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• Anthropogenic emission inventory of air 
pollutants for Hainan Province was 
developed. 

• Vehicle electrification will improve the 
air quality in Hainan. 

• The success in Hainan might help 
encourage further promotion of the 
policy nationally.  
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A B S T R A C T   

To improve the ecological environment, provinces in China have set ambitious goals for the electrification of 
fossil-fuel-powered vehicles (FVs) and the promotion of electric vehicles (EVs). Hainan is the first province to 
propose a clean energy target that schedules the banning of new FVs sales from 2030. Therefore, Hainan is a good 
case study to illustrate how this policy might improve regional air quality over the coming years. This study first 
developed an anthropogenic emission inventory of seven major air pollutants in 2017 in Hainan. The total 
emissions of CO, NOx, NH3, volatile organic compounds (VOCs), PM10 and PM2.5 and SO2 in 2017 were esti
mated as 247.56, 69.61, 61.87, 41.38, 37.02, 19.82, and 8.55 kt, respectively. Using the developed emission 
inventory, multiple scenarios of economic development were considered to assess the benefits to air quality from 
Hainan’s goal of electrification. In comparison with 2017, the reductions in emissions of SO2, NOx, CO, PM10, 
PM2.5, VOCs, and NH3 by 2045 were projected to be 5.45 (11.11%), 275.07 (57.32%), 675.51 (34.07%), 8.39 
(5.73%), 7.73 (8.24%), 81.15 (9.76%), and 4.89 (0.91%) kt, respectively, under the all-electric vehicle scenarios. 
These results indicate that this policy will not only reduce the emission of air pollutants but also avoid complex 
O3 pollution in the future. The findings of this work elucidate the effects of vehicle electrification policies on 
regional air quality and provide scientific support for policymakers in developing pollution control strategies.   
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1. Introduction 

Air pollutants emitted from mobile sources are important contribu
tors to overall air pollution in many cities in China (He et al., 2014; Platt 
et al., 2017). In 2017, transport-related emissions of SO2, NOx, CO, 
PM10, PM2.5, volatile organic compounds (VOCs), and NH3 accounted 
for 3.2%, 35.1%, 18.5%, 5.5%, 7.1%, 16.7%, and 0.42%, respectively, of 
the total air pollutant emissions in China (Li et al., 2017). In comparison 
with fossil-fuel-powered vehicles (FVs), electric vehicles (EVs) offer the 
advantages of benefiting human health and reducing air pollution (Liang 
et al., 2019; Song et al., 2021). In China, the policy of exempting EVs 
from purchase tax has been promoted to encourage sales of EVs 
(Department of Taxation, 2014; 2017, Department of Taxation, 2022). 
Hainan is the first province to propose a clean energy target and to 
schedule the banning of new FVs sales from 2030 and has focused efforts 
on vehicle electrification since 2017. However, there is insufficient 
knowledge on how proposed policies might reduce air pollutant emis
sions and benefit local air quality in Hainan (see Table S13 for policies). 
Therefore, Hainan is a suitable case study of the potential improvement 
in air quality that China might expect from vehicle electrification in 
provinces. 

The benefits of vehicle electrification for local air quality have been 
well documented. For example, the emission reductions powered by 
vehicle electrification in Spain showed that the reduced concentrations 
of NO2 in Barcelona and Madrid were up to 30 and 15 μg/m3, respec
tively (Soret et al., 2014). The emission reduction potentials of CO, 
VOCs, NOx and PM2.5 were 1500, 165, 33.9 and 7.2 kt/yr, respectively, 
with full EV penetration in Taiwan (Li et al., 2016). In addition, a fixed 
EV combination showed that the average concentration of PM2.5 would 
be reduced by 0.4–1.1 μg/m3 annually in the Yangtze River Delta (Ke 
et al., 2017). Therefore, vehicle electrification in Hainan will improve 
the regional air quality through a reduction of air pollutant emissions. 
The Chinese government established a complete industrial system for 
EVs and formulated a Mid-term and Long-term Development Plan for the 
Automobile Industry in 2017 (CGPR, 2017), which will help the devel
opment of vehicle electrification in Hainan. 

The emission of air pollutants in Hainan has been investigated in the 
petrochemical enterprises (Xie et al., 2019) and using the 
Multi-resolution Emission Inventory for China (MEIC) model with a low 
resolution (Cui et al., 2020). However, such studies are not sufficiently 
comprehensive to fully characterize provincial air pollution. Therefore, 
a high-resolution, source-specific, integrated and regularly updated in
ventory of anthropogenic pollutants emitted from multiple sources, 
together with improved knowledge of their spatiotemporal variations in 
Hainan, will provide fundamental information on the regional air 
quality. Such information will not only represent a source of data with 
which to assess the impact of different policies on air quality, but it will 
also support the development of guidelines for regions with comparable 
economic status or for those that might be intending to implement the 
same policies. 

Therefore, this work developed an inventory of pollutant emissions 
in 2017 in Hainan and identified the spatiotemporal variations of 
anthropogenic pollutant emissions from multiple emission sources. On 
the basis of the emission inventory for Hainan province and the declared 
goal of electrification by 2030, this study established a baseline scenario 
and four emission reduction scenarios to compare the effects of the 
policy on the regional air quality. The projected reductions in air 
pollutant emissions attributable to the transition to EVs showed the 
potential effectiveness of the policy in Hainan. The findings may 
encourage further promotion of the policy nationally. 

2. Methods and data 

2.1. Study domain 

Hainan province, which is located in South China (18◦10′–20◦10′ N, 

108◦37′–111◦37′ E), includes 27 regions (cities and counties) covering 
an area of approximately 35,354 km2 (Fig. 1). In 2017, the permanent 
population of Hainan was 9.26 million. The population density is shown 
in Fig. S2. In terms of GDP, Hainan ranked 28th among China’s prov
inces in 2017 (NBSC, 2018), and tourism accounted for 56% of its total 
secondary industry. Hainan has a tropical monsoon climate with mul
tiple natural resources such as rainforests, grasslands, beaches, and 
sunshine, which attracted tens of millions of tourists from China and 
internationally in 2017. The recent rapid development of tourism and 
the increase in the number of FVs (with a vehicle density of 207 vehicles 
per thousand people) have placed considerable pressure on the regional 
atmospheric environment. 

2.2. Emission inventory 

The Emission sources were divided into nine sectors in accordance 
with the socioeconomic characteristics of Hainan, consistent with other 
recent studies in China (Zheng et al., 2020, 2021; Zhou et al., 2021). 
Each sector was then subdivided on the basis of fuel type, consumption 
of the product, and the control technology applied in production. 
Compared with previous studies (Liu et al., 2017; Zhou et al., 2021), the 
sectors of fugitive dust, storage and transportation, waste disposal, road 
dust (recorded as PM10 and PM2.5), and agriculture were also considered 
in this study. The details of the emission source sectors are shown in 
Table S1. 

Activity data were obtained from the 27 regions of Hainan. The 
analysis considered anthropogenic sources (6353 sources were classified 
in Table S1) that emitted substantial volumes of air pollutants, such as 
power plants, the cement industry, the oil industry, and sewage treat
ment plants. Some marine and natural emissions such as those from 
shipping and biogenic air pollutants were not included in this study. 
Field investigations (shown in Section S6), surveys of local pollution 
sources, and information extracted from appropriate literature sources 
were used to collate activity data. The calculation methods, data sour
ces, and emission factors are listed in Sections S1 and S2. The spatial 
allocation and the temporal variation of the emission sources are pre
sented in Section S3. 

2.3. The methodology for Monte Carlo simulations 

Monte Carlo simulations were applied to estimate the uncertainties 
in the derived emissions, and the probability distribution data are pre
sented in Tables S3–S10. Further details on the uncertainty analysis can 
be found in (Zhao et al., 2011). To determine the ranges of uncertainty in 
the estimated pollutant emissions, 10,000 Monte Carlo simulations were 
performed (with a confidence interval of 95%). 

2.4. Emission reduction scenarios 

In accordance with the EV-related policy to reduce air pollutant 
emissions in Hainan, this study established five scenarios (one baseline 
scenario and four emission reduction scenarios) and selected 2017 as the 
base year and 2045 as the end year. According to the Plan for Population 
Development in Hainan (PGHP, 2018), the population will grow over 
the coming decades (see Fig. S7), which could increase the consumption 
of vehicles. The assessment of vehicle pollutant emissions was limited to 
the pollutants directly emitted by the fuel combustion of vehicles rather 
than road dust. The five scenarios are described in the following 
sections. 

2.4.1. Business-as-usual (BAU) scenario 
The BAU scenario, presented as a non-intervention scenario in which 

no further mitigation measures were implemented, was regarded as the 
annual emission ceiling for a certain year. No countermeasures to con
trol vehicles were considered in this BAU scenario, which assumed 
normal rates of renewal and scrappage of vehicles (in accordance with 
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GDP, as shown in Section S4). 

2.4.2. China VI emission standards (CNS) scenario 
Hainan carried out the Limits and measurement methods for emis

sion from light-duty vehicles (China VI) (Ministry of Ecology and 
Environment of the People’s Republic of China, 2016) in 2019. The 
policy was divided into “China VI A′′ and “China VI B". In Hainan, China 
VI A was introduced in 2019. China VI B will be introduced in 2023 and 
contains further emission limits for air pollutant compared with China 
VI A. China VI B is considered the most stringent policy for limiting the 
air pollutant emitted from vehicles (the details were shown in 
Table S16). Thus, the vehicle emissions from 2020 were accessed and 
compared with the scenarios of EVs (methods are shown in Section S4). 

2.4.3. Eliminating public service vehicles (EPV) scenario 
In 2022, the People’s Government of Hainan issued an ambitious 

version of the Plan for Peak Carbon Dioxide Emissions in Hainan, which 
declared that the proportion of clean energy vehicles in public services 
and social operations should increase to 100% by 2025 (PGHP, 2022). 

2.4.4. Eliminating the sale of FVs (ESV) scenario 
On the basis of the plan for 2025, the goal of achieving peak pollutant 

emission reductions in Hainan dictates that no new FVs will be available 
for sale in the market from 2030, and that all new and exchanged ve
hicles must be EVs. 

2.4.5. All-electric vehicles (AEV) scenario 
Under the AEV scenario, all vehicles will be electrified and no air 

pollutants will be emitted directly from electric vehicles by 2045. This is 
based on the final FVs being sold at the end of 2029 and scrapped by 
2045. Therefore, pollutant emissions in 2045 are considered to show the 
greatest benefits for air quality from Hainan’s vehicle electrification. 

The scenarios mentioned above also considered the decline in 
pollutant emissions associated with a reduction in the number of gas 
filling stations because of the sale of EVs. This information is presented 

in Table S12. 

3. Results and discussion 

3.1. Spatiotemporal characteristics of air pollutant emissions 

The emission inventory for Hainan in 2017 is summarized in Table 1. 
Apart from NH3, point sources emitted approximately 41.7%–98.1% of 
the corresponding pollutants. As shown in Fig. 2, subcategory attribu
tion was performed for each major pollutant. The details of the contri
butions from each region can be found in Fig. S1. Stationary combustion 
of fossil fuel was regarded as the largest contributor to the emission of 
SO2, accounting for 45.3% of the total. Power plants, mining and 
manufacturing industries, and cement factories were considered the 
major contributors to SO2 emissions, accounting for 22.5%, 20.5%, and 
19.0% of the fossil-fuel-related SO2 emissions, respectively. 

Mobile sources made a marked contribution to NOx emissions 
(57.6% of the total), followed by stationary combustion of fossil fuel 
sources (22.1%) and industrial processes (20.3%). On-road mobile 
sources emitted 45.7% of the mobile NOx. Trucks comprised only 7% of 
the total number of on-road vehicles, but they made a substantial 
contribution to NOx emissions (66.1% of the total). This reflects the fact 
that trucks burn diesel fuel, which emits large amounts of NOx. Thus, it 
is vital to promote the use of commercial EVs to reduce NOx emissions. 

Both PM10 and PM2.5 were emitted mainly by industrial process 
sources, accounting for 69.2% and 77.6% of the total, respectively. The 
sources of fugitive dust contributed 0.35% and 4.3% of the total emis
sion of PM2.5 and PM10, respectively. Road dust, which has been shown 
to be a significant part of PM (PM10 and PM2.5) (Hua et al., 2019), 
contributed 25.00% and 9.33% of the total emission of PM2.5 and PM10, 
respectively. 

The major contributors to CO emissions were industrial processes 
(48.0% of the total), mobile sources (34.1%), and stationary combustion 
of fossil fuel (18.0%). Overall, 38.6% of VOCs were emitted by industrial 
processes, followed by solvent use (22.9%) and mobile sources (22.0%). 

Fig. 1. Map showing the study domain (Hainan province) and its localization within China.  
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The remaining contributors were passenger cars, transportation and 
storage, and other industrial waste gases, which jointly accounted for 
29.9% of the total emission of VOCs. Emissions of NH3 were mainly 
contributed by agriculture, which accounted for 84.5% of the total NH3 
emissions. Livestock contributed 63.7% of the total NH3 emissions, 
followed by the subcategory of nitrogen-based fertilizer (11.1%). 

The spatial distributions of the seven air pollutants in 2017 in Hainan 
on a 0.05◦ × 0.05◦ grid are shown in Fig. 3. Apart from NH3 and NOx, 
high-level emissions were mainly located in areas along the coast, 
especially in Haikou, Changjiang Li Autonomous County, and Sanya. 
These cities have well-developed industries, heavy traffic, and high- 
density populations (as shown in Fig. S2). 

Monthly production data from different sectors were used to un
derstand the temporal distribution of the emission characteristics from 
various industrial processes. The results are shown in Section S7. For 
example, monthly emissions from power plants were assessed using data 
on electricity generation. 

3.2. Emission analysis under the five scenarios 

The air pollutants emitted from FVs under the BAU scenario are 
shown in Fig. 4. The emissions of the seven air pollutants will continue 
to increase during 2017–2045, which can be attributed to the growth of 
FVs and the development of Hainan’s economy. The total emissions in 
2020, 2025, 2030, and 2045 will be 1.5, 2.6, 3.9, and 5.1 times greater, 
respectively, than those in 2017. To assess the effect of the emission 
reduction policy on pollutant emissions from vehicles, the vehicle 
emission inventories of the rest scenarios for 2020, 2025, 2030, and 
2045 are also illustrated in Fig. 4. 

Under the CNS scenario, in comparison with the BAU scenario in 
2020, reductions in emissions were contributed by CO (0.44 kt), and the 
other emissions were the same as the BAU scenario in 2020. This can be 
attributed to the similarity between China VI A and China V. In 2025, 

China VI (A and B) will both be operating at the same time so that the 
emissions from CNS were lower than those in the BAU scenario and the 
EPV scenario (carried out in 2025 with less development). The CNS 
emissions scenario in 2030 was lower than the EPV scenario and close to 
the ESV scenario. In 2045, the emissions of the CNS scenario were lower 
than the BAU scenario and close to the EPV scenario. Therefore, in terms 
of emissions, the CNS scenario seems to have the same effect as the 
incomplete EV scenarios (EPV and ESV). However, compared with the 
EV scenarios, it still emitted substantial air pollutants and consumed 
fossil fuels. 

Under the EPV scenario, in comparison with the BAU scenario, re
ductions in vehicle emissions of SO2, NOx, CO, PM10, PM2.5, VOCs, and 
NH3 by 2025 were projected to be 0.19, 14.42, 22.01, 0.42, 0.38, 1.82, 
and 0.07 kt, respectively, with vehicle emissions reduction rates of 
11.69%, 17.53%, 10.90%, 16.87%, 16.51%, 7.55%, and 4.51%, 
respectively. 

Under the ESV scenario, in comparison with the BAU scenario, re
ductions in vehicle emissions of SO2, NOx, CO, PM10, PM2.5, VOCs, and 
NH3 by 2030 were projected to be 0.43, 28.42, 51.31, 0.84, 0.77, 5.04, 
and 0.84 kt, respectively, with vehicle emissions reduction rates of 
17.87%, 23.30%, 17.13%, 22.69%, 23.35%, 14.02%, and 7.72%, 
respectively. According to the Hainan Provincial Air Quality Bulletin 
(CNEMC, 2018), PM (i.e., PM10 and PM2.5) is a major pollutant affecting 
the atmospheric environment in the province. On the basis of the 
emission inventory established in this study, the priority should be to 
enhance emission control standards for factories and vehicles. Fortu
nately, with the development of EVs, the emissions of PM were projected 
to be reduced by more than 20% in the ESV scenario and by approxi
mately 15% in the EPV scenario. In comparison with the BAU scenario in 
2045, the EPV scenario will still contribute to the reduction of air 
pollutant emissions. Because the target date of the ESV policy was 2030, 
emissions of air pollutants will reduce continuously until Hainan ach
ieves its AEV goal. 

Table 1 
Emission inventory for Hainan province in 2017 in kilotonnes (kt).  

Category SO2 NOx PM10 PM2.5 CO VOCs NH3 

Stationary combustion of fossil fuel 3.88 15.26 0.42 0.25 44.34 4.74 1.63 
Industrial processes 3.72 14.46 25.62 15.38 118.87 19.95 6.16 
Solvent use      11.27  
Mobile sources 0.95 39.90 1.59 1.48 84.35 1.80 0.56 
Agriculture       52.27 
Fugitive dust   0.13 0.85    
Storage and transportation      2.24  
Waste disposal      1.39 1.25 
Road Dust   9.25 1.85    
Total 8.55 69.62 37.01 19.81 247.56 41.39 61.87  

Fig. 2. Emission contributions by subcategory for Hainan province in 2017.  
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Fig. 3. Spatial distribution of air pollutant emissions in Hainan province in 2017.  
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Under the AEV scenario, in comparison with the BAU scenario, re
ductions in vehicle emissions of SO2, NOx, CO, PM10, PM2.5, VOCs, and 
NH3 by 2045 were projected to be 3.19, 161.54, 396.71, 4.93, 4.54, 
47.66, and 2.87 kt, respectively, with vehicle emissions reduction rates 
of 100% since all vehicles will be electrified and no air pollutants will be 
emitted directly from electric vehicles under the AEV scenario. Addi
tionally, emission reductions of SO2, NOx, CO, PM10, PM2.5, VOCs, and 
NH3 account for 11.11%, 57.32%, 34.07%, 5.73%, 8.24%, 9.76%, and 
0.91%, respectively, of the total anthropogenic emissions in 2045. 

The benefits to human health and air quality from the reduction of 
vehicles will be greater than those related to the reduction of emissions if 
Hainan’s policy is achieved on time between 2030 and 2045. For 
example, a reduction in emissions of NOx and VOCs, which are impor
tant precursors in the process of O3 formation, could substantially 
reduce the frequency and harm from O3 pollution to air quality and 
human health. According to the study in Taiwan (with similar vehicle 
density and regional area as Hainan), the researchers evaluated the 
benefits of a full EV scenario to air quality with a Weather Research and 
Forecasting Community Multiscale Air Quality (WRF-CMAQ) model, 
showing that a full EV scenario could reduce annual days of O3 pollution 
by ~40% (Li et al., 2016). Studies in other countries also have confirmed 
that EV scenarios can reduce O3 pollution (Ke et al., 2017; Schnell et al., 
2019). Although the reduction in PM emissions associated with the 
process of transition to EVs is not as obvious as the reduction in emis
sions of NOx and VOCs, it would contribute to a reduction in the accu
mulated O3 through coordinated control of PM2.5 and O3. Furthermore, 
during the process of transition to EVs, the emission of VOCs from gas 
filling stations will diminish; that is, in 2045, approximately 19 kt of 
VOCs would be emitted by gas filling stations without the transition to 
EVs (Table S12). Owing to the improvement of regional air quality, 
Hainan could expect to attract more national and international tourists 
and achieve a more prosperous tourism industry. The objectives of the 
policies implemented in Hainan are not only to improve air quality and 
human health, but also to encourage further economic development. 

3.3. Comparisons and uncertainty 

To evaluate the quality of our results, we compared the new in
ventory with the MEIC (Table S14), which also included Hainan in 2017 
(Li et al., 2017). The calculated emissions of five pollutants (NH3, VOCs, 
CO, NOX, and SO2) in the MEIC were higher than in our inventory, which 
might reflect differences in activity data and emission factors. In terms of 
activity data, the results of this study, based on city-level information, 

considered more accurate than either continental-level or national 
emission estimates. Furthermore, differences in the emission source 
classification between the MEIC (five source categories) and this study 
(eight categories) will have caused certain discrepancies. In particular, 
the MEIC excluded fugitive dust, which was a major source of PM10 and 
PM2.5. Therefore, in comparison with the MEIC, we believe that our new 
emission inventory represents a more comprehensive characterization of 
pollutant emissions in Hainan. 

The results of Monte Carlo simulations were summarized in 
Table S15. The calculations of residential combustion and non-road 
mobile sources produced the highest uncertainties. Uncertainty in 
relation to residential combustion sources was high because of fuel 
combustion disparities between cities and the limited data available 
from field surveys. Emission factors and the classification of vehicles 
might represent the major contributors to the uncertainty in the emis
sions of non-road mobile sources. Moreover, the parameters selected to 
calculate the agricultural and construction machinery activity statistics 
for the non-road mobile sources also included some degree of uncer
tainty. High levels of uncertainty were also linked with the emission of 
pollutants related to residential combustion, mobile sources, and in
dustrial processes (e.g., NOx, VOCs, PM10, CO, and PM2.5). The emission 
uncertainty of SO2 was low because the primary contributors to emis
sions were point sources with fossil fuel consumption. Finally, un
certainties related to livestock and nitrogen-based fertilizer application, 
the primary contributors to NH3 emissions, were attributable to insuf
ficient statistics, uncertainty with regard to fertilization time, and local 
meteorological conditions. 

Except for the uncertainty of the emission inventory, there were 
situations that this study did not consider and these may increase the 
uncertainty of the results. According to the Hainan statistical yearbook 
(HPSC and NBSC, 2018), the energy structure of Hainan was composed 
of coal (34%), crude oil (32%), natural gas (15%), and primary elec
tricity (19%). According to our previous research (Han et al., 2019), 
after the full implementation of ultra-low emission policies, the annual 
average concentration of SO2 and PM2.5 for each city will be reduced by 
57% and 69%, respectively. Furthermore, the research on EVs promo
tion of air quality co-benefits coupled with power plants emissions 
confirmed that the additional air pollutant emissions associated with the 
development of EVs will be acceptable (Lin et al., 2020). Emission re
ductions would be affected by the migratory people, which reached 1.30 
million in Hainan in 2017 (HPSC and NBSC, 2018). However, the use of 
EVs for migratory people and the resulting air pollutant emissions re
ductions were not considered in this study. 

4. Conclusions 

To evaluate the benefits for air quality of the transition to EVs in 
Hainan over the coming decades, this study established a high- 
resolution (5 km) emission inventory of seven air pollutants for 2017. 
On the basis of this emission inventory, four scenarios were adopted to 
determine the extent to which emissions of air pollutants could be 
reduced in comparison with the BAU scenario. In terms of the air 
pollutant emissions, the CNS scenario seemed to be similar to the 
incomplete EV scenarios (EPV and ESV). However, compared with the 
AEV scenario, the CNS scenario still emitted substantial amounts of air 
pollutants and consumed fossil fuels. The results also showed that 
replacing public service vehicles and private vehicles with EVs would 
lead to a moderate reduction in the trend of increase in emissions of air 
pollutants by 2025. Thus, a stricter policy that includes banning the sale 
of new FVs by 2030 has been proposed in Hainan to reduce emissions 
levels. Under the ESV and AEV scenarios, the rate of reduction in 
emissions of NOx would increase from 15% to 55%, which suggests that 
the goal of reducing air pollutants in Hainan could improve the regional 
air quality and further stimulate its economic development. Moreover, 
the success in Hainan with regard to the transition to EVs can be 
considered an excellent example for promoting the adoption of EVs 

Fig. 4. Emission inventories of vehicles under different scenarios.  
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nationally. 
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