plants 98.0%

End-of-pipe control in industrial processes
(ECI)

Desulfurization efficiency in industrial combustion 80.0%

Denitration efficiency in industrial combustion 75.0%

Dust removal efficiency in industrial combustion 95.0%

Fuel improvement (FI)

Promotion for low-sulfur coal Sulfur content of coal in power plants 0.7%

Sulfur content of coal in industrial processes 0.6%

Sulfur content of coal in residential use 0.8%

Oil quality improvement Descent rate of SO2 for vehicles 40.0%

Descent rate of NOx for vehicles 60.0%

Descent rate of PM2.5 for vehicles 60.0%

Biomass burning reduction Descent rate of biomass burning 50.0%

Energy efficiency improvement (EEI)

Thermal power energy efficiency
improvement

Coal equivalent input per unit of electricity generation (gce/kWh) 290

CHP Descent rate of coal for heat supply 90.0%

Descent rate of natural gas for heat supply 90.0%

Substitution-pattern development (SPD)

Power supply mix optimization Descent rate of coal consumption 10.0%

Substitution of natural gas for coal The proportion of natural gas in place of coal in power plants 30.0%

The proportion of natural gas in place of coal in industrial processes 68.1%

The proportion of natural gas in place of coal in residential use 1.9%

Substitution of electricity for oil The amount of electricity usage in vehicles/(108 kWh) 150

Acceleration of natural gas usage The amount of natural gas usage/(108 m3) 800

Energy saving options (ESP) Energy saving efficiency 30.0%
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limited supply, natural gas has been unable to compete
with coal in recent years. However, in the long term,
natural gas will be popularized for residential use,
industrial production, and power generation with a stable
supply. It is apparent that emissions reduction will benefit
from the optimization of the energy consumption mix.
Figure 10 shows projections of SO2, NOx, and PM2.5

emissions in the policy scenario from 2012 to 2030. In
2030, SO2, NOx, and PM2.5 emissions will drop to (303.1,
585.4, and 102.4) kt, respectively, which means that SO2,
NOx, and PM2.5 emissions will be reduced by 68.2%,
57.1%, and 65.3% relative to their levels in 2012. The
implementation of adequate policies makes emissions
reduction possible in the future.

As shown in Fig. 11, ECP contributes the largest portion
of SO2 emissions reduction, at 291.5 kt, followed by SPD
(248.4 kt), FI (244.7 kt), ESO (181.1 kt), ECI (172.4 kt),

and EEI (64.0 kt). Matured desulfurization technologies
are more convenient to be employed in power plants with
the concentrated usage of boilers, and thus end-of-pipe
control of power plants is the largest contributor to SO2

emissions reduction.
As presented in Fig. 12, FI, ECP, SPD, ECI, ESO, EEI

rank first to six in terms of NOx emissions reduction,
accounting for (588.7, 379.9, 34.9, 184.5, 132.8, and 85.6)
kt, respectively. NOx emissions mainly stem from trans-
port, power plants, and industrial processes, and hence,
fuel improvement can lead to the largest NOx emissions
reductions. Substitution-pattern development will substan-
tially reduce NOx emissions in the long term as power
supply mix optimization, substitution of natural gas for
coal, substitution of electricity for oil, and acceleration of
natural gas usage will account for (129.5, 11.3, 162.4, and
71.6) kt of emissions removal.
As indicated in Fig. 13, ECP, ECI, and FI take the top

three places for PM2.5 emissions reduction, followed by
SPD, EEI, and ESO, whose reduced emissions amount to

Fig. 9 Energy consumption mix under the policy scenario during 2012‒2030.

Fig. 10 Emissions under the policy scenario during 2012‒2030.

Fig. 11 SO2 emissions under the policy scenario during 2012‒
2030.
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(89.5, 87.5, 49.6, 41.3, 23.4, and 23.1) kt. End-of-pipe
control in power plants and end-of-pipe control in
industrial processes can remove PM2.5 emissions with
similar amounts. Song et al. (2011) found that secondary
sulfate and secondary nitrate, which are important
precursor gaseous species in Guangdong Province, caused
29.2% and 7.2% of PM2.5 emissions, respectively; there-

fore, attention should be paid to the main sources of SO2

and NOx to restrain the formation of secondary PM2.5.
Energy consumption and the emissions mix in the policy

scenario are different from those in the baseline scenario.
As shown in Table 10, it is worth noting that power plants
are the dominant sources of coal consumption, while coal
used in industrial processes and residential use is
negligible in 2030. Coal is prone to being used for
power generation under the policy scenario, due to greater
emission removal efficiency in power plants. Electricity
and natural gas can be substituted for the coal needs in
industrial processes and for residential use. Coal in power
plants and oil for transport will be the main contributors of
emissions.

3.4 Uncertainly analysis

Uncertainties in an emissions inventory are mainly derived
from the activities data of different emissions sources and
their corresponding emissions factors. This study discusses
the major uncertainties of emissions from fossil fuel
combustion, road transportation, and biomass burning.
First, due to the construction of on-line coal-consumption
and pollution-monitoring systems in Guangdong Province,
relatively high data quality is achieved regarding the
amount of sulfur and ash content of fossil fuels, fossil fuel
combustion, and emissions removal efficiencies. There-
fore, power plants have the smallest emissions uncertain-
ties, which is similar to the status quo of Yunnan Province
(Tang et al., 2012). For residential use and small-size
industrial use, an ample survey method is applied to collect
the related data to publish official statistics, for which
uncertainties can be reduced by a bottom-up method with
larger sample sizes. Second, it is difficult to estimate
emissions from road transportation because local traffic
emissions factors relying on actual road conditions and the
systematic survey of annual vehicle kilometers traveled
(AVKT) are absent. In consideration of the rapid growth of
vehicles from 2005 to 2012, Cai and Xie (2007)
appropriately estimated that there were 52.0 kt SO2

emissions in 2005 for Guangdong Province, which is
comparable with that of 101.0 kt in 2012 with annual
emission growth, and hence, the calculated results of traffic
emissions in this study are credible to some extent. If a
detailed transportation model is used and its parameters are
adjusted to match Guangdong Province’s situation, we
believe the corresponding uncertainty can be further
alleviated. Third, emissions from biomass burning are
subject to the amount of crop residue burning, the
percentage of burned residues, and the burning efficiency
of crops, which are difficult estimate, resulting in a
comparatively high uncertainty. Through a laboratory
study of agricultural crop residue combustion consisting
of rice, wheat, and corn, Zhang et al. (2008a) found that
NOx emissions from biomass burning amount to 8370 t,
higher than the 5570.5 t in this study, which is mainly due

Fig. 13 PM2.5 emissions under the policy scenario during 2012‒
2030.

Table 10 Energy consumption and emissions mix in 2030 under the

policy scenario

Energy sources Fraction of energy
consumption/%

Fraction of emissions/%

SO2 NOx PM2.5

Coal 16.4 43.1 27.6 33.6

Industrial processes 0.7 2.1 0.8 0.3

Power plants 13.1 31.0 24.2 18.2

Residential use 0.1 2.5 0.4 4.2

Others 2.5 7.6 2.3 10.9

Oil 20.1 37.0 57.5 33.0

Natural gas 20.6 2.2 7.1 0.8

Primary electricity 38.2 —— —— ——

Fig. 12 NOx emissions under the policy scenario during 2012‒
2030.
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to the application of a lower combustion efficiency and
associated lower emissions factors in this study. If satellite
data can serve as an effective tool for monitoring biomass
burning, and emissions factors are obtained from outdoor
experiments, the uncertainty for emissions from biomass
burning will decrease.
Uncertainties also come from energy consumption

projection data. As indicated by GDRC (2013), energy
consumption in 2030 in the high-growth scenario will be
645 Mtce, and that in the low-growth scenario will be 445
Mtce, in comparison to the value of 507.9 Mtce in the
recommended scenario. In actuality, there is an uncertainty
between ‒12.4% and 27.0% for the energy consumption
projection. The recommended scenario is adopted in this
study because it is a near-real situation in the future, and we
believe that the emissions projection based on the
recommended energy-growth scenario will reduce intrinsic
uncertainty as much as possible.

4 Conclusions

To address the air pollution problem, a comprehensive and
detailed emissions inventory of primary PM2.5, SO2, and
NOx is built with the most available and appropriately used
activity data and emissions factors. With mass balance and
emissions factor methods, emissions factors of power
plants, industrial sources, residential use, transport, and
agriculture are calculated or collected based on previous
studies. Emissions removal efficiencies for power plants,
industrial sectors, and residential use are distinguished to
reveal the internal structure of emissions. The results show
that coal used by power plants and industrial sectors
contributes a large amount of SO2, NOx, and PM2.5

emissions. Oil combustion derived from the use of vehicles
is mainly responsible for the largest shares of SO2 and NOx

emissions. Biomass burning is non-negligible for PM2.5

emissions.
As forecasted in the baseline scenario, emissions will

rise greatly in 2030 without powerful emissions control
measures. Several policies are integrated in the policy
scenario to reveal their influences on emissions reduction.
The results show that primary PM2.5, SO2, and NOx

emissions will drop to acceptable levels after the
implementation of the combined policies. In the short
term, end-of-pipe control measures have direct impacts on
emissions reduction. Given the booming installation of
emissions removal devices on power plants in recent years,
policy makers should pay more attention to emissions from
industrial sectors and the transport sector to further relieve
environmental pressures; otherwise, the sole implementa-
tion of stricter emissions removal strategies towards power
plants will be ineffective. In addition, removal efficiencies
of end-of-pipe emissions will gradually move closer to
their limit, and other policies of FI, EEI, SPD, and ESO
should be promoted in the long term.

As an important component of the policy of SPD,
primary electricity imports and local production will be
encouraged to optimize the power supply mix to substitute
for local fossil energy. In light of the “West Power to East”
project, Guangdong Province can rely on electricity
imports from Yunnan Province and Guizhou Province
where hydropower is the main component, and thermal
power only accounts for a minor portion. For thermal
power imports from other provinces, emissions transferred
from Guangdong to the other provinces seem to be caused
from the perspective of input-output analysis (Chen et al.,
2010; Chen and Chen, 2011, 2013; Zhang et al., 2013;
Li et al., 2015). As a result, current electricity imports can
avoid a large amount of local emissions caused by coal
boilers, whereas its volume is subject to the uncertain
availability of the external supply. Local primary electricity
production, including hydropower, nuclear power, and
wind power, plays an important role in emissions
reduction. The development of hydroelectricity has
reached the limit of hydropower in Guangdong Province,
and hence, wind electricity and nuclear electricity should
be boosted in the future. Moreover, natural gas is regarded
as an alternative to replace coal, as fewer emissions are
released from its combustion process compared to coal.
Taking price and availability into account, natural gas
should be used according to its higher marginal environ-
mental benefit. Therefore, policy makers should substitute
natural gas for coal in industrial processes and for
residential use as much as possible.
With the combination of the suggested policies, the

energy consumption mix in 2030 under the policy scenario
will be different from that under the baseline scenario. Coal
in industrial processes and residential use will be replaced
by natural gas, primary electricity supply, and local thermal
power, implying that coal for power generation rather than
for industrial processes and residential use is an attractive
alternative for emissions control.
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