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Abstract: Energy-related clean air measures in the Guangdong–Hong Kong–Macao Greater Bay
Area (GBA) can yield substantial air quality improvement benefits and promote energy structure
optimization. Here, we first evaluate the reduction effect of the stringent energy-related clean air
measures in the GBA during the 13th Five-Year Plan period. First, a reduction of 19.3% emission in
air pollutant equivalent was measured in 2020 compared to 2015. Second, we compare the energy
structure development and air quality benefits of energy-environment policy scenarios by 2025 (SBAU,
SA, SO) geared towards proposing integrated energy-environment development paths of air quality
improvement. Under SBUA, SA and SO, the annual average PM2.5 concentration will be 21.7, 19.9 and
18.1 µg/m3, respectively, and the total energy demand would be controlled within 318.9, 300.6 and
282.3 Mtce in the GBA in 2025, reaching 7.5%, 8.4% and 9.4% of SO2, 23.5%, 29.3% and 35.4% of NOX,
18.2%, 19.6% and 22.7% of primary PM2.5, and 25.1%, 29.9% and 34.7% of VOCs emission reductions
compared to 2020, respectively. Our study proposes that it is necessary for the GBA to jointly set up
regional air quality improvement targets and issue integrated regional energy-environment policies
in the process of building an “Air Quality Improvement Pioneering Demonstration Area”.

Keywords: Greater Bay Area; air quality improvement; integrated energy-environment policies; air
pollutant emission reduction

1. Introduction

The Guangdong–Hong Kong–Macao Greater Bay Area (GBA), as one of the fastest-
growing regions in China, is suffering from increasing pressure on controlling air pol-
lution [1]. Although the air quality has been significantly improved in recent years, air
pollution occurs frequently in cities within the GBA and even in the entire region [2]. Eco-
nomic developments and urbanization are highly energy-dependent, which brings huge
challenges in energy-environment policy as it tries to seek a balance between addressing
air pollution and the security of energy system [3]. The energy structure and the degree of
clean energy utilization in the GBA are relatively more sustainable in comparison with the
highly coal-dependent energy structure nationwide (57%), as the coal consumption in the
GBA accounted for less than one third of total energy consumption [4]. Taking benefits from
the implementation of energy-related clean air measures such as coal consumption cap,
energy structure adjustment, end-of-pipe measures of energy-intensive industries, the air
quality of the GBA is better than that of the Beijing–Tianjin–Hebei and Yangtze River Delta
regions in China, but it is still far from the level of advanced bay areas such as the three
major bay areas in the US and the Tokyo Bay Area in Japan [5]. While continuous efforts
on reducing the PM2.5 concentration and reversing the rising trend of O3 concentration
are needed, the GBA also faced the problems of high dependence on external energy. In
2020, the regional energy dependence was as high as 75%, of which 100% of coal demand,
76% of crude oil demand and 55% of natural gas demand were imported from overseas or
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transferred from other regions in China [6]. Under the goal of reaching a world-class air
quality, how to balance the growing energy demand brought by economy development
and the urgent need of air pollutant emission reduction is one of the critical issues to be
tackle by the governments in the GBA.

Studies have been carried out on the influences of energy-environment policies on
air quality from both home and aboard. By forecasting the emission changes for key air
pollutants, Vasilakos et al. found that the Zero Carbon Clean Energy Plan will produce
air quality benefits to the reductions in ozone and PM mainly in the eastern US [7]. Tudor
et al. assessed the EU Net-Zero Policy achievement of greenhouse gas and air pollutants
in Central and Eastern Europe through automated forecasting algorithms [8]. Danek
et al. used public data from low-cost sensor to show the significant reduction effect
of the “no coal” policy on air pollution in Krakow [9]. Current domestic research also
focuses on the emission reduction effects of clean air measures in coal-intensive and
energy-intensive sectors [10,11]. Energy-related air pollution control actions in China from
2013 dramatically improved the national air quality and led to the co-benefits of a cleaner
and more efficient energy system [12,13]. Tong et al. pointed out the importance of energy
structure adjustment for air quality compliance in the Beijing–Tianjin–Hebei region [14].

Driven by ambitious clean air policies, substantial declines in air pollutant emissions
after years of efforts during the 13th Five-Year Plan period (2015–2020) led to dramatic
improvement of air quality in the GBA [15]. Previous regional-focused studies have demon-
strated air pollutant mitigation effects brought from the implementation of air pollution
control measures in industrial and transportation sectors in cities within the GBA [16–20],
while insufficient studies have been conducted on the integrated air quality improvement
path based on energy-induced structure adjustment policies from the perspective of entire
GBA. In addition, with the recovery of industrial production and economic development
in the GBA after the COVID-19 pandemic, the GBA will face more severe pressure for
energy system optimization and air quality improvement in the future. Therefore, it is
necessary to assess the air pollutant emission reduction benefits of energy-related clean
air measures already implemented in the entire GBA. It is also important to predict the
policies’ influence on future air quality and propose feasible policy paths for policymakers
before drafting policies. Moreover, since no coordinated regional air quality improvement
plan has been promulgated for the GBA, concerns on how to strengthen integrated clean
air actions are also in need from the perspective of the entire GBA under the goal of jointly
building a “Air Quality Improvement Pioneering Demonstration Area”.

To support the “Air Quality Improvement Pioneering Demonstration Area” initiative
in the GBA, this research first conducts an ex-post assessment on the impact of those major
clean air measures in the perspective of entire GBA during the 13th Five-Year Plan period.
Then, based on the prediction of the development trends by 2025 in the GBA, three scenarios
implemented with different energy-related clean air measures are set on the base of 2020 to
compare the benefits of air quality improvement and the green development progress of en-
ergy system. This study also adapts the Community Multiscale Air Quality Model (CMAQ)
model to simulate the change of annual average concentration of PM2.5 in the GBA. Finally,
based on results from scenario analysis, the study puts forward energy-environmental
strategy suggestions based on air quality improvement and green adjustment strategies
of the energy system in the GBA for the middle of the 14th Five-Year Plan period and
demonstrates recommendations and feasible policy paths for the building of “Air Quality
Improvement Pioneering Demonstration Area” and promoting the integration of clean air
action and green energy system transition in the GBA.

2. Materials and Methods
2.1. An Overview of the GBA

The GBA includes nine cities in the Pearl River Delta (PRD) as well as Hong Kong and
Macao, contributing 12% of the country’s GDP and 5% of the country’s population [21]. As
shown in Figure 1, from 2015 to 2020, the annual average concentration of air pollutants in
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the GBA for SO2, NO2, PM2.5, PM10 and CO decreased by 50%, 20%, 7%, 23%, 31% and 16%,
respectively, which exhibited a discernible downward trend with a descending rate of about
1.2, 1.2, 2, 1.8 and 23.8 µg/m3 per year respectively. While for O3, the annual concentration
for O3–8h showed a trend of first increasing and then slightly fluctuating downward, and
the annual average concentration in the GBA for O3–8h exceeded the national the daily
maximum 8 h average concentration limit (160 µg/m3) between 2017 and 2019 [22]. The
change of annual average of O3–8h from 2015 to 2020 reflected that the photochemical smog
problem in the GBA has not yet been resolved. It will be an urgent need for governments in
the GBA to continue to implement emission reduction measures to tackle the air pollution
problem and further improve the air quality in the GBA.

Atmosphere 2022, 13, x FOR PEER REVIEW 3 of 18 
 

 

2. Materials and Methods 

2.1. An Overview of the GBA 

The GBA includes nine cities in the Pearl River Delta (PRD) as well as Hong Kong 

and Macao, contributing 12% of the country’s GDP and 5% of the country’s population 

[21]. As shown in Figure 1, from 2015 to 2020, the annual average concentration of air 

pollutants in the GBA for SO2, NO2, PM2.5, PM10 and CO decreased by 50%, 20%, 7%, 23%, 

31% and 16%, respectively, which exhibited a discernible downward trend with a de-

scending rate of about 1.2, 1.2, 2, 1.8 and 23.8 μg/m3 per year respectively. While for O3, 

the annual concentration for O3–8h showed a trend of first increasing and then slightly fluc-

tuating downward, and the annual average concentration in the GBA for O3–8h exceeded 

the national the daily maximum 8 h average concentration limit (160 μg/m3) between 2017 

and 2019 [22]. The change of annual average of O3–8h from 2015 to 2020 reflected that the 

photochemical smog problem in the GBA has not yet been resolved. It will be an urgent 

need for governments in the GBA to continue to implement emission reduction measures 

to tackle the air pollution problem and further improve the air quality in the GBA. 

 

Figure 1. Trend of rates of changes in air pollutant’s annual averages in the GBA. 

Governments in the PRD, Hong Kong and Macao from 2015 to 2020 had promulgated 

and implemented measures including optimizing energy, industrial and transportation 

structure, promoting clean power structure, retiring old vehicles, and promoting new en-

ergy vehicles, and so on. At the same time, more aggressive energy-saving and emission-

reduction actions were taken in the PRD in the fields of phasing out outdated industrial 

capacities, clean energy transition for industrial sector, pollution control on industrial 

boilers and kilns as well as ultra-low emission transformation of the coal-power sector. 

2.2. Emissions and Emission Reduction Effects Estimation 

The air pollutant emissions (i.e., SO2, NOx, primary PM2.5, VOCs) in the GBA were 

estimated by multiplying industrial and transportation activity data by corresponding 

fossil fuel consumption related emission factors [Error! Reference source not found.23]: 

E𝐼,𝑖 = ∑ ef𝐼,𝑖 × C𝑘 × (1 − 𝜂𝑖 × 𝜅𝑖)   (1) 

E𝑉,𝑖 = ∑ ef𝑉,𝑖 × C𝑘 × P × 𝑉𝐾𝑇   (2) 

where E𝐼,𝑖  and E𝑉,𝑖  were the amount of pollutant i emitted from energy consumption 

brought by industrial production or the use of vehicles, in t. ef𝐼  and ef𝑉,𝑖  were energy-

related emission factors for industrial and transportation activities, which were derived 

from previous regional researches [24]. C𝑘 was the value of consumption for energy i, in 

2015 2016 2017 2018 2019 2020

0

20

40

60

80

100

120

140

P
e

rc
e
n

ta
g

e
 (

%
)

Year

 SO2

 NO2

 O3-8h

 PM10

 PM2.5

 CO

Figure 1. Trend of rates of changes in air pollutant’s annual averages in the GBA.

Governments in the PRD, Hong Kong and Macao from 2015 to 2020 had promulgated
and implemented measures including optimizing energy, industrial and transportation
structure, promoting clean power structure, retiring old vehicles, and promoting new
energy vehicles, and so on. At the same time, more aggressive energy-saving and emission-
reduction actions were taken in the PRD in the fields of phasing out outdated industrial
capacities, clean energy transition for industrial sector, pollution control on industrial
boilers and kilns as well as ultra-low emission transformation of the coal-power sector.

2.2. Emissions and Emission Reduction Effects Estimation

The air pollutant emissions (i.e., SO2, NOx, primary PM2.5, VOCs) in the GBA were
estimated by multiplying industrial and transportation activity data by corresponding
fossil fuel consumption related emission factors [23]:

EI,i = ∑ efI,i ×Ck × (1− ηi × κi) (1)

EV,i = ∑ efV,i ×Ck × P×VKT (2)

where EI,i and EV,i were the amount of pollutant i emitted from energy consumption
brought by industrial production or the use of vehicles, in t. efI and efV,i were energy-
related emission factors for industrial and transportation activities, which were derived
from previous regional researches [24]. Ck was the value of consumption for energy i, in tce.
ητ,i was the average removal efficiency of the end-of-pipe treatment technology adopted by
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air pollutant i in the industry, in %. κi was the operation rate of the end-of-pipe treatment
technology adopted by air pollutant i in the industry, in %. P was the value of vehicle
ownership. VKT was the average annual mileage of the vehicle, in km.

The air pollutant reduction benefits were estimated as follows:

∆Ei,k = Ei,j
0 − Ei,j (3)

where ∆Ei,j denoted the reduction benefits from measure k. Ei,j
0 denoted the emission of

pollutant i without implementing measure j, while Ei,j stated the emission of pollutant i
after the implementation of measure j.

To compare the emission reduction benefits from different energy-environment poli-
cies, emission reduction sharing rate (SR) of a measure was defined as the ratio of the
emission reduction produced by the measure (EA,j) to the total emission reduction pro-
duced by all measures (∑ EA,j) [25,26]. Emission reduction sharing rate was estimated on
the base of air pollutant equivalent (EA). Air pollutant equivalent was calculated as follows.

EA = αQSO2 + βQNOx + γQPM + σQVOCs (4)

SR =
EA,j

∑ EA,j
(5)

where α, β, γ and σ were the conversion coefficients of air pollutant emissions to air pollu-
tant equivalent. The equivalent coefficients value for SO2, NOx and primary PM2.5 were
0.95, 0.95 and 2.18, respectively, derived from the “Environmental Protection Tax Law of
the People’s Republic of China”. Furthermore, the equivalent coefficient value for VOCs
was 0.95, taken from the “Measures for the Pilot Program of Volatile Organic Compound
Pollution Charges” from ministry of finance of China.

2.3. Scenario Analysis
2.3.1. Overview of Scenarios

This study assumed that the GBA will further accelerate the transition toward a
cleaner and highly efficient energy system as well as continue to carry out clean air actions
from both source management and end-of-pipe treatment to promote green growth of
energy, industrial and transportation sectors by 2025. Based on assumptions made here,
the air quality improvement target was set to reach 21 µg/m3 of PM2.5 annual average
concentration in the GBA by 2025.

Targeting 2025 while taking 2020 as the base year, one baseline scenario (SBAU) and
two control scenarios (adjustment scenario, SA, and optimization scenario, SO) were set
to characterize the different development paths of the GBA to achieve the assumed goal
mentioned above. By forecasting the base development trend of industry, transportation
and energy systems under current energy-environment policies, the energy supply and
demand structure for SBAU in 2025 was first estimated. SA and SO were set based on
SBAU and described a moderately enhanced policy scenario and an aggressive intensified
policy scenario respectively (Table 1). Then, energy-based air pollutant emissions, as well as
emissions reduction from end-of-pipe measures under each condition, were calculated. This
study also proposed an energy-related clean air path recommendation for the integrated
development of energy and environment policies in the GBA under the goal of continuous
air quality improvement after analyzing the benefits of air pollutant emission reduction, air
quality improvement and clean energy development from different scenarios.
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Table 1. Description of scenarios.

Energy-Related Clean
Air Measures SBAU SA SO

Energy supply structure

The power generation scale
of thermal power and new
energy will be adjusted based
on the existing regional
development plan

Increase the capacity of gas
power and new energy
generation. Phase out old
coal-fired power plants
on schedule.

Further increase the capacity of
new energy power generation
in the GBA. Accelerate phasing
out old coal-fired power plants.

Industrial structure
adjustment

Conduct the industrial
development plans of eleven
cities in the GBA.

Accelerate the development of
emerging industries and
accelerate phasing out
outdated capacities of
traditional industries.

Further accelerate the
development of advanced
manufacturing and emerging
industries and accelerate
phasing out outdated
traditional industries.

Energy efficiency
improvements in

the industries

Remain consistent with
current policies.

The unit energy consumption of
energy-intensive industries
such as cement, steel, and
petrochemicals will reach the
advanced level.

The unit energy consumption of
major industries will reach the
advanced level.

Energy use caps in
the industries

Slow down the growth of coal
consumption, and moderately
promote the de-coalization of
industrial end-use energy.

Promote “coal-to-gas” work in
high energy-consuming
industries.

Accelerate the transformation of
“coal-to-gas”, “coal-to-electricity”
in key industries, strengthen the
promotion of central heating in
industrial parks, and accelerate
clean energy transformation.

End-of-pipe clean
air measures

Remain consistent with the
period of 2015 to 2020.

Adopt enhanced clean air
measures and require over
70% completion rate of each task.

Adopt more stringent clean air
measures and require
100% completion rate of each task.

Transportation Remain consistent with
current policies.

The proportion of energy-saving
and low-emission transportation
modes should be appropriately
increased.

The development rate of
energy-saving and low-emission
transportation modes will be
significantly increased.

2.3.2. Forecasting Future Energy Development in the GBA

By analyzing the regional economic and social growth, the amount of exploitable
energy resources, the construction period of energy projects, and the price mechanism
of energy, Song et al. [27] believed that the total demand for end-use energy will exceed
300 Mtce by 2025 in the GBA. Zhang et al. [28] pointed out that the electrification process of
end-use energy will further increase the scale of electricity demand in the GBA. Zhang also
stated that due to the high dependence on external energy, natural gas will play a key role
in optimizing regional energy system in the GBA during the 14th Five-Year Plan period,
while new energy, such as hydrogen power and photovoltaic power, will usher in rapid
development opportunities.

Energy consumption demand is closely related to the development trend of regional
industry and transportation. The sectoral energy demand was calculated using the elastic
coefficient method according to Wang et al. [29].

Cs,k(t) = Cs,k(t− 1) + coe fk × RGDP,s (6)

where Cs,k(t) was the demand for energy k by sector s, in Mtce and coe fk was the elasticity
coefficient of energy k, representing the ratio of the average annual growth rate of power
consumption to the growth rate of GDP in a defined period. According to research from
Sun et al., the coefficient in the GBA during the 14th Five-Year Plan period would be 0.8 [30],
and RGDP,s was the GDP growth rate in sector s.
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Elastic coefficient method could be used to predict the development trends of industrial
added value, product yield, and vehicle ownership by analyzing the relationship between
economic activities and estimated parameters [31]. The yield of product m (Pm(t)) in year t
was calculated as an example:

Pm(t) = Pm,0 × (1 + coe fm × RGDP)
t−base year (7)

where Pm,0 was the yield of product m in the base year, in t. coe fi × RGDP,i was the annual
growth rate of the industry for product m. coe fm represented the elastic coefficient and
RGDP was the annual GDP growth rate of the GBA in year t.

The energy demand in the industrial sector was estimated with the use of the Kaya
formula to expand the regional energy consumption first, and then apply the LMDI (loga-
rithmic mean Divisia index) method and the elasticity analysis method to decompose the
industrial development trend into the change of energy consumption and predict the yield
of a product.

CInd = ∑ Pm ×
GDP

Pm
× GDPm

GDP
×

Cm,k(t)
GDPm

(8)

where CInd was the total energy consumption demand of the industrial sector, in ktce. Pm
was the yield of product i, in kt. GDPm

GDP represented the proportion of the gross production

value of product m in the regional GDP. Cm,k(t)
GDPm

denoted the energy consumption intensity
of the added value of product m per 10 thousand yuan.

The development of passenger and freight transport demands in the GBA was pre-
dicted by multiple linear regression analysis. For example, assuming that the freight
volume was affected by multiple factors such as GDP (x1), the added value of the primary,
secondary and tertiary industry (x2, x3, x4), the total import and export volume (x5), the
residents’ consumption (x6) and social retail sales (x7), the multiple linear regression model
of freight transport demand (Y) was set as follows.

Y = β0 + β1x1 + β2x2 + . . . + β7x7 (9)

where βk (k = 0, 1, . . . , 7) was the regression coefficient for the equation.

2.4. Air Quality Simulations

The chemical transport model Model-3/CMAQ version 5.0.22 [32] was used to simu-
late the annual PM2.5 concentration that can be achieved under each energy-environment
policy scenario studied in this study. The CMAQ model used the triple nested grid of Lam-
bert projection for simulations with the grid resolutions of 27 km × 27 km, 9 km × 9 km,
and 3 km × 3 km from outside to inside. The GBA was in the center of the innermost
3 km × 3 km simulation domain. The vertical direction of the model adopted the sigma
coordinate system with a total of 14 layers. CB-05 was used as the gas phase chemical
mechanism, and AERO6 was used for aerosol chemistry [33]. The meteorological driving
data were obtained from the mesoscale meteorological prediction model WRF V3.9.0.1 [34]
and the microphysical scheme was Morrison-2moment [35], while the boundary layer and
near surface schemes were taken from ACM2 [36] and Pleim-Xiu [37], respectively. The
input data of the WRF used the 6-h global meteorological reanalysis data (FNL) released by
the National Center for environmental prediction (NCEP) of the US which were assimilated
by the radiosonde and ground station observation data in the corresponding periods. In
the three-layer nested CMAQ model, the outer and middle layers used an anthropogenic
emission inventory MEICv1.3 (multi-resolution emission inventory) [38] in mainland China
with a resolution of 0.25◦ × 0.25◦ and a resolution of 0.1◦ × 0.1◦, the coupled emission
inventory composed of the global anthropogenic source emission inventory [39], and the
inner layer adopts the 3 km × 3 km anthropogenic source emission inventory included
emissions from industries, transportation, residential livings, agriculture and biomass
burning, basing on the current data of population, industrial developments and motor
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vehicle ownerships and localized emission factors in the GBA in 2017 [40,41]. To improve
the representativeness of the simulation, the meteorological input data used in the base case
simulation were all 2017 data. Note that, according to the National Bulletin of Atmospheric
Environment [42], the overall national meteorological conditions in 2017 were close to the
average of the past five years. The emission estimation models mentioned above were
used to assess how policies would impact air pollutant emissions, the results of which
were used for the modeling. When simulating each scenario in 2025, the innermost GBA
region used the 2025 scenario inventory prepared in this study and other regions used the
anthropogenic emission scenarios of DPEC in 2025. Scenario-based emission inventory
was transformed to the model-ready format by SMOKE model. MEIC and DPEC data
are available at http://meicmodel.org/ (accessed on 9 September 2022). The biogenic
emission sources used in the simulations were prepared by Model of Emissions of Gases
and Aerosols from Nature (MEGAN) version 2.10 [43]. The emission sources for sea salt
and windblown dust are calculated by the CMAQ model online.

To assure the data quality, the simulated concentration of PM2.5 from CMAQ was
compared with observation data. The simulated PM2.5 concentration was corrected by
the observed concentration, as well as by the base case simulations, which would help to
control the quality of predicted outputs. The formula of simulation error elevations was
as follows:

Conci,j = Oi,j ×
CSi
CBi

(10)

where Conci,j represented the predicted value of the PM2.5 concentration in city i and in
simulated day j after error corrections.Oi,j represented the PM2.5 observation data from the
monitoring network, CBi represents the simulation value of the benchmark scenario, CSi
represented the simulation value of the development scenarios.

3. Results
3.1. Emission Reduction Effect of Energy-Environment Policy Implemented in the GBA

The emissions of SO2, NOx, primary PM2.5 and VOCs in the GBA were 364.6, 694.9,
370.7 and 865.3 kt respectively in 2015 [44–47]. With the implementation of energy-related
clean air measures, the regional emissions of SO2, NOx, primary PM2.5 and VOCs in the
GBA were estimated to decline by about 23.6%, 32.1%, 39.8% and 37.6% compared with 2015,
respectively. The total emission reduction volume converted to air pollutant equivalent
was 923.7 kt. The air pollutant equivalent emission reduction ratios consisted of 9.3%
SO2 reduction, 24.2% NOx reduction, 35.5% primary PM2.5 reduction and 31.0% VOCs
reduction, denoting that emissions reduction of primary PM2.5 and VOCs contributed
significant benefits to air pollution control action during the 13th Five-Year Plan period.

Economic and social development (I1) led to an increase of 35.3 kt SO2, 84.5 kt NOx,
57.5 kt primary PM2.5 and 129.3 kt VOCs emissions in the GBA from 2015 to 2020, which
was offset by eight major energy-related clean air measures summarized in Figure 2 (i.e.,
power structure adjustment (M1), end-use energy structure adjustment in coal-intensive
industries (M2), phasing out outdated industrial capacity (M3), retiring yellow-label and
old vehicles (M4), promoting new energy vehicles (M5), transportation structure adjustment
(M6), energy efficiency improvement of vehicles (M7), and industrial end-of-pipe control
measures (M8)). Industrial end-of-pipe control measures performed a reduction of 403.7 kt
air pollutant equivalent in general, with the highest air pollutant emission reduction
share rate of 43.7% among all measures. Energy-related measures such as end-use energy
structure adjustment in coal-intensive industries, power structure adjustment, phasing out
outdated industrial capacity, retiring yellow-label and old vehicles also showed satisfactory
emission reduction benefits, which contributing 96.2, 100.9, 102.2 and 114.8 kt emission
reduction of air pollutant equivalent, respectively. The air pollutant emission reduction
share rate of them were 10.4%, 10.9%, 11.1% and 12.4% respectively. The emission reduction
benefit of promoting new energy vehicles, transportation structure adjustment and energy
efficiency improvement of vehicles were not as effective as measures in the industrial and

http://meicmodel.org/
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energy sectors, with a total air pollutant emission reduction share rate of 11.5% and air
pollutant equivalent reduction of 41.9, 62.1 and 1.9 kt, respectively.
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Figure 2. Changes in major air pollutant emissions in the GBA during the 13th Five-Year Plan period:
(a–e) Emission changes in SO2, NOx, primary PM2.5, VOCs and in air pollutant equivalent.

3.2. Scenario Analysis of Energy Consumption Development in the GBA

The in-depth implementation of energy environment policies in the GBA will suc-
cessfully slow down the rapid growth rate of regional energy consumption demand by
2025. Energy demand of SBUA, SA and SO are estimated to reach about 318.9, 300.6 and
282.3 Mtce with an average annual growth rate of 4.5%, 3.1% and 1.7% respectively (Table 2).
Under SO, regional energy demand will drop by nearly 6.1% compared with SA, and by
almost 11.4% compared with SBAU. Continuously taking the green transformation path, the
primary energy structure in the GBA by 2025 is expected to be cleaner and more sustainable
than now, of which coal, oil, natural gas, and electricity will account for 7.3%, 26.6%, 7.2%
and 58.0% in SBUA, 5.9%, 25.7%,7.5% and 60.9% in SA, and 5.7%, 25.5%, 7.5% and 61.3% in
SO, respectively. As for regional power supply structure, it is predicted that by 2025, the
power structure of SBUA will be consist of about 12.4% coal power, 30.9% natural gas power,
and 56.5% from renewable energy. Under SA and SO, 11.9% and 10.6% will be supplied by
coal power, 31.3% and 30% will be supplied by natural gas power, and 56.8% and 59.4%
will be generated from renewable energy, respectively. In addition, the GBA will still highly
rely on external electricity transmission to alleviate the growing electricity demand driven
by economic development and electrification promotion measures. Under SBAU, SA, and
SO, external electricity transmission will meet 46.1%, 45.9% and 44.1% of the electricity
demand in the GBA by 2025, respectively.

According to released development plans and the overall positioning of the new
development stage of the GBA, previous research estimated the overall GDP of the GBA
will exceed 19 trillion yuan by 2025, the per capita GDP will reach about 200 thousand
yuan, and the urbanization rate will exceed 90% with a population of 96 million [48]. The
development of primary industry in the GBA will maintain the status quo, the energy
consumption of primary industry in three scenarios thus will all be about 2.34 Mtce in 2025,
less than 1% of the total energy consumption. While expecting a green and sustainable
growth of industry by 2025, the energy consumption of the secondary industry of SBAU, SA
and SO thus will reach 177.1, 166.8 and 157.8 Mtce, respectively, which accounting for 55.5%,
55.5% and 55.9% of their total energy consumption. Furthermore, the energy consumption
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of the tertiary industry, mostly in the service industry, accounts for 9.3%, 9.3% and 9.1% of
total energy consumption under SBAU, SA and SO. The energy consumption of the tertiary
industry is concentrated on electricity consumption, accounting for 86.5%, 89.1% and 89.6%
of the energy consumption of the tertiary industry of SBAU, SA and SO respectively.

Table 2. Energy structure development of scenarios.

Scenario Sector
Energy Consumption

(in Mtce.)

Energy Structure (%)

Coal Fuel Natural Gas Electricity

SBAU

Primary industry 2.3 4.4% 23.5% 0 72.1%
Secondary industry 177.1 12.5% 8.7% 10.1% 68.7%

Transportation 61.9 0 96.2% 0 3.8%
Residential livings 47.9 1.2% 16.6% 5.2% 77.1%
Tertiary industry 29.7 1.1% 4.2% 8.1% 86.5%

Total 318.9 7.3% 26.6% 7.2% 59.0%

SA

Primary industry 2.3 4.4% 23.5% 0 72.1%
Secondary industry 166.8 10.2% 8.6% 10.9% 70.3%

Transportation 59.4 0 95.8% 0 4.1%
Residential livings 44.3 1.1% 10.5% 4.8% 83.7%
Tertiary industry 27.8 0.7% 2.7% 7.5% 89.1%

Total 300.6 5.9% 25.7% 7.5% 60.9%

SO

Primary industry 2.3 4.4% 23.5% 0 72.1%
Secondary industry 157.8 9.9% 8.5% 10.7% 70.9%

Transportation 57.1 0 95.3% 0 4.7%
Residential livings 39.3 0.7% 8.4% 5.3% 85.6%
Tertiary industry 25.8 0.3% 2.1% 8.0% 89.6%

Total 282.3 5.7% 25.5% 7.5% 61.3%

In the transportation sector, the total energy consumption in SBAU, SA and SO are
assumed to be 61.9, 59.4 and 57.1 Mtce in 2025, respectively. In SBAU, 70% of diesel vehicles
and natural gas vehicles below China III will be retired in the PRD by 2025, and a large
proportion of diesel vehicles under China II in Hong Kong and Macao will be retired as
well. In SA, the PRD will retire most of diesel and natural gas vehicles under China III and
Hong Kong and Macao will promote retiring diesel and natural gas vehicles under China
II, and in SO, diesel vehicles under China III and light-duty gasoline vehicles under China I
will be completely retired in the GBA.

3.3. Scenario Analysis of Air Pollutant Emissions in the GBA

Under SBAU, the implementation of as usual energy-environment policies in the GBA
is estimated to reduce 24 kt SO2, 131 kt NOx, 53 kt primary PM2.5 and 178 kt VOCs in 2025.
The cumulative reduction of 429.7 kt of air pollutant equivalent indicates a sharp decline
of air pollutant emission by 20.2% compared to the emission level in 2020. As found in
Figure 3, under SA and SO, the air pollutant emissions are dramatically reduced in 2025,
with emissions reduction of 26 and 30 kt SO2, 163 and 197 kt NOx, 56 and 65 kt primary
PM2.5 as well as 211 and 246 kt VOCs, respectively. The cumulative reduction of SA and SO
are 503.2 and 591.1 kt air pollutant equivalent, which decrease by 23.6% and 27.7% than the
base year and generate an additional air pollutant equivalent reduction of 17.1% and 37.5%
compared to SBAU.

Benefiting from the stringent implementation of regional energy-environment policies,
the emission reduction of air pollutants achieved by SA and SO in transportation and
industrial sectors are significantly higher than that achieved by SBAU in 2025. In the
transportation sector, SBAU, SA and SO will reduce 92, 117 and 141 kt NOx, 3, 3 and 5 kt
primary PM2.5, as well as 18, 29 and 23 kt VOCs, respectively. In industrial sector, SBAU,
SA and SO will achieve 24, 26 and 30 kt SO2 reduction, 39, 46 and 56 kt NOx reduction,
49, 53 and 60 kt primary PM2.5 reduction as well as 160, 192 and 223 kt VOCs reduction,
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respectively. In general, SA and SO will cut down 23.1% and 50.1% additional air pollutant
equivalent emissions in the transportation sector than SBAU, and SA and SO will mitigate
15.3% and 33.8% additional emission in the industrial sector than SBAU as well. Moreover,
all SO2 emission reduction benefits are generated from the industrial sector, while the NOx
emission reduction in the transportation sector accounts for 70.2%, 71.7% and 71.6% of
the total NOx emission reduction for the three scenarios, respectively. The reductions of
primary PM2.5 and VOCs are benefit from clean air actions in the industrial sector, as the
clean air measured implemented in the three scenarios bring a decline in primary PM2.5 by
94.2%, 94.6% and 92.3% and in VOCs by 89.8%, 90.5% and 90.7%, respectively.
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Figure 3. Emission reduction benefits from different scenarios in 2025 compared to 2020.

Figure 4 denotes that clean air measures such as industrial end-of-pipe measures,
energy structure adjustment, industrial structure adjustment, transportation structure
adjustment and retiring yellow-label and old vehicles show great reduction benefits among
the three scenarios. The emission reduction share rates of energy structure adjustment (M2),
industrial structure adjustment (M3), transportation structure adjustment (M6), industrial
end-of-pipe measures (M1), retiring yellow-label and old vehicles (M4) and promoting new
energy vehicles (M5) account for 13.7%, 8.7%, 4.3%, 44.9%, 23.8% and 4.5% under SBUA,
13.3%, 8.7%, 4.3%, 44.8%, 24.5% and 4.4% for SA, and 12.8%, 8.2%, 5.1%, 44%, 25.5% and
4.4% for SO, respectively.
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Figure 4. The contribution of different policy measures to emission reductions in 2025: (a–c) Air
pollutant equivalent reduction from six measures in SBAU, SA and SO.
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In terms of industrial end-of-pipe measures in the GBA, the emission of air pollutant
equivalent in the industrial field in 2020 was 1816.6 kt. As shown in Figure 5a, SBAU will
achieve an emission reduction of 318.7 kt air pollutant equivalent through the implemen-
tation of energy-related end-of-pipe measures in 2025. Benefiting from more aggressive
actions than SBAU, Figure 5b illustrates that the air pollutant equivalent reduction under
SA will reach 366.5 kt, with 47.9 kt higher than SBAU. The strictest measures will be taken
in SO, which will bring 410.9 kt air pollutant equivalent reduction in 2025, and the air
pollution equivalent reduction in SO will be 44.4 kt higher than SA as pictured in Figure 5c.
Under SBUA, it is estimated that the implementation of industrial boiler treatment measures
such as ultra-low emission transformation or clean energy replacement of coal-fired boilers
above 35 steam tons (EM1) and biomass boiler treatment (EM2), the GBA can reduce 6.9 kt
SO2, 9.8 kt NOx, 8.8 kt primary PM2.5 and 0.2 kt VOCs in 2025. Industrial kiln treatment
measures will reach 8 kt SO2, 12.2 kt NOx, 24.8 kt primary PM2.5 and 8.2 kt VOCs in 2025,
which includes “coal-to-gas” transformation and denitrification treatment in construction
ceramics and glass industries (EM3) and denitrification treatment in iron and steel industry
(EM4). Through measures of industrial energy consumption structure adjustment, i.e.,
treatment of “scattered pollution” (EM5), retiring old coal-fired units (EM6), ultra-low
emission transformation of coal-fired units (EM7), air pollutant emissions will reduce
9.8 kt SO2, 17.1 kt NOX, 15.3 kt primary PM2.5 and 10 kt VOCs by 2025, and VOCs inte-
grated treatment measures such as “One Enterprise One Policy” treatment of VOCs key
supervision enterprises (EM8) will achieve 141.6 kt VOCs reduction in the GBA. In SA, by
further requiring 70% of the oil-fired, gas-fired and biomass boilers to complete ultra-low
emission transformation or clean transformation (EM9), adapting ultra-low emission trans-
formation of cement industry (EM10) and upgrading C-class industrial kilns to B-class
(EM11), 2 kt SO2, 7.2 kt NOx, 4 kt primary PM2.5 will be additionally reduced on the basis
of reduction effects in SBAU. Additional VOCs reduction of 32 kt based on SBAU will be
generated from the implementation of improving the level of VOCs source substitution
(EM12) and upgrading removal efficiency of VOCs treatment facilities (EM13). In SO,
measures such as 100% complement of industrial boiler treatment measures in SA (EM9+,
EM10+), 50% B-class industrial kilns to be upgraded to A-class in addition to upgrading
C-class kilns (EM11+), as well as reaching higher VOCs source substitution level (EM12+)
and further improvement of the removal efficiency of VOCs treatment facilities (EM13+)
will present an extra air pollutant emissions reduction including 4 kt SO2, 33.8 kt NOx, 9 kt
primary PM2.5, and 34 kt VOCs compared to SA.
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Figure 5. Industrial air pollutant emission reduction benefits in 2025: (a) Emission reductions from
eight measures in SBAU; (b) Emission reductions from five additional measures in SA compared to
SBAU; (c) Emission reduction from five enhanced measures in SO compared to SA.

3.4. Simulation Results of Air Quality under Different Policy Scenarios

As graphed in Figure 6a–c, the simulation results present that energy-environment
policies employed in SA and SO can lead to the achievement of the preset annual PM2.5
concentration target in the GBA by 2025, while the simulated annual average PM2.5 con-
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centration in SBAU cannot reach the preset target in this study. In Figure 6d, under SBAU,
the regional annual average PM2.5 concentration is 21.7 µg/m3, and the annual average
PM2.5 concentration in cities in the GBA are from 19 µg/m3 (Hong Kong) to 25.4 µg/m3

(Foshan). In SA, the annual average PM2.5 concentration in cities in the GBA are from
18.3 µg/m3 (Huizhou) to 21.5 µg/m3 (Guangzhou & Foshan), with the average value of
19.9 µg/m3 in the region. As for SO, the annual average PM2.5 concentration in cities
are estimated to be from 16.1 µg/m3 (Huizhou) to 20.5 µg/m3 (Foshan), with an average
regional concentration of 18.09 µg/m3 by 2025.
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Figure 6. Spatial distributions of PM2.5 annual mean concentrations in the GBA by 2025: (a) Spa-
tial distributions of PM2.5 annual mean concentrations in SBAU; (b) Spatial distributions of PM2.5

annual mean concentrations in SA; (c) Spatial distributions of PM2.5 annual mean concentrations
in SO; (d) Annual concentration of PM2.5 in the GBA under different scenarios (GZ: Guangzhou;
SZ: Shenzhen; ZH: Zhuhai; FS: Foshan; HZ: Huizhou; ZQ: Zhaoqing; DG: Dongguan; ZS: Zhongshan;
JM: Jiangmen; HK: Hong Kong; MC: Macao).

4. Discussion

The GBA has aggressively targeted air quality improvement through a series of air
pollution control measures since 2015. Industrial end-of-pipe control measures performed
the best integrated emission reduction benefits among measures taken from 2015 to 2020,
due to their great VOCs emission reduction effect. Energy-related measures such as end-
use energy structure adjustment in coal-intensive industries, power structure adjustment,
phasing out outdated industrial capacity, retiring yellow-label and old vehicles also showed
satisfactory emission reduction benefits. In addition, end-use energy structure adjustment
in coal-intensive industries and power structure adjustment made significant contribu-
tion to SO2, NOx and primary PM2.5 mitigation. Retiring yellow-label and old vehicles,
promoting new energy vehicles and transportation structure adjustment performed more
effectively in NOx reduction, and phasing out outdated industrial capacity contributed
greatly to the emission reduction of different air pollutants.
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It is worthwhile to highlight that although the initial goal of industrial end-of-pipe
measures focused solely on the air pollution, the air quality improvement target also
functioned as a strong motivating force to the sustainable transition of energy systems and
industry structure. As demonstrated from scenario analysis, energy-intensive industries
such as cement, construction ceramics and glass industries will be required to implement
ultra-low emission transformation or clean energy replacement. Treatments of industrial
boilers and kilns effectively optimize the industrial end-use energy structure. “Scattered
pollution” and outdated capacities of high energy-intensive industries will be phased out,
and clean and energy-efficient factories would take the place of phased out capacities. The
average energy efficiency in the GBA will thus be promoted, and the transition of energy
system and industry would be accelerated as well. The energy consumption volume in
the GBA in 2025 thus decline by 5.7% and 11.4% in SA and SO respectively compared to
SBAU. From Lin et al. [49], the baseline energy consumption in the GBA in 2025 would be
about 290 Mtce and the consumption under energy transition would be approximately
280 Mtce whereas it would be about 270 Mtce under deep energy transition. Only about
2% and 6% decline of energy consumption compared to the baseline can be achieved if
merely relying on the energy transition according to Lin’s study. The estimation energy
consumption volume in this study is larger than results from Lin, which might be explained
by the reason that Lin did not take the rapid energy need from economic recovery after the
COVID-19 pandemic into consideration when modeling the energy consumption trends by
setting 2017 as the base year. Despite the discrepancy from the predicted value, it is still
worth to find that integrated effects from energy-environment policies perform dramatically
better than effects from measures only focusing on energy sectors.

Although the energy-related clean air measure implemented since 2015 have yielded
remarkable achievements on air pollutant emissions reduction in the GBA, there will still
be an urgent need for continuous efforts in air pollution control. The annual average PM2.5
concentration in SBUA cannot reach the preset goal in 2025 in the GBA, which indicates that
the air quality of the GBA might have a certain gap from the goal set by the study by 2025
if only as usual energy-environment policies were adapted. Therefore, in order to ensure
regional air quality improvement, it will be necessary for the GBA to further focus on
energy, industrial and transportation structural adjustment measures as well as synergistic
control of multiple pollutants during the middle and late 14th Five-Year Plan period.

The improvement of air quality in the GBA in the near future still needs to focus
on multi-pollutant synergistic clean air measures and energy-related structural measures,
considering that structural adjustment measures need a period of time to be deployed
before they can be effective in reducing emissions. During the 14th Five-Year Plan period, it
is essential to continuously strengthen the prevention and control of air pollution, starting
from not only end-of-pipe industrial measures but also the optimization of energy structure,
rational capping coal consumption, promoting the clean and efficient use of fossil energy,
promoting end-use energy transition, and promoting the development of low-carbon
transportation. Co-benefits of motivating the industries to optimize the energy use structure
with the implementation of energy-environment policy worth to be further explored by the
policymakers. Considering that the marginal emission reduction potential of air pollution
end-of-pipe measures will substantially diminish, the air quality improvement path in
the future should pay more attention to structural adjustment measures. The relevant
structural-based emission reduction strategies and paths are thus meaningful for further
in-depth study in the future.

In the process of building the “Air Quality Improvement Pioneering Demonstration
Area”, it will be an interesting and novel topic for regional researchers to assess the policy’s
impact on air quality improvement under the spatial scale of entire GBA region. This
study first carries out an ex-post assessment to quantify the impact of those major clean air
measures in the entire GBA during the 13th Five-Year Plan period on pollutant reduction.
Aiming at proposing an integrated energy-related clean air path for policymakers, the
study then designs a future policy scenario analysis to predict the air quality improvement
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potential as well as the co-benefit of accelerating energy system transition that could be
reached. The results can help to predict future pollutant emission trends and can also
provide feasible recommendations for the governments to further strengthen the efforts
on air pollution prevention and control. On the other hand, only simulating the change of
PM2.5 concentration in the GBA might not be able to reflect the change on the overall air
quality since the photochemical smog problem in the GBA has not yet been solved. Studies
on regional formation mechanism of O3 and policy’s impact on O3 pollution control will
be carried out next. Moreover, due to the lack of regional up-to-date emission factors and
coefficients, the pollutant emission reduction estimated in this study might deviate from
the actual conditions. Thus, studies on updating regional air pollutant emission factors will
also be necessary in the future.

The simulated annual average PM2.5 concentration in 2025 under SBUA is higher than
the annual PM2.5 concentration in 2020 in the GBA, which might be associated with COVID-
19 lockdown in the 2020. According to Wang’s simulation [50], the implemented lockdown
measures in Guangdong from the end of January to March showed an obviously impact
on reducing the average concentration of PM2.5 in cities within the GBA. The recovery of
social-economic activities and the restart of industrial development after the COVID-19
pandemic will lead to the recovery of air pollutant emission at the same time. It might
also be explained by the reason that the average meteorological conditions in 2020 reduced
8.9% of PM2.5 compared to 2017 [51]. The overall regional meteorological conditions were
conducive to the improvement of the atmospheric environment in 2018 and 2020, and the
national atmospheric pollution meteorological conditions were poorer than the average
conditions, while the average meteorological conditions in 2017 were much close to the
average conditions in the past five years. Despite the input of 2017 average meteorological
data might lead to the PM2.5 concentration in SBAU is higher than the concentration in
2020, it points out again that current energy-environment policies may not be sufficient
to support the continuously air quality improvement goal. Further efforts on developing
and implementing integrated energy-environment policy will still be an urgent need for
the governments in the GBA in the process of building the “Air Quality Improvement
Pioneering Demonstration Area”. Considering the uncertainty of future meteorological
conditions and the significant contributions of meteorology to atmospheric environment,
air quality numerical simulations employed with energy-environment measures in the
GBA under conducive meteorological conditions will also be an interesting topic to be
further study in the future.

5. Conclusions

The study first assesses the air pollutant emission reduction effects of energy-related
clean air measures in the GBA during the 13th Five-Year Plan period, with SO2, NOx,
primary PM2.5 and VOCs in 2020 decreasing by about 23.6%, 32.1%, 39.8% and 37.6% com-
pared to 2015. Then, three energy-environment development scenarios (i.e., SBAU, SA and
SO) for the GBA to achieve the air quality improvement goal in 2025 are set by taking 2020
as the base year. The development of energy consumption and the implementation of
energy-environment policies in 2025 for each scenario are predicted. Under SBAU, SA and
SO, the air pollutant emissions in the GBA by 2025 are dramatically reduced by 24, 26 and
30 kt of SO2, 131, 163 and 197 kt of NOx, 53, 56 and 65 kt of primary PM2.5 as well as 178,
211 and 246 kt VOCs respectively compared to 2020.

This study emphasizes that continuous efforts on energy-related clean air measures
can lead to air quality improvement and can also promote energy system optimization.
Results from SA and SO demonstrated that with the implementation of stringent energy-
related clean air measures, the annual average PM2.5 concentration in the GBA will reach
19.9 and 18.09 µg/m3 and the energy consumption volume will be controlled at 300.6 and
282.3 Mtce in 2025, respectively.

In order to achieve the goal of annual average PM2.5 concentration of 21 µg/m3

and moderate the growth rate of energy consumption in the GBA by 2025, stringent
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energy-environment policies and continuous efforts are needed to strengthen air quality
improvement actions. It is highly recommended that governments and policymakers could
make full use of the synergistic effect of energy-environment policy. The government can
implement energy structure adjustment measures to promote industrial and transportation
structure optimization and further promote air pollution emission reduction, and on the
other hand can adapt end-of-pipe measures to force the optimization of industrial end-use
energy structures and the clean transformation of energy system in the GBA at the same
time. In addition, the government and policymakers can optimally choose measures that
proven effective in the GBA from this study and refer to energy-environment development
scenarios when making feasible air quality improvement strategy in the GBA.

This study also suggests that the government and policymakers in the GBA could
seize the opportunity of the building of an “Air Quality Improvement Pioneering Demon-
stration Area” to propose integrated regional air quality improvement goals of the GBA
and formulate a strategy path for the GBA to achieve a synergistic development of con-
tinuous air quality improvement and clean energy system. It is also recommended for
the government and policymakers to promote the promulgation of integrated regional
energy-environment policies and the formation of a coordinated mechanism for clean air
action and clean energy transition.
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