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Abstract In this study, we focused on the Clean Air Policy Support System (CAPSS), which provides current national air
pollution emission data, and compared and analyzed domestic and international emission estimation methods and
uncertainty assessment methods. We evaluated the level of domestic emissions using modeling and observational data and
proposed strategies to improve national air pollution emission data. Comparing the uncertainty of Korea’s CAPSS inventory
with other Asian countries’ inventories, it showed a lower level of uncertainty compared to TRACE-P’s China level but similar
to Japan’s emission uncertainty level. Recent studies on CAPSS inventory data uncertainty indicated relatively higher
uncertainty in agricultural emissions (manure management), organic solvent use (paint facilities), fine dust emissions (fugitive
road dust), and on-road mobile sources (passenger cars and trucks). Based on long-term simulation results, we examined
overall emission characteristics. For air pollutants like PM;, that were underestimated, it was determined that improvements
were needed, taking into account unaccounted emission sources, emission factors, and activity data on a regional basis. In
the case of PM, s, simulation accuracy was higher compared to PM,, but improvements were needed for overestimated or
underestimated components. Regarding NO,, annual average concentrations were similar to observational data, but seasonal
variations showed some differences, indicating uncertainties in the process of allocating monthly emissions from annual
averages. Evaluation of volatile organic compounds (VOCs) revealed significant underestimation in industrial areas such as
Yeosu, unlike urban areas, suggesting the need for improvements in fugitive emissions and VOC emission data related to
industrial processes. To enhance the reliability of national air pollution emission data, a comprehensive understanding of
industrial emissions and investigation and improvement of unreported emission sources are urgently required at the national
level. Moreover, enhancing statistical data on emission-related activities should be pursued at the government level.

Key words: Air pollutant, CAPSS, Emissions inventory, Evaluation, Uncertainty
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Table 1. Source categories of air pollution emission inventory by countries.

USA

EU

Korea

Fuel combustion - electric utilities
Fuel combustion - industrial
Fuel combustion - other
Chemical & allied product MFG
Metals processing

Petroleum & related industrials
Others industrial processes
Solvent Utilization

Storage & transport

Waste disposal & recycling
Highway vehicles

Off-highway

Miscellaneous

Production processes

Road transport

Other sources and sinks
Agriculture

Combustion in energy and transformation industries
Combustion in manufacturing industry
Non-industrial combustion plants

Solvent and other product use
Extraction & distribution of fossil fuels
Waste treatment and disposal

Other mobile sources and machinery

Fuel combustion - electric utilities (1)
Fuel combustion - industrial (3)

Fuel combustion - other (2)
Production processes (4)

Solvent utilization (6)

Fossil fuels storage & transport (5)
Waste treatment (9)

Road mobile sources (7)
Non-road mobile sources (8)
Other area sources (11)
Agriculture (10)

Fugitive dust (12)

Combustion of biomass (13)
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Table 2. Numbers of air pollution emission factors in CAPSS (2017 emission inventory).

Air pollutant Sub total Developed by Korea Developed by US. EPA Developed by EEA
TSP 3,549 521 2,974 54
PM;, 3,840 570 3,247 23
PM, 5 2,996 489 2,479 28
SO, 3,409 1,263 1,943 203
NO, 3,940 2,059 1,835 46
VOC 3,962 670 3,187 105
NH; 3,825 272 3,344 209
co 3,884 682 3,155 47
Total 29,405 6,526 22,164 715

Yoo (2022)
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Table 3. Comparison of uncertainty assessment methods for air pollution emission data.

Methodology

Description

Quialitative discussion

Sources of uncertainty are listed and discussed. General direction of bias, and relative
magnitude of imprecision are given if known.

Subjective data quality ratings

Subjective rankings based on professional judgement are assigned to each emission
factor or parameter (Assessment of Emission Factor Grading in U.S. EPA AP-42).

Data attribute rating system, DARS methods.

Numerical values representing relative uncertainty are assigned through objective

Expert estimation method

Emissions distribution parameters (i.e., mean, standard deviation, and distribution type)
are estimated by expert.

Propagation of errors method

Standard statistical techniques of error propation, typically based upon Taylor’s series
expansions, are used to estimate the composite uncertainty.

Monte Carlo, Latin hypercube, bootstrap (resampling), and other numerical methods

Direct simulation method

are used to estimate directly the central value and confidence intervals of individual
emission estimates.

Direct or indirect measurement
(validation) method

Direct or indirect field measurement of emissions are used to compute emissions and
emissions uncertainty directly.

Receptor modeling method

Using receptor modeling, the relative contribution of specific emission sources is
estimated through chemical analysis of pollutants in the atmosphere.

Inverse air quality modeling method

Air quality simulation models are used in an inverse, iterative approach to estimate
the emissions that would be required to produce the observed concentrations fields.

U.S EPA (1996)

Sy |2tEstE|x| J 39 2 M| 5
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’i}*li%-ilfﬂ CAPSSE 3| j&eF Aol Q32
TR AT I, wlE IHEE 24 2 A
Skt Qe ofw, B E ol WhE s AtEE w7 HlE
A A|AH (SEMS: Stack Emission Management
System) ¥} 7| TS Foll A=, 71E AAE
FAot 55 PA o0& HRRE F CAPSS A AR
o|-gsto] FEH doH F5ARE 1) Y5AES}
S5 A v, 2) AL A=t Hlﬂ, 3) AT 2
golo] v E Tl QFE AERT 7iE wiEYd
X”—’“FJ‘: e AE 0] A AEH-E (57t Hi7]

F=4 WiEF 71ZARTES 2R BEdREAt
/\1>>% Foll A 2J=]o] ATH(NIER, 2019). oA 7 =i
ML vjE AHER] 2ol glo] 7HE viEdolA
AHEEE 2R QA/QCE F 5= &
'S ASsH Sl

CAPSS®] T7]© 42 wiEapol] gt Bk

Ol-J ik o

7F= KEITI (2014) 79} NAIR (2021) ATto|lA Z+
7} 2008, 2017 H|EXRE 7]|F 2 2 DARS (Data
Attribute Rating System) B7FH-E o]-&sto] 1)

1A%

< HiEAR 9] AF = &=
L 542 249 4P, 0999 dd, 37 9
A7 4439] Mg 5 arkA2 TRelo] 4ot
ssAn Betws Bolekt Wiolt. 9 d7s
3l 20083 20179 €] HjE- Yol uhg HiEAS A
St & 23S AgAH o2 grstet v
Zor et sy 97|71 £ HlEYd4-E fA 7
o ofg ma} 27 e Wiz e A= A
| 7198 4= 21TH(Kim and Jang, 2014).

=
T

2

H}E 7]olE 7] Bt
= W& 7| = (%) x BT T

BEE 27 =(1-EB%E B7H)

H 4+ 20179 CAPSSE T e = vjEdd B
g7t Aot viE 7o =g 1 wiE 7|k T

Table 4. Prioritization of uncertainty improvement by pollutant and emission source considering emission contribution.

Pollutant Ranking First-level category Second-level category Third-level category
o 1 Road transport Vessel Recreational vessels
2 Non-Road transport Vessel Fishing vessels
NO 1 Non-road transport Vessel Cargo Ships
x 2 Road transport Truck Large
1 Industrial process Petroleum industry Petroleum product processing - Sulfur recovery units
SO .
2 Non-road transport Vessel Cargo ships
TSP 1 Fugitive dust Road dust Passenger vehicles
2 Manufacturing industry Other Primary metal industry
PM 1 Manufacturing industry Other Primary metal industry
10 2 Fugitive dust Construction Non-residential facilities
PM 1 Manufacturing industry Other Primary metal industry
25 2 Non-road transport Vessel Cargo ships
voC 1 Solvent use Other solvent use Residential and commercial solvent use
2 Solvent use Painting facilities Buildings and structures
NH 1 Agriculture Livestock manure management Swine
3 2 Agriculture Livestock manure management Poultry
NIER (2021)
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2] B3n ®7} Ak Uehdch o]2 B 24,
E7d B8t A 94898 EESIA ol
DARS H7FH-2 ui &5 AHg ISl st 28

% 4A )
(e}

3.3 ZLHe| HiEXIZ S| M2|= H|m Tt

T AR E 29t 7] AV B &
AE dol 83 ZAZ #ste] 1 Qict. olef =
710 HEd WiEFS AFHoR ERIT 4 Q=
CAPSS QI E 2] 9] 7oA, A2 oghof tgt 7|t
ol Ax SAlol Aol thet 27F F&Est=
Jejolh. & o= Syt CAPSS JIHIE 2]}
= 9] HiEAt= 0] A=A o] thof] B ZA% AE
ZAFSEe] CAPSS QIHIER] O] A2 g mfelst
Art.

1.0
0.9 +
0.8
0.7
0.6 -
0.5
04 -
0.3
0.2 ¢ -
0.1 ]
0.0
co NOx SOx PM10

= CAPSS (2001) = CAPSS (2006) ™ Improved CAPSS

TRACE-P (China) ™ TRACE-P (Japan)

2 712 HERRS| Triet 4 W

T
Lim (2009)-2 DARS H7HIH-S o]-85}o] FolA|
of 2] 9] uiE QIMIE 2|9} CAPSS SIHIE 2] 9] 4=
T 5 Bk, o], H]W T QI E ] 2= oFA]
o= tito 2 3 TRACE-P QHIEZ S AA5I o
™, TRACE-P JIHIE2] U ofAJo} =7} 7he-d] $-2
Hetol FAY o5 Ho e F= T, €&, 7
=S FA o2 vH|wstATh & 5= CAPSS®} TRACE-
P (T4, 48, §)°] DARS H3t Z3HE YERlT
DARS 5= 03] ollA] 13 Ato] 9] gk 7HA]H, 17
A= WiE55 Y AR 7t 535 9fnljich
DARS 37} A3} ©]-85to] TRACE-P QIHIE =<}
CAPSS JIHIE 2] 9] £2& & H| ol B CAPSS <!
HIE 2= TRACE-PY| T QIMIEC|Hr= 2%

7F Hal, A2 RIER ek vkt aES yERGL

5 2SIt gasts 2e ST 4 Sk I™ 1

| :
:
BC ocC VOé NH3

= TRACE-P (South Korea)

Fig. 1. Comparison of DARS scores between CAPSS and TRACE-P inventories (Lim, 2009).

Table 5. Assessment of Substance-Specific DARS Results for CAPSS and TRACE-P Inventories.

co NO, SO, PMo BC ocC voC NH;
CAPSS (2001) 0.648 0.640 0.645 0.605 - - 0.589 0.565
CAPSS (2006) 0.654 0.651 0.653 0613 - - 0.593 0.566
Improved CAPSS - - - 0.621" - - 0.600? 0.574%
TRACE-P (China) 0.493 0.567 0.576 - 0.437 0.432 0.514 0.536
TRACE-P (Japan) 0.592 0.600 0.635 - 0.527 0.508 0.562 0.553
TRACE-P (South Korea) 0.575 0.515 0.563 - 0.506 0.454 0.519 0.521

NIER (2006), 2NIER (2007¢), *NIER (2008, 2007a)
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S H CAPSS 2001, 2006°1|1 4= NH; F-2ol A 7H
e 45 vrehiH, TRACE-P QIMIEF S|4 OC
o} BC FEA 71 e H4E yepdth o
CAPSSOIAE NH, 9] B&H% 7j410], TRACE-POJIA]
+ 0C9 BCO| B8k 7ol AjHer Faghks
ofm|gitt.

Qlet o] <] viE HED Q] EEE H|W
sto 2 2 oldlEa]| o] AlFA Hrtet 34 A1F)
& Eg oofsl 4= otk tlEo] Bahr o] AriAl

H| 17} 7hsdte] e o] BEo] Bt sl
FolloF sh=x] ool &= Qlk. o)A ™ AU viEAt=
o] NF w2 Hrlsln AZsh thoFst A7E =4
H&E2t= 0] B8 5 Fo] URithd Ml E ] 2|
ofuet &84 At E o ZiE Fu wiERE

2 A4HY 4 9 Ao TqEr,

4. ¥% XA=E 018Y Y HESE9 F7t

4.1 HIE-SE BACINS HE BatT

WjEe AR A TAelq o] Bojeks g,
9712 BAE So) WiEde e ek, ol
BER R} Hlwshs AR o g WA} 7
L E-C PR R B e

£ Ediz a4 #iEs®d A= 285 A @ﬂﬁﬁ
EO}E} &2 AP A7 whet vjE Aot 2
SolA ﬂa}’é 4 Qe Hh 2 AgtelMe A o
:rLOﬂ/H TE2H 29T A o= A UekS A4
St o 24& 73Uk
oul o @ Ex tja}t 2|l tj7]d A4 A
He HlolAle s 219 7] e ol et F4
| 0]3H (conceptual modeling) 7} -4 & o]oF 5},
LGl tigt 7] 242 7Hte = uiEwF
7Joﬂ e ‘417]2‘:5%7‘214 T HgkE q&5g ¢

AN 3 2 N Ik —{>

8 =Y, HH%%XE‘ —‘é—)e 1?40}04 EH7]11 32 o
Zst7] flof| 7|3kt g o] o84 4= Tt (Tessum
et al., 2022). THE, 7] mALY] AStr = 7)AkS A
Q5ld YR HiE AT o] IS 7 T
tﬂ-o oBvg 1;H7]11 7H/\-] ;QIJ B_JJ. oﬂzoﬂ 0101 HH%E}:
o] A oS Fasi

el 71 A e e 918 71 B

Aol 2 271 ijEE S0 WiEw Aue o8

Ho, 27} SRS WS A A, et i
5 B9 1 Askert s P o

(Choi et al., 2021), 755 B3t /|Ae Q7=
71E @FellA =l 7]z Z|AFAle] Higt CAPSS 2016
HESE2E 7)hte] 7|3 oA} S857 A3E A

Table 6. Mean biases of annual mean PM, 5, NO,, and SO, concentrations simulated with CMAQ utilizing the CAPSS2016 emis-

sions inventories in previous studies.

Mean bias
Reference
PM, 5 [ug/m’] NO, [ppb] SO, [ppb]

Seoul 4.0 5.3 0.1 (Bae etal., 2021)
Incheon 6.6 5.8 1.2 (Kim et al., 2021b)
Gyeonggi 2.8 -0.7 0.5 (You et al., 2020)
Chungcheongbuk-do 1.6 -1.3 -0.7 (Son etal., 2021)
Jeollabuk-do -34 -0.4 -34 (Kim etal., 2021a)
Jeollanam-do -0.7* 2.6* 7.5% (Kim etal., 2021c)
Gyeongsangbuk-do -1.1* 3% 1.6 (Kim etal., 2022)
Gyeongsangnam-do -4.2 =31 -0.3 (Kang et al., 2021a)
Busan -6.2 3.6 24 (Kang et al., 2021a)
Ulsan 13 38 1.1 (Kang et al., 2021b)

*Re-calculated after excluding non-public anthracite coal combustion emissions.
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Fig. 2. Comparison of DC 8 observations with model simulations for SO, (left), NO, (center) and toluene (right) in the lower
atmosphere over the Seoul metropolitan area during KORUS AQ (Park et al., 2021).
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Fig. 3. Source apportionment results for selected VOCs measured over Seoul during KORUS-AQ (Simpson et al., 2020).
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Fig. 4. Comparison of measured PM, 5 concentration and
estimated PM, 5 concentration using modeling of various
conditions (Lee et al., 2017).
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Fig. 5. Comparison of top-down and bottom-up VOC emission estimates through aircraft observations of Daesan during

KORUS-AQ (Fried et al., 2020).

PM, s & B7Iote] RElyg Aite] ks 7
58 BT IH 4). Fried et al. (2020)

P77l 242 B0 =l didt ARekelez] oA
Y OC &% AHFshola, 434 <
¢} v\wetgct 11 At 51k HHAlS B =
USRS A viEgET 294068 B =2 2O
2 UERITH(L® 5). Kwon et al. (2021)-2 KORUS-AQ
B BEARE of-8oto] HiEFS JF2 ok oleF

=

olr
Fr[:‘
<

o ri
o st

A S o]-gsto] Hiit ARakelthA] o] NMVOC
HlEES H7lskdeh o|m) NMVOC Hi&E%-2 Form-
aldehyde (HCHO) 52| & ARgsto] 45151 0H,
1 A} gi4ke] A4 voc BiEEel 4.0+£2.38)
T gohal YIFSHATHIH 6). ©]+= Fried et al. (2020)
o] A Ar EEH AP 9|} o] vl
t}. 919} -8 KORUS-AQ ¢ A5 U= A=
ARgSte] S QIMIES] RS ¢ 2E Holge
BN BEARE SO AR viEdel it Bt =
otk wAlo] &840 HojEeh 99 AFIES &
off ol =1eF WA (DARS B7PER) I o4
F U2 (KORUS-AQ )= ©l-§5te] HiEA =9
A= E W5k gokshr] 919t A7t #E5] 2
Y= Qe ERlstich

>

Daesan+Gunsan
5 @]
41e
~
3 -
£
~
()
3 ©
=
¥ 24
<
1 4
0 r = :
0.0 2.5 5.0 7.5

HCHO [ppbv]

Fig. 6. Comparison of top-down and bottom-up HCHO emis-
sion estimates of Daesan during KORUS-AQ (Kwon et al., 2021).
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