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A B S T R A C T   

Using 2025 as the target year, we quantitatively assessed the reduction potentials of emissions of primary pol
lutants (including CO, HC, NOx, PM2.5 and PM10) under different vehicle control policies and the impacts of 
vehicle emission control policies in the BTH region on the regional PM2.5 concentration in winter and the surface 
ozone (O3) concentration in summer. Comparing the different scenarios, we found that (1) vehicle control 
policies will bring significant reductions in the emissions of primary pollutants. Among the individual policies, 
upgrading new vehicle emission standards and fuel quality in Beijing, Tianjin, and Hebei will be the most 
effective policy, with emission reductions of primary pollutants of 26.3%–54.7%, 38.0%–70.3% and 46.0%– 
81.6% in 2025, respectively; (2) for PM2.5 in winter, the Combined Scenario (CS) will lead to a reduction of 
0.5–3.9 μg m� 3 (3.5%–11.6%) for the monthly average PM2.5 concentrations in most areas. The monthly nitrate 
and ammonium concentrations would reduce by 5.8% and 5.3%, respectively, in the whole BTH region, indi
cating that vehicle emission control policies may play an important role in the reduction of PM2.5 concentrations 
in winter, especially for nitrate aerosols; and (3) for O3 concentrations in summer, vehicle emission control 
policies will lead to significant decreases. Under the CS scenario, the maximum reduction of monthly average O3 
concentrations in the summer is approximately 3.6 ppb (5.9%). Most areas in the BTH region have a decrease of 
15 ppb (7.5%) in peak values compared to the base scenario. However, in some VOC-sensitive areas in the BTH 
region, such as the southern urban areas, significant reductions in NOx may lead to increases in ozone con
centrations. Our results highlight that season- and location-specific vehicle emission control measures are needed 
to alleviate ambient PM2.5 and O3 pollution effectively in this region due to the complex meteorological con
ditions and atmospheric chemical reactions.   

1. Introduction 

Emissions from on-road vehicles have significant influences on the 
climate, air quality and public health (Greenblatt and Saxena, 2015; 
Tessum et al., 2014; Yan et al., 2014). It is estimated that transport 
sector contributed 23% of CO2 emissions globally and 30% of that in 
Organization for Economic Cooperation and Development (OECD) 
countries (Ohnishi, 2008). Pollutants from vehicle exhaust emissions, 
such as NOx and volatile organic compounds (VOCs), are important 
precursors of fine particle matter (PM2.5) and ozone throughout the 
troposphere, especially in urban areas (Parrish, 2006), which means that 
vehicular emissions are closely related to haze pollution and 

photochemical smoke pollution in urban areas. Vehicles also have sig
nificant effects on ambient concentrations of hazardous (Marshall et al., 
2003). Therefore, vehicle emissions have been of great concern all over 
the world (McDonald et al., 2013; Beaton et al., 1995; Saikawa et al., 
2011). 

With the development of urbanization and industrialization, the 
number of vehicles in China has been increasing rapidly and has reached 
186 million in 2016, 34-fold greater than that in 1990 (NBSC, 2017). 
The number is predicted to reach 400–500 million by 2030 (Wu et al., 
2017). Vehicle emissions have become an important and growing source 
of air pollution in mega cities in China. The Beijing-Tianjin-Hebei (BTH) 
region is located on the North China Plain (Fig. 1). The northwestern 
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area of the region is mountains, while most of the central and south
eastern areas of the region lie on the plains. The region covers 2.2% of 
Chinese territory, holds 8.1% of the total national population and 
created 10% of total national GDP in 2016. It is one of the most devel
oped and populous regions in China. In recent years, the BTH region has 
suffered severe air pollution, which is mainly characterized by severe 
haze episodes (extremely high PM2.5 concentrations and poor visibility) 
in winter (Zhang et al., 2016; Zhao et al., 2013; Zheng et al., 2015) and 
surface ozone pollution in summer (Lu et al., 2018; Sun et al., 2016; 
Wang et al., 2017). According to the China Environmental Status 
Bulletin (MEP, 2016a; MEP, 2017), in 2015 and 2016, the number of 
standard-exceeding days with PM2.5 as the primary pollutant was the 
largest in the BTH region, accounting for 68.4% and 63.1% of the days, 
respectively, followed by ozone, accounting for 17.2% and 26.3%, 
respectively. Under the pressure of air quality improvement, govern
ments in the BTH region have adopted a series of strategies and policies 
to control on-road vehicle emissions. For example, the Clean Air Action 
Plan 2013–2017 in Beijing promoted alternative fuel vehicles in the 
public bus fleet and the control of the number of vehicles in the city, etc. 

Many studies on vehicle emission control strategies have been con
ducted around the world, such as in the US, Spain, France and China 
(Beaton et al., 1995; Lumbreras et al., 2008; Roustan et al., 2011; Sai
kawa et al., 2011). Roustan et al. (2011) presented a modeling study to 
explore the effect of the future evolution of traffic emissions on air 
quality in Paris, France and found that vehicle emission control tech
nology could influence the primary and secondary particulate matter. 
Saikawa et al. (2011) studied the impact of China’s stringent vehicle 
emission standards on Asian air quality and suggested that valid regu
lation of China’s on road emission would have large benefits on the air 
quality of both China and East Asia. McDonald et al. (2018) indicated 
that in the US, the decrease of mobile source NOx emission could help 
meet stricter O3 standards in the future. In China, many studies on 
vehicle emission control strategies been conducted across different 
spatial levels, such as national (Wu et al., 2017), regional (Liu et al., 
2017a; Guo et al., 2016), and city level (Wu et al., 2011; Zhang et al., 
2013, 2014, 2017a; Sun et al., 2019). For example, Wu et al. (2017) 
reviewed the vehicle emission controls in China, set several scenarios to 
estimate vehicle emission trends of major air pollutants through 2030, 
and provided policy suggestions for China’s vehicle emission controls. 
Liu et al. (2017a) employed a series of scenarios to quantify the 
co-benefits for emissions of air pollutants and greenhouse gases under 
different vehicle emission controls by 2020 in the Pearl River Delta re
gion. They found that updating emission standards was the best option 
for the co-benefit of air pollutants and greenhouse gas reduction in that 
region. Sun et al. (2019) generated various scenarios and made a 
comprehensive estimation of vehicle emissions in Tianjin from 2000 to 

2030. Previous studies have provided useful references for the vehicle 
emission controls. However, most of the previous studies in China 
focused on the emission reduction effects of primary pollutants, the 
historical trends in vehicular emissions, and whether or not the policy 
could bring reductions in the concentrations of secondary pollutants, 
such as PM2.5 in winter and O3 in summer, and the size of the reductions 
are unclear in seriously polluted areas such as the BTH region. A series of 
vehicle emission control strategies have also been newly enforced in the 
BTH region in recent years. Thus, assessments of the effectiveness of 
current and possible future vehicle emission control policies on the re
ductions of primary pollutants and their impacts on regional air quality 
in the BTH region are needed. 

In this study, we aimed to develop a vehicle emissions inventory for 
the target year of 2025 in the BTH region as a base scenario. Based on the 
existing policies, we designed five vehicle emission control policy sce
narios for the BTH region in the target year and modeled the reductions 
of pollutants under different scenarios. The WRF-Chem model was 
applied to quantitatively evaluate the impacts of different vehicle 
emission control policies on air quality. This paper tends to provide 
policymakers with references for future vehicle emission control policy 
options and to understand their impacts on regional air quality in the 
BTH region. 

2. Data and methods 

2.1. Development of the base vehicle emissions inventory of 2025 

The year 2025 is the last year of the 14th Five-year Plan in China and 
thus was selected as the target year of this study. In addition to the target 
year, we chose 2014 as the start year of the assessment. For the base 
scenario in the target year, we assumed that the population of vehicles in 
the BTH region would continue to increase naturally since 2014, under 
which the vehicle emission control policies would not be upgraded after 
2014. Detailed parameters relating to the base scenario are presented in 
Table S3 (in the Supporting Information). 

Many factors should be considered and integrated in the accurate 
estimation of vehicle emission (e.g., vehicle type, fuel type, meteoro
logical factors, etc.), and a large number of data are needed (Lumbreras 
et al., 2014; Parrish, 2006; Wang et al., 2008). In this study, the vehicle 
emissions inventory in the BTH region for the target year was projected 
based on the bottom-up method used in our previous study of the 2014 
vehicle emissions inventory in the BTH region (Yang et al., 2018). In this 
study, we also classified vehicles into eight types, which are light-duty 
passenger vehicle (LDPV), medium-duty passenger vehicle (MDPV), 
heavy-duty passenger vehicle (HDPV), light-duty truck (LDT), 
medium-duty truck (MDT), heavy-duty truck (HDT), taxi and bus. 

Fig. 1. Two domains (D1 & D2) of the WRF-Chem simulation and the terrain height of the simulation area. BJ represents Beijing, HB represents Hebei, TJ rep
resents Tianjin. 
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According to the fuel type, vehicles were divided into gasoline, diesel 
vehicles and clean energy vehicles. Based on previous studies (Guo et al., 
2016; Wang et al., 2015) and the actual commercial application of new 
energy vehicles in the BTH region, the clean energy vehicles included 
here are Hybrid Electric Vehicles (HEV), Battery Electric Vehicles (BEV), 
and Compressed Natural Gas Vehicles (CNGV). The vehicle emissions of 
CO, HC, PM2.5, PM10 and NOx in Beijing, Tianjin and Hebei were esti
mated using the following equation: 

En¼
X

i

X

j

X

k
VPi;j;k � EFi;j;k;n � VKTi;j � 10� 6 (1) 

In equation (1), E represents the emissions (t) of the pollutants; VP is 
the population of vehicles; EF represents the emission factor (g/km); 
VKT represents the annual vehicle kilometers traveled (km), n represents 
CO, HC, PM2.5, PM10 and NOx in this study; i is the fuel types of vehicles; 
j represents the vehicle types; and k is the emission standard of vehicles 
(from China 0 to China VI). 

As for the projections of vehicle population (VP), it is widely 
recognized that the population of vehicles is related to economic 
development. According to the elastic coefficient method (Liu et al., 
2017a), we predicted the VP from 2015 to 2025. In this process, we used 
historical (2006–2014) vehicle population and economic data to reflect 
the relationship between the vehicle population and economy in the 
BTH region. The historical vehicle population and economic data were 
obtained from the National Bureau of Statistics of China. The GDP 
growth rates in the BTH region from 2015 to 2018 were obtained from 
the official statistics departments in Beijing, Tianjin, and Hebei. As for 
the prediction scenario made by Zhou et al. (2018) for GDP growth, they 
pointed out that in the future the GDP growth rate in the BTH region will 
gradually decline, so we assumed that the GDP growth rate from 2019 to 
2025 would decrease to 6.5%, 6%, and 6.5% for Beijing, Tianjin, and 
Hebei, respectively. In this period, the GDP growth rates remain un
changed. According to the census data on vehicle population from 2015 
to 2017, we compared the projected data with census data and found 
that the population projection method is appropriate for most vehicle 
types in the BTH region. For a few vehicle types with deviations greater 
than 10%, we added the real data from 2015 to 2017 in the elastic co
efficient method to modify the projected vehicle population under the 
Base Scenario. The population of vehicles eliminated and newly added 
each year was calculated using the method of Guo et al. (2016). Here, we 
assumed that the newly added vehicles meet the latest emission stan
dards in the given year (Lang et al., 2012; Sun et al., 2019). 

Emission factors of different vehicles were calculated depending on 
the National Emission Inventory Guidebook for On-road Vehicles 
(Guidebook) (MEP, 2014), which was created based on lots of field 
measured emission factor data of vehicles in China (Wu et al., 2017). It 
provided a new calculation framework of vehicle emission inventory 
and lots of basic emission factor data. Following the Guidebook, vehicle 
emission factors for China 0, China I, China II, China III, China IV and 
China V (except China VI) in 2025 were calculated as follows: 

EFi;j ¼BEFi � ϕj � γj � λi � θi (2)  

where EF is the emission factor (g/km), BEF is integrated baseline 
emission factor (g/km), ϕ represents environmental correction factor 
(including temperature, humidity and altitude), γ represents average 
speed correction factor, λ represents vehicle deterioration correction 
factor, θ represents other use condition correction factor (including load 
factor, fuel quality (like sulfur content) and so on), i represents the 
vehicle type, j represents the study area (Beijing, Tianjin, Hebei). Data 
used in the calculation were from the Guidebook and our previous study 
(Yang et al., 2018). The emission factors for China VI was modified from 
China V, referring to the emission limits of China V and China VI-b 
stages released by the Ministry of Ecology and Environment (MEP, 
2016b; MEE, 2018). As for the emission factors of new energy vehicles, 
life cycle assessment methods have been widely applied to 

comprehensively evaluate the environmental impacts of electric vehi
cles (Tessum et al., 2014; Wang et al., 2015; Huo et al., 2013). Here, we 
considered the upstream well-to-tank (WTT) stage (including extraction, 
production, transport and delivery of fuels) and on-road tank-to-wheels 
(TTW) stage (e.g. vehicle operations) of HEVs and BEVs by employing 
localized WTT and TTW emission factors obtained from Wang et al., 
(2015) and Ke et al., (2017) to determine the emissions of air pollutants 
in power generation sector and transportation sector for HEVs and BEVs. 
The emission factors of CNGV were obtained from the on-road stage in 
the literature (Wang et al., 2015). 

The VKT data of different vehicles was obtained from Chinese official 
statistics or previous literature for the BTH region. The data was listed in 
Table S2 (in the Supporting Information). In the function of mileage 
accumulation rate and vehicle age developed by Guo et al. (2007), the 
rate is nearly constant. Therefore, we assumed that the VKT of different 
vehicles will remain unchanged till 2025. 

As for the temporal and spatial resolution of the vehicle emission 
inventory, we improved the temporal resolution of vehicle inventories in 
the BTH region for the seasonal air quality targets. Regional meteoro
logical conditions in different months such as temperature, humidity 
and atmospheric pressure can significantly affect the emissions of ve
hicles (Weilenmann et al., 2009; Zheng et al., 2014). Based on the in
ventory of our previous study (Yang et al., 2018), we used the method in 
the National Emission Inventory Guidebook for On-road Vehicles 
Guidebook (MEP, 2014) to create the province-specific monthly envi
ronmental correction factors (ϕ), in which the province-specific monthly 
mean temperature and humidity were calculated based on the ground 
meteorological observation data from China Meteorological Data Ser
vice Center. In this way, we improved the temporal resolution of vehicle 
inventories in the BTH region. The spatial distributions of vehicle 
emissions in 2025 were consistent with that of 2014, with a grid size of 1 
km*1 km. 

Integrating the above data and methods, we established a base 
vehicle emissions inventory of the target year (2025). We also used these 
methods to modify key parameters to get the vehicle emissions in
ventories of 2025 under five control scenarios defined on the next part. 

2.2. Vehicle emission control scenarios in the BTH region 

In recent years, in order to reduce the impact of vehicle emissions on 
air quality in the BTH region, the central and local governments have 
implemented a number of control strategies and policies, which include 
controlling LDPV population growth, upgrading emission standards for 
new vehicles, improving fuel quality, eliminating high-emission vehi
cles, introducing alternative fuels and new energy vehicles, and so on. 

For instance, due to the high growth rate of LDPVs, the Beijing 
municipal government initiated its license control policy on the popu
lation of LDPVs in 2011 and tightened the control starting in 2014, 
which decreased the amount of newly added LDPVs each year from 
240,000 to 150,000. Tianjin also adopted this policy in 2014 to control 
the amount of new LDPVs each year to less than 100,000. 

China’s new vehicle emission standards mainly follow European 
standards. Generally, in order to ensure the emissions reduction effect of 
vehicle emission control policies, new fuel standards and emission 
standards in the same region are implemented simultaneously. Ac
cording to Beijing Environmental Protection Bureau (EPB), China I, 
China II, China III, China IV and China V were regulated for new vehicles 
in Beijing in 1999, 2002, 2005, 2008 and 2013, respectively. The 
implementation time of vehicle emission standards in Tianjin and Hebei 
is consistent with the national emission standards. In 2014, China IV 
emission standards were implemented for new light-duty gasoline ve
hicles and buses in Tianjin and Hebei, and China IV emission standards 
were also applied for new heavy-duty diesel vehicles. 

Eliminating high-emission vehicles is considered to be an effective 
way to reduce vehicle emissions (Liu et al., 2017b). For example, the 
NOx emissions and PM emissions of an old pre-Euro 1 diesel bus are 
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more than 1.5 times and 6 times that of a new Euro 3 standard diesel bus, 
respectively (Hao et al., 2006). For in-use high-emission vehicles, some 
local governments encourage car owners to scrap yellow-label vehicles 
(high-emission vehicles) in advance by giving financial subsidies or 
limiting their driving time and driving areas. Since 2003, yellow-label 
cars have been prohibited from entering the second ring road in Bei
jing, and in 2009, the prohibited driving area of yellow-label vehicles 
was extended to the fifth ring road. 

Recently, local governments in the BTH region are encouraging the 
development of the clean energy vehicles, such as HEV and BEV, espe
cially for high-use public vehicles such as taxis and buses. Governments 
also encourages citizens to purchase clean energy vehicles by issuing 
more registration licenses for clean energy vehicles and providing 
financial subsidies or tax reductions. 

In addition, many other vehicle-related policy measures were also 
adopted in recent years to mitigate air pollution, which could be seen in 
local regulations, such as the Clean Air Action Plan 2013–2017 issued by 
the Beijing municipal government in September 2013. 

Considering the actions taken and the policies released in the BTH 
region in recent years, four independent vehicle control scenarios 
including controlling LDPV population growth, upgrading emission 
standards for new vehicles and improving fuel quality, eliminating high- 
emission vehicles and introducing alternative fuels and new energy 
vehicles were established in the BTH region for the period of 
2015–2025. Here, we presumed that only individual vehicle policy was 
updated and applied until 2025, and other policies remained unchanged 
in the level of 2014. In this way, we could evaluate the effects of the 
independent vehicle control policy in the long term. Besides the indi
vidual vehicle policies, Combined Scenario (CS) is the integration of the 
four independent scenarios which is expected to be implemented in the 
BTH region in future years. CS was established to analyze the effects of 
vehicle control policies in the real situation. Table 1 gives detailed de
scriptions of the scenarios established in this study. 

2.3. Air quality model configuration 

The migration and transformation of pollutants in the atmosphere 
are very complex, and air quality could be affected by meteorological 
factors, topographic factors, emission intensity changes, complex 
chemical, and photochemical reactions in the atmosphere, and so on. To 
assess the impacts of vehicle emission control policies on the air quality, 
the Weather Research and Forecasting Model coupled to chemistry 
(WRF-Chem) (Fast et al., 2006; Grell et al., 2005) version 3.9 was used in 
this study. WRF-Chem is a mesoscale online coupled 
meteorology-chemistry model, which considers various coupled phys
ical and chemical processes including emission, transport, mixing, 
deposition, chemical transformation, aerosol interactions, photolysis, 
and radiation (Grell et al., 2005; Fast et al., 2006; Baklanov et al., 2014). 
The model combines topographic data, meteorological data, and emis
sions data as its input data. It is a fully coupled “online” meteorological 
and chemical transport model, for which the air quality components are 
consistent with the meteorological components in transport schemes, 
horizontal and vertical grids, physics schemes for subgrid-scale trans
port, and time steps (Grell et al., 2005). The model provides different 
parameterization schemes for the physical and chemical processes. As a 
flexible and state-of-the-art atmospheric model, it can be used for the 
investigation of regional air quality and interactions between atmo
spheric chemistry and meteorology (Yegorova et al., 2011; Zhou et al., 
2019). In recent years, it was widely used in the simulation of regional 
air quality, including the BTH region (An et al., 2013; Bei et al., 2017; Li 
et al., 2018; Wang et al., 2016). 

As shown in Fig. 1, in this study, two nested domains were used in the 
WRF-Chem simulation, which cover the North China Plain, with the 
BTH region in the domain’s center. The horizontal resolutions of 
domain1 and domain2 were 30 km and 6 km, respectively. The number 
of the vertical layers in the simulation was 30, and the top air pressure 

Table 1 
Designs and descriptions of the vehicle control policy scenarios in the BTH re
gion in 2025.  

Scenario Control 
Category 

Region Descriptions References 

Base  Beijing Considering the 
natural 
elimination and 
growth of 
vehicles, without 
additional control 
measures until 
2025, details are 
in Table S3 (in the 
Supporting 
Information)  

Tianjin  
Hebei  

C1 Controlling the 
growth of 
LDPV 

Beijing In 2014–2017, the 
population of new 
added LDPVs in 
Beijing is 0.15 
million every year. 
In 2018–2025, the 
value is 0.1 
million. 

Beijing Clean Air 
Action Plan 
2013–2017 

Tianjin Since 2014, the 
population of new 
added LDPVs in 
Tianjin is 0.1 
million every year. 

Tianjin municipal 
people’s 
government on the 
implementation of 
the total passenger 
car control and 
management 
notice 

Hebei None  
C2 Improving new 

vehicle 
emission 
standards and 
fuel quality 

Beijing Improving new 
vehicle emission 
standards and fuel 
quality gradually 
in the BTH region, 
details are in  
Table S4 and  
Table S5 (in the 
Supporting 
Information). 

Beijing 
Environment 
Protection Bureau 

Tianjin Tianjin 
Environment 
Protection Bureau 

Hebei Hebei Provincial 
Environment 
Protection Bureau 

C3 Eliminating 
high-emission 
vehicles 

Beijing Yellowed labeled 
vehicles will be 
removed from the 
fleet by 2015. 

Beijing 
Environment 
Protection Bureau 

Tianjin Yellowed labeled 
vehicles will be 
removed from the 
fleet by 2015. 

Tianjin 
Environment 
Protection Bureau 

Hebei Yellowed labeled 
vehicles will be 
removed from the 
fleet by 2017. 

Hebei Provincial 
Environment 
Protection Bureau 

C4 Encouraging 
the 
development 
of clean energy 
vehicles 

Beijing Promoting the 
application of 
clean energy 
vehicles in LDPVs, 
taxis and buses, 
details are in  
Table S6 (in the 
Supporting 
Information). 

Beijing Municipal 
Transportation 
Commission; China 
Vehicle 
Environmental 
Management 
Annual Report; 
Beijing 
transportation 
development “13th 
five-year plan” 

Tianjin Tianjin 
Environment 
Protection Bureau; 
Tianjin 
comprehensive 
transportation 
"13th five-year" 
management plan 

Hebei Hebei Province 
new energy 
automobile 

(continued on next page) 
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was 50 hPa. The scenario simulation for 2025 was made using the 2014 
meteorological information. 

In this study, the initial and boundary meteorological conditions for 
the simulation were generated from the National Centers for Environ
mental Prediction (NCEP) final gridded analysis datasets (http://rda. 
ucar.edu/datasets/ds083.2), and the meteorological conditions were 
nudged every 6 h. For the initial and boundary conditions for chemical 
species, we employed the 6-h output data from the Model for Ozone and 
Related chemical Tracers (MOZART model) to mitigate the error of the 
initial values. Additionally, the first 3 days of output were selected as the 
spin-up time and excluded from the analysis to reduce the error of the 
analysis. The main physical and chemical parameterizations of the WRF- 
Chem simulation employed in this study are listed in Table S1 (in the 
Supporting Information). Among these parameterizations, the aerosol 
module is simulated employing MADE/SORGAM scheme. Secondary 
organic aerosols are calculated using Secondary Organic Aerosol Model 
(SORGAM) (Schell et al., 2001), which could provide useful information 
for the evaluation of regional air quality benefits (Jiang et al., 2012; 
Beekmann et al., 2007). 

As for the anthropogenic emissions, in addition to the vehicle in
ventory we developed, we used two different datasets to provide the 
emissions from other anthropogenic sectors, respectively. They are the 
PKU-FUEL inventory (http://inventory.pku.edu.cn/) for the year 2014 
(Huang et al., 2014, 2015; Meng et al., 2017; Wang et al., 2014a; Zhong 
et al., 2017) and the Multi-resolution Emission Inventory for China 
(MEIC) data (http://www.meicmodel.org) for the year 2014 (Li et al., 
2014). The emissions of VOCs and NH3 are both provided by MEIC in
ventory, due to the lack of corresponding data of the PKU-FUEL in
ventory. Both MEIC and PKU-FUEL could be used to estimate emissions 
for multiple pollutants. Using multiple emission inventories in the 
simulation will provide more information and a useful comparison for 
the study. PKU-FUEL employs monthly fuel consumption data and 
provides the monthly emission inventories (Huang et al., 2017). Based 
on the monthly activity data on power generation, cement production, 
industrial GDP at the provincial level, monthly meteorological data such 
as regional monthly mean temperatures and so on, MEIC inventories 
generate the monthly emissions of power generation, industry, resi
dential, transportation, and agriculture sectors (Zhang et al., 2009; Li 
et al., 2014, 2017; Zheng et al., 2014). Therefore, it is appropriate to use 
PKU-FUEL and MEIC data to provide emission values in other sectors for 
the seasonal air quality targets. For biogenic emissions, the data were 
calculated using the MEGAN model in WRF-Chem. 

Besides the vehicle emission inventory, future emissions from other 
anthropogenic sectors for the year 2025 were projected based on the 
2014 emission inventory (MEIC and PKU-FUEL inventory), which is the 
latest data available. Here, we employed ECLIPSE (Evaluating the 
Climate and Air Quality Impacts of Short-Lived Pollutants) V5a (latest 
version) dataset to update the emissions of other anthropogenic sectors 
in 2025 in the BTH region and surrounding areas. This dataset provides 
gridded global inventories at 0.5� spatial resolution for 11 species and 8 
key sectors (http://www.iiasa.ac.at/web/home/research/researchPr 
ograms/air/Global_emissions.html). It was developed with the GAINS 
(Greenhouse Gas and Air Pollution Interactions and Synergies) model, 
which contains substantial information about environmental policies, 
key sources of emissions, and further mitigation opportunities for 172 
regions globally (Klimont et al., 2017). Above all scenarios in the 

ECLIPSE V5a dataset, the current legislation (CLE) baseline scenario 
considers current and planned environmental laws and extends until 
2050 (Stohl et al., 2015; Klimont et al., 2019). Therefore, it was suitable 
to be used to reflect the emission changes over time in key sectors and 
the target region. Here, we calculated the emission changing rates in 
different species, different sectors, and different regions between the 
year 2015 and 2025 under the CLE baseline scenario in the ECLIPSE V5a 
dataset. Then we used the changing rates to modify the 2014 emission 
inventory accordingly and projected the emissions of other anthropo
genic sectors in 2025 in the BTH region and surrounding areas. 

2.4. Air quality model evaluation 

In this study, we evaluated the model performance by using the data 
in 2014 to simulate the air quality and then compared the simulated 
results with observed data in Beijing, Tianjin and Hebei. The hourly 
observed data of PM2.5 and O3 concentrations were obtained from the 
real-time database from the China National Environmental Monitoring 
Center (http://106.37.208.233:20035/). 

We also employed correlation coefficients (R) and normalized mean 
bias (NMB) (Simon et al., 2012) to evaluate the performance of the 
model. They are defined as follows: 

R¼
Pn

i¼1ðMi � MÞ � ðOi � OÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i¼1ðMi � MÞ2
q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pn
i¼1ðOi � OÞ2

q (3)  

NMB¼ 100%�
P
ðMi � OiÞ
P

Oi
(4) 

In equations (3) and (4), M ¼ 1
n
Pn

i¼1
Mi and O ¼ 1

n
Pn

i¼1
Oi represent the 

average values of individual simulated values Mi and observed values Oi, 
respectively. n is the number of observations. 

We compared the simulated and observed data for PM2.5 and O3 in 
the BTH region to evaluate the performance of the WRF-Chem model. 
Fig. 2(a) and Fig. 2(b) show the time series comparisons of simulated 
and observed PM2.5 concentrations in January 2014 and July 2014. We 
can see that the simulated results from WRF-Chem have similar varia
tion trends to the observational data in the BTH region. The peaks and 
valleys of the observed data can be reproduced by WRF-Chem in the 
three regions. Nevertheless, the peaks of PM2.5 are slightly under
estimated in the simulation. Time series plots of simulated and observed 
surface ozone concentrations in January and July 2014 are shown in 
Fig. 2(c) and (d). Fig. 2(c) and (d) show that the calculated O3 concen
trations by WRF-Chem are in good agreement with the observed data for 
minimum value, maximum value and diurnal variation trends, indi
cating that WRF-Chem could provide relatively reasonable estimations 
for the emissions of ozone precursors, photochemical reactions and 
regional transport of surface ozone. Overall, the values of NMB and R in 
Fig. 2 are in the ranges of the results of previous studies (Zhang et al., 
2017b, 2017c; Zhou et al., 2017). Therefore, the WRF-Chem model can 
reproduce the pollution characteristics of PM2.5 and O3, and it is 
appropriate to be used for evaluating the impacts of vehicle control 
policies on air quality. 

3. Results and discussion 

3.1. Emissions of pollutants under different scenarios in 2025 

3.1.1. Projection of the vehicle population and emissions of vehicles under 
the base scenario 

In the three regions, the population of vehicles will increase 
continuously through 2025 (see Fig. S1 in the Supporting Information). 
For the growth rate of vehicles, in 2015–2025, the projected average 
annual growth rates of Beijing, Tianjin and Hebei are 4.0%, 5.4% and 
14.5%, respectively. As a result, the population of vehicles in Beijing, 

Table 1 (continued ) 

Scenario Control 
Category 

Region Descriptions References 

industry "13th five- 
year" development 
plan (2016–2020) 

CS Combined 
scenario 

Beijing C1þC2þC3þC4  
Tianjin 
Hebei  
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Tianjin and Hebei in 2025 are estimated to be 8.1 million, 4.8 million 
and 41.1 million, respectively, under the base scenario. That means, in 
the future, the policymakers should pay more attention to the vehicle 
increase in Hebei. The rapid increase of LDPVs is the main contributor to 
the growth of the total population of vehicles, especially in Hebei. Due to 
the increase potential of private cars, the share of LDPVs in total vehicle 
number in Hebei will increase from 63% in 2006 to 92% in 2025. Some 
other vehicles will also increase slightly in the BTH region, while the 
population of MDTs and MDPVs will decrease slightly, which might be 
explained by the change of logistics mode. Hao et al. (2012) reported 
that the share of freight transport volume of MDTs has been and will 
further be taken over by HDTs and semi-trailer towing trucks due to the 
change of highway toll policy for trucks, the rise in oil prices and the 
imposition of fuel taxes. 

Table 2 shows the vehicular emissions in the BTH region in 2025 
under the base scenario and the emissions in 2014 under the real situ
ation. In comparison to the vehicle emissions in 2014, the emissions of 
NOx in 2025 will go up. The emissions of PM2.5 and PM10 will decrease in 

Beijing because of the elimination of high-emission vehicles and the 
implementation of strict emission standards of China IV and China V 
before 2014 in Beijing. All pollutants from vehicle emissions in Hebei 
will increase. The increases can mainly be attributed to the increase in 
the population of LDPVs, HDTs and relatively slack policy on emission 
standards. 

3.1.2. Comparison of emission reduction potentials under five scenarios 
Table 3 shows the emission reduction potentials under five vehicle 

emission control scenarios compared to the base scenario in 2025. The 
emission contributions of difference types of vehicles under these sce
narios are illustrated in Fig. 3. In Tianjin and Hebei, the most effective 
individual vehicle emissions control policies are adopting new vehicle 
standards and improving fuel quality (C2 scenario), which decrease 
primary pollutant emissions by 38.0%–70.3% and 46.0%–81.6%, 
respectively. This is caused mainly by the decreased contribution of 
HDTs to the emission of PM (PM2.5 and PM10) and LDPVs to the emission 
of CO. 

Fig. 2. Comparison of the simulated and observed PM2.5 hourly concentrations in January 2014 (a) and July 2014 (b) and O3 hourly concentrations in January 2014 
(c) and July 2014 (d) in the BTH region. 
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For Beijing, perhaps the most effective individual policy is adopting 
new vehicle standards and improving fuel quality (C2 scenario), which 
will bring a decrease of 26.3%–54.7% for all primary pollutants in 2025, 
compared with the base scenario. In Beijing, developing clean energy 
vehicles (C4) will also bring a large decrease of all pollutants (6.7%– 
13.8%). Under the C4 scenario, Tianjin also has a big reduction in 
vehicular emissions in 2025. Under the C4 scenario, we set the pro
portion of clean energy vehicles based on the real situation. For LDPVs, 
the proportion of BEV was 75% and HEV was 25%. For taxis, the pro
portion of BEV was 100%. For buses, the proportion of CNGV was 50%, 
BEV was 45%, and HEV was 5% (Detailed information was included in 
Table S6 in Supporting Information). HEV has reduction effects on all 
pollutants and BEV could greatly reduce the emissions of NOX, HC, and 
CO. CNGV buses could also decrease the emissions of pollutants, espe
cially CO and PM2.5. As shown in Fig. 3, encouraging the development of 
clean energy vehicles (C4) in Tianjin and Beijing will significantly 
reduce the contribution of taxis to the emissions of CO and HC and buses 
to the emissions of NOx and PM. The promotion of new energy vehicles 
in Hebei Province is not as strong as that in Beijing and Tianjin in the 
future in the C4 scenario. Therefore, the cuts in pollutants under the C4 
scenario in Hebei are weak. 

The license control policy (C1 scenario) for Beijing and Tianjin shows 
a large reduction in CO and HC, because LDPVs are the main contributor 
of the emissions of HC and CO in the BTH region under base scenario in 

2025. Under the C1 scenario, the population of vehicles will be 
controlled by the number of vehicle licenses issued, compared with the 
base scenario. 

It is reasonable that eliminating high-emission vehicles (C3 scenario) 
has low reductions of vehicular emissions in the BTH region in 2025. The 
research results of (Guo et al., 2016) showed that scrapping yellow-label 
vehicles might bring obvious reductions in earlier years. However, the 
effect would decrease gradually in the long term, because the 
high-emission vehicles would have been obsolete in earlier years and 
there are less high-emission vehicles to be scrapped. 

As expected, the CS scenario leads to the biggest cuts in vehicular 
emissions in 2025 among all the scenarios, with a 41.9%–61.8% 
decrease for all the pollutants in Beijing, 50.8%–75.3% in Tianjin and 
47.4%–83.3% in Hebei. 

3.2. Air quality impacts of the vehicle emissions control scenarios in 2025 

To investigate the impacts of vehicle emissions control scenarios on 
the air quality, we employed the WRF-Chem model to simulate PM2.5 
and O3 concentrations under the base and five policy scenarios in 2025. 
Both MEIC and PKU-FUEL inventories were used to provide the emis
sions from other anthropogenic sectors, respectively. The simulation 
results of vehicle emission control policies using two inventories are 
similar with each other (see Fig. 5, Fig. 7 and Fig. S3). In this study, we 
mainly used the simulation results of MEIC inventory, considering the 
consistency of all pollutants in the study. 

3.2.1. PM2.5 concentrations in winter 
Fig. 4 displays the projected spatial distribution of monthly average 

and peak (1 h maximum) PM2.5 concentrations in January 2025 under 
the base scenario. High monthly average PM2.5 concentrations 
(exceeding 80 μg m� 3) could be seen in southern Hebei Province, 
southeast of Beijing, central Tianjin and northeast Hebei Province, 
where there are huge populations, heavy human activities and large 
anthropogenic emissions. The northwestern areas of Beijing and Hebei 
are mountainous areas, where the air is relative clean and the concen
tration of PM2.5 is low. The research of Cai et al. (2017) has a similar 
simulation result for the BTH region in January 2020. The distributions 
of peak values of PM2.5 concentrations in January 2025 are similar to the 
distributions of monthly average values. In Fig. 4, the most serious PM2.5 
pollution occurs in the southern area of Hebei, with a monthly average 
PM2.5 concentration of 124 μg m� 3 and a peak value that could exceed 
500 μg m� 3 in January 2025 under the base scenario. 

Fig. 5(a) illustrates the projected spatial differences of monthly 
average PM2.5 concentrations between the base scenario and vehicle 
control scenarios in the BTH region in 2025. All scenarios will bring 
decreases in PM2.5 concentrations over the BTH region. As expected, the 
CS scenario is the most effective scenario for the reduction of PM2.5 
concentrations, with a maximum decrease of approximately 3.9 μg m� 3. 
Under the CS scenario, the heavily polluted areas in Fig. 4 have prom
inent reduction, in contrast to other areas. The reduction of monthly 
PM2.5 concentration under the CS scenario of Beijing, Tianjin and Hebei 
is1.83, 2.62, 1.49 μg m� 3, respectively, and the reduction rate of 
monthly PM2.5 concentration in the BTH region is 3.6%. We evaluated 
the impact of vehicle emission control policy on the components of 
PM2.5 and we found that under the CS scenario, the monthly nitrate 
concentration and ammonium concentration would reduce 5.8% and 
5.3% in the whole BTH region in January 2025, which are mainly caused 
by the emission reductions of NOx under the vehicle emission control 
policies. For individual scenarios, the C1 scenario (control policy on 
LDPV) leads to reductions for the entire BTH region. Relatively more 
reductions are seen in Beijing (0.14 μg m� 3) and Tianjin (0.21  μg m� 3) 
in comparison with the reduction in Hebei (0.07 μg m� 3), since the 
populations of LDPVs are controlled in Beijing and Tianjin under the C1 
scenario. The C2 scenario (policy on introducing new vehicle emission 
standards and improving fuel quality) causes reductions in the northeast 

Table 2 
Vehicular emissions in the BTH region (104 t) in the 2025 Base Scenario and 
actual results from 2014.  

Region Pollutants Emissions (104 t) 

2014 2025 (Base Scenario) 

Beijing CO 33.19 36.27 
HC 3.99 3.66 
NOx 8.92 11.54 
PM2.5 0.32 0.24 
PM10 0.35 0.26 

Tianjin CO 34.42 30.60 
HC 3.91 2.82 
NOx 7.43 9.62 
PM2.5 0.38 0.30 
PM10 0.42 0.33 

Hebei CO 120.04 216.07 
HC 14.13 19.81 
NOx 42.21 72.72 
PM2.5 2.16 2.31 
PM10 2.40 2.54  

Table 3 
Reduction rates under the vehicle control policies in the BTH region in 2025 
compared with the base scenario.  

Scenario Region CO HC NOx PM2.5 PM10 

C1 Beijing 9.9% 10.9% 0.9% 4.3% 4.0% 
Tianjin 11.2% 11.4% 1.2% 2.0% 1.8% 
Hebei 0.0% 0.0% 0.0% 0.0% 0.0% 

C2 Beijing 26.3% 31.0% 50.2% 53.9% 54.7% 
Tianjin 41.9% 38.0% 51.3% 69.9% 70.3% 
Hebei 47.4% 46.0% 63.9% 81.1% 81.6% 

C3 Beijing 0.7% 0.6% 0.1% 0.0% 0.0% 
Tianjin 2.3% 3.6% 1.7% 2.4% 2.5% 
Hebei 0.4% 0.6% 0.1% 0.1% 0.2% 

C4 Beijing 12.5% 13.8% 7.7% 6.8% 6.7% 
Tianjin 10.6% 11.0% 10.8% 12.2% 12.3% 
Hebei 1.5% 1.3% 2.6% 3.1% 3.1% 

CS Beijing 41.9% 47.8% 53.1% 61.4% 61.8% 
Tianjin 52.5% 50.8% 56.4% 75.0% 75.3% 
Hebei 48.5% 47.4% 65.9% 82.7% 83.3% 

Note: C1, controlling the growth of LDPV; C2, improving new vehicle emission 
standards and fuel quality; C3, eliminating high-emission vehicles; C4, encour
aging the development of clean energy vehicles; CS, combined scenario. 
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area of Hebei, southeast area of Hebei, entire Tianjin and central area of 
Beijing, which are similar to the reductions under the CS scenario. The 
reduction of monthly PM2.5 concentration under C2 scenario of Beijing, 
Tianjin and Hebei is 1.58, 2.27, 1.35 μg m� 3, respectively. The C3 sce
nario (policy on high-emission vehicle elimination) brings a very small 
drop of PM2.5 concentrations in the whole BTH region, an approximate 
0.03 μg m� 3 reduction of the monthly average concentration of PM2.5. 
As mentioned in 3.1.2, eliminating high-emission vehicles has little ef
fect on the reduction of emissions of pollutants in 2025, and thus, this 
simulation result is reasonable. The C4 scenario (policy on introducing 
of clean energy vehicles) leads to a limited reduction of PM2.5 in Beijing 
(0.21 μg m� 3), Tianjin (0.3 μg m� 3) and Hebei (0.12 μg m� 3). A previous 
study (Ke et al., 2016) revealed that in the future the fleet electrification 
in the Yangtze River Delta region in China could have positive effects on 
regional air quality. Here, our results also proved that the promotion of 
clean energy vehicles (HEV, BEV, CNGV) could be beneficial to the 
improvement of regional air quality in the BTH region. 

The impacts of predicted scenarios on the peak values of PM2.5 in 
January 2025 are illustrated in Fig. 5(b). The distributions of the 
reduction of PM2.5 peak values are different from those in Fig. 5(a). 
Under the CS scenario, the reduction of the PM2.5 peak value could reach 
18 μg m� 3 in many parts of the BTH region. In Fig. 5(b), the order of the 
effect of vehicle emission control policies on PM2.5 peak concentrations 
in the BTH region from large to small is CS, C2, C4, C1and C3. 

In general, PM2.5 concentrations in winter can be influenced by the 
emission intensity of pollutants from local sources; a greater reduction of 
pollutant emissions will lead to more decrease of PM2.5 concentration in 
the region. Overall, the drop of the monthly average PM2.5 concentra
tion is significant under the implementation of vehicle emissions control 
policies, indicating that vehicle emissions control policy will have a 
significant effect on the haze pollution reduction in winter in the future, 
and it will help improve air quality to a certain extent. Therefore, it’s 
essential to implement strict control and management measures for on- 
road vehicles. For the peak value, in some areas, the contribution of 

Fig. 3. Emission contributions of difference types of vehicles under different control scenarios in the BTH region in 2025.  
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vehicle emissions reductions might be relatively high, and thus, vehicle 
emissions control policies will play more important roles in some cases, 
such as in emergency pollution control in winter. 

3.2.2. Surface ozone concentrations in summer 
O3, as a secondary pollutant, is mainly formed by the photochemical 

oxidation of CO and VOCs in the presence of nitrogen oxides and sun
light. For the diurnal variations of surface ozone, it usually reaches a 
minimum value early in the morning (2:00–6:00 local time) and reaches 
a maximum value at midday (approximately 15:00 local time) in the 
BTH region (Wang et al., 2014b). The projected spatial distributions of 
monthly average and maximum surface ozone concentrations in July 
under the base scenario in 2025 are illustrated in Fig. 6. The monthly 
averaged O3 is higher in the northwest mountainous area and lower in 

the southeastern plains; this may be caused by the titration effects of 
high NOx emission concentrations in the urban areas (Tang et al., 2012). 
Almost all high peak values of O3 (exceeding 180 ppb) appear in urban 
areas under the base scenario in July 2025. High levels of O3 can be 
found throughout the plains, especially in Beijing and the southern area 
of Hebei. The maximum of peak values of hourly O3 concentrations in 
the BTH region have exceeded 230 ppb, which is more than twice that of 
the second grade hourly O3 concentration limit (200 μg m� 3, approxi
mately 93 ppb) defined by China’s national air quality standard. 

Fig. 7(a) illustrates the spatial differences of monthly average O3 
concentrations between the base scenario and vehicle control scenarios 
in the BTH region in 2025. Under C1 scenario (control policy on LDPVs), 
a decrease of ozone concentration occurs throughout the whole region, 
the decreases in Beijing (0.21 ppb) and Tianjin (0.15 ppb) are bigger due 

Fig. 4. Spatial distribution of monthly average and peak PM2.5 concentrations in January modeled by WRF-Chem for the 2025 base scenario.  

Fig. 5. Spatial differences of monthly average PM2.5 concentrations (a) and peak PM2.5 concentrations (b) between the base scenario and vehicle control scenarios in 
the BTH region in 2025. C1, controlling the growth of LDPV; C2, improving new vehicle emission standards and fuel quality; C3, eliminating high-emission vehicles; 
C4, encouraging the development of clean energy vehicles; CS, combined scenario. 
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to the implementation of license control policy on LDPVs in the two 
cities. Under the C2 scenario (policy on new vehicle emission standards 
and fuel quality) and CS, the reduction of ozone (exceed 3 ppb) is 
remarkable in the northwestern part of the BTH region. However, ozone 
concentrations in the southeastern part of the BTH region increase 
obviously, with a maximum increase of approximately 2 ppb. Previous 
studies showed that the BTH region was a VOC-sensitive region, in 
which the decrease of NOx and increase of VOCs could lead to the in
crease of ozone (Lu et al., 2018). Tang et al. (2012) also reported that 
ozone production in the southern plains and northern mountain areas of 
the BTH region was sensitive to VOCs and NOx in summer, respectively. 
Fig. S2 (in the Supporting Information) shows the difference in the 
spatial distribution of NO2 concentrations between the base and five 

policy scenarios. We found that under the C2 and CS scenarios, the 
southern plains have large reductions in NO2 concentrations, which is 
consistent with the distribution of ozone concentrations in Fig. 7(a); 
thus, the rising ozone concentration can be well explained in these re
gions. A slight decrease (less than 0.1 ppb) of ozone concentration oc
curs in the C3 scenario (policy on high-emission vehicles) throughout 
the whole region. Under scenario C4 (policy on clean energy vehicles), a 
decrease of O3 occurs throughout Beijing (about 0.13 ppb) and Hebei 
Province (0.06 ppb), compared with the base scenario. However, a slight 
increase in O3 concentrations occur in most parts of Tianjin. These re
gions are VOC-sensitive regions, and the phenomenon could also be 
explained by the strong NOx reduction. 

We present the predicted spatial differences of peak values of O3 

Fig. 6. Spatial distribution of monthly average and peak O3 concentrations in July modeled by WRF-Chem for the 2025 base scenario.  

Fig. 7. Spatial differences of monthly average O3 concentrations (a) and peak O3 concentrations (b) between the base scenario and vehicle control scenarios in the 
BTH region in 2025. C1, controlling the growth of LDPV; C2, improving new vehicle emission standards and fuel quality; C3, eliminating high-emission vehicles; C4, 
encouraging the development of clean energy vehicles; CS, combined scenario. 
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concentrations between the base scenario and vehicle control scenarios 
in the BTH region in 2025 in Fig. 7(b). The CS scenario could provide the 
most significant reduction of peak ozone concentrations, with a reduc
tion of more than 15 ppb over most parts of the BTH region. Under all 
the independent scenarios, the peak ozone concentrations will have 
evident declines in most parts of the region. The order of the effects of 
vehicle emission control policies on peak ozone concentrations in the 
BTH region from large to small is CS, C2, C4, C1, and C3. 

It is clear that vehicles are the key source of NOx and an important 
source of VOCs; thus, vehicle emissions control policies will lead to the 
reduction of ozone to a certain degree. However, due to the complexity 
of photochemical processes in the atmosphere, the decrease of these 
pollutants may lead to an increase of ozone concentrations in summer. 

3.3. Uncertainty analysis 

The uncertainty of this study mainly exists in two aspects. One is the 
development of a vehicle emissions inventory. The other is the simula
tion process of WRF-Chem. 

There are uncertainties in the activity data of vehicles, emission 
factors, and the population of vehicles. In this study, we established a 
vehicle emissions inventory based on mature methods, the data obtained 
from governmental agencies, and recent published articles. Due to the 
lack of adequate local data, we made some data assumptions in this 
study, such as simplifying the types of clean energy vehicles, which may 
also lead to some uncertainties in the inventory. Here, the uncertainties 
of HC, NOx, PM2.5, PM10, and CO of the vehicle emissions inventory we 
used are � 45%–67%, � 52%–92%, � 52%–85%, � 52%–85% and 
� 36%–49% respectively, based on the Monte Carlo method (Yang et al., 
2018). We compared the vehicle emission inventories in 2014 with 
previous studies (Table S7 in Supporting Information), and the results 
suggest that the emissions in this study were in the range of results from 
previous studies, which proves that our method and inventories were 
reliable and reasonable. For the predicted vehicle emission inventories, 
we compared the vehicle emissions under the CS scenario in 2025 in this 
study with the vehicle emissions under the CLE scenario in the ECLIPSE 
V5a dataset in 2025 (Fig. S4 in Supporting Information) and the figure 
showed that our results were comparable. For other anthropogenic 
emission sectors, we used two different datasets to make our simulation 
results more reliable. 

During the simulation process using the WRF-Chem model, the 
meteorological conditions in different years may lead to different results 
in emissions reductions. The sensitivity analyses for meteorological 
fields in 2010, 2014 and 2015 in the WRF-Chem model have proved that 
meteorological conditions in 2014 are suitable for the simulation of 
emissions reductions from control policies in China (Peng et al., 2017). 
In addition, the emission inventories, initial and boundary conditions, 
calculation methods of physical and chemical processes, as well as the 
accuracy of weather condition simulations could also affect the simu
lation results. In this study, some methods were used to attempt to 
reduce the uncertainties, such as setting the spin-up time and using the 
MOZART data to provide initial and boundary conditions for the simu
lation and analysis. However, due to the complex calculation processes 
in the chemical transport model, it’s impossible to employ the tradi
tional methods to quantify the uncertainties of simulations using the 
WRF-Chem model, and few studies provided definite uncertainties in 
their simulations. 

For further studies, we expect to obtain more information about 
chemical reaction mechanisms to improve the analysis, and it is desir
able to consider the cost and benefit in policymaking in the future. 

4. Conclusions and recommendations 

In summary, (1) among individual vehicle policies, upgrading new 
vehicle emission standards and fuel quality are the most effective in 
Beijing, Tianjin and Hebei in 2025; (2) vehicle policies will play 

important roles in winter for the reduction of PM2.5 pollution, especially 
for the nitrate aerosols in the future; (3) for surface ozone concentrations 
in summer, vehicle emission control policies will lead to significant 
decreases. However, in some VOC-sensitive areas in the BTH region, 
such as the southern urban areas, significant reduction of NOx may result 
in the rise of ozone concentrations. 

Taking PM2.5 in winter and O3 in summer as the targets of air 
pollution control, the implementation of stringent vehicle emissions 
control in both seasons is effective. In addition, due to the complex 
meteorological conditions and atmospheric chemical reactions, more 
accurate and refined strategies for different locations in the BTH region 
are needed. 
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