
ABSTRACT According to the 2018 National Air Pollutant Emissions Inventory (NEI), air 
pollutant emissions in the Republic of Korea comprised 808,801 tons of CO, 1,153,265 
tons of NOX, 300,979 tons of SOX, 617,481 tons of TSP, 232,993 tons of PM10, 98,388 tons 
of PM2.5, 15,562 tons of black carbon (BC), 1,035,636 tons of VOCs, and 315,975 tons of 
NH3. As for national emission contributions to primary PM2.5 and PM precursors (NOX, 
SOX, VOCs, and NH3), major source categories were the road sector for NOX, the industry 
sector for SOX and PM2.5, and the everyday activities and others sector for VOCs and NH3. 
In the case of emissions by region, the largest amount of NOX was emitted from the 
Seoul Metropolitan Areas (SMA; Seoul, Incheon, and Gyeonggi-do, hereafter SMA) and 
the largest amounts of SOX, PM2.5, VOCs, and NH3 were from the Yeongnam region. A 3D 
chemical transport modeling system was used to examine the uncertainty of the nation-
al air pollutant emissions based on the National Emission and Air Quality Assessment 
System (NEAS). Air quality was simulated using CAPSS 2018, and the simulation data 
were compared with observed concentrations to examine the uncertainties of the cur-
rent emissions. These data show that emissions from five si (cities) (Pohang, Yeosu, 
Gwangyang, Dangjin, and Ulsan) need to be improved. Most of all, it is necessary to 
examine the emissions from places of business that use anthracite, which is the major 
PM2.5 emission source, as fuel in these areas. 
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1. INTRODUCTION

The government of the Republic of Korea announced the Comprehensive Mea-
sures on Fine Dust Management that aims to reduce particulate matter (PM) emis-
sions by 30% (MOE, 2017), and implemented the strengthened plan on fine dust 
management for emergency and on a regular basis, which includes emergency 
reduction measures conducted during the periods recording high PM concentra-
tions (MOE, 2018). However, the annual mean atmospheric concentration of 
PM2.5 in 2018 was 23 μg/m3, which exceeded the criterion of Korea (15 μg/m3) 
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(MOE, 2019). Evidently, despite these aggressive reduc-
tion efforts of the government, atmospheric PM2.5 con-
centrations were not significantly reduced and high PM 
concentrations were not mitigated while public aware-
ness is low. Therefore, the Comprehensive Plans for Fine 
Dust Management and plan on air Environment Man-
agement by Region (SMA, Central area, Southern area, 
and Southeast area) were established and implemented 

(Kim et al., 2022; MOE, 2020; MOE, 2019). 
Since the characteristics of pollutant emission differ by 

area, it is necessary to identify the major emission sourc-
es and analyze their emission contributions to effectively 
improve PM emissions (Bae et al., 2021). Air pollutant 
emissions have different characteristics in different 
regions depending on the topography and industrial 
structure. For example, SMA has the largest amounts of 
car-related pollutants in Korea as it has 50% of the coun-
try’s total population and cars; whereas, Gangwon-do’s 
annual air pollutant emissions are relatively low because 
of small population and underdevelopment of industrial 
complexes, which is the result of its mountainous topog-
raphy (NAIR, 2021). In recent years, research has been 
conducted on the PM concentrations and emission sta-
tus considering such regional characteristics (Gong et al., 
2021; Hwang et al., 2021), and mutual impacts among 
neighboring areas, caused by PM emissions, have been 
analyzed (Kim et al., 2021a, b, c; You et al., 2020).

NAIR assesses and publishes the emissions of 9 air 
pollutants (CO, NOX, SOX, TSP, PM10, PM2.5, black 
carbon [BC], VOCs, and NH3) for 17 dos (provinces) 

and metropolitan cities and 250 si (city), gun (county), 
gu (district) every year (note: Emissions from the sea 
were managed separately) (Choi et al., 2021). Based on 
this, the central and local governments need to estab-
lish customized PM reduction measures to protect the 
health and property of local residents and minimize the 
economic loss of industries.

In this study, the 17 dos (provinces) and metropoli-
tan cities were classified into 5 regions (SMA, Gang-
won region, Chungcheong region, Honam region, and 
Yeongnam region) and changes in air pollutant emis-
sions by region were analyzed using the 2018 national 
air pollutant emission estimation results. In addition, 
the uncertainty of domestic emissions was examined 
by region and pollutant through a comparison between 
the simulated concentrations using 3D chemical trans-
port model with ground level observed concentrations.

2.  NATIONAL AIR POLLUTANT 
EMISSION ESTIMATION METHOD 
AND IMPROVEMENTS

As for national air pollutant emissions, the measure-
ment-based emission data of a tele-monitoring system 

(TMS) were utilized, as it was in previous studies (Choi 
et al., 2021; Choi et al., 2020; Yeo et al., 2019), or the 
emissions of 9 pollutants (e.g., PM2.5, NOX, and SOX) 
were estimated in 13 first-level categories, 56 second-lev-
el categories, and 240 third-level categories by applying 

Table 1. Improvements in the emission estimation method.

Category Improvement

Activity
data

<Road transport>
-  A change in the method of counting the number of registered cars aged 10‒15 years 

(integrated model year counting → individual model year counting)
● (Before change) 10 to <15 years 
● (After change)<15 years, <14 years, <13 years, <12 years, and <11 years

<Non-road transport>
- (Construction equipment) An increase in the maximum car age subjected to the deterioration rate from 20‒30 years
-  (Marine ships) An improvement in fuel consumption for passenger ships and fishing boats as well as subdivided criteria 

for the application of the sulfur content by oil type
 → Detailed classification of the fuels used for each ship 

<Agriculture>
- An improvement in the method of counting livestock population

● (Before change) Collect the latest information on the number of livestock population in as of fourth quarter 
●  (After change) Collect the latest information on the number of livestock population as of the first, second, third,  

and fourth quarters
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approximately 30,000 emission factors using approxi-
mately 300 statistical data from approximately 150 relat-
ed organizations (e.g., pollutant-emitting places of busi-
ness, and those related to transportation and meteorolo-
gy) as activity data (NAIR, 2022). There were improve-
ments in emission estimation method compared to 
2017; The way to collect the activity data from road 
transport, non-road transport, and agriculture were 
improved. The details are as follows (NAIR, 2021) (Ta-
ble 1).

3.  2018 NATIONAL AIR POLLUTANT 
EMISSION ESTIMATION RESULTS

3. 1  National Air Pollutant Emissions
In the 2018 NEI, the national emissions of air pollut-

ants comprised 808,801 tons of CO; 1,153,265 tons of 
NOX; 300,979 tons of SOX; 617,481 tons of TSP; 232,993 
tons of PM10; 98,388 tons of PM2.5; 15,562 tons of BC; 
1,035,636 tons of VOCs; and 315,975 tons of NH₃ (Table 
2).

The emission contributions of different emission 

Table 2. 2018 air pollutant emissions and contributions by first-level category of emission sources. (Unit: metric tons/year)

Source
category CO NOX SOX TSP PM10 PM2.5 BC VOCs NH3

Total
808,801 1,153,265 300,979 617,481 232,993 98,388 15,562 1,035,636 315,975
100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%

Energy
production

69,972 104,420 65,868 4,305 3,975 3,308 405 9,161 1,626
8.7% 9.1% 21.9% 0.7% 1.7% 3.4% 2.6% 0.9% 0.5%

Non industry
58,172 87,599 16,566 1,439 1,269 890 172 2,936 1,414

7.2% 7.6% 5.5% 0.2% 0.5% 0.9% 1.1% 0.3% 0.4%

Manufacturing
industry

20,060 168,967 78,867 117,150 68,315 35,099 753 3,579 737
2.5% 14.7% 26.2% 19.0% 29.3% 35.7% 4.8% 0.3% 0.2%

Industrial
processes

27,866 57,020 107,353 11,975 6,758 5,189 15 188,247 45,981
3.4% 4.9% 35.7% 1.9% 2.9% 5.3% 0.1% 18.2% 14.6%

Energy transport
and storage

30,770
3.0%

Solvent use
547,353

52.9%

Road transport
213,568 406,227 217 8,858 8,858 8,149 4,935 43,658 3,322

26.4% 35.2% 0.1% 1.4% 3.8% 8.3% 31.7% 4.2% 1.1%

Non-road
transport

195,020 307,942 29,831 17,236 17,232 15,981 7,014 67,867 126
24.1% 26.7% 9.9% 2.8% 7.4% 16.2% 45.1% 6.6% 0.04%

Waste
1,954 12,492 2,202 338 245 209 3 57,735 22
0.2% 1.1% 0.7% 0.1% 0.1% 0.2% 0.02% 5.6% 0.01%

Agriculture
249,777

79.0%

Other
7,556 184 560 356 320 19 737 12,957
0.9% 0.02% 0.1% 0.2% 0.3% 0.1% 0.1% 4.1%

Fugitive dust
427,916 112,472 18,025 121

69.3% 48.3% 18.3% 0.8%

Biomass burning
214,632 8,413 76 27,703 13,514 11,217 2,125 83,592 14

26.5% 0.7% 0.03% 4.5% 5.8% 11.4% 13.7% 8.1% 0.00%
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Fig. 1. 2018 emission contributions of different emission source categories by pollutant.
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source categories by pollutant were as follows: biomass 
burning (26.5%), road transport (26.4%), and non-road 
transport (24.1%) for CO; road transport (35.2%), non-
road transport (26.7%), manufacturing industry (14.7%) 
for NOX; industrial process (35.7%), manufacturing 
industry (26.2%), energy production (21.9%) for SOX; 
manufacturing industry (35.7%), fugitive dust (18.3%), 
non-road transport (16.2%) for PM2.5; solvent use 

(52.9%), industrial process (18.2%) for VOCs; agricul-
ture (79.0%), industrial process (14.6%) for NH3

 (Fig. 1).
For primary PM2.5 and PM precursors (NOX, SOX, 

VOCs, and NH3), the 13 first-level source categories were 
classified into five sectors (energy, industry, road, non-
road, and everyday activities and others), as presented in 
Table 3. The national air pollutant emissions in 2018 were 
compared with those in 2017, and major causes of chang-
es in emissions were analyzed. 

NOX emissions decreased by 3.1% compared to the 
previous year due to the replacement old cars with new 
cars in the road sector and the reinforcement of the emis-
sion control for power plants in the energy sector. SOX 
emissions decreased by 4.6% compared to the previous 
year due to the reduction in fuel consumption (including 
B-C oil) of power plants and strengthened emission con-
trol. PM2.5 emissions increased by 7.3% due to the 
increase in the number of ships and construction mac-
hinery registrations in the non-road sector. VOCs emis-

sions decreased by 1.1% compared to the previous year 
due to the decline in paint supply in the everyday activi-
ties and others sector. NH3 emissions increased due to 
the increase in fertilizer consumption and the number of 
livestock population in the everyday activities and others 
sector (Fig. 2). 

3. 2   Comparison of Air Pollutant Emissions by 
Region

To examine air pollutant emission characteristics and 
changes in emissions by region in Korea, the 17 dos 

(provinces) and metropolitan cities were grouped into 
the following five regions: SMA (Seoul, Incheon, and 
Gyeonggi-do), Gangwon region (Gangwon-do), Chun-
gcheong region (Daejeon, Sejong, Chungcheongbuk-do, 
and Chungcheongnam-do), Honam region (Gwangju, 
Jeollabuk-do, and Jeollanam-do), and Yeongnam region 

(Busan, Daegu, Ulsan, Gyeongsangbuk-do, and Gyeong-
sangnam-do) (Table 4).

To examine pollutant emission characteristics by 
region, the current status of factors related to major pol-
lutant emission, such as population, economy, large-scale 
places of business, cars, and construction machinery, was 
analyzed. For the analysis of the current status of the 
economy by region, Gross Regional Domestic Product 

(GRDP) data published by the Korean Statistical Infor-
mation Service (KOSIS) were utilized. GRDP is the sum 

Table 3. Emission source classification.

             Classification                                                                  Source category

Energy
(oil refinery not included)

Energy production
(public power generation, private power generation, and district heating)

Industry
(oil refinery included)

Manufacturing industry
Industrial processes
Waste
Oil refinery

Road Road transport
(passenger cars, vans, buses, freight cars, special cars, RVs, and two-wheeled vehicles)

Non-road Non-road transport
(railroads, ships, agricultural machinery, and construction machinery)

Everyday activities and others

Non-industry
Energy transport and storage
Solvent use
Agriculture
Others
Fugitive dust
Biomass burning
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of the market prices of all final goods and services pro-
duced in a fixed economic zone for a certain period of 
time. It is used to establish local financial and economic 
policies because it comprehensively represents the status 
of the local economy. As of 2018, SMA showed the high-

est values and proportions for both population (49.8%) 
and GRDP (52.2%), followed by the Yeongnam, Chun-
gcheong, Honam, and Gangwon regions, and Jeju Island 

(Table 5). 
According to the analysis results, the Yeongnam region 

Fig. 2. 2018 Air pollutant emissions by sector.

(Unit: metric tons/year)

Table 4. Classification of administrative districts by region.

           Region Administrative divisions Region Administrative divisions

SMA

Seoul

Honam region

Gwangju

Incheon Jeollabuk- do
Jeollanam-do

Gyeonggi-do

Yeongnam region

Busan

Gangwon region Gangwon-do Daegu

Chungcheong region

Daejeon Ulsan

Sejong Gyeongsanbuk-do
Gyeongsangnam-do

Chungcheongbuk-do
Chungcheongnam-do Others Jeju Island
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had the largest number of large-scale places of business 

(annual pollutant emissions>20 tons; 37.5%), followed 
by SMA (24.4%) and the Chungcheong region (19.1%). 
For the analysis of construction machinery, SMA had the 
largest number of registered vehicles (44.5%) and exca-
vators (33.5%), followed by the Yeongnam region (26.8 
and 27.3%, respectively) (Table 6).

Table 7 and Fig. 3 show the emissions by administrative 
division and region in 2018. SMA exhibited the largest 
emissions of CO (238,525 tons; 29.5%), NOX

 (322,296 
tons; 27.9%), and BC (5,215 tons; 33.5%). The Yeong-
nam region recorded the largest emissions of SOX

 

(113,601 tons; 37.7%), TSP (189.829 tons; 30.7%), PM10
 

(72,160 tons; 31.0%), PM2.5
 (32,945 tons; 33.5%), VOCs 

(344,649 tons; 33.3%), and NH3
 (81,881 tons; 25.9%).

The analysis on the major cause of changes in emis-
sions and the comparison of regional and sectoral emis-
sions based on emissions by region and pollutant is pre-
sented in the next section.

3. 2. 1  Analysis of Changes in Emissions for SMA
Almost half of the national population of Korea is con-

centrated in SMA, which consists of Seoul Metropolitan 
City (the capital), Incheon, and Gyeonggi-do, as it is the 
center of politics, economy, society, and culture. To 
improve the air pollution of SMA caused by high popu-
lation density, traffic congestion, and industrialization, a 
separate law (Special Act On The Improvement Of Air 
Quality In Seoul Metropolitan Area, 2003) was enacted. 
Based on this, the Air Quality Management Plan in 
Seoul Metropolitan Area (2005) has been established 
and implemented. The plan includes strengthening of 
vehicle emission standards, supply of eco-friendly vehi-
cles and expansion of infrastructure, details regarding 
total air pollutant emissions limitations for places of 
business, mandatory installation of VRU at gas stations, 
reinforcing the management of fugitive dust from vacant 
lands and places of business.

The population and economy indicators showed that 
SMA had the largest population (approximately 49.8%) 
and recorded the highest GRDP (approximately 52.2%) 
in 2018. The electric, electronic, and precision instru-
ment manufacturing sector constituted the highest pro-
portion of GRDP.

Air pollutant emissions from SMA in 2018 were esti-
mated to be 17,162 tons of PM2.5, 22,120 tons of SOX, 
322,296 tons of NOX, 318,393 tons of VOCs, and 58,023 
tons of NH3. In addition, the contributions of each pollut-
ant to the national emissions were as follows: PM2.5

 

(17.4%), SOX
 (7.3%), NOX

 (27.9%), VOCs (30.7%), 
NH3

 (18.4%). PM2.5 and VOCs emissions increased by 
4.4% and 1.1% compared to the previous year, while SOX, 

Table 5. GRDP by region in 2018.

Population 

(thousands)
GRDP 

(trillion)

Nationwide 51,826 100.0% 1,903 100.0%
SMA 25,797 49.8% 992 52.2%
Gangwon region 1,543 3.0% 47 2.5%
Chungcheong region 5,530 10.7% 238 12.5%
Honam region 5,179 10.0% 166 8.7%
Yeongnam region 13,110 25.3% 440 23.1%
Jeju Island 667 1.3% 20 1.1%

Source: KOSIS (Korean Statistical Information Service)

Table 6. Current Status of places of business and the number of registered cars and construction machinery by region in 2018

Region

Places of business1) Cars2) Construction machinery3)

Number of 
registrations Proportion (%) Number of 

registrations Proportion (%) Number of 
registrations Proportion (%)

SMA 1,000 24.4 10,319,869 44.5 168,093 33.5
Gangwon region 123 3.0 766,374 3.3 26,442 5.3
Chungcheong region 783 19.1 2,726,164 11.7 79,053 15.8
Honam region 644 15.7% 2,612,334 11.3% 82,348 16.4%
Yeongnam region 1,539 37.5% 6,224,236 26.8% 136,966 27.3%
Jeju Island 15 0.4% 553,578 2.4% 8,744 1.7%
Total 4,104 100.0% 23,202,555 100.0% 501,646 100.0%

*Sources: 1) Stack Emission Management System (SEMS), National Air Emission Inventory and Research Center, Ministry of Environment (Places of business 
represent large-scale places of business with annual NOX, SOX, and TSP emissions>20 tons)
2) Number of registered cars: KOSIS (Korean Statistical Information Service)
3) Number of registered construction machinery: Ministry of Land, Infrastructure and Transport



                       Asian Journal of Atmospheric Environment, Vol. 16, No. 4, 2022084, 2022

8      www.asianjae.org

Table 7. Air pollutant emissions by administrative divisions in 2018. (Unit: metric tons/year)

Dos (provinces) and metropolitan cities CO NOX SOX TSP PM10 PM2.5 BC VOCs NH3

Total 808,801 1,153,265 300,979 617,481 232,993 98,388 15,562 1,035,636 315,975
100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%

SMA

Seoul 59,091 88,319 1,095 31,069 15,130 3,973 1,498 72,393 3,469
7.3% 7.7% 0.4% 5.0% 6.5% 4.0% 9.6% 7.0% 1.1%

Incheon 42,473 54,996 12,165 22,496 7,601 2,701 607 55,061 7,166
5.3% 4.8% 4.0% 3.6% 3.3% 2.7% 3.9% 5.3% 2.3%

Gyeonggi-do 136,960 178,981 8,859 84,050 31,342 10,488 3,110 190,940 47,387
16.9% 15.5% 2.9% 13.6% 13.5% 10.7% 20.0% 18.4% 15.0%

Sub total 238,525 322,296 22,120 137,615 54,074 17,162 5,215 318,393 58,023
29.5% 27.9% 7.3% 22.3% 23.2% 17.4% 33.5% 30.7% 18.4%

Gangwon 
region Gangwon-do 50,996 79,834 13,802 36,165 9,772 4,109 749 30,263 14,848

6.3% 6.9% 4.6% 5.9% 4.2% 4.2% 4.8% 2.9% 4.7%

Chungcheong
region

Daejeon 10,660 16,051 492 5,271 1,908 653 219 16,758 764
1.3% 1.4% 0.2% 0.9% 0.8% 0.7% 1.4% 1.6% 0.2%

Sejong 4,956 5,260 80 2,500 1,024 345 123 5,962 2,760
0.6% 0.5% 0.0% 0.4% 0.4% 0.4% 0.8% 0.6% 0.9%

Chungcheongbuk-do 42,067 60,899 7,223 32,096 9,462 3,591 853 43,144 16,981
5.2% 5.3% 2.4% 5.2% 4.1% 3.7% 5.5% 4.2% 5.4%

Chungcheongnam-do 65,226 107,613 69,989 81,841 37,203 18,129 1,318 78,132 53,163
8.1% 9.3% 23.3% 13.3% 16.0% 18.4% 8.5% 7.5% 16.8%

Sub total 122,909 189,823 77,784 121,708 49,598 22,719 2,513 143,997 73,667
15.2% 16.5% 25.8% 19.7% 21.3% 23.1% 16.1% 13.9% 23.3%

Honam
region

Gwangju 7,956 12,270 173 5,225 1,710 546 153 15,722 968
1.0% 1.1% 0.1% 0.8% 0.7% 0.6% 1.0% 1.5% 0.3%

Jeollabuk-do 46,257 38,562 3,761 42,097 10,629 3,563 773 69,846 35,197
5.7% 3.3% 1.2% 6.8% 4.6% 3.6% 5.0% 6.7% 11.1%

Jeollanam-do 64,643 105,269 58,621 71,464 28,206 13,156 1,130 88,958 43,727
8.0% 9.1% 19.5% 11.6% 12.1% 13.4% 7.3% 8.6% 13.8%

Sub total 118,856 156,101 62,555 118,787 40,545 17,265 2,056 174,525 79,892
14.7% 13.5% 20.8% 19.2% 17.4% 17.5% 13.2% 16.9% 25.3%

Yeongnam
region

Busan 26,662 49,951 7,897 17,031 6,886 2,644 525 42,340 1,620
3.3% 4.3% 2.6% 2.8% 3.0% 2.7% 3.4% 4.1% 0.5%

Daegu 17,213 26,370 2,595 10,708 3,911 1,294 338 31,875 1,668
2.1% 2.3% 0.9% 1.7% 1.7% 1.3% 2.2% 3.1% 0.5%

Ulsan 31,400 48,719 42,794 8,932 4,080 2,274 298 91,961 15,129
3.9% 4.2% 14.2% 1.4% 1.8% 2.3% 1.9% 8.9% 4.8%

Gyeongsangbuk-do 96,585 104,098 37,718 107,358 45,300 22,007 2,055 89,304 36,544
11.9% 9.0% 12.5% 17.4% 19.4% 22.4% 13.2% 8.6% 11.6%

Gyeongsangnam-do 49,199 73,050 22,596 45,799 11,984 4,726 1,031 89,168 26,920
6.1% 6.3% 7.5% 7.4% 5.1% 4.8% 6.6% 8.6% 8.5%

Sub total 221,058 302,187 113,601 189,829 72,160 32,945 4,248 344,649 81,881
27.3% 26.2% 37.7% 30.7% 31.0% 33.5% 27.3% 33.3% 25.9%

Jeju-do 11,130 17,285 1,836 10,028 3,495 1,065 223 9,000 7,655
1.4% 1.5% 0.6% 1.6% 1.5% 1.1% 1.4% 0.9% 2.4%

Sea* 45,327 85,739 9,282 3,349 3,349 3,123 557 14,809 8
5.6% 7.4% 3.1% 0.5% 1.4% 3.2% 3.6% 1.4% 0.0%

*Sea: Air pollutant emissions from maritime transport such as ships and fishing boats
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Fig. 3. 2018 Air pollutant emissions by administrative division (Unit: metric/km2).

 <NOX> <SOX>

 <PM2.5> <VOCs>

 <NH3>
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NOX, and NH3 emissions decreased by 10.8%, 0.2%, and 
0.2%, respectively. Meanwhile, the contributions of NOX 
and SOX to the emissions from the road and industry sec-
tor respectively were the largest compared to other pollut-
ants. In addition, PM2.5, VOCs, and NH3 contributed the 
largest to the emissions from the everyday activities and 
others sector (Fig. 4).

SMA’s emissions from the road transport recorded the 
largest compared to other regions as it recorded the larg-
est number of vehicles registered (44.5%), and VKT 
(40.5%) (PM2.5 36.1%, SOX 40.2%, NOX 38.9%, VOCs 
46.9%, and NH3 40.9%). SOX, NOX, VOCs, and NH3 
emissions decreased compared to those of the previous 
year. This is due to the replacement of old vehicles with 
new ones, which offset the effects of the increase in the 
number of vehicle registrations (3.1%, 307,000 units) 
and VKT (2.7%, 3,428 million km). 

SMA’s emissions from the non-transport sector were 
also the largest compared to those of other regions. 

(NOX: 27.5%, PM2.5: 28.0%, VOCs: 27.5%, and NH3: 
27.6%). The region’s PM2.5 and NOX emissions from the 
construction machinery increased by 12.3% (366 tons) 
and 11.3% (6,867 tons) compared to those in the previ-
ous year. This was because construction machinery reg-
istrations (including excavators) increased by 9.9% 

(20,671 units) and the swaths of construction sites 
increased by 7.0% (5,001 m2). VOCs emissions increas-
ed by 23.7% (3,568 tons) compared to that of the previ-
ous year. This was mainly because of the decrease in the 
number of registered leisure boat using gasoline in 
Incheon (by 26.4%, 880 units).

SOX emissions decreased by 10.8% (2,686 tons) com-
pared to those of the previous year. In particular, SOX 
emissions from the industry sector decreased by a large 

margin (10.3%, 1,077 tons). This was due to the de- 
creased consumption of industrial bituminous coal 
(66,000 tons, 19.5%) in Gyeonggi-do.

3. 2. 2   Analysis of Changes in Emissions for  
the Gangwon Region

Most of the Gangwon region, which is located in the 
northeastern part of Korea, is mountainous. Under the 
influence of such geographical conditions, industrial 
complexes are underdeveloped, which led to relatively 
low proportion of manufacturing-based industries.

The population and economy indicators showed that 
this region accounted for approximately 3.0% of the 
national population as of 2018. The GRDP of the region 
was approximately 2.5% of the national GRDP. More 
specifically, the public administration, defense and social 
security-related administration sector showed the high-
est proportion in GRDP. The manufacturing sector rep-
resented approximately 0.9% of the national GRDP.

Air pollutant emissions from the Gangwon region in 
2018 were estimated to be 4,109 tons of PM2.5, 13,802 
tons of SOX, 79,834 tons of NOX, 30,263 tons of VOCs, 
and 14,848 tons of NH3. In addition, the contributions 
of each pollutant to the national emissions were as fol-
lows: PM2.5

 (4.2%), SOX
 (4.6%), NOX

 (6.9%), VOCs 

(2.9%), NH3
 (4.7%). PM2.5, SOX, and NOX emissions 

decreased by 0.1%, 2.3%, and 7.2%, respectively, com-
pared to those of the previous year, whereas VOCs and 
NH3 increased by 6.7% and 7.6%, respectively. Mean-
while, in the Gangwon region, the contributions of 
PM2.5, VOCs, and NH3 to the emissions from everyday 
activities and others sector respectively were the largest 
compared to other pollutants. In addition, NOX and SOX 
contributed the largest to the emissions from the indus-

Fig. 4. Air pollutant emissions from SMA in 2018.

(Unit: metric tons/year)
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try sector (Fig. 5).
Emissions from the energy sector increased compared 

to those of the previous year (NOX: 10.9%, SOX: 29.6%, 
PM2.5: 66.8%, VOCs: 50.2%, and NH3: 58.0%). This 
was because the consumption of coal (including bitumi-
nous coal) and LNG increased by 43.7% (3,228,000 
tons) and 62.2% (269 million m3), respectively, due to 
the operation of new thermal power plants (coal and 
LNG).

VOCs emissions from the non-road transport sector 
increased by 38.0% (1,449 tons) compared to those of the 
previous year. This was mainly because of the increase in 
the number of registered leisure boat (by 47.2%, 1,570 
units).

On the other hand, NOX and SOX emissions from the 
industry sector decreased by 10.4% (4,992 tons) and 9.1% 

(764 tons), respectively, compared to those of the previous 
year. This was due to the reduction in the fuel (bituminous 
coal) consumption of cement production facilities. NH3 
emissions increased by 67.1% compared to those in the 
previous year. This was mainly because emissions from 
DeNOX facilities in the industry sector increased by 67.7% 
(826 tons).

3. 2. 3   Analysis of Changes in Emissions for  
the Chungcheong region

The Chungcheong region, located in the center of 
Korea, consists of Daejeon Metropolitan City, Sejong 
Special Self-governing City, Chungcheongnam-do, and 
Chungcheongbuk-do. In the western part of the region, 
thermal power plants (coal and LNG), petrochemical 
complexes, iron and steel mills, and large manufacturing 
industries are located near trading ports. Meanwhile, in 
the eastern part of the region, high-value-added manu-

facturing industries (e.g., medicine and electronics) and 
food manufacturing industries are located.

The population and economy indicators showed that 
the region represented approximately 10.7% of the 
national population as of 2018. The GRDP of the region 
was approximately 12.5% of the national GRDP. The 
electric, electronic, and precision instrument manufac-
turing sector showed the highest proportion in GRDP, 
followed by the coal and petrochemical product manu-
facturing sector.

Air pollutant emissions from the Chungcheong region 
in 2018 were estimated to be 22,719 tons of PM2.5, 
77,784 tons of SOX, 189,823 tons of NOX, 143,997 tons 
of VOCs, and 73,667 tons of NH3. In addition, the con-
tributions of each pollutant to the national emissions 
were as follows: PM2.5

 (23.1%), SOX
 (25.8%), NOX

 

(16.5%), VOCs (13.9%), NH3
 (23.3%). PM2.5 and NH3 

emissions increased by 9.5% and 1.5%, respectively, 
compared to the previous year, whereas SOX, NOX, and 
VOCs emissions decreased by 1.8%, 5.9%, and 3.8%, 
respectively. Meanwhile, in the Chungcheong region, the 
contributions of PM2.5, NOX and SOX to the emissions 
from the industry sector respectively were the largest 
compared to other pollutants. In addition, VOCs and 
NH3 contributed the largest to the emissions from the 
everyday activities and others sector (Fig. 6).

In the case of the Chungcheong region, pollutant emis-
sions from the energy sector were large compared to other 
regions (PM2.5: 37.4%, SOX: 36.9%, NOX: 25.6%). NOX 
and SOX emissions from the energy sector decreas ed by 
24.1% (7,838 tons) and 16.3% (4,081 tons), respectively, 
compared to those of the previous year. This was because 
of the reinforcement of the power plant emission manage-
ment, which offset the effects of increased consumption 

Fig. 5. Air pollutant emissions from the Gangwon region in 2018.

(Unit: metric tons/year)
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of coal (including bituminous coal) in the coal-fired 
power plants of the region (1.0%, 444,000 tons) com-
pared to the previous year. 

PM2.5 and SOX emissions from the industry sector 
increased by 20.1% (2,242 tons) and 6.6% (3,295 tons) 
compared to those of the previous year. This was be- 
cause of the increase in anthracite consumption in the 
primary metal industry (23.3%).

VOCs emissions decreased by 3.8% (5,737 tons) com-
pared to those of the previous year. More specifically, 
VOCs emissions from the everyday activities and others 
sector decreased by 7.3% (7,246 tons) compared to 
those of the previous year. This was due to the emissions 
reductions (6,501 tons, 22.5%) caused by the decrease 

(21.8%) in the consumption of paint used for architec-
ture and buildings in the region.

Meanwhile, NH3 emissions represented 23.3% of the 
national emissions, and increased by 1.5% (1,084 tons) 
compared to those of the previous year. This was mainly 
because the emissions from the agriculture-manure man-
agement sector increased by 1.3% (720 tons), which was 
caused by a 3.3% (1,606,000 units) increase in the num-
ber of livestock population, including cows, pigs, and 
chickens.

3. 2. 4   Analysis of Changes in Emissions for  
the Honam Region

The Honam region, which consists of Gwangju Met-
ropolitan City, Jeollabuk-do, and Jeollanam-do, is located 
in the southwestern part of Korea. It is Korea’s represen-
tative breadbasket with wide plains, such as Honam and 
Naju plains. Thermal power plants (coal and LNG) and 
the nation’s largest petrochemical complex are located in 
Yeosu, a southern part of the region, in addition to near-

by iron and steel mills in Gwangyang.
The population and economy indicators showed that 

the region accounted for approximately 10.0% of the 
national population as of 2018. The GRDP of the region 
is approximately 8.7% of the national GRDP. More spe-
cifically, the coal and petrochemical product manufac-
turing sector showed the highest proportion of GRDP.

Air pollutant emissions from the Honam region in 
2018 were estimated to be 17,265 tons of PM2.5, 62,5554 
tons of SOX, 156,101 tons of NOX, 174,525 tons of VOCs, 
and 79,892 tons of NH3. In addition, the contributions of 
each pollutant to the national emissions were as follows: 
PM2.5

 (17.5%), SOX
 (20.8%), NOX

 (13.5%), VOCs 

(16.9%), NH3
 (25.3%). PM2.5 and NH3 emissions incre-

ased by 11.7% and 6.3%, respectively, compared to those 
of the previous year, whereas SOX, NOX, and VOCs 
decreased by 0.1%, 0.8%, and 2.5%, respectively. Mean-
while, the contributions of PM2.5, and SOX to the emis-
sions from the industry sector, the contributions of NOX 
to the emissions from the road sector, the contributions of 
VOCs and NH3 emissions from the everyday activities 
and others sector were the largest in the region (Fig. 7). 

In the case of the industry sector, PM2.5, SOX, and NOX 
emissions increased by 30.9% (2,010 tons), 5.8% (2,671 
tons), and 6.4% (2,666 tons), respectively, compared to 
those of the previous year. This was mainly because the 
increased consumption of coal, including anthracite, in 
the manufacturing sector (13.3%, 318,000 tons) in Jeolla-
nam-do.

NOX emissions from the road transport and non-road 
transport sectors decreased by 5.1% (2,611 tons) and 
5.9% (2,078 tons), respectively, compared to those of the 
previous year. For road transport, emissions from the 
sector decreased because of the decrease in the number 

Fig. 6. Air pollutant emissions from the Chungcheong region in 2018.

(Unit: metric tons/year)
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of old cars registrations and the replacement of old cars 
with new ones, which offset the impacts of the increase 
in the number of car registrations (3.0%, 77,000 units) in 
the region. In the case of the non-road transport, NOX 
emissions decreased mainly because of the decrease in 
emissions from the non-road-construction machinery 
sector (13.6%, 1,674 tons) caused by the reduction in 
the number of registered construction machinery 

(14.6%, 6,162 units) in the region.
VOCs emissions decreased by 2.5% (4,561 tons) com-

pared to those in the previous year. More specifically, 
this was because emissions by paint that is used for ship-
building decreased by 16.9% (2,528 tons). For paint con-
sumption, it decreased by 17.1% (4,606 kL) compared to 
those in the previous year.

NH3 emissions increased by 6.3% (4,722 tons) com-
pared to those in the previous year. The Honam region 
exhibited the largest NH3 emissions in the country from 
the everyday activities and others sector. This was due to 
the 21.0% (1,335 tons) increase in emissions caused by a 
20.8% (44,000 tons) increase in fertilizer consumption 
in farmlands, and the 5.0% (2,873 tons) increase in NH3 
emissions from the manure sector caused by a 10.2% 

(5,902,000 units) increase in the number of livestock 
population. 

3. 2. 5   Analysis of Changes in Emissions for  
the Yeongnam Region

The Yeongnam region, which consists of Busan Met-
ropolitan City, Daegu Metropolitan City, Ulsan Metro-
politan City, Gyeongsangbuk-do, and Gyeongsangnam-
do, is located in the southeastern part of Korea. Iron and 
steel manufacturing, shipbuilding, automobile manufac-
turing, and petrochemical industries as well as the 

nation’s largest trading port (Busan Port) are located in 
the region.

The population and economy indicators showed that 
the region represented approximately 25.3% of the 
national population as of 2018. The GRDP of the region 
is approximately 23.1% of the national GRDP. More spe-
cifically, the machinery transport equipment, and other 
product manufacturing sector showed the highest pro-
portion of GRDP, followed by electric, electronic, and 
precision instrument manufacturing and non-metallic 
mineral and metal product manufacturing sector.

Air pollutant emissions from the Yeongnam region in 
2018 were estimated to be 32,945 tons of PM2.5, 113,601 
tons of SOX, 302,187 tons of NOX, 344,649 tons of 
VOCs, and 81,881 tons of NH3. In addition, the contri-
butions of each pollutant to the national emissions were 
as follows: PM2.5

 (33.5%), SOX
 (37.7%), NOX

 (26.2%), 
VOCs (33.3%), NH3

 (25.9%). PM2.5 and NH3 emissions 
increased by 7.0 and 1.2%, respectively, compared to 
those in the previous year, whereas SOX, NOX, and 
VOCs emissions decreased by 6.5%, 3.8%, and 1.8%, 
respectively. Meanwhile, the contributions of PM2.5 and 
SOX to the emissions from the industry sector were the 
largest in the region. In addition, VOCs and NH3 con-
tributed the largest to the emissions from the everyday 
activities and others sector (Fig. 8).

In the case of the Yeongnam region, air pollutant emis-
sions from the industry sector were found to be the larg-
est in Korea. In this region, emissions from the industry 
sector were 17,459 tons of PM2.5, 79,097 tons of SOX, 
76,780 tons of NOX, 95,344 tons of VOCs, and 17,153 
tons of NH3. Each pollutant represented 43.1% (PM2.5), 
40.1% (SOX), 31.2% (NOX), 38.2% (VOCs), and 36.6% 

(NH3) of national emissions from the industry sector, 

Fig. 7. Air pollutant emissions from the Honam region in 2018.

(Unit: metric tons/year)
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respectively. PM2.5 and NOX emissions from the sector 
increased by 15.8% (2,380 tons) and 7.7% (5,459 tons), 
respectively, compared to those in the previous year. 
This was mainly because the consumption of coal, inclu-
ding anthracite, in the manufacturing sector increased by 
15.1% (504 tons) compared to that in the previous year. 

PM2.5 emissions increased by 7.0% (2,156 tons) com-
pared to those of the previous year. This was because of 
the increase in the consumption of anthracite in the 
industry sector. Meanwhile, NH3 emissions also incre-
ased by 1.2% (982 tons) compared to the previous year. 
This was mainly because emissions from DeNOX facili-
ties in the industry sector increased by 55.0% (1,282 
tons).

NOX emissions decreased by 3.8% (12,100 tons) com-
pared to those in the previous year. These emissions 
decreased by 18.7% (5,854 tons) and 7.9% (9,581 tons) 
in the energy production and road transport sectors, 
respectively. For the energy production sector, this was 
mainly because of the reduction (4.1%) in the bitumi-
nous coal consumption by public power generation facil-
ities and the reduction (19.6%, 5,292 tons) in emissions 
caused by the reinforcement of environmental facilities 
for power generation facilities. In the case of the road 
sector, the main cause of such reduction was the dec-
rease in emissions caused by the reduction in the num-
ber of old vehicles, which offset the impacts of the 
increase in vehicles registrations and VKT increased by 
2.0% (124,000 units) and 0.8% (750 million km), res-
pectively, compared to those of the previous year.

SOX emissions decreased by 6.5% (7,866 tons) com-
pared to those of the previous year. This was mainly due 
to the emissions reductions in the energy sector (15.5%, 
3,697 tons), the non-road sector (17.1%, 1,966 tons), 

and the everyday activities and others sector (29.7%, 
2,000 tons). More specifically, for the energy sector, the 
main cause of such reduction was the decrease in emis-
sions from public power generation facilities as it was for 
NOX. In the case of the non-road sector, the emissions 
reductions caused by the decrease in the number of 
cargo ships entering the ports (6.9%, 6,640 units) and 
the decrease in the sulfur content in fuel (B-C oil). For 
the everyday activities and others sector, such reductions 
were due to the emissions reductions (49.3%, 1,424 
tons) caused by the reduction in the consumption of fuel 
oil for cooling and heating (9.4%, 174,000 kL) in com-
mercial and public facilities.

VOCs emissions from the everyday activities and oth-
ers sector decreased by 1.8% (6,417 tons) compared to 
those of the previous year. This was mainly due to the 
decrease in emissions (6.7%, 8,609 tons) caused by the 
reduction in the consumption of paint at coating facili-
ties (6.5%, 17,719 kL). VOCs emissions from the non-
road sector, on the other hand, increased by 23.6% 

(2,662 tons). This was due to the emissions increase 

(47.0%, 2,844 tons) caused by an increase in the number 
of registered leisure boat (47.2%, 785 units).

4.  ASSESSMENT OF UNCERTAINTY IN 
EMISSIONS USING AIR QUALITY 
MODELING

4. 1  Methodology
The latest activity data and the best available emission 

factors were applied to the emissions data estimated 
above. Nevertheless, there are uncertainties in some 
emission sources. Old emission factors, activity data 

Fig. 8. Air pollutant emissions from the Yeongnam region in 2018.

(Unit: metric tons/year)
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with low reliability, and missing emission sources are 
mentioned as the causes of such uncertainties (Kim et al., 
2020a; Lee et al., 2019; Kim and Jang, 2014). Therefore, 
it is necessary to examine the uncertainty of the estimat-
ed emission data. Since air pollutants have different 
emission characteristics depending on the emission 
sources, it is difficult to verify emissions in a consistent 
way and present the results in a quantitative manner. To 
overcome such difficulties, a method of indirectly exam-
ining the accuracy of emissions has been used. This 
methodology is about comparing the concentrations 
data from monitoring stations with the results of air 
quality modeling, a process of converting air pollutants 
emissions into atmospheric concentrations using 3D 
chemical transport model (Bae et al., 2020a, b; Kim et al., 
2020a).

As such, this study uses a method of utilizing 3D chemi-
cal transport model to examine the uncertainty of nation-
al air pollutant emissions. This study was conducted 
based on the National Emission and Air quality assess-
ment System (NEAS). NEAS consists of the Weather 
Research and Forecasting (WRF) model, the Sparse 
Matrix Operator Kernel Emissions (SMOKE) model, and 
the Community Multiscale Air Quality (CMAQ) model. 
The detailed physico-chemical options used in the WRF 
and CMAQ models are presented in Supplementary 
Materials (Table S1). CAPSS 2018 was used for domestic 
emissions and the KORUSv5 data was used for overseas 
emissions. The domains and horizontal resolutions were 
for the simulation were as follows: Northeast Asia (27 
km), the Korean Peninsula (9 km), and South Korea (3 
km). And 2018 was selected as the target year for simula-
tion (Supplementary Materials Fig. S1). NO2 and SO2 
were selected as the target pollutants for which the uncer-
tainty of emissions was to be examined by considering the 
following three aspects: 1) The two pollutants themselves 
are harmful to people’s health. It is important to identify 
the emissions of their uncertainty as they are major pre-
cursors transformed into PM through secondary forma-
tion in the atmosphere; 2) It is easy to intuitively interpret 
the overestimation/underestimation as emissions and 
concentrations of NO2 and SO2 have a relatively linear 
relationship, nature of primary pollutants; 3) Since are 
NO2 and SO2 less affected by long-range transport, it is 
easy to assess the emissions of each region. However, this 
study suggests the results of comparison between simulat-
ed and observed concentrations of PM2.5 as well because 
of the importance PM2.5 has. 

An error between the simulated and observed concen-
trations may occur due to various factors. Representative 
factors are the uncertainties of meteorological input 
data, emissions input data, and various physical and 
chemical equations included in atmospheric chemical 
transport models. This study assumes that the systemat-
ic bias found at a similar level in most regions drives 
from the errors between meteorological input data and 
atmospheric chemical transport models. This is to exam-
ine the model’s errors occurring from the perspectives of 
emissions. And the study presents and analyzes the 
regions with large errors between observed and simulat-
ed concentrations while comparing their annual mean 
concentrations to examine the uncertainty of emissions 
from the perspectives of total emissions. 

4. 2   Comparison between Simulated and 
Observed Concentrations

Based on the locations of the urban air pollution mon-
itoring network, errors between the simulated and obs-
erved annual mean concentrations across Korea were 
found to be 0.6 ppb (3%) for NO2, 0.1 ppb (4%) for SO2, 
and 5.6 μg/m3 (24%) for PM2.5. The simulated concen-
trations of gaseous pollutants were similar to the obs-
erved concentrations relative to PM2.5. And PM2.5 con-
centrations were underestimated compared to the obs-
erved concentrations. In addition, this study compared 
the simulated and observed concentrations at a provin-
cial and metropolitan city level. The bias of the simulat-
ed NO2 concentrations was found to range from -7.5 
ppb (-35%, Chungcheongbuk-do) to 5.6 ppb (41%, 
Jeollanam-do). And high reproducibility was observed in 
Daejeon, Daegu, and Jeju with the error<1 ppb (<5%) 

(Fig. 9[a]). The bias of the simulated SO2 concentra-
tions ranged from -2.9 ppb (-66%, Seoul) to 7.4 ppb 

(144%, Jeollanam-do). Overestimation occurred in 5 out 
of 17 dos (provinces) and metropolitan cities. And it was 
particularly notable in Jeollanam-do, Gyeongsangbuk-
do, and Ulsan (Fig. 9[b]). The bias of the simulated 
PM2.5 concentrations ranged from -9.5 μg/m3 (-35%, 
Jeollabuk-do) to 6.4 μg/m3 (26%, Gyeongsangbuk-do), 
and underestimation occurred in 15 out of the 17 dos 

(provinces) and metropolitan cities (Fig. 9[c]). 
For dos (provinces) and metropolitan cities that exhib-

ited an underestimation, a tendency towards underesti-
mation was generally observed in most of the municipali-
ties as well. On the other hand, for dos (provinces) and 
metropolitan cities that showed an overestimation, high 
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simulated concentrations intensively occurred in some of 
the municipalities. Such municipalities include Gyeong-
sangbuk-do (Pohang), Jeollanam-do (Yeosu), Jeollanam-
do (Gwangyang), and Chungcheongnam-do (Dangjin), 
and the simulated NO2, SO2, and PM2.5 concentrations 
in those municipalities were 2-3 times higher than the 
observed concentrations of the same pollutants. Howev-
er, for Ulsan, overestimation of SO2 concentrations 
occurred at most of the air quality monitoring stations 

(11 stations, 73%), which was an exceptional case (Fig. 

10). 
This study assumes that the uncertainty of emissions 

would to be high for regions where the errors between 
the simulated and observed concentrations were large. 
The PM2.5 concentrations in the atmosphere, however, 
are known to be affected in a complex manner by direct 
emissions from emission sources, secondary formation 
in the atmosphere by the chemical reactions of precur-
sors, and long-range transport (Kim et al., 2021d; Kim 
et al., 2017a; Kim et al., 2017b). The possibility that 

(a) NO2

(b) SO2

(c) PM2.5

Fig. 9. Observed and simulated annual mean air pollutant concentrations. (a) NO2, (b) SO2, and (c) particulate matter with an aerody-
namic diameter≤2.5 μm (PM2.5) concentrations by region.
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Fig. 10. Spatial distributions of observed (circle) and simulated (tile) annual mean air pollutant concentrations. (a) NO2, (b) SO2, and (c) 
PM2.5 concentrations in 2018 and the bias between them by measurement point.

Concentration Bias
(a)

(b)

(c)
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long-range transport affected the errors between simu-
lated and observed concentrations was determined to 
be low because it affects the entire country rather than 
specific regions (Bae et al., 2021). The components 
generated by the secondary formation caused by pre-
cursors accounted for 50-60% of the domestic PM2.5 
concentrations (Kim et al., 2020b). This explains why it 
is necessary to analyze the uncertainty of precursor 
emissions in addition to the uncertainty of the air pol-
lutants directly emitted as PM2.5.

Comparing observed and simulated concentrations on 
the basis of the concentrations of PM’s detailed compo-
nents would be the most direct way to distinguish the 
impacts of secondary formation from those of direct 
emission in the process of analysis. However, since the 
number of monitoring stations measuring the concentra-
tions of PM2.5 components is extremely limited, simulat-
ed concentrations were analyzed based on the following 
two assumptions: 1) If the uncertainty of primary PM 
emissions is large, the error will be relatively large in 
regions adjacent to emission sources due to their direct 
impacts from emission sources, and the proportion of 
primary PM components will be relatively high in the 
simulated PM2.5 concentrations; 2) If the uncertainty of 
precursor emissions is higher, on the other hand, it takes 
some time for PM2.5 to be generated after precursors 
come from emission sources. Therefore, the errors are 
likely to be larger in the downwind region relatively far 
from emission sources, and the proportion of secondary 

components (such as NOX and SOX), will be high in the 
simulated concentrations.

Figure 11 shows the spatial distribution of the relative 
proportion of primary PM components in the simulated 
PM2.5 concentrations. For the Pohang, Yeosu, Gwang-
yang, and Dangjin regions mentioned above, the propor-
tion of primary PM was>70%, which was relatively high 
compared to that in other regions. Based on this, the 
main cause of the error in PM2.5 simulation for Pohang, 
Yeosu, Gwangyang, and Dangjin was determined to be 
the uncertainty of emissions (primary PM). And the 
major emission sources for the areas were analyzed 
reflecting this conclusion. 

For the five regions where the simulated concentration 
was distinctively higher than the observed concentra-
tions (Pohang, Yeosu, Gwangyang, Dangjin, and Ulsan), 
the manufacturing (first-level category)-others (second-
level category), industrial process (first-level category)-
iron and steel making (second-level category), industrial 
process (first-level category)-petroleum industry (sec-
ond-level category), and non-road transport (first-level 
category)-ships (second-level category) sectors were 
major air pollutant emission sources. Among them, four 
emission sources at the second-level category level 
accounted for 57% (NOX), 78% (SO2), and 88% (PM2.5) 
of the total air pollutant emissions in the five regions. 
Major emission sources were slightly different by region. 
In Pohang, Gwangyang, and Dangjin, manufacturing 

(first-level category)-others (second-level category) and 

(a) (b)

Fig. 11. (a) Simulated annual mean concentrations of PM2.5 in 2018 and (b) the spatial distribution of primary PM2.5 components’ relative 
proportion.
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industrial process (first-level category)-iron and steel 
making (second-level category) were major emission 
sources. Meanwhile, in Yeosu and Ulsan, industrial pro-
cess (first-level category)-petroleum industry (second-
level category) and non-road transport (first-level 
category)-cars (second-level category) were major emis-
sion sources. In particular, manufacturing (first-level 
category)-others (second-level category) emission sourc-
es produces the large amounts of emissions of all the tar-
get air pollutants of this study (NOX, SO2, and PM2.5). In 
detail, the emission source of manufacturing (first-level 
category)-others (second-level category)-primary metal 
industry (third-level category), in which non-public 
anthracite is used as fuel, represented>99% of the emis-
sions from manufacturing (first-level category)-others 

(second-level category). Thus, to improve the accuracy 
of emissions, it is necessary to first examine the uncer-
tainty that may occur in the process of estimating emis-
sions from corresponding emission sources. The uncer-
tainty ahead, however, does not mean the uncertainty of 
emissions from point sources. When it comes to point 
sources of large-scale places of business, errors in emis-
sions are not likely to occur because their emissions are 
estimated on the basis of TMS data. NAIR estimates 
national air pollutant emissions and has identified the 
problems with the activity data and the process of esti-
mating emissions from corresponding emission sources. 
Accordingly, NAIR is conducting research on the 
improvement of the emission estimation method and 
the results of improvement to address these problems. 
The details will be presented in a follow-up paper.

In summary, in this study, air quality modeling was 
conducted using CAPSS 2018 emissions, and the uncer-
tainty of the current emissions was examined through 
comparison between observed and simulated concen-
trations. It was determined that emissions from five 
regions (Pohang, Yeosu, Gwangyang, Dangjin, and 
Ulsan) need to be improved. Most of all, it is necessary 
to examine the emissions form point sources using 
non-public anthracite as a fuel in manufacturing (first-
level category)-others (second-level category)-primary 
metal industry (third-level category).

5. CONCLUSIONS

According to the 2018 NEI, air pollutant emissions in 
the Republic of Korea, estimated using CAPSS, com-

prised 808,801 tons of CO; 1,153,265 tons of NOX; 
300,979 tons of SOX; 617,481 tons of TSP; 232,993 tons 
of PM10; 98,388 tons of PM2.5; 15,562 tons of BC; 
1,035,636 tons of VOCs; and 315,975 tons of NH3, and 
CO, NOX, SOX, VOCs emissions decreased by 1.1%, 
3.1%, 4.6%, and 1.1% respectively, while TSP, PM10, 
PM2.5, BC, NH3 emissions increased by 4.2%, 6.6%, 
7.3%, 0.04% and 2.5% respectively.

Emissions of primary PM2.5 as well as PM2.5, SOX, 
VOCs, and NH3, which contribute to the formation of 
secondary PM2.5 were assessed in this study. For PM2.5, 
SOX, VOCs, and NH3, Yeongnam region (33.5, 37.7, 
33.3, and 25.9%, respectively) produced the largest 
amounts of emissions compared to other regions. Mean-
while, for NOX, the largest amounts of emissions occu-
rred in SMA (27.9%). In SMA, the large amounts of 
PM2.5, VOCs, and NH3 emissions were observed in the 
everyday activities and others sector (49.1, 74.2, and 
85.7%, respectively), and the large amounts of SOX emis-
sions were observed in the industry sector (42.6%), and 
the large amounts of NOX emissions were observed in 
the road sector (49.1%). In the Gangwon region, the 
large amounts of PM2.5, VOCs, and NH3 emissions 
occurred in the everyday activities and others sector 

(55.2, 74.7, and 84.9%, respectively) and the large 
amounts of SOX and NOX emissions occurred in the 
industry sector (55.0 and 54.1%, respectively). In the 
Chungcheong region, the large amounts of PM2.5, SOX, 
and NOX emissions occurred in the industry sector 

(59.0, 68.0, and 34.7%, respectively) and the large 
amounts of VOCs and NH3 emissions occurred in the 
everyday activities and others sector (64.2 and 83.5%, 
respectively). In the Honam region, the large amounts of 
PM2.5 and SOX emissions occurred from the industry 
sector (49.3 and 77.3%, respectively), and the large 
amounts of NOX emissions occurred from the road sec-
tor (31.0%), and the large amounts of VOCs and NH3 
emissions occurred from the everyday activities and oth-
ers sector (48.3 and 86.8%, respectively). In the Yeong-
nam region, large amounts of PM2.5 and SOX emissions 
occurred from the industry sector (53.0 and 69.6%, 
respectively), and the large amounts of NOX emissions 
occurred from the road sector (37.1%), and the large 
amounts of VOCs and NH3 emissions occurred from 
the everyday activities and others sector (64.5 and 
77.6%, respectively).

The method of utilizing 3D chemical transport model-
ing was used to examine the uncertainty of national air 
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pollutant emissions based on the NEAS. In this study, air 
quality was simulated using CAPSS 2018, and the uncer-
tainty of the current emissions was examined through 
comparison between the simulated and observed con-
centrations. The results indicate that the proportion of 
primary PM in the simulated PM2.5 concentrations was 
>70% for Pohang, Yeosu, Gwangyang, and Dangjin, 
which was relatively high compared to that for other 
areas. Based on this, the main cause of the errors in PM2.5 
simulation for Pohang, Yeosu, Gwangyang, and Dangjin 
was determined to be the uncertainty of emissions (pri-
mary PM) In addition, it is necessary to examine the 
emissions from places of business that use anthracite, a 
major emission source of PM2.5, as fuel in these si (cities).

To improve the uncertainty of air pollutant emissions, 
NAIR of Republic of Korea has been conducting res-
earch as follows: development of emission factors for 
facility using SRF (Solid Refuse Fuel), asphalt concrete 
manufacturing facility, SRU (Sulfur Recovery Unit), lat-
est car models; improvement of activity data on anthra-
cite consumption, traffic volumes of cars, vacant land, 
and barbecue grilling; identification of missing emission 
sources such as CHE (Cargo Handling Equipment), mil-
itary equipment, GSE (Ground Support Equipment). 
Based on these research efforts, NAIR aims to establish 
and implement air quality improvement policy, includ-
ing highly effective PM reduction policies whose 
impacts can be felt by people, so that it can contribute to 
improve air quality and promote public health. 
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APPENDIX

Appendix 1. National Air Pollutant Emission.
(a) Trends in CO emissions (Unit: metric tons/year)

Emission source category
2014 2015 2016 2017 2018

Change (%)
(2018-2017)First-level Second-level

Energy 
production

Public power generation 41,534 33,425 35,515 33,924 36,979 9.0%
District heating 3,675 3,365 4,242 5,306 7,271 37.0%
Oil refining 2,320 2,136 1,605 1,862 1,788 -4.0%
Private power generation 10,327 16,212 17,217 18,212 23,934 31.4%
Subtotal 57,856 55,138 58,579 59,304 69,972 18.0%

Non-industry

Commercial and public facilities 16,227 16,956 18,896 19,320 19,742 2.2%
Residential facilities 59,341 54,445 47,997 42,612 37,687 -11.6%
Agricultural·livestock·fishery facilities 1,026 898 842 784 743 -5.2%
Subtotal 76,594 72,299 67,735 62,716 58,172 -7.2%

Manufacturing 
industry

Combustion facilities 1,389 1,608 3,265 3,129 3,505 12.0%
Process furnaces 6,587 6,607 7,138 7,043 7,070 0.4%
Others 10,740 8,639 7,767 8,092 9,484 17.2%
Subtotal 18,716 16,854 18,170 18,263 20,060 9.8%

Industrial 
process

Petroleum industry 11,545 12,069 12,643 12,879 12,962 0.6%
Iron and steel industry 5,638 5,761 5,760 5,745 5,834 1.5%
Inorganic chemical industry 485 487 510 605 520 -14.1%
Organic chemical industry 5,316 5,011 5,661 5,889 6,000 1.9%
Pulp and paper industry 2,604 2,469 2,495 2,426 2,351 -3.1%
Others 267 272 271 205 200 -2.6%
Subtotal 25,855 26,069 27,340 27,750 27,866 0.4%

Road transport

Passenger cars 136,451 123,534 118,777 114,450 92,483 -19.2%
Taxis 1,757 1,151 740 639 571 -10.7%
Vans 3,730 3,203 4,430 3,966 3,724 -6.1%
Buses 9,451 6,805 6,964 6,825 6,764 -0.9%
Freight cars 49,976 48,379 49,643 48,360 48,631 0.6%
Special cars 1,035 830 1,057 968 1,032 6.6%
RVs 26,634 21,349 22,342 21,104 19,342 -8.3%
Two-wheeled vehicles 52,190 40,265 40,604 40,840 41,021 0.4%
Subtotal 281,225 245,516 244,556 237,152 213,568 -9.9%

Non-road 
transport

Railroads 3,057 2,734 2,426 2,360 2,379 0.8%
Ships 54,535 60,491 62,632 102,179 118,043 15.5%
Aircraft 7,117 7,838 8,865 10,370 10,454 0.8%
Agricultural machinery 7,165 7,097 7,076 7,090 7,038 -0.7%
Construction machinery 54,229 57,540 55,614 54,456 57,105 4.9%
Subtotal 126,103 135,700 136,612 176,455 195,020 10.5%

Waste Waste incineration 1,645 1,548 2,008 2,051 1,954 -4.7%

Others Forest fires and other fires 6,459 7,197 6,977 8,656 7,556 -12.7%

Biomass burning

Open burning 4,498 4,200 4,080 3,959 3,784 -4.4%
Crop residue incineration 155,437 157,616 159,196 152,427 143,048 -6.2%
Grilled meat and fish 12 13 9 11 10 -15.0%
Wood stoves and boilers 58,938 57,772 57,029 56,066 55,298 -1.4%
Traditional fireplaces 6,031 5,856 5,750 5,609 5,493 -2.1%
Charcoal kilns 7,000 7,000 7,000 7,000 7,000 0.0%
Subtotal 231,917 232,455 233,066 225,073 214,632 -4.6%

Total 826,370 792,776 795,044 817,420 808,801 -1.1%



Analysis of the National Air Pollutant Emissions Inventory (CAPSS 2018)

www.asianjae.org      23

Appendix 1. Continued.
(b) Trends in NOX emissions (Unit: metric tons/year)

Emission source category
2014 2015 2016 2017 2018

Change (%)
(2018-2017)First-level Second-level

Energy 
production

Public power generation 127,456 116,250 109,721 77,296 64,830 -16.1%
District heating 4,651 4,116 4,075 4,349 4,979 14.5%
Oil refining 8,066 7,818 7,701 8,547 7,881 -7.8%
Private power generation 22,644 22,634 23,948 24,001 26,731 11.4%
Subtotal 162,818 150,818 145,445 114,192 104,420 -8.6%

Non-industry

Commercial and public facilities 29,871 32,630 34,249 34,610 34,120 -1.4%
Residential facilities 47,055 46,605 48,101 48,983 50,447 3.0%
Agricultural·livestock·fishery facilities 4,216 3,712 3,474 3,210 3,032 -5.5%
Subtotal 81,143 82,948 85,824 86,803 87,599 0.9%

Manufacturing 
industry

Combustion facilities 13,612 13,955 17,137 16,201 17,294 6.7%
Process furnaces 95,197 94,326 98,494 99,775 89,771 -10.0%
Others 64,852 60,858 59,702 53,814 61,902 15.0%
Subtotal 173,660 169,139 175,332 169,790 168,967 -0.5%

Industrial 
process

Petroleum industry 4,478 4,799 4,932 4,322 4,690 8.5%
Iron and steel industry 38,485 43,671 43,352 42,849 46,077 7.5%
Inorganic chemical industry 4,284 4,882 2,752 3,353 3,050 -9.0%
Organic chemical industry 23 16 19 24 29 19.8%
Others 6,042 6,462 4,877 3,070 3,175 3.4%
Subtotal 53,311 59,830 55,932 53,618 57,020 6.3%

Road transport

Passenger cars 34,036 36,193 41,190 41,023 36,431 -11.2%
Taxis 487 363 249 238 221 -7.0%
Vans 15,346 13,121 17,350 15,451 14,428 -6.6%
Buses 31,365 34,097 32,011 28,981 25,013 -13.7%
Freight cars 204,086 206,915 239,450 226,640 210,361 -7.2%
Special cars 2,482 2,479 2,833 2,494 2,618 4.9%
RVs 70,509 73,506 116,938 116,175 114,061 -1.8%
Two-wheeled vehicles 2,919 2,911 2,974 3,037 3,094 1.9%
Subtotal 361,230 369,585 452,995 434,038 406,227 -6.4%

Non-road 
transport

Railroads 7,476 6,688 5,932 5,771 5,819 0.8%
Ships 144,030 151,735 161,826 162,514 155,381 -4.4%
Aircraft 7,323 8,058 9,104 10,621 10,713 0.9%
Agricultural machinery 16,288 16,209 16,190 16,351 16,249 -0.6%
Construction machinery 116,053 121,686 116,934 114,053 119,780 5.0%
Subtotal 291,171 304,376 309,986 309,309 307,942 -0.4%

Waste Waste incineration 12,257 11,977 13,570 12,994 12,492 -3.9%

Others Forest fires and other fires 153 172 167 214 184 -14.0%

Biomass burning

Open burning 590 550 535 519 496 -4.4%
Crop residue incineration 5,423 5,606 5,816 5,634 5,247 -6.9%
Grilled meat and fish 9 9 7 8 7 -15.3%
Wood stoves and boilers 2,205 2,195 2,188 2,179 2,172 -0.3%
Traditional fireplaces 528 513 504 491 481 -2.1%
Charcoal kilns 10 10 10 10 10 0.0%
Subtotal 8,765 8,883 9,059 8,841 8,413 -4.8%

Total 1,144,508 1,157,728 1,248,309 1,189,800 1,153,265 -3.1%
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Appendix 1. Continued.
(c) Trends in SOX emissions (Unit: metric tons/year)

Emission source category
2014 2015 2016 2017 2018

Change (%)
(2018-2017)First-level Second-level

Energy 
production

Public power generation 73,506 71,515 71,497 58,900 51,555 -12.5%
District heating 1,920 1,531 1,425 1,173 669 -42.9%
Oil refining 13,071 12,405 12,917 12,308 8,984 -27.0%
Private power generation 6,065 5,791 5,856 5,194 4,659 -10.3%
Subtotal 94,562 91,243 91,696 77,574 65,868 -15.1%

Non-industry

Commercial and public facilities 6,328 12,015 9,744 8,202 6,045 -26.3%
Residential facilities 17,111 15,471 13,204 11,500 9,694 -15.7%
Agricultural·livestock·fishery facilities 1,229 1,249 1,067 1,012 827 -18.3%
Subtotal 24,668 28,736 24,015 20,714 16,566 -20.0%

Manufacturing 
industry

Combustion facilities 3,232 2,441 2,727 2,223 2,066 -7.1%
Process furnaces 19,456 18,811 18,505 16,878 15,955 -5.5%
Others 60,294 63,847 65,362 53,226 60,845 14.3%
Subtotal 82,982 85,098 86,593 72,327 78,867 9.0%

Industrial 
process

Petroleum industry 57,572 57,789 61,756 57,958 58,732 1.3%
Iron and steel industry 29,600 35,538 39,451 39,024 39,757 1.9%
Inorganic chemical industry 1,915 1,706 1,178 1,266 1,440 13.8%
Organic chemical industry 375 448 463 449 455 1.4%
Pulp and paper industry 129 122 123 120 116 -3.1%
Others 9,337 9,781 9,762 7,914 6,853 -13.4%
Subtotal 98,927 105,385 112,734 106,730 107,353 0.6%

Road transport

Passenger cars 63 67 82 97 78 -19.3%
Taxis 5 7 4 4 4 -4.3%
Vans 5 5 5 6 4 -24.0%
Buses 9 11 12 15 11 -26.0%
Freight cars 69 82 85 101 76 -25.0%
Special cars 2 2 2 2 2 -1.0%
RVs 23 27 31 40 32 -19.8%
Two-wheeled vehicles 8 8 10 12 9 -22.5%
Subtotal 183 209 231 277 217 -21.7%

Non-road 
transport

Railroads 191 171 151 147 149 0.9%
Ships 39,074 38,467 40,429 34,610 28,711 -17.0%
Aircraft 678 729 802 876 905 3.2%
Agricultural machinery 4 4 4 6 4 -24.3%
Construction machinery 45 53 56 71 62 -12.5%
Subtotal 39,991 39,424 41,443 35,710 29,831 -16.5%

Waste Waste incineration 1,846 2,119 2,161 2,120 2,202 3.9%

Biomass burning

Grilled meat and fish 2 2 1 2 1 -15.2%
Wood stoves and boilers 62 60 60 59 58 -1.2%
Traditional fireplaces 9 9 9 9 8 -2.1%
Charcoal kilns 8 8 8 8 8 0.0%
Subtotal 80 79 78 77 76 -1.5%

Total 343,241 352,292 358,951 315,530 300,979 -4.6%
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Appendix 1. Continued.
(d) Trends in TSP emissions (Unit: metric tons/year)

Emission source category
2014 2015 2016 2017 2018

Change (%)
(2018-2017)First-level Second-level

Energy 
production

Public power generation 3,976 3,812 3,337 3,147 3,106 -1.3%
District heating 108 132 149 168 181 7.9%
Oil refining 169 182 157 148 215 45.0%
Private power generation 481 565 630 646 803 24.3%
Subtotal 4,733 4,692 4,273 4,109 4,305 4.8%

Non-industry

Commercial and public facilities 121 184 165 154 128 -17.4%
Residential facilities 1,447 1,349 1,238 1,152 1,068 -7.4%
Agricultural·livestock·fishery facilities 340 308 291 265 244 -7.9%
Subtotal 1,908 1,841 1,694 1,572 1,439 -8.4%

Manufacturing 
industry

Combustion facilities 449 445 408 237 239 1.2%
Process furnaces 3,771 3,825 3,196 3,044 3,463 13.7%
Others 98,518 117,399 119,533 92,535 113,448 22.6%
Subtotal 102,738 121,668 123,138 95,815 117,150 22.3%

Industrial 
process

Petroleum industry 466 459 502 511 482 -5.6%
Iron and steel industry 7,617 7,740 7,797 7,801 7,990 2.4%
Inorganic chemical industry 635 620 634 771 705 -8.5%
Organic chemical industry 1,558 1,844 1,911 1,859 1,884 1.4%
Pulp and paper industry 44 44 44 43 41 -6.0%
Others 1,847 1,168 1,168 1,111 872 -21.5%
Subtotal 12,167 11,876 12,056 12,096 11,975 -1.0%

Road transport

Passenger cars 81 88 158 169 137 -19.4%
Taxis 2 2 2 -4.5%
Vans 435 328 437 394 377 -4.3%
Buses 223 234 222 195 181 -7.2%
Freight cars 6,839 6,694 7,296 6,483 6,178 -4.7%
Special cars 74 58 97 65 63 -2.9%
RVs 2,367 2,182 2,307 2,085 1,840 -11.8%
Motorcycles 78 79 80 1.3%
Subtotal 10,019 9,583 10,596 9,473 8,858 -6.5%

Non-road 
transport

Railroads 484 433 384 374 377 0.9%
Ships 6,983 7,091 7,589 8,290 8,973 8.2%
Aircraft 89 94 103 109 109 0.4%
Agricultural machinery 1,364 1,348 1,342 1,340 1,330 -0.8%
Construction machinery 5,945 6,354 6,173 6,086 6,448 5.9%
Subtotal 14,865 15,320 15,592 16,198 17,236 6.4%

Waste Waste incineration 335 340 406 377 338 -10.5%

Others Forest fires and other fires 428 498 481 679 560 -17.4%

Fugitive Dust

Paved roads 140,840 143,644 152,599 161,824 163,640 1.1%
Construction 40,356 55,714 51,005 53,284 55,488 4.1%
Vacant lands 27,519 27,403 24,712 20,979 21,645 3.2%
Loading and unloading 25 26 26 27 25 -5.0%
Agricultural production 29,553 29,072 28,549 27,845 27,778 -0.2%
Livestock production 29,745 30,524 31,898 32,734 33,898 3.6%
Waste disposal 12,655 14,414 15,498 15,902 16,585 4.3%
Unpaved roads 115,250 107,445 108,400 109,825 108,856 -0.9%
Subtotal 395,944 408,242 412,686 422,420 427,916 1.3%

Biomass burning

Open burning 1,438 1,342 1,304 1,265 1,209 -4.4%
Crop residue incineration 22,085 22,126 22,832 22,079 20,139 -8.8%
Grilled meat and fish 606 626 461 565 491 -13.2%
Wood stoves and boilers 4,173 4,072 4,008 3,924 3,857 -1.7%
Traditional fireplaces 173 168 165 161 157 -2.1%
Charcoal kilns 1,849 1,849 1,849 1,849 1,849 0.0%
Subtotal 30,323 30,183 30,618 29,843 27,703 -7.2%

Total 573,460 604,243 611,539 592,582 617,481 4.2%
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Appendix 1. Continued.
(e) Trends in PM10 emissions (Unit: metric tons/year)

Emission source category
2014 2015 2016 2017 2018

Change (%)
(2018-2017)First-level Second-level

Energy 
production

Public power generation 3,854 3,681 3,194 3,041 3,011 -1.0%
District heating 85 113 133 152 171 12.2%
Oil refining 104 57 53 53 69 30.5%
Private power generation 465 544 571 583 724 24.2%
Subtotal 4,508 4,394 3,951 3,829 3,975 3.8%

Non-industry

Commercial and public facilities 112 170 152 144 119 -17.2%
Residential facilities 1,206 1,129 1,048 987 926 -6.2%
Agricultural·livestock·fishery facilities 312 283 267 243 224 -7.9%
Subtotal 1,629 1,582 1,468 1,374 1,269 -7.7%

Manufacturing 
industry

Combustion facilities 323 249 240 132 134 2.0%
Process furnaces 2,282 2,290 1,955 1,855 2,122 14.4%
Others 57,370 68,354 69,599 53,886 66,058 22.6%
Subtotal 59,975 70,893 71,794 55,872 68,315 22.3%

Industrial 
process

Petroleum industry 135 133 145 148 139 -5.6%
Iron and steel industry 4,755 4,833 4,856 4,856 4,981 2.6%
Inorganic chemical industry 359 348 356 435 399 -8.3%
Organic chemical industry 795 940 975 948 961 1.4%
Pulp and paper industry 27 27 26 26 25 -6.0%
Others 337 377 373 346 253 -26.7%
Subtotal 6,407 6,658 6,731 6,759 6,758 0.0%

Road transport

Passenger cars 81 88 158 169 137 -19.4%
Taxis 2 2 2 -4.5%
Vans 435 328 437 394 377 -4.3%
Buses 223 234 222 195 181 -7.2%
Freight cars 6,839 6,694 7,296 6,483 6,178 -4.7%
Special cars 74 58 97 65 63 -2.9%
RVs 2,367 2,182 2,307 2,085 1,840 -11.8%
Motorcycles 78 79 80 1.3%
Subtotal 10,019 9,583 10,596 9,473 8,858 -6.5%

Non-road 
transport

Railroads 484 433 384 374 377 0.9%
Ships 6,983 7,091 7,589 8,290 8,973 8.2%
Aircraft 85 90 99 104 105 0.4%
Agricultural machinery 1,364 1,348 1,342 1,340 1,330 -0.8%
Construction machinery 5,945 6,354 6,173 6,086 6,448 5.9%
Subtotal 14,861 15,317 15,588 16,194 17,232 6.4%

Waste Waste incineration 247 246 295 274 245 -10.6%

Others Forest fires and other fires 272 317 306 431 356 -17.4%

Fugitive Dust

Paved roads 27,034 27,573 29,291 31,062 31,411 1.1%
Construction 27,685 38,221 34,990 36,553 38,065 4.1%
Vacant lands 10,733 10,687 9,638 8,182 8,442 3.2%
Loading and unloading 9 9 9 9 9 -5.0%
Agricultural production 10,141 9,961 9,791 9,596 9,572 -0.2%
Livestock production 9,939 10,200 10,658 10,938 11,325 3.5%
Waste disposal 3,416 3,926 4,220 4,335 4,473 3.2%
Unpaved roads 9,715 9,057 9,137 9,257 9,176 -0.9%
Subtotal 98,671 109,633 107,735 109,932 112,472 2.3%

Biomass burning

Open burning 984 919 893 866 828 -4.4%
Crop residue incineration 9,121 9,183 9,474 9,150 8,471 -7.4%
Grilled meat and fish 606 626 461 565 491 -13.2%
Wood stoves and boilers 2,002 1,958 1,930 1,893 1,864 -1.5%
Traditional fireplaces 114 111 109 106 104 -2.1%
Charcoal kilns 1,757 1,757 1,757 1,757 1,757 0.0%
Subtotal 14,583 14,552 14,623 14,338 13,514 -5.7%

Total 211,172 233,177 233,085 218,476 232,993 6.6%
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Appendix 1. Continued.
(f) Trends in PM2.5 emissions (Unit: metric tons/year)

Emission source category
2014 2015 2016 2017 2018

Change (%)
(2018-2017)First-level Second-level

Energy 
production

Public power generation 3,162 2,989 2,593 2,470 2,454 -0.7%
District heating 63 99 120 140 166 18.4%
Oil refining 46 23 23 25 29 16.6%
Private power generation 407 496 517 526 659 25.2%
Subtotal 3,679 3,607 3,253 3,162 3,308 4.6%

Non-industry

Commercial and public facilities 72 109 98 96 81 -15.5%
Residential facilities 782 745 721 694 673 -3.1%
Agricultural·livestock·fishery facilities 191 171 159 144 135 -6.4%
Subtotal 1,045 1,025 978 935 890 -4.9%

Manufacturing 
industry

Combustion facilities 165 121 148 101 102 0.3%
Process furnaces 1,245 1,226 1,059 1,006 1,155 14.8%
Others 28,912 34,971 35,577 27,393 33,842 23.5%
Subtotal 30,322 36,317 36,785 28,501 35,099 23.2%

Industrial 
process

Petroleum industry 30 29 32 32 31 -5.6%
Iron and steel industry 3,636 3,705 3,730 3,729 3,825 2.6%
Inorganic chemical industry 202 194 199 244 224 -8.2%
Organic chemical industry 715 846 877 853 865 1.4%
Pulp and paper industry 17 18 17 17 16 -8.0%
Others 303 340 336 311 229 -26.4%
Subtotal 4,903 5,132 5,191 5,186 5,189 0.1%

Road transport

Passenger cars 75 81 145 156 126 -19.4%
Taxis 2 2 2 -4.5%
Vans 400 302 402 363 347 -4.3%
Buses 205 215 204 179 166 -7.2%
Freight cars 6,292 6,159 6,712 5,964 5,683 -4.7%
Special cars 68 53 89 60 58 -2.9%
RVs 2,178 2,008 2,123 1,918 1,693 -11.8%
Motorcycles 72 73 74 1.3%
Subtotal 9,218 8,817 9,748 8,715 8,149 -6.5%

Non-road 
transport

Railroads 446 399 354 344 347 0.9%
Ships 6,423 6,539 6,995 7,731 8,383 8.4%
Aircraft 78 83 91 96 96 0.4%
Agricultural machinery 1,255 1,240 1,235 1,233 1,223 -0.8%
Construction machinery 5,469 5,846 5,679 5,599 5,932 5.9%
Subtotal 13,671 14,106 14,354 15,002 15,981 6.5%

Waste Waste incineration 204 209 252 234 209 -10.5%

Others Forest fires and other fires 245 285 275 388 320 -17.4%

Fugitive dust

Paved roads 6,541 6,671 7,087 7,515 7,599 1.1%
Construction 2,769 3,822 3,499 3,655 3,807 4.1%
Vacant lands 1,610 1,603 1,446 1,227 1,266 3.2%
Loading and unloading 1 1 1 1 1 -5.0%
Agricultural production 2,028 1,992 1,958 1,919 1,914 -0.2%
Livestock production 1,840 1,861 1,960 2,013 2,073 3.0%
Waste disposal 342 393 422 433 447 3.2%
Unpaved roads 971 906 914 926 918 -0.9%
Subtotal 16,101 17,248 17,286 17,690 18,025 1.9%

Biomass burning

Open burning 873 815 792 768 734 -4.4%
Crop residue incineration 7,563 7,621 7,878 7,627 7,046 -7.6%
Grilled meat and fish 556 574 423 518 451 -13.0%
Wood stoves and boilers 1,326 1,298 1,280 1,257 1,238 -1.5%
Traditional fireplaces 92 89 87 85 83 -2.1%
Charcoal kilns 1,664 1,664 1,664 1,664 1,664 0.0%
Subtotal 12,073 12,060 12,124 11,919 11,217 -5.9%

Total 91,460 98,806 100,247 91,731 98,388 7.3%
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Appendix 1. Continued.
(g) Trends in Black Carbon emissions (Unit: metric tons/year)

Emission source category
2014 2015 2016 2017 2018

Change (%)
(2018-2017)First-level Second-level

Energy production

Public power generation 219 146 151 128 148 15.9%
District heating 17 28 36 45 63 40.0%
Oil refining 5 1 2 3 2 -36.5%
Private power generation 83 132 141 143 192 34.6%
Subtotal 324 307 330 319 405 27.2%

Non-industry

Commercial and public facilities 9 13 13 15 13 -9.6%
Residential facilities 130 128 136 140 147 4.8%
Agricultural·livestock·fishery facilities 16 14 13 12 11 -5.9%
Subtotal 156 155 161 167 172 2.8%

Manufacturing  
industry

Combustion facilities 20 14 35 30 29 -2.0%
Process furnaces 74 60 62 64 75 16.3%
Others 554 666 679 526 649 23.4%
Subtotal 648 741 776 620 753 21.4%

Industrial  
process

Petroleum industry 0.02 0.02 0 0.02 0.02 -5.6%
Iron and steel industry 11 11 11 11 11 2.5%
Pulp and paper industry 0.1 0.1 0.1 0.1 0.04 -33.3%
Others 4 5 6 6 4 -32.0%
Subtotal 15 16 17 17 15 -9.7%

Road transport

Passenger cars 33 39 60 66 48 -26.2%
Vans 240 183 237 214 204 -4.6%
Buses 158 166 157 138 128 -7.2%
Freight cars 3,939 3,873 4,187 3,749 3,538 -5.6%
Special cars 52 41 69 46 45 -2.9%
RVs 1,252 1,154 1,219 1,102 971 -11.8%
Subtotal 5,674 5,456 5,930 5,315 4,935 -7.1%

Non-road transport

Railroads 344 308 273 265 267 0.9%
Ships 1,004 1,042 1,105 1,141 1,154 1.1%
Aircraft 61 64 70 74 74 0.4%
Agricultural machinery 968 956 953 951 943 -0.8%
Construction machinery 4,218 4,509 4,380 4,318 4,575 5.9%
Subtotal 6,594 6,879 6,781 6,749 7,014 3.9%

Waste Waste incineration 3 3 4 4 3 -10.5%

Others Forest fires and others 11 15 14 24 19 -24.1%

Fugitive Dust

Paved roads 68 70 74 79 79 1.1%
Vacant lands 0.3 0.3 0.3 0.2 0.3 3.2%
Loading and unloading 0.04 0.04 0.04 0.04 0.04 -5.0%
Agricultural production 0.4 0.4 0.4 0.4 0.4 -0.2%
Livestock production 28 27 30 30 31 1.8%
Unpaved roads 11 10 10 10 10 -0.9%
Subtotal 108 108 115 120 121 1.1%

Biomass burning

Open burning 37 34 33 32 31 -4.4%
Crop residue incineration 1,707 1,709 1,738 1,687 1,599 -5.2%
Grilled meat and fish 23 23 17 21 18 -13.0%
Wood stoves and boilers 219 213 210 206 202 -1.7%
Traditional fireplaces 13 13 13 12 12 -2.1%
Charcoal kilns 263 263 263 263 263 0.0%
 Subtotal 2,261 2,255 2,274 2,221 2,125 -4.3%

Total 15,795 15,934 16,401 15,555 15,562 0.04%
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Appendix 1. Continued.
(h) Trends in VOCs emissions (Unit: metric tons/year)

Emission source category
2014 2015 2016 2017 2018

Change (%)
(2018-2017)First-level Second-level

Energy production

Public power generation 5,486 4,497 4,832 4,327 4,774 10.3%
District heating 509 472 591 732 995 35.9%
Oil refining 318 327 296 269 208 -22.8%
Private power generation 1,384 2,169 2,282 2,425 3,185 31.3%
Subtotal 7,697 7,464 8,001 7,753 9,161 18.2%

Non-industry

Commercial and public facilities 722 795 810 820 817 -0.4%
Residential facilities 1,777 1,773 1,879 1,963 2,075 5.7%
Agricultural·livestock·fishery facilities 59 53 51 47 44 -6.3%
Subtotal 2,558 2,622 2,740 2,830 2,936 3.7%

Manufacturing 
industry

Combustion facilities 193 222 447 428 476 11.2%
Process furnaces 1,134 1,079 1,176 1,166 1,182 1.3%
Others 1,953 1,800 1,719 1,606 1,922 19.7%
Subtotal 3,280 3,101 3,342 3,199 3,579 11.9%

Industrial  
process

Petroleum industry 53,588 56,021 58,686 59,780 60,165 0.6%
Iron and steel industry 19,325 19,408 19,546 19,756 20,117 1.8%
Inorganic chemical industry 579 564 613 741 679 -8.4%
Organic chemical industry 44,050 44,417 45,508 45,856 45,457 -0.9%
Pulp and paper industry 1 1 1 1 1 0.0%
Food and beverage industry 62,275 61,943 61,206 61,780 61,429 -0.6%
Others 534 544 543 410 399 -2.6%
Subtotal 180,351 182,899 186,104 188,324 188,247 0.0%

Energy transport
and storage

Gasoline supply 27,645 29,137 30,160 30,695 30,770 0.2%

Solvents use

Painting facilities 339,582 344,671 347,608 348,822 334,364 -4.1%
Cleaning facilities 27,701 28,144 27,740 27,442 27,074 -1.3%
Laundry facilities 21,304 20,407 20,390 20,250 20,464 1.1%
Other solvent use 160,731 162,137 162,266 167,134 165,451 -1.0%
Subtotal 549,318 555,359 558,004 563,648 547,353 -2.9%

Road transport

Passenger cars 18,045 16,071 15,877 15,315 13,984 -8.7%
Taxis 89 61 38 33 28 -13.7%
Vans 632 531 669 629 576 -8.5%
Buses 12,134 12,366 11,936 11,447 10,833 -5.4%
Freight cars 11,436 11,514 12,700 12,149 11,899 -2.1%
Special cars 266 246 317 285 278 -2.5%
RVs 2,610 2,384 3,017 3,027 2,999 -0.9%
Two-wheeled vehicles 4,255 2,973 3,008 3,036 3,061 0.8%
Subtotal 49,468 46,145 47,561 45,920 43,658 -4.9%

Non-road transport

Railroads 1,225 1,095 973 948 954 0.7%
Ships 18,340 20,970 22,185 41,064 48,961 19.2%
Aircraft 672 700 749 834 789 -5.4%
Agricultural machinery 1,955 1,933 1,925 1,917 1,902 -0.8%
Construction machinery 14,681 15,613 14,984 14,645 15,261 4.2%
Subtotal 36,873 40,311 40,816 59,407 67,867 14.2%

Waste
Waste incineration 44,612 53,173 55,520 55,366 54,770 -1.1%
Others 3,449 3,901 3,468 3,039 2,965 -2.4%
Subtotal 48,061 57,074 58,988 58,405 57,735 -1.1%

Others Forest fires and other fires 551 648 624 901 737 -18.2%

Biomass burning

Open burning 4,807 4,488 4,361 4,231 4,044 -4.4%
Crop residue incineration 61,154 61,408 63,497 62,729 60,279 -3.9%
Grilled meat and fish 147 154 110 137 119 -13.3%
Wood stoves and boilers 17,406 17,071 16,858 16,581 16,361 -1.3%
Traditional fireplaces 1,687 1,638 1,608 1,569 1,536 -2.1%
Charcoal kilns 1,254 1,254 1,254 1,254 1,254 0.0%
Subtotal 86,454 86,012 87,687 86,500 83,592 -3.4%

Total 992,256 1,010,771 1,024,029 1,047,585 1,035,636 -1.1%
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Appendix 1. Continued.
(i) Trends in NH3 emissions (Unit: metric tons/year)

Emission source category
2014 2015 2016 2017 2018

Change (%)
(2018-2017)First-level Second-level

Energy production

Public power generation 798 557 708 440 534 21.4%
District heating 145 128 158 192 263 37.1%
Oil refining 174 198 177 151 106 -30.1%
Private power generation 308 496 516 547 723 32.2%
Subtotal 1,425 1,379 1,559 1,330 1,626 22.3%

Non-industry

Commercial and public facilities 498 567 582 580 538 -7.3%
Residential facilities 618 641 698 723 757 4.6%
Agricultural·livestock·fishery facilities 164 143 134 125 119 -5.2%
Subtotal 1,280 1,351 1,415 1,429 1,414 -1.1%

Manufacturing 
industry

Combustion facilities 57 67 130 122 134 9.6%
Process furnaces 229 233 254 245 250 1.9%
Others 431 327 288 320 353 10.2%
Subtotal 717 627 672 688 737 7.1%

Industrial  
process

Petroleum industry 22,368 23,384 24,496 24,953 25,113 0.6%
Iron and steel industry 1,691 1,728 1,728 1,724 1,750 1.5%
Ammonia consumption 13,984 14,320 16,265 16,301 19,117 17.3%
Subtotal 38,043 39,432 42,489 42,977 45,981 7.0%

Road transport

Passenger cars 9,906 9,863 4,554 3,914 2,800 -28.5%
Taxis 102 104 99 -4.3%
Vans 8 7 18 16 14 -13.6%
Buses 12 14 27 29 29 2.8%
Freight cars 83 88 162 160 157 -2.0%
Special cars 2 2 3 3 4 58.7%
RVs 52 56 154 160 166 3.8%
Two-wheeled vehicles 49 50 51 52 52 1.4%
Subtotal 10,113 10,078 5,071 4,437 3,322 -25.1%

Non-road 
transport

Railroads 14 12 11 10 11 1.5%
Ships 13 14 14 15 14 -3.8%
Agricultural machinery 53 53 53 54 53 -0.6%
Construction machinery 36 38 39 41 47 15.0%
Subtotal 116 117 117 120 126 4.5%

Waste Others 23 22 22 22 22 -1.9%

Agriculture
Fertilizer use 20,172 19,901 19,553 17,754 19,566 10.2%
Livestock manure management 207,781 211,362 217,464 226,582 230,211 1.6%
Subtotal 227,953 231,263 237,017 244,335 249,777 2.2%

Others Animals 12,832 12,882 12,924 12,945 12,957 0.1%

Biomass burning

Open burning 2 2 2 2 2 -4.4%
Crop residue incineration 5 5 5 5 5 -6.0%
Wood stoves and boilers 6 6 6 6 6 -1.2%
Traditional fireplaces 2 2 2 2 2 -2.1%
Subtotal 16 15 15 15 14 -3.4%

Total 292,517 297,167 301,301 308,298 315,975 2.5%
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SUPPLEMENTARY MATERIALS

Table S1. Configurations of (A)WRF and (B)CMAQ models in this study1

(A) WRF Description

Version WRF v3.4.1
Microphysics WSM6
Short wave radiation Dudhia
Land-Surface Model NOAH
PBL scheme YSU

(B) CMAQ Description

Version Version 4.7.1
Chemical Mechanism SAPRC99
Chemical Solver EBI
Aerosol Module AERO5
Boundary Condition Default profile 
Advection Scheme YAMO
Horizontal Diffusion Multiscale
Vertical Diffusion Eddy

Fig. S1. Horizontal resolutions for the simulation by domain were as follows: 27 km (Domain 1), 9 km (Domain 2), and 3 km (Domain 3).
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