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Abstract We investigate the impact of Chungcheongnam-do (CCND) sectoral emissions to PM, 5 concentrations in the Seoul
Metropolitan Area (SMA), South Korea. As major suppliers of the SMA's power, CCND’s energy generation units are known for
important emissions sources to affect SMA air quality, however, the influences of other emission sectors in CCND are not fully
addressed. Impacts from seven major emissions sectors (i.e. energy combustion, industrial combustion, industrial process, non-
road, on-road, fugitive, and bio-combustion) in CCND are separated using a brute force method with Community Multi-scale Air
Quality simulations for the year of 2015. Simulations suggest that seven major emission sectors in CCND contribute 1.74 ug/m?
(6.6%) of annual SMA PM, s concentrations, 26.42 ug/m3, with clear seasonal variation from meteorological effect. While three
sectors, industrial combustion, industrial process, and energy combustion, are the most dominant contributors, the impacts
from industrial combustion (0.93 pg/m?, 3.5%) and industrial process (0.36 ug/m>, 1.4%) are larger than that of energy
combustion (0.23 ug/m3, 0.9%). We conclude that, in order to improve SMA air quality, collaborative control of emissions both
from SMA and neighboring administrative region, as well as an additional focus on emissions from non-energy sectors are
required.
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2 Ao A= CAPSS (Clean Air Policy Support
System) Bl &% 5-52] SCC (Source Classification
Code)E HIEo® 31 MEFS s olA
FRoto] +EA A PM,, BE D T4 AR
(S0,°7, NO;~, NH,", EC, OC)°]l thet -2 Hlj& <
o2 FA%Itt. NOAA (National Oceanic and Atmo-
spheric Administration) 2] HYSPLIT-& ©]-8-5}] 4=
B PM, s kol gt S5 A H9] viE 9F 74
2 AESIY, CMAQ (Community Multi-scale Air
Quality; Byun and Schere, 2006) 232 HRFf o=
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H, SE2 Z~oMREE FAHo=E 22F AR
J-dell =83t NO,, SO, NH; HIEL =7} = jeflA
P =T (EE 1 8R). oA di7] o= viEd
=42 oG A2 =& vl et o] FH«= Fot
2199] PM, s Tl FFS £ 4 UtH(Kim et al,
2017¢). & Ao A= A& (Seoul), 214 (Incheon),
371 (GG) A& 23koh= LA (SMA)E THLE
2 PM,; F=ol tiet S 49| viER-EE I3
S AHE7] 9l 201592 tiFo= 7 Ade] tix
A 19(A=), 48 (&), 78 (918), 10 (7F2)°ll
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Higo g TI7 13 Zo] |3k AAE BAgYes
AAstalom, WiE tid A9 oz AAE SHE

(CCND)E AAISFAT

Jut

2.2 7| 2A}

714+ )22t 2= NCEP (National Centers for Envi-
ronmental Prediction) 2] FNL (Final Operational Glob-
al Analysis data)& H} S 2 WRF (Weather Research
and Forecast; Skamarock and Klemp, 2008) version
3.5.1- % F=5foto] ulgds}te] o™, MCIP (Meteorology-
Chemistry Interface Processor; U.S. EPA, 1999)= ©|-&
S CMAQ YEAt== HesIGIth viEs JeAtm
+ A9 HiEEe ¢ =<jel tistol= CREATE
(Comprehensive Regional Emissions inventory for
Atmospheric Transport Experiment; http://aisL.konkuk.
ac.kr/ais/emission/create.do) 2015, =] thslol=
CAPSS (Clean Air Policy Support System) 2013 HE=
=2 HIEF 92 SMOKE (Sparse Matrix Operator Ker-
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Fig. 1. The simulation domain at a horizontal resolution of 9 km adopted in this study (left), and the targeted source region (right).

nel Emission; Benjey et al., 2001) version 3.1 ©]-8-5

o] Ze2Jotgle). AAAuEC] 739 MEGAN (Model
of Emissions of Gases and Aerosols from Nature; Guen-
ther et al., 2006) version 2.045 ©]-85}%. 2™, 55} o
AYZ O 2= SAPRCY9 (Statewide Air Pollution
Research Center, Version 99; Carter, 1999)-2 ©|-835}%1
ok 713 2 e AR E B o g Folet B
ol CMAQ version 4.7.12 535} 71248 2ALSH
o, TPt YFE5HA ARE B L
& A GRS Rl 718 B 71 BARE
Agt AR 342 FEH=E (Bae et al., 2017; Kim et
al., 2017a) Fa1e & Qi

2.3 g RE2E & =¥

E AFAME FEA PM, 55 o gt S HiE
2po] e B4 el & 13} o] £ HES

A5k, BEM 718 Hi 7] BARS 853l o] &
HI o2 7| ZHAL Tt viEe §et & mAbE 5
L o] zfo|2HE A 13} Zo] ‘574 7] (Zero-Out
Contribution; ZOC)& AP4SFth (Bartnicki, 1999).
F4 719k ol 8 E = HiEd 55 B HiEs Wt
v]-gof wet gl 4 QIO B & (Kim et al., 2017d),
A3lg AA Al o7} wpErh B G A4

Ao =0l R Gl B Al A2 o], A

Table 1. Emissions reduction scenario over CCND.

Emissions sector Reduction rate

Case 1 (Base) All sectors -

Case 2 Energy combustion 50%
Case3 Industrial combustion 50%
Case 4 Industrial process 50%
Case 5 Non-road 50%
Case 6 On-road 50%
Case 7 Fugitive 50%
Case 8 Bio-combustion 50%

A ZAH 35%)3 FF A 5 9 FAHE

H7re mslo] 71 hEe o) 2o so% 7ol
Brse AR AR,
Z0C= (Cbase_CAEl)/AEi (1)

Cbase: 7]% HH%E]:% o]_Q_?l. 7]% E/\]— lol:-E
Cap: i 52 &7 50% AH § BA &
AE;: i i F-2o] gt v ZeF AF7F H]-8(0.5)

CAPSS HiE% B=2-2 sCC thEF 715 w13
7N BiE F-z (oY A4t 9145 Energy Combustion,
H|ATY] A4 Non-Industrial Combustion, A% A
2; Industrial Combustion, A§457; Industrial Pro-
cess, A A] =% 2 #%}; Energy Transport and Stor-
age, 77184 A&; Solvent Use, =2 ©|5 29 Y;

On-Road Mobile, HIE2 ©|%5 2% 9; Non-Road
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Table 2. Sectoral emission rates of primary PM and its precursors in CCND based on the CAPSS 2013 emissions inventory.

(unit: ton/year)

NO, VOC SO, NHs Primary PM, 5
Energy combustion 68,102 1,863 34,210 160 1,380
Non-industrialcombustion” 3,891 108 1,276 77 74
Industrial combustion 19,118 594 20,651 78 13,369
Industrial process 10,031 21,698 19,611 7,352 919
Energy transport and storage” - 2,458 - - -
Solvent use" - 29,060 - - -
On-road mobile 23,782 3,377 12 565 850
Non-road mobile 18,268 1,707 4,651 19 1,079
Waste disposal” 304 2,104 75 2 1
Agricultural - - - 36,767 -
Miscellaneous” 10 37 - 512 16
Fugitive dust - - - - 1,234
Bio-combustion 923 9,108 17 2 1,286

Note that the impact of emission sectors to PM, 5 are not estimated in this study.

Mobile, H|7]8 #]2]; Waste Disposal, &%; Agricul-
ture, 7|E} H.2 H¢; Miscellaneous, B]4FHZ]; Fugitive
Dust, =4 94; Bio-Combustion) 2.2 R &L},

v A4, WA = B A, w71E A2, 7TE

HO AU BEO| A PM,9 8 AFEALR o4
7 NO,, SO, NH; ¥ Primary PM, ; Bl&=o] @A L
ER L Eskr] ghgton, w4 el ¢ A= H
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HESEZERE NO, 11.7%, SO, 22.0%, NH; 16.2%%

(CAPSS, 2013) ZHQ1=ITH F 2= CAPSS 2013 H|&2
oA 4 Woll $IIsh= L dde] viEdS A
gt Aot 2= AnHH, NO,°| F¢ =2 U
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Fig. 2. Spatial distribution of simulated and observed 10-m wind speed over South Korea for (a) January, (b) April, (c) July and

(d) October in 2015.
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Fig. 3. Wind rose at Seoul for (a) January, (b) April, (c) July and (d) October in 2015. Hourly 10-m wind speed and wind direction

observed at a KMA monitoring station in Seoul is used.
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Fig. 4. Model performance evaluation of PM, 5 and its components at CCND (left) and SMA (right) super sites. Hourly data are
averaged for each month. Monthly means are not shown when missing rates of hourly observations are higher than 25%.
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in 2015.
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Table 3. Top three Zero-out contributions by emission sectors to SMA SO,%~, NO5™, primary PM, s and PM, s concentrations.

Jan. Apr. Jul. Oct. Mean
Industrial combustion 0.54 1.24 1.18 0.75 0.93
PM,s Industrial process 0.18 0.39 0.59 0.29 0.36
Energy combustion 0.11 0.30 0.38 0.14 0.23
Industrial combustion 0.07 0.14 0.18 0.10 0.12
SO,% Industrial process 0.03 0.10 0.18 0.05 0.09
Energy combustion 0.01 0.00 0.10 0.01 0.03
Industrial process 0.09 0.17 0.22 0.15 0.16
NO;™ Energy combustion 0.07 0.22 0.18 0.08 0.14
Non-road 0.03 0.05 0.05 0.03 0.04
Industrial combustion 0.46 0.96 0.90 0.62 0.74
Primary PM, 5 Fugitive 0.03 0.04 0.04 0.03 0.04
Energy combustion 0.02 0.03 0.03 0.01 0.02
Aot AT T2 A T AL vl A 44.1%, AR D4 17.5%, BATE 17.2%,
A A ol vish EE PM,s w0 5H o ER ol AW 7.7%, HIER olF A 5.9%, Hl4t
B2 99 1R AFA] gt gad Ao WA 419%, AEA i 35%=2 HERRT. 2 A
2 AtrE oA Aget vieh go] 8 edd Aol e S HEF A 4 7de2 Ax
of gt At 7o W FF A4S = 2 A A4 53.4%, BHEA 20.9%, AR A4
AZE BiEE AR 58 o8]t Hep MG BAPE 13.4%, B2 o]F2AY 5.0%, HER o5 A
o g3}t 3.7%, 2 A4 1.9%, HIAAA] 1.7% A= =4
T Aol tit T HE F=of 7IRF Bt EAEHSI ARERY FE sRdEoA BF S
e 7 719 E AHEY, 50,79 A9 717 o AR A4, ollvATY A4, BaEE o] A
it F57t 472 pg/m’ 2 HAFE RO, o] T A|x &°] a2 SISkt &, T A% olv A4t
A A4 (0.12 ug/m?, 2.6%) > 44 (0.09 pg/m’, ALTt PArEA o] A& HT = ZARE HHH, 4
1.9%) > o 24T 4= (0.03 ug/m?, 0.6%) Hil=oll o] E=d Aol M AAEA o] ofux|ate] A4l A
g gFo] 2/ Yetsth 5o, 74 & 5 45 7zt [fEET w90 o] 2Rt HiE A9 82 9] vl & F
°ﬂ o= wiEA Q] Sl i) +=dolld o & 8 Afe Aole 4 710129 A AL F 3%
& 80,7 FaFo] Ueth=dl, &5 AG vhdoll s o wE ti7]9] o]F B 2t F7F o] efell AlEHA
80,5 8079 Aol el oFHE I HiE 540l W div] 240, W7l T ==|eteht
gollA so, = ASE]7] Wiz og AFRETh NO;” 359 A adlolA 7|91t Ao ® AbmHrh
o] A 717 B = 7.03 pg/m® S AAFEA (0.16
ug/m’, 2.2%)°l Ot FaFo] 7HF Ek o, o | 2|4t 3.4 S HISSEYE PMs TEE
A A4 (0.14 pg/m’, 1.9%) > HIEZ ©]F5 2 (0.04 HiESF A A0 E42 | edEd
ug/m’, 0.6%)°] o]t 8k Eat =] A E g T RS B9 20 A% BoolEg, Bk 44 &
T8 9= A AAE =W PM, s ol et B IHE LT HiET Aol o] FolAof qit. o A
&2 574 71 =S A A} 7]k s 7 Ao MiET Al T PM, 5 = A e o
g gatste] WEggr Hel Aotk T 110101] el wiE 54l wet EehE & Ao S
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Fig. 9. Period-mean PM, ; relative Zero-out contributions of sectoral emissions from the CCND to PM, 5 concentrations in 2015.

Table 4. Conversion rates of CCND precursor emissions to CCND and SMA PM, 5 concentrations during the simulation period in

2015. (unit: pg/m3/KTPM)
Jan. Apr. Jul. Oct. Mean

Industrial combustion 0.12 0.18 0.17 0.16 0.16

CCND Industrial process 0.04 0.11 0.12 0.07 0.09

Energy combustion 0.00 0.01 0.05 0.02 0.02

SO, to SO,

Industrial combustion 0.05 0.10 0.14 0.07 0.09

SMA Industrial process 0.01 0.05 0.10 0.02 0.05

Energy combustion 0.00 0.00 0.04 0.01 0.01

Industrial process 0.25 0.26 0.31 0.55 0.34

CCND Energy combustion 0.03 0.11 0.07 0.12 0.08

Non-road 0.01 0.09 0.07 0.1 0.07

NO, to NO3~

Industrial process 0.10 0.19 0.24 0.16 0.17

SMA Energy combustion 0.01 0.04 0.03 0.02 0.03

Non-road 0.01 0.03 0.03 0.02 0.02

Industrial combustion 1.30 1.83 1.61 1.52 157

CCND Fugitive 1.67 1.36 1.19 1.53 1.44

Primary PM, 5 Energy combustion 0.48 0.54 0.46 0.58 0.52
to PM,5 Industrial combustion 0.49 1.08 0.97 067 0.80
SMA Fugitive 0.25 0.31 0.27 0.25 0.27

Energy combustion 0.10 0.21 0.23 0.14 0.17
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Appendix 1. Air pollutant emissions per unit area in CCND based on the CAPSS 2013 emissions inventory (unit: TPY/km?).
(b) SO

(a) NO,

OO @oE . OO @DE .
<5<¢10<25<50<75 <1<¢5 <10 <20<60
(d) Primary PM, 5

(c) NH3

]
<5<10<15<20<32




Aed Z0MRIR SERAL (V) B HE 2ee oy sy 248

Appendix 2. Zero-out contributions of sectoral emissions from the CCND to SO,2~ concentrations averaged for January,
April, July and October in 2015.
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Appendix 3. Zero-out contributions of sectoral emissions from the CCND to NO3~ concentrations averaged for January,
April, July and October in 2015.

JAN APR JUL OCT

Energy
combustion

Industrial
combustion

Industrial
process

Non-road

On-road

Fugitive

Bio-combustion

[ng/m]

=7 EstEX| M35 E H2&



Aed Z0MRIR SERAL (V) B HE 2ee oy sy 245

Appendix 4. Zero-out contributions of sectoral emissions from the CCND to NH," concentrations averaged for January,
April, July and October in 2015.
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Appendix 5. Daily contributions of sectoral emissions from the CCND to CCND (left) and SMA (right) 50,2 concentrations
for January, April, July and October in 2015.

2,01 ] 2.0[ g
o 15f 4 & 1sF _‘
E I 1 E ]
JAN 2 1 2 .F ]
2 r 1 02 N ]
© C i © r 1
= r 1 = E 1
> F 1 > E 1
@ o5 4 ® os5F
0.0C 0.0L ]
Jan01 Jan10 Jan20 Jan01 Jan10 Jan20
Date Date
2,01 .
En & ysh 3
3 3 [ ]
APR = < 1of ,
2 2 ]
g g | ]
> S L
) @ 05 &
X 0.0L
Apr01 Apri0 Apr20 Apr01 Apr10 Apr20
Date Date
2,01 . 2,01 .
[ Jd & sk J
S | 1§ |
3 [ ] 3 £
JUL > - 4 5 rofF
2 r 102 r
a 4B osf
] ook
Julot Jul10 Jul20 Julot Julto Jul20
Date Date
2,01 2,01 ]
a 5: & 5: ]
% i % : 1
=5 - 3 3 4
OCT ° 10F o 1.0F .
8 [ 8 [ ]
> [ > L n
@ 05 F n 0.5 r 7
0.0C 0.0L
Octo1 Oct10 Oct20 Octo1 Octi0 Oct20
Date Date
Il Energy combustion [ Industrial process Il On-road I Bio-combustion
3 Industrial combustion = Non-road B Fugitive




T3 ZOIMEX| S=2AR (V) SH HIE F2E &

09
i

s e

Appendix 6. Daily contributions of sectoral emissions from the CCND to CCND (left) and SMA (right) NOs; concentrations for

January, April, July and October in 2015.
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Appendix 7. Daily contributions of sectoral emissions from the CCND to CCND (left) and SMA (right) NH,* concentrations for
January, April, July and October in 2015.
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