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Determination of Emission Factor for Chemical Compounds from
Agricultural Crop Residues Burning using Closed Chamber System
- Distributions of Organic Compounds
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Abstract This study aims to analyze the Emission Factor (EF) for chemical compounds from agricultural crop residues
burning (i.e., rice straw, barley, watermelon stem, onion stem, weed, garlic stalk, persimmon, citrus eggplant, corn stalk, Sweet
Potato Stem, and peanut stalk). A closed chamber system for agricultural crop residues burning was utilized under controlling
the exact flow rate using mass flow controllers. Emission Factor for the detailed compounds such as PM, 5 mass, Organic
Carbon (OC), Elemental Carbon (EC), lonic Compounds (IC), Levoglucosan, etc, Poly Aromatic Hydrocarbons (PAHs), and
Volatile Organic Compounds (VOCs) using gas chromatography - mass spectrometry were investigated for eleven agricultural
crop residues. In the case of incineration of agricultural residues, the average PM, 5 emission factor was 16.8 g/kg with the
highest in persimmon. The average emission factors of CO, SOx, and NOx were 180.9, 0.4, and 11.4 g/kg, respectively.
Watermelon stem and onion stem showed a high NH; emission factor due to the influence of fertilizer. The average emission
factors for VOCs and PAHs were 0.36 and 0.06 g/kg, respectively. Benzene, toluene, ethylbenzene, m&p-xylene, o-xylene,
acrylonitrile, and naphthalene accounted for about 80% in the VOCs. The results can be applied to database in Clean Air

Policy Support System and will be able to calculate the emission rate for the air quality analyses.
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Fig. 1. Schematic diagram of closed chamber system for agricultural crop residues burning.




[ Sample drying (>105°C) |
[

[ Sample weight measurement (approximately 5 kg) |

\ Sample combustion (10~15 minutes) |

[ Sample collection for measurement and analysis |

| Analysis of collected samples |

Fig. 2. Analytical sequence for samples from agricultural
crop residues burning.
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Table 1. Target compounds for agricultural crop residues
burning.

Class Compounds

OC, EC

Levoglucosan

Anion: F, CI", NO5™, SO,2
Cation: Na*, NH,*, Mg?*, Ca?*

Carbonaceous
Organic molecular marker
lonic compounds

PAHs Naphtalene, Benzo[a]pyrene et al.,
16 species

Gas CO, SO,, NHs, NOx

VOCs Acrylonitrile, Chloroform et al.,
29 species

stedrt.

2 A= AAAIE Al BASHE PM, 5 2 PM, 5 U]
3k AJE (0C, EC, Levoglucosan, F, CI7, NO;,
$0,%, Nat, NH,*, Mg?*, Ca**), PAHs, NH;, CO, NOx,
SO,, VOCE A5 THE 1). NOx (42iQ, thermosci-
entific, USA)~= SFsHF3HH (Chemiluminescence,
CLD)= ©]-85F913, CO (48iQ, thermoscientific, USA)
© A&l 54 1H (4.68 um) 2] 2 24le Fitoto]
E4ote HElE o83t HlE4HH 9 (Nondispersive
Infrared, NDIR) .2 AA|7F 24 L5 A5l
o & 93 RE Al 59 4 BN ol

23} #-9] laser L= 2bolo]| ool S S
+= Lambert-Beer H2]& AI-SH= Off-Axis Integrated
Cavity Output Spectroscopy (OA-ICOS) H] (LGR,
ABB Inc. Canada) & ©]-85t% £75}t} (Song et al.,
2020a). 4 A BiEE+= SO, ¥ NH,= L=z &
A= AT 5 FH 2 5H0] E7Fs5IAH. ©]
of 71 AFHAAR G| tekea Bl S4te
olgotel AZE TUT F 50,79 NH,* 0|22 o]
23 2ntE I 1] (Metrohm 930, Switzerland)E ©|
&5to] EASHA..

PM, s Ul o 2422 4G AT]o] AFt A=
WmLY| 2esg olgste] FEste] o2z}
B E o]gate] efel& (Na®, NH,", Mg,

o
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Ca?*) @ g0l (F, CI, NO;", $0,.2) & 8717]¢] A
Aottt TRt ¥ 54 & (field blank) 24
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3.2 PMy5 & 3ot dE HiEAHIS

32 117 AR AAA RS 5l PM, 52 PM, 5
W 484 o]l AE(F, CI, N0y, SO,7, Nat, NH,*,
Mg?*, Ca?") 9] 3, PAHS, 221 A4 mlA| 2] o] A&
9l NOx, SO, ¥ NH;, VOCs BiEA|4 A5 Lt

Table 2. Relative amounts (%) of moisture, combustible
components, and ash in samples from agricultural crop resi-
dues burning.

Moisture Eg?;g;::i Ash

(%) (%) (%)

Rice straw 7.1 75.3 17.6
Barley 13.1 814 55
Watermelon stem 225 41.2 36.3
Onion stem 223 553 224
Weed 11.5 83.1 5.5
Garlic stalk 24.6 57.6 17.8
Persimmon 1.0 305 68.5
Citrus eggplant 19.7 73.6 6.7
Corn stalk 7.5 524 40.0
Sweet potato stem 10.5 83.5 6.0
Peanut stalk 8.6 60.0 31.3
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W Aotk H=AAEL] PM, s HIEASTE 7T A
4271 39.9 g/lkg S 2 7H =k, Aol 1.2g/kgo R
7V Sob et 320) 2ol & H itk 117] A &9
PM, s B+t HIEAT= 16.8 g/kgo] At ERF FA%t
AE A4 Al AR 9 levoglucosan, 84 o]
‘Aol gt siEATE AFEste] & 40 UERilth
2 A= S HlE @AY 5573 (source profile) &
7N4dst= d &-go] 7|thE k. OC ¥ ECe] B+ &
5= 10.1, 0.1 g/kgOl Q1L PM, 5 Wl 22} 58.4 (12.4~
76.2), 0.8 (0.2~4.7)%E AFAJoIATE BF A4 Al 7t
B2 OCE HiEsHAL, Aol 7Hd W& oC Hi
EAG7F AAZE Qe A9 A Aet vws) HH
Seo (2014)= ‘337}1, L A4 A HAISE OC= 242
44.1, 45.3%°10, B A= 53.7, 724%2 O =
7)o &S HolF %*E‘r A Ao ECJ 71045~
0.5,0.3%°]20 1, & A= 03, 0.6% 2 W2 7]&S
B9t T35t Jung et al. (2014a)-2 H 41'\—9}/‘]7]0“
A oh= Oﬂi 5o 2t OC 7| == 45% 5 A

o)

)

shoick. A9 A7 Auke} vl5E 424 OCk &
BCE 22 A Uehi, ol 9 Al Bl
t 2% ogBES AN EPSh Aoz HuHt

(Jung et al., 2014b; Seo, 2014; Kang and Lee, 2012). -5
FAE A4 Al PM, 5 Ul 9782 9] o] 2 A0 W+t
vl &A= Cl7(0.119 g/kg) > K (0.097 g/kg) >
NH," (0.053 g/kg) > SO,* (0.046 g/kg) > F~ (0.041 g/
kg) > Ca** (0.011 g/kg) > Na* (0.007 g/kg) > Mg**

Table 3. Emission factor for PM and gaseous compounds from agricultural crop residues burning (g/kg).

PM, 5 Ylons Y PAHs co NOx SO, NH3 YVOCs
Rice straw 22.88 0.24 0.23 158.20 0.50 0.38 0.30 0.23
Barley 16.80 0.35 0.04 65.27 0.05 0.14 0.10 0.52
Watermelon stem 19.36 1.40 0.01 257.20 0.41 109.78 3.92 0.42
Onion stem 13.17 0.22 0.03 374.67 0.02 11.56 0.93 0.53
Weed 16.87 0.16 0.1 88.97 0.10 0.54 0.56 0.05
Garlic stalk 5.11 0.16 0.01 154.05 0.32 0.32 0.38 0.13
Persimmon 39.93 0.35 0.12 121.93 0.50 0.31 1.84 0.88
Citrus eggplant 1.24 0.09 0.01 180.75 0.62 0.22 1.03 0.05
Corn stalk 11.54 0.58 0.01 210.66 1.28 0.77 0.91 0.74
Sweet potato stem 11.63 0.24 0.01 122.05 0.38 0.85 0.68 0.18
Peanut stalk 26.30 0.40 0.03 256.17 0.53 0.34 1.24 0.34
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Table 4. Emission factor for OCEC and lonic compounds from agricultural crop residues burning (g/kg).

oc EC  Levo F " NOy SO Nat  NH,t  KY Mg*  ca?t
Rice straw 1229 007 088 0091 0038 0002 0039 0002 0040 0012 0005 0014
Barley 723 005 018 0062 0101 0000 0022 0008 0024 0101 0004 0024
Watermelon stem 981 092 012 0024 0501 0019 0111 0013 0100 0604 0013 0014
Onion stem 765 006 003 0014 0049 0001 0045 0007 0022 0067 0004 0.008
Weed 951 004 097 0063 0009 0001 0024 0004 0028 0006 0010 0020
Garlic stalk 325 002 005 0005 0081 0000 0018 0001 0014 0044 0000  0.001
Persimmon 1693 007 006 0091 0035 0005 0037 0003 0101 0069 0001 0007
Citrus eggplant 084 002 023 0000 0035 0001 0010 0005 0007 0025 - -
Comn stalk 836 007 017 0014 0335 0005 0036 0016 0127 0044 - 0.002
Sweetpotatostem 887 004 029 0009 0105 0002 0050 0010 0041 0027 0.000
Peanut stalk 2655 008 067 0080 0025 0006 0110 0002 0077 0066 0012 0018

(0.006 g/kg) > NO; (0.004 g/kg) <=S. & UEFRITE
Seo (2014)= TAMAE A4 Al K, Mg?t, Ca*t &
Aejgt o] & 429 7| E gl A H4 o
8%, Clo] 7.8% = 7P =7 Uehtal, 5o
SO, NH,¥, F7F o & Aol fARY 2iE
olateict.

A "ol oA Aas di7]|H ] F8 A F
SHER dubg o2 OC, Cl, KY, Levoglucosan©] Bl
5o 8 FA Ao dHA 2
et al., 2019; Kim et al., 2015; Kang and Lee, 2012; Kim
et al., 2012). & AFof| A PM, 5 SF5HA 0] vjE A
5 A& 23 0C (60.2%), EC (0.8%), Levogluco-
san (2.0%), CI™(0.7%), K* (0.6%) =2 & 7|5 2t
Zste] FLet AIHE YEFRTE Levoglucosan®t K*
= Hpolemia A4 WY, & TSS9 g 27
Qiﬁ}q(lung et al., 2014b). Levoglucosan (Levo)<

b

(Bhattarai

A7] A4 (smoldering) oA BiETFe] S7I6k KM E
5t A4 (flaming) 2 QISH W&ol F7tslr] W&

of] Levo/K* H]- &2 Ao & 3¢ AiETt A7)
A7 o =4 UEPATH(Li et al., 2021; Jung et al.,
2014b). T3t 947] A4t 2904 452l CO, NH,
ol IE 7HsAdo] v =t & Aol A Levo/
K' H&-2 H4 23.3 (0.5~146.3)0]tt 2 EAIE3}
W7} 247} 146.3, 82.7= 7V A UERR AL, U,
aAp, S, B, B, 4 v,
02 =Sttt &S Levo/OC H-&-2 Hio|QujA A4

25E oce| tigh 7| E F45t= d AREET
(Kim et al., 2015). Jung et al. (2014a)°]|4] BFo] Qof
2 A2of 23t Levo/OC H]&-2 0.030 (0.016~0.046)
0], B AT Levo/OC H-& H-2 0.033
(0.008~0.093)°0]tt. X EAIF0] 71&F & H| &2 Y}
P, W, IR, Sk B, B, S, )
Gk vk, g 0= e
H g+ EX|O] A =o|i A= A%

ot= B4R 2FEo] wet s 5714 9 71
A H| 5 9] ok Wol F Azt Eol T 2et

=

4 5o] ZHF3] 7= T} (Seo, 2014). E AT A
A A WAYSH= PMy s W 012 429 Bt skee
H| 2 AzA 9] 840N, K, CI Eo] =2 22
2 B3Ittt (Zhang et al., 2017; Seo, 2014). &gt
ATHe FAAAE AamEAS Al Y %
A AREE vl & ARl tigh 27 2AME D A
o2 yhehEch

3.3 PAHs HiEAI$

2 AN FALAE 27 Al BB E= PAHs
(Naphtalene, Biphenyl, Acenaphthylene, Acenaphene,
Fluorene, Dibenzothiophene, Phenanthrene, Anthra-
cene, Fluoranthene, Pyrene, Benzo[ghi]fluoranthene,
Benzo|[c]phenanthrene, Benz[a]anthracene, Cyclopenta
[cd]pyrene, Chrysene, Benzo[b]fluoranthene, Benzo[a]

pyrene, Indeno(1,2,3-cd]pyrene) 1871 &-=of s &
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Fig. 3. Emission factor (EF) for (a) mass (g/kg) and (b) relative ratio of PAHs from agricultural crop residues burning.

Table 5. Emission factor for PAHs from agricultural crop residues burning (g/kg).

Rice Watermelon Onion Garlic . Citrus Corn sweet Peanut
Barley Weed Persimmon potato

straw stem stem stalk eggplant  stalk stem stalk
Acenaphene 0.0022 0.0137 0.0000 0.0032 0.0586 0.0000 0.0674 0.0008 0.0000 0.0000 0.0011
Acenaphthylene 0.0901 0.0124 0.0004 0.0013 0.0037 0.0004 0.0018 0.0003 0.0005 0.0003 0.0005
Pyrene 0.0143 0.0000 0.0022 0.0038 0.0162 0.0015 0.0182 0.0046  0.0034 0.0057 0.0248
Biphenyl 0.0663 0.0003 0.0022 0.0112 0.0015 0.0028 0.0023 0.0012  0.0009 0.0006 0.0035
Fluoranthene 0.0209 0.0042 0.0004 0.0006 0.0048 0.0009 0.0127 0.0020 0.0007 0.0007 0.0008
Benzo[c]phenanthrene  0.0098 0.0018 0.0008 0.0017 0.0040 0.0009 0.0021 0.0007 0.0008 0.0003 0.0012
Fluorene 0.0103 0.0020 0.0003 0.0019 0.0062 0.0005 0.0000 0.0001  0.0003 0.0001 0.0002
Benz[a]anthracene 0.0080 0.0005 0.0004 0.0009 0.0021 0.0002 0.0006 0.0005 0.0008 0.0002 0.0005
Benzo[ghilfluoranthene 0.0042 0.0009 0.0003 0.0006 0.0019 0.0002 0.0015 0.0004 0.0007 0.0004 0.0004
Benzo[alpyrene 0.0012 0.0002 0.0002 0.0002 0.0005 0.0001 0.0078 0.0001  0.0003 0.0002 0.0002
Y. PAHs" 0.0041 0.0013 0.0009 0.0013 0.0088 0.0018 0.0044 0.0016  0.0022 0.0010 0.0016

VY. PAHs = Benzo[blfluoranthene, Chrysene, Cyclopenta[cd]pyrene, Naphtalene, Indeno[1,2,3-cd]pyrene, Anthracene, Dibenzothiophene, Phenanthrene

A5F3AH. & PAHs BlEAI= H71 0.2316 g/kg O =
7V =9k, Seko] oF 28,64 W2 0.0081 g/kg 02
7P Sttt =9t b (0.1188 g/kg)oF A=
(0.1083 g/kg) ] PAHs HIl&7<~71 0.1 g/kg= 3513
0, 1 9] 87 A2 B 00186 g/kg 0.2 2 HiE
ALE HEFH T 1159 SATAENA viEd
PAHs /23 Bi&A15=2] -2 Acenaphene, Acenaph-
thylene, Pyrene, Biphenyl, Fluoranthene®] Z+Z} 0.1470,
0.1117, 0.0947, 0.0928, 0.0487 g/kg =22 =SIT} A
91 570 2] viEAS 5 PAHsO| B 745
(51.9~882)%F AAISIALL, ol 7 w3k 11
3T 55 1159 FEHE dAaAEoR

AHET PAHsO| HIEATOIY, 5422 E0E

SO =
FIESS

PAHs 7] 107}
W Aotk Al
2t A3} <= Acenaphthylene (38.9%)7F 78 714,
2], 2228, ZE= Acenaphene©] ZY2} 36.7, 54.1,
56.7%5 AFAISFATE 44, vhs, b Biphenyl©] 7t
7} 272, 30.1, 41.9% 5 ARSI, S, 2, AT
af, G5~ Pyrene©| 27} 32.1, 37.4, 60.0, 71.3%E 2}
25kt A4z RE WYEE= 9 PAHsE Naph-
thalene, Phenanthrene, Pyrene 5-°| AT} (Li et al.,
2019). & AFONA 1159 AmeE 352 2= Pyrene,

=

Biphenyl, Acenaphthene, Fluorene, Fluoranthene 52
2 WA 27} 3~470Q1 Aol 2 HilEATE UE
Wt vhH w27} 5 0]AFel Indeno[1,2,3-cd]

}2 9 7 9] g7 G2

v
=]
=

J. Korean Soc. Atmos. Environ., Vol. 38, No. 3, June 2022, pp.470-483



478 wel, 371, Ay, 2MS, F24H, O HE,

oLy

H| & Lk

rlo

pyrene, Benzo[a]pyrene, Chrysene G-
H}EASE B g 4eFR g2 2ol Benzola]
pyrene HlEA= A PAHs2] °F 1.7%E AHA|5H3
A, A7 6.6% 2 71 B2 71oEs e 9
Nk o2 WiAlae] =7t 2~37H]1 7HH PAH= 7]
A e A JRo R 7 Ao Al 2y 1t
oA o] FEE2 SAHELET} F 4~570 ol
Q& 9 FAL PAHE= d=7t Wzbdol whet 2
E= 550l O8) wiEEE dApel waA f2ts]
o] ZARIH. wEtA FARAE AholA HiEEHe
PAHs= F2 7|A|L Ao

Ate Ae & 5 Qe o
5fl ¥ =)= PAHs7} H| i
AARRITE 7]
L7F20] A FAIEO] A2
e 770 vl =t (Park et al, 2015). ©]°f &
A= A7) Aol 98] 2 8jZEEE Levogluco-
sant 2 Aol ol 2 HiEF= PAHsO| 4
e dohd 2, AAF (R?) w0l 08322 =
2 AE B ATt (Liet al.,, 2021; Park et al., 2015).

[e)
F

=
=

p=1

=

2~ 0]o o
S ==}

rl

3.4 712 SEH ST

1159 AT A4 7t~ B4 CO, SO,
NH;, NOx Hi&A|5= B2 ZH2} 180.9 g/kg, 0.4 g/kg,
11.4g/kg, 1.1 g/kgo| 1L, CO7} ¥ 2] &2 vj&A4
E HoFIoH (& 3). COE 3t d=m A4} Hiole
A A4LZHE F£2 8EHT}H(Jung et al., 2014a).
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T ol g Alasit vud w2 wiEAS
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Fig. 4. Emission factor (EF) for (a) mass (g/kg) and (b) relative ratio of VOCs from agricultural crop residues burning.
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13421 g/kg O 2 7P =431, & VOCs9] 31.2 (11.5~
60.4)%E AFA|5H3ATE Benzene T2 2 m&p-Xylene,
Toluene, Naphthalene, Styrene, Ethylbenzene <22 7}
7} 0.5794, 0.4197, 0.3725, 0.3337, 0.2603 g/kg 2] =2 Hf
SA7H AFEESITE TR AleE 317 @59 VOCs
7loles 24T 2y B Yo m&p-Xylene
o] Z}7} 16.7,233% = 3171 F5 F 7P =%Th BT
T} FukE A9t 97 AlEE BT Benzene 7]0}-8&0]
v

VOCs =22 BTEX (Benzene, Toluene, Ethylbenzene,
m&p-xylene, 0-Xylene) % Acrylonitrile, Naphthalene
To= Yeon, o]5 2o 2A4F A 31719
VOCs®] ©F 80 (73~88)%E AFA|5FIL QISlth 15
A BTEX HiEAI5E 67 (58~78)% 2 AAI5HAL, &
T2t 7V w2 719982 AAISHA. 53] Ben-
zene> BTEX | 46 (25~77)%S AFA|5HL )2
gFol 7P Ral STt 7P wdth SAId AT
Z1#(IARC)] o) WA EX =2 X7 H Benzene©]
7= e A o ZhES werr gad
A0 2 WHETH(Regina et al., 2018).

NOx¢} VOCs= & 2722 24 VOCs/NOx H]
&0] 8 oJol® 2 o= VOCs 5 HAA7]
1, =2 A= NOx 55 AAA7)E Zo] 2&%F
T A7Zof a7 oltt (Lee et al., 2020; Sillman, 1999;
Seinfeld, 1989). & 15 VOCs/NOx H|-&2 ¥ut

Table 7. Comparison of this study and CAPSS results (g/kg).

LY, 24|Z, R, OHE, S

1z

(34.2)2} 23 (10.9)E AlLlotal H 0.65(0.4~1.7) 2
| Uebdth ol HdHAE A4 A] VOCs7T £
Z Ao o] 2 o= wtEct

3.5 CAPSS HiE7| H|m

72 CAPSS Hlo|EH|o] A7} vt 5l sh=2hg 4t
F71ede] e ot dirjed WEAE
N7 7ol AA1E Akel & AtolA AHERE
FATAE viEA oIt CAPSSS] ¢ S50}
F2o] wiEATE 242 150t Fo| viEASE A
Boto] HiE Aol &8skt shARt ZHAE2]
Tol et viEE= d7] e d@Ed o] getA]y
el 2 QoM Sadst BT RS A

AAES APt 1 A3}, T AAE A4 A

=202 v

Ol

=
—_—

NH; #iEA57F CAPSSHT} oF 628f =t} T
PM, 5, CO HIEAIT= 212} oF 2.6, 1.48 =411, 7]
Zo Bl &5 2] U SOx9] HIEAG7} 0.34 g/kg
= HEEHE S5 HolFqlrh vhe] 7.17 g/kgol
A9 NOx #iEA57F 0.53 g/kg o2 AT EAT
SRIF QI 139 MiEATE A8d S5
71&o] W& =R ok soxet NHy7F 244 0.77,
0.91 g/kg®] HiEAI7F RIS cO9l HiEA
AR 23S UEHAL, PM, 5= OF 15H] =34
"ol VOC HiE A7} oF 54.48) ZHAstoich At
o= FATMNE TRl det wiEAs S8 o
EA vel7] mZell fARE Algdoleal ik tiA|
< 4 Qltt. ERF 14 W] mhE HiE BAS Bl

5t7] flell Hluate = HElE A4ttt CAPSS|

Emission factor

Note

co NOx SOx VOC PM, 5 NH3
1 Peanut stalk 184.38 7.17 - 27.36 10.11 0.02 CAPSS
256.17 0.53 0.34 0.34 26.30 1.24 update
2 Cornstalk 206.58 4.94 - 40.25 7.94 - CAPSS
210.66 1.28 0.77 0.74 11.54 0.91 update
3 Barley 200.58 5.21 - 105.2 35.24 0.01 CAPSS
65.27 0.05 0.14 0.52 16.80 0.10 update
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