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Abstract Emissions of ammonia (NHs) from human activities is of importance a contributing factor as an aspect of the
generation of particulate matter (PM) and may contribute to air quality degradation on a regional and continental scale. Due
to the diversity of emission sources and environmental conditions, quantifying ammonia emissions from soil origin is not fully
understood. The objective of this study is to evaluate the regional emission of ammonia using the Ammonia Emission
Estimation System (AEES) for determining the emissions from agricultural areas, where one of the major sources of ammonia
emission. Using the national land cover map and laboratory-based emission factors, ammonia emissions were calculated for
each administrative region and verified through comparative analysis with the Clean Air Policy Support System (CAPSS)
ammonia emission data. The national ammonia emission was analyzed to be 38470.2 ton/year, which is higher than the
CAPSS total emission of 19566.1 ton/year. As a result of comparing the two data by different provinces, it was found that the
Pearson correlation coefficients (r) were 0.85 and 0.91, respectively, indicating a relatively high correlation. The results of this
study can be used as basic data to support the management of ammonia emission and the implementation of long-term air
quality-related policies in the future.

Key words: Ammonia, PM, Emission, Air quality, Land cover

LY 8 @ 5% 484 17183 W 524 #718e) 24
FRE B0l e AusIgoL, Aol A4 2
1900t} 24714 FRUORNHE A47h B ASk £ B} Aole] AAY WS BEet:

sty |etgsts|X| M 38 M A1 &


https://crossmark.crossref.org/dialog/?doi=10.5572/KOSAE.2022.38.1.126&domain=http://jekosae.or.kr/&uri_scheme=http:&cm_version=v1.5

AZL{o} HiE A X

Haber-Bosch 3742 &l AAd#4 o= Ait= 3ot
(Behera et al., 2013). 12831 =2 Yole] 7 £ Q35
| F ot T 2ol A v = o] ARt 4 &
ofofl A BHAYSH= HAME |t (Aneja et al., 2009; Sut-
ton et al., 2008). 4= FEf o] R Yol= EoFo] A4
TS 77N ¥ 22 a2 H U2 e E
A& FHbsh] wiiZel A AIAZ & de] ARgEIL
NoH, FY EEom It Yool AR Hi7]
LHEH HlEY] T 7] aQlomA Aot I
o5 F2o] ti7]d efsle] 7]ofd 4= Qlgo] A A
SIt}(Shephard et al., 2020; Dammers et al., 2019; Van
Damme et al., 2018). A& S0, 7l FFolA o=
Uo} s o] viEeg2 A7t 12% 57kl 9.2 ™ (Yu
et al., 2018), 7Yt EE2E 2¥Q] 7L A7t 3.34%
& 7t FAE UEdle 2oz BRI (Yama-
nouch et al., 2021). TS Q1F Y42 o] 839t =Y
of ¥ZAT= 1= (2.61%/year), 4 %Y (EU)
(1.83%/year) @ 5= (2.27%/year) ol A g 2]
Fryol w5k S7F FAI7F Uebd= gl 4= ot
(Warner et al., 2017).

7@l A R Yot= B4t (H,S0,), BAHHNO;)
A Z2 At w2 A ghgste] iE do] AR
((NH,),80,, NH,HSO,, NH,NO; 5) 7IA&= 4=}
A B4 (PM, 5)& F/JSH}(Sutton et al., 2008; Malm
et al., 2004). YU OF=E QIFH YT 49| A4 7]
ol & PM &9 OF 3~20%E FHHI ot
(Hodan and Barnard, 2004). 12|14} ©]2gt &= o}
O] JF2 freAoln T AA (AE 2 A7h ¥
o] Qlth(Behera et al., 2013; Sutton et al., 2013). ©]
2Rt olfr =, A7t Bt dRYote] HiEo] ti7]d
o mlAle ¥ Fo4e ot o= ok o
2hA], FR Yot di7| o] nlXl= 71 =E HA
o2 Hrksty] flste] Yot wlE2] AI7HA Hat
of thet HHe} HiEH] T4 HHRE d1EEofof
S} HiE ol FH 91319 7P S HiE B4
Sl t71 20 ol Fi gl P mIE 4= Lo, vy
S0 A AH= 71 o5 Y B oA EH
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(Clean Air Policy Support System, CAPSS)< &2 Y
o HjE ol gt AlF1Ha] A HHEE AlFsta gl
O, F2okellA GAIR i E e 54 (5 FH,
T, 717E F)ell ofsto] E7E Arms AAIEAL Q)
2] Ik 1ol Bk, CAPSS (Yo} vk
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O] erm o} uijEgol ¥t WrPATe} vl HEZL
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Al &9 T AR S92 FEEH PR S O
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Z Ak ol8sto] Yot HiEFS Fristal
CAPSS FAA = oF v st} Ry o] A-8/ds 7}
shuA) gk
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2.1 YZL|of HiESZFHIIAAE (Ammonia
Emission Estimation System, AEES)

B ZopellA TAst= Yot uiEwS H7t
517] £gF 2492 Ammonia Emission Estimation
System (AEES)E Ao} T} AEESE @EAA 2|
AHAI ARl QGIS (https://www.osgeo.org/projects/
qgis/) E 371 EHQlE ARgSHH, T aof et 417
Qo] E R AFgA} AolE FRE TsaEs
TR 7] E A 0 2 ARESE S S5
B AJH] A (https://egis.me.go.kr/main.do) |4 A5
= EANEE 9 PPAA A=E AHste] 224
91710l SR ol Wzl et 24 m2A
25 AEdolelon, ot A2 £S48 s A
Alsket.
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AEES input data

, el

7ro], CAPSSOIA Al Zsk= otm o} Bl&ek =A%}
2E o]gole] BETS JIER AFHER, 2 <
oA AFAE ot o} vl &EF AF& ot AFTHE A S
skt

2.2 AHEA 7[Ht gdLL|ot HiEAIs £F

FRote] Aokt viEsF AS tiRd oF A
d A 27} oflof& A, A ek olalishe l i
F F8oitt 55], WA HoA EFerHEY 7]ql
H AR E O]';é]ﬂ"?gﬂﬂ sletd By, &9
A5, B o E A, (R o) 4FR) HiE 2o}
of ogt = 59 ﬂr’ﬁ%% sto] 21 df7]def| 7]
Sh= Z o5 42 A Qlth(Firestone et al., 1989). 18
L, EGo g RHO| ofRYol HiEEAS EH, FH
717487, 713 E Soll ¥Fe ToEE, ti7]5ol

A AT AAR Y E A L2 o] S5t A
it o] ‘} oo} & B(}% Eof 141 ]2 shoak
5B t}-s}yﬂ x}go}cq 31:,_ ol 7} —@r Zro 7] b
849} Ayt=|o] ATt (Firestone et al., 1989). THEhA],
2 AollAs B EFel o aeHAd dRY
o} &S AH5}7] Ql5te] EoF r] A AES o]

Verifying data

Land cover Admin Emission rate CAPSS
* Rice field « Si-Do * Rice field - Yeaily NH e
* Vege. farm * Si-Gun-Gu * Vege. farm =afly Wlls SIissian
* By Si-Do, Si-Gun-Gu
= Greenhouse » Greenhouse
* Orchard * Orchard

Output data

Comparison

NH3 emission

» Total NH; emission
» By Si-Do, Si-Gun-Gu
+ By Land cover

« By Si-Do, Si-Gun-Gu

Regression, Correlation analysis
* AEES NH; vs. CAPSS NH,3

Fig. 1. Flowchart explaining the interaction of the AEES modules. The spatial information including land cover input, adminis-
trative boundary data, and laboratory based NH; emission rate data are upper left, and total emissions estimation scripts at

bottom, CAPSS NH; emission data for verification is upper right.
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(b) Vegetable farm

(d) Orchard

Fig. 2. Photos of soil sampling locations from (a) rice field, (b) vegetable farm, (c) greenhouse, and (d) orchard, respectively.
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Y89 F8 T/ (A5, L, v, =)
o mhE SRHAT tRy o} viEskS 45| ¢
oto] = (HEHEE A AEH 822 1470-16),
(AEE 13 thitd AR 70 2% 7148
&), HIE5te A (B a3 AbEg 4bEE
65-10), T (ASEE Fe Feg 24 56)02
A7ste], 20219 59l ZF A oA EF Al=E A
FstAThH(TH 2). 28, dEU ot HiET2 H|= 9]
Fo] A7le] whE B W Hl= g Foll #olrt
Z A0 AT B, FF 27 ATE FolA H=
T AI71 9 715270 5 ofg] 270 ihE wiEge
AP o Aot

2 AFolAs =, B oA, T ellA A
NWHT B ol-gsto], ot uiEES 4ot
12F B EAARE A Algtste] Gttt

(1 3 F=x). B 3H (steady state)S FAI5H7] £
oto] N, IA71E olgote] AkfgA=z 249 5
L/min® N, EFHHRE FJoiqich EFAH=
2% 24 7)50] Qe QB R FAuo] glod, of
Tyo} & A2 45°C P22 Zasct
o] %, 7kARH)7]E 550, NH, (1.5 L/min) Z77H] o]
ol5f Yot FEE AATLe 2 =5 oG
O] 749, Juli7] o) oJsto] o2 viEstlon, 4
AFE el w2 et GeFx A dRU o H
T2 (1)°]] eJete] BiEA gL o2 4Hgst3lth
ER=QXCXt/A 1)
7|4, ERE ©9] EFHA (m?) E= A (kg)T &
Lo} HiE%F (mg/m* or mg/kg) 1™, Q& /4 H
% (5 L/min), C= NH; #Z5% (ppb), t= A7F
(min), A= 2 Ao AT EFA| R O] A (m?)
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Fig. 3. Schematic diagram of NHj; soil-emission system.
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o5 A, 71 EA T, 5, 7IEt HedY, T8
AEA a0 107] F2oA siE=+E Aog 71
3k QITH(NIER, 2008). 1714 s F-2o] ot
HiE L2 2709 FEF (H=AMS 544, FSAHE
)2 FEsk glom, B Ao A= 2018 Hl=
A 572 HEThe AT 2 hAstolct

2.3 YDL|o} HiEY Hlm

AEES W9l Ai}o] At 2] v F7HE flof 45

A AlESHL 9= H71AA YA 2F (CAPSS)©]
A AlESHL Qe dR Yot viEw AFE et v wskel
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= 7] F8 "7 e d=4 (TSP PM-2.5, PM-10,
SOx, NOx, VOCs, NH;, CO, BC)9] Hj&3-2 njd At 3.z 7}
goted, =47t 7| 2 A=A wWiEF AHIAE 55 @

He=dd, viedd, A9 FAAER AFEL 9L 3.1 EUAZ EM2 S5t ATL|0} HIEAHIS
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TESH T2 45°C FRIANA N, FYOE A
2ot on, sk F7h ¢ HiEgto 2 "oz Al
= 71F 08 Frolq o, X4 33]9] RHEAY
< 5oto] H o] AExAE TESE 9o thete]
i Ao AAstleh. SHAIES = &, Hds
QA W40 A ZH2F 1,3078, 6004, 1,2125, 1,092
2oz AHE o, N, F & oF 10024
i3t VeR Sl o] Eofol tigh gmote] 11
= %‘é*ﬁﬂ %oﬂ 94611 A== ﬁzi EC’JE}

o,
ol Z¥zt 861+246ppb 6.47+2 14ppb 5.21+1.89
ppb, 7.65£2.28 ppbO|3itt. o] SAEL 4] (1)9] C
of A-&sto] Yo} WiEATE Aol HF Ag
skeict.

T 12 EG HlE Al Aado] ofjt B2 wEE 4R
Uot viEA-E vehd Ziolth 47k EGA = (=,
o, vk, dhed)oll Tt R Yot HiE e
Z}Z} 5.020, 1.573, 2.820, 3.388 mg/m*©|$ITt. & A+

AN AR EG Ala=iE 4 dRYyot &
e BEAO FA, 29, ti7148 AJH 5ol ‘fiol
7} & 4= Itk (Sutton et al., 2013). 1L}, o2 H
£ 14 ES HiE AL omRE A 2y, lf
ol AHHT Bl Yot BF thE B} H]
wato] 7P E2 S UEhileH, = H2o] & %
2juete] 734 ol dist t#de vehd o =
Aoz Wrte: o]= eyt A HAo] 285
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oh oS BRE ool WhEE 4 9l ofuldict.
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3.2 AEES ZHZ 0|88 SYUXIY
ot L|O} HY S

71E9] dEYot HiEF AL AA—AZY
(Shephard et al., 2020; Dammers et al., 2019; Van
Damme et al., 2018), &&= (Leen et al., 2013;
Nowak et al., 2010, 2007), A|’4Z Fourier transform
infrared (FTIR) (Dammers et al., 2015)-& AF&35}o] o]
FolRow, Fe7RE SFT|Eo 2R FA5H] =
SFATH (Fu et al., 2015). 12, FR Lo} viERFe]
Fot B e mi BT A 4 qled,
Al g2 vhdshs dl oldsol Aot mt
2hA, AEES RE A= AlEHA Q] theddS st
7] fIste] A EALH A de] AR Q=
H2H (raster) FE O] EA M ELE, EXUEE QFR
Yot HiE® 25 T4 AHFAa= AMESIAnt &
ATl AR EX 0B SR SF P
(https://egis.me.go.kr/main.do)01]/\1 AEste FiF
A= E ol-&StH e A-8A1° sfFst= 470

A)Q_E; ERE AR

015 &
, AAAERA],
55 FEoto] dRYote] viE S St 2
JEgto = ARGSIITE & 2+ o EX|u] &
7+ PR AY WAL Jehd Ao} ZF B2

o] A2 A (3)°f ofste] FRYot HiEEZol
SHAl ElB= 7} 21d FA] A9 o] ¢9d
=4 A}, AR o] F 9] el A1 92 =9] ¢ A2t
9 2,190.9 km? > BRI 2,024.6 km? > SHE T
1,944.2 km? > H2HE I 1,627.1 km? 40| ™, o] 79
AAEE 1,496.9 km?*> AP 1,472.5 km*> 573

61—E (L—_’ =13

_4

Table 1. Ammonia emissions for different soil samples determined from the laboratory. Experimental conditions are 45°C

constant temperature, flow rate of 5 L/min.

Soil Sample Sample Analytjcal NH, NH; ER-NH; ER-NH;
samples mass areza Iapse~t|me (pb) (mg/m?) (mg/m?) (mg/kg)
(kg) (m?) (min)
Rice field 0.102 0.0073 1,307 8.61+246 0.0056+0.0016 5.020+1.435 0.361+0.103
Vegetable farm 0.057 0.0080 600 6.47+2.14 0.0042+0.0014 1.573+£0.521 0.223+0.074
Green house 0.130 0.0073 1,212 5.21+1.89 0.0034+0.0012 2.820+1.022 0.159+0.058
Orchard 0.080 0.0080 1,092 7.65+2.28 0.0050+0.0015 3.388+1.009 0.340+0.101
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Fig. 5. 30 m resolution land cover map for agricultural areas
including rice field (green), vegetable farm (brown), green-
house (sky blue), and orchards (blue) in Korea. Administrative
boundaries are overlaid (thick black lines: Si-Do units, thin
grey lines: Si-Gun-Gu units).

O[EHS, HH2IA

BT 496.7 km?> AFE 253.6 km?> AAHE
160.5km? > AP E 115.5km? &0 2 YRt
AEES BH A= dBH2] 5AST AY9S =,
gk H|doheA, vk o 2 BRskal ZF 2ol A] A
Fgt Az tiste] AAA dEU ol BilEHE
AFA o g BA519) 3.1 04 g3t vie} o)
A Aox B EQARHE viEA 1= T2

whEF 24L Sote] Thew :
[e]

P

T2 sUEorE HiE

M, =EF, X AF, @)
M=% Mg (3)

91 Aol M, EF gt AR 212t s B0 (i)
Rl Wi (ky), T WA ghruol Wi
(kg/m?), Yo viE2] 2] F WA (m?)o|t}. 112
3 7F A F FEUo} MiEE (M)S EAjDjEd
7% (e)7t THE Eto 2 AL Yutroz
o] AL wlEArte] Thel R EATE £70
whe} ofzke] Wgo] 7Hs g Holck,

FHAHoNA 2t EXHE fo WE o}

Table 2. Agricultural land covered area by administrative region in Korea (unit: km?)
Administrative region Rice field Vegetable farm Greenhouse Orchard
Seoul 3.1 9.0 2.9 0.5
Busan 784 39.1 5.4 19
Daegu 79.9 70.6 25 8.5
Incheon 337 359 29 1.8
Gwangju 783 49.7 10.4 27
Daejeon 24.7 439 32 3.0
Ulsan 1125 50.2 20 19.3
Sejong-si 723 54.1 2.0 6.9
Gyeonggi-do 920.5 674.0 70.4 85.1
Gangwon-do 306.7 933.0 16.6 18.8
Chungcheongbuk-do 640.1 832.8 315 102.8
Chungcheongnam-do 1,944.2 1,067.7 729 90.2
Jeollabuk-do 1,627.1 875.7 45.0 57.5
Jellanam-do 2,190.9 1,472.5 57.0 115.5
Gyeongsangbuk-do 2,024.6 1,496.9 40.6 496.7
Gyeongsangnam-do 1,393.1 731.2 83.5 160.5
Jeju-do 0.7 466.9 41.6 2536
Total area 11,530.8 8,903.3 490.4 1,425.1
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Fig. 6. NH; emission (unit=kg/year) map for agricultural areas including rice field (green), vegetable farm (brown), green-

house (blue), and orchards (purple) in Korea.

HiE o] et 7&5A A=E AHEE = (F
23,276.4 ton/year, X% B4 93.1+119.5 ton/year), ‘&
(% 12,269.8 ton/year, X<} T 49.1+56.5 ton/year),
H| IS~ (5 599.8 ton/year, A< B 4.49 ton/
year), T (5 2,323.9 ton/year, | Bt 9.3+£24.0
ton/year)©|th. FHAF 5 =04 BiE = grYyot

o] Tl FAA G A tiH] °F 60.5%= 2HA|5FA S
o, 9 31.9%, == 6.0%, HI'EoA 1.6%2] <02
LHERAT o] AEES RHof| Y EX|u]EL o of
S Ex|ul0] A at vfjEAlegho] oAl kol
e Ao AT
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Yot aliEZel digh 374 £ #9l= U829
w9 EXuEE gfryof HiEA ] gholn
=, 73U dRYot HiEdo] driFos w2 A9
ot 7] fIsto] A= 25170 Al ©H1e] S
ZF GE Yol viEwo] A9 20% A=

= Th3a i} = (e sl 556.2 ton/year > 5
FHIA] 536.2 ton/year >FH AJ4FA] 507.1 ton/year >
HE ZAIA] 507.1 ton/year > & 2J4LA] 468.8 ton/
year), & (A|SA] 400.6 ton/year > A F]EA] 242.9 ton/
year > 2\ Sl'E<t 237.8 ton/year > 5 HEA] 207.6
ton/year > 7 BT 194.2 ton/year), H]'d -
(AFEA] 38.4 ton/year > 5'F +=4FA] 25.0 ton/year >
9 ol 23.2 ton/year > F'd FF 23.1 ton/
year > 73'd WFA] 16.6 ton/year), T (A FEA]
271.7 ton/year > A|FA] 141.8 ton/year > HE 96.5
ton/year > 9 A] 89.4 ton/year > 2|4 70.1 ton/
year). & A5-0] A= R Yo} HjETo] T3 A%
HiEAlpo] I o, 53] =l FAA G| A
oA T2 Hot At dRUo} uiEe] B

- ]
SFE Adfole Fag 9elor Wiy, Adgt

Table 3. Agricultural NH; emission by administrative region in Korea
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7IRS ol-&sto] AAstlon, 71E2] CAPSS %

A H Yo} & A= et Bl E Fof LHo
S dHEstuA shylth & 32 A= Tl %%*
|AE dEYot BiETF A=t CAPSS A= E H|W
g Zlo|th AEES R o = RE AFEH 5 8AE o
Lol F BiETFE 1= 23,276.5 ton/year, & 12,269.9
ton/year, H|'dSh--2 599.8 ton/year, =9 2324.0
ton/year &2 ZAA| &7 38,470.2 ton/yearZ A E )
t}. o] ATH= 20181 CAPSS ‘5 H-84]of gt &y
o} Bi&aF0] 19,566.1 ton/year?] Z1 ¥} H| WSHH, AEES
Ldl 2 FE o] A5 viEo] 18,904 ton/year © 2 A]
oF 1.978 =] Yehdth
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(unit: ton/year)

Rice Vegetable

AEES, CAPSS,

Administrative region field farm Greenhouse Orchard Total NH; Agricultural NH; AEES-CAPSS
Seoul 6.2 12.3 3.6 0.8 229 324 -9.5
Busan 158.3 53.9 6.6 3.0 221.9 100.1 121.8
Daegu 161.3 97.3 3.0 13.8 275.5 127.2 148.3
Incheon 68.0 494 3.6 29 1239 173.0 -49.1
Gwangju 158.0 68.5 12.7 4.5 243.8 188.5 55.3
Daejeon 49.8 60.4 39 5.0 119.1 62.5 56.6
Ulsan 227.1 69.2 2.5 31.4 330.2 117.7 212.5
Sejong-si 145.9 74.6 24 11.2 234.1 79.9 154.2
Gyeonggi-do 1,858.1 928.9 86.2 138.8 3,012.0 1,546.8 1,465.2
Gangwon-do 619.2 1,285.8 20.3 30.6 1,955.9 1,368.4 587.5
Chungcheongbuk-do 1,292.1 1,147.8 385 167.7 2,646.0 1,036.9 1,609.1
Chungcheongnam-do 3,924.6 14714 89.1 147.1 5,632.1 2,347.5 3,284.6
Jeollabuk-do 3,284.6 1,206.9 55.0 93.7 4,640.2 3,052.1 1,588.1
Jellanam-do 44226 2,029.3 69.7 188.4 6,710.0 4,465.6 2,2444
Gyeongsangbuk-do 4,087.0 2,063.0 49.6 810.0 7,009.6 2,104.5 4,905.1
Gyeongsangnam-do 2,812.2 1,007.6 102.1 261.7 4,183.7 1,792.0 2,391.6
Jeju-do 14 643.5 50.9 4135 1,109.3 971.0 138.3
Total 23,276.5 12,269.9 599.8 2,324.0 38,470.2 19,566.1 18,904.0
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Fig. 7. Scatterplots between regional total NH; emission
from CAPSS and this study for (a) Si-Gun-Gu and (b) Si-Do
provincial administrative units.
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