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Abstract: This study was performed to evaluate the potential damage caused by
a chemical accident through the analysis of off-site consequence (OCA) and the presence
of ammonia residues in crops. The assessment of OCA was carried out for worst-case
and alternative-case scenarios. To determine the ammonia residues in crops, samples
were collected from both sweetpotato (SW) and wormwood (WW) crops in 9 separate
groups within the affected area, and the ammonium levels were quantified using
ion chromatography. As a result of the OCA, for the worst- and alternative-case scenarios,
the impact distances were estimated at 1.6 km and 666 m from the accident site,
respectively. In the impacted zone, SW samples exhibited ammonia concentrations
ranging from 69.6 to 218.0 mg/kg, which were up to 16.9 times higher than those
in the unaffected areas. Meanwhile, WW samples in both the worst- and alternative-case
scenarios showed lower ammonia, with concentrations varying from 62.2 to 77.8
mg/kg and 49.0 to 67.8 mg/kg, respectively. These results indicate that the ammonium
residue in crops outside the affected area is at least 49 mg/kg due to the inherent
ammonium in plants, the application of nitrogen fertilizer, and various nitrogen sources.
Thus, it may not be possible to predict the actual impact range accurately. However,
the simultaneous assessment of OCA and the residue analysis offers valuable insights
into the initial contamination levels of the accident-affected area.

Keywords: ammonia, chemical accident, crops, environmental damage, off-site con-
sequence analysis
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RIRSHA 2A¥stal Qlet. 20208 7|02 gHgRo] Ao =i sfst Abl ﬁﬁ‘# 797k & 5837108 HuE HE 9lom, oF
HEAQ 9714 =22 LA FEYo Az} 707 02 HAE o] eyt A NIvehA] WA= AL thlt SR ERlE
ATH1,2]. 53], YRYok= 9= FH 47 2= # She AES Hitke AR k>ﬂ A 5] WeiE de ol gH L glom,
HT B Ao Yo FF AR NINIokA] ] wet SebARaL oS Al S aErE Bast siehed
S oheltH].

drEYoks FA A4S HEfls 7IAR $71EH 7S 0.59) kA FOR 7] Fofl wEEE BEA Sitehe
5795 79, =20l et Balldo] Fa1 4 ST whe A T4 7S 34T # o Erletioiie ] AdAE
A7) Wzl set Atk TR A9 A ol Hziet A TEE 2EetH2,3]. ek FAgo] et 2 EAM A e
A, mR A, 3, B £ER, HES, AT 5 2osI0, oA Hro] gTAe FH, 49 52 I
QA o] TS g3kt Bolch3]. ol HY FUloks QIA|et Bol] The: SRt AR F shtoly] whe] B3t At
et £ 299 QYR 3] YIS AS S S WS G F siok Aol UL W YAE A
Q424 w[sjo] Hasjet ARG F450] FOHTHE Fa3let,

ghmUjo} sfa} Abie] Tigt s 9 Wk ATk oqa ATAE] oJs AT Qdl, BF AR ALY G} 13
AT 91 B AT4), SEAE W mfo} & AT Al w5 He] Lt Az A9 AT(2], Yuiot sfet Akx Hshe
Zo17] At AR A1), FEYoF FEAEe] FE A F4S S AL A A A7 5], FEYoF = AL Al S8
e % 4 A At [ G AR A4 T AH6), Yot = Al 9 ¥ 24 7101 811 A7), ST
4 AR Ryl HE5 Aot AL FF B7F A78] 5ol tHarAolth. SRRt tie] A7t o] St HElS E9t 9F
9 ST 7hs/dE FRloks Aol =vtE|o] glof StehARal Al FH 8 IRRE ot AA] W3 HE dSshke
F5go] Stk Eoh dRYoks A2oA 7IA FER r=d A9 s7IES e 7] Soll wiEA] Fitske S48 7HAAL
shol(2], AA sl HelE Brte] v ofgtt. WA olE AT 4 Sl Ak % VS AR S’ At
A&Hog »®Q3t Aot
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B AP YT Faue WelaA guUoks Hske AQgeIA dmdel el et A wue] 9ug 5
St &Y 3 F ATEY oo g ) s AekElx] ghy Felgle BulA gEot +2E ADE WHoR SgH9)
ok AR S AHEA 95) R0 B5 WP vl Sole Ag AL Ui 1 HA del Duhio] o)Xt BEe

Xog 2 AT A AR RE S F BT WEEOR L1 mso] F9E 71 4R Helow, B o] 7}
25.1°C, Bt e Et oF sswgich thEA WSt A 22 40 A £ 5 H4BAVE 29 L DA, A
HRE ol % W] nynhels Al 9ere Fo] nynt glo] ZuEL Hat WAl

18 rlo

At FF HE] E4(Off-site consequence analysis; OCA)2 Kim 5-[9]2] B2 SISMEAQPA A0 ALA| Y] 2 Ao Hst
71 AR 9 AL FF Y] Aol gt 715 Aol w2t Fof 3 bioke] AALAIGE 5 At Al 9F HAE dS
H7ketdt. H7F 22 O3 gishl= HFEo)lA HiE$E KORA A E9o](Korea Off-site Risk Assessment Supporting Tool)2};

u]= 3P H S oA viESE ALOHA AZEQo](Areal Location of Hazardous Atmospheres)S ©]-8-5l0] &3t H7TAR
S UIolE AFGEIE 45 m3 BeF9] A st A vhae] WE 702 A o] /RN (Table 19 AlLF)S. 7
2AIH B AH]9] 2 A H(Table 2)5 112{5t0] B7Iotlth AlalAue] 20] A4S 2of 9 ijke] AlaiAlue| e & FHEsk=H),
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F] 1] ARAIUE] Q= AH] 9] FHjgo] FEEo] Al W &0l nA]= J3F HeI7E HiQl B9-E TotaL it AlrAluE
£ o] AbrAyE| e Bt @AH o8 WY 7hsAgo] =1l Aolu 2ol miAj FEol Eﬂtﬂ?l AFTAG2] Q5 Hote}. whbA
AL, 71 27, ARE ), & 25, 52 52 AT 52 4 AUEER 97 240E ﬂOPoi 451 CH(Table
3). & Ee Alug e dEYot AH] o HiolM S4Edo] FE50] SMlste 4924 €4 7IES ERPG-2 FHQl 150
ppmo.E A gslgon, 74 AL Feto] ATAE] 0L F4 15 mis, h7ISHYE F, £F 25°C, = 50%S 285k, thete]
ARIAIGE] 4= AR GA] 714 2291 4 1.1 m/s, 71 E D, 2% 25.1°C, F 85%E H8olqich AR FJL=
AlE APog silon, rad AP F ko] AAUE| 0] 8- 2AH B3 W FFste dRyote] o] 10& 52t
A WEEo] Galols ZA0R 7Pl tiehe] ATAIUR| o= R&F 4AP3S 98 23 271 7MY & 42 Hid 24
25 mmZ 7Pgotal, F& AT v=AR8tetEd 3] IE7I9EAAL 7]5E(API recommended practice 581)°] W AFE WO
et JE AL A AlARE TEsto] 40208 APFslgitt EL SR YY) AL 97 W] APl IRt 71e A3
w2t 7EAIRE E5 HES ARESto] I HIE AP
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Table 1. Physicochemical properties of ammonia

Chemical CAS No. State Toxicity Boiling point Vapor pressure
Ammonia 7664-41-7 Gas and Liquid ERPG-2 (150 ppm) -33.43°C 1.00 MPa

Table 2. Specification of receiver tank device

Device Chemical State Connection information Volume

Receiver tank Ammonia Gas 25 mm 45 m’

Table 3. Evaluation condition for scenario

Scenario
Worst Alternative
Toxic concentration ERPG-2
Endpoint Thermal radiation 5 kKW/m? (40 s)
Explosive overpressure 1 psi
Wind speed 1.5 m/s 1.1 m/s
Weather conditions Temperate e 2Ie
Humidity 50% 85%
Stability F D
Surface curvature Country
Leak temperature Operation temperature
Leak duration 10 min 40 min
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Fig. 1. Crop sampling sites in chemical accident area.

*CSP1~3: Sweetpotato sample in central direction from accident site, LSP1~3: Sweetpotato sample in left direction from accident site, RSP1~3: Sweetpota-
to sample in right direction from accident site, WW1~3: Wormwood sample near the accident site, WW4~6: Wormwood sample in 600 to 800 m away from
accident site, WW7~9: Wormwood sample in 1.6 to 1.8 km away from accident site.

Rt Wel] 2% FRUIE A2SIAR, B 28] 44 L EA77] ol DIAE 2071E Aol 289 YRLIO: 50 mlE
A2 ] BAslgon, w2 3 19, 149, 30 A7 B9 A2 wE AE Felsgic

AIDX|E A2

AR BEE ol W BQfo]l AAE aAlE R o9 24 AlmE AHFeIRTh Fg. 13} o] atuiele] Ay AP
|Qro 2 IRIE= REVRRZ Stof aitupd EQFo] 3t 371 XPS(CSPI CSP2, QSP3), S AR 7120 & i) 3/ AR
(LSP1, LSP2, LSP3), 9= W3F 37] Z|F(RSP1, RSP2, RSP3) & & 942 A5 2™, o] % CSP3, LSP3 W RSP3 A2 7}A|H
% ot HASHA] 2 AFoE It o ZH 9 1*}7} HAYSHA] k2 A =S Skt E3h 9 A SAuA]
13 o2 H|wsl7] Yol AFLH 60~80 m B U] 2 2 TAPL ER1E £ 3H(WWI, WW2, WW3)T} TR0 2 AR H o
ZHE oF 600~800 m HolZ 3o AYTH= £ 33 (WW4, WW5, WW6), F 1.6~1.8 km Hoj& oA AA5H= £ 38H(WW7,
WW8, WW9)Z 22t AjFste] &4 Ala= ARSIt

Mz HKE| 22N dy

A= AR = AEA 4= FA AE AR °F 5 g S7FF 50 mLE FE3 F wH7|o|A 1587 Jgste] &L,
o] &ML 045 pm membrane filter2 T3t & 4207 AREslQtt diE o] TFFS Oliﬂiﬂ}ﬂﬂﬁ(monex
ICS-2100, Thermo Fisher Scientific, Singapore)E ARESIHTE. £48 AP golL EAHE AHQ IlonPac CSI2A 2
(ThermoFisher Scientific Dionex, USA)& ARESIH T, A 25 = 30°C, O] 542 20 mM MSAS ARESte] B | mL/min £5 2
SR Table 49} P A0 Yk 0|28 =sleick
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Table 4. 1C parameter for the analysis of ammonium ion

Parameter Condition
Pump Type Isocratic
Flow rate 1.0 mL/min
Base Distilled Water
Eluent Generator Cartridge Dionex EGC Il MSA
Concentration and Its Mode 20 mM, Isocratic
Column Dionex IonPac CS12A
Column temperature 30°C
Cell temperature 35°C
Suppressor CERS 500 4 mm
Suppressor current 59 mA
Runtime 15 min

SAHXZ
BAEA-Z SPSS ver. 25.0 (SPSS Inc., Chicago, IL, USA) AZEo]E o]&oto] ZHoItt =, HlolH 7He] f-2JAk= One
way ANOVA®] Duncan’s multiple range testS 53] p<0.05 $20)|4 FSsIAt

Zut ! &
AFTAILEEIR AVS 2 AbT 3 9] T} Zat

Lol A Al Ao YEFIE YIS TF] A ols FHL Auele 7 AT, Wy ojgor
Lo} &8 A 7Pgele] KORA 2MEFIOIS Fol Aw % WIS 4% A Fig. 29 ek

< Alternative scenario >

< Worst scenario >

Fig. 2. Results of off-site consequence analysis (OCA) using KORA software (Korea off-site risk assessment supporting tool).
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KORA AILEgJo] 75 27}, o % ohe] ATAIZIS. B WSk 17t AT A0 O RRE] 24 ki & 949 m WHOE
WAASIgIT) el AR 94 Sheujo} AT Sat AR o] 91Hsk] hEe] SRR Aeae] AALele. o] Tt
7% AMol wek A 2 A8 249 ok A58 A8ste] Aok Ak Hoke] ATALELS. 5 WL 16 km U,
O] ALTAIUY Q= 666 me] T3 A& HA7F A E ATk Fig. 2). ¥, direct source model B 0] &35 F&HS 18
I = ALOHA £ZESJo|E &3l ARl & ®AE B7I%t 23 2.4 km?] H3fd7go] AP =it ALOHAS] 4%, Al Ald
7 Hkgo] o7 hiEol AstA|7t 485 KORA B7F k= tha Zo7h AAITH(Table 5), AU] AlE 2330] 2-§=A]
%> KORAQ| o} ALLAIUE Q. FF 9] Aoehs FARE FF0IUH. ot 23E Rl olf= ALOHA®| Hdet FEE°]
KORAGIA] E2¥ tjote] ALALFE]Q. 58 47 ky/s2 483191, ERPG-2 712024 150 ppmo] ETsHe A 4L 24
TE 7IElr T AZEod FUSH 285197 Wiel® W=, ALOHA E‘fi:lo] 471 & &EAAE 31?—46“2 o Tha
By A9 e Aoz FAETH10,11]. SR A7) F AZE oo A8H FET2 A AL dR0A FEE aE
O Aol7t 9lS A o' FAEW, ALOHA AZEF019] 49 7ItE A 2H] &0 Hiet Alue] 7t Als=A] %}-7] 2ol
AL G MRS ASshe © 3ol e AlRARGe] EAIsh: Ao HAld.

Table 5. Results of off-site consequence analysis (OCA) using ALOHA software (Areal Location of Hazardous Atmospheres)

Red (ERPG-3) Orange (ERPG-2) Yellow (ERPG-1)
0.6 km 2.4 km 7.5 km

oleigt Auet Batste] mLjo} & ALk o] That Park H{11] @ Jeong 5{8]9) OCA 7 Aol Fmuiol A
% A BRPG2 7202 4 kmol 3 U9E HERIEL Mol B2l 8 A BRIG2 71202 77 k] % oIS
S AR tha Zfol7t QIgick ol ALAES 5 Wl YL F 4 e AW BHE, A8 Fe, L=/
o wish 5% 271 5 Altele Auidol ket o] S elel 2 Jake mX An Belrky). weba oca BAHE
E29 ojole] AknATEl Q. o S Ak @olA AT 4 Sl /VRAL] A sk mole] Satd, Al
Bl et WA 5 Uk UID WSS B A83h] oldn BDY W, Atele. Qusol et tha Hol7 Bash]
o ATAELL. ol el et WK 1 Aofo] Fmuo} AR OIS /bR AAste] OCA H7} W% A4
Aelel et vl FEV WAt Aow woech
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olﬂ

Eom oo Pv e
2 fd o& 2 o
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ARL|ot LeE0f| [E SEE Mo}
ol 28% FNUS F B A BAF mE3AA JFS e FYO| /A HejAkS helgh Ak Fg. 33 .
w3 A9 2L 2o Mol J2NG U} =F o]@ Alzro] BHsto] et sl o 2 Wsls AYoldtt %, 19 ﬁﬂr Fo=

A Ao WA S 2AE ws Aol BRI, HAF o ATRH Foh 8 W) difo] UFEA 30d A Foll= o
AACNA AL FHol AFES AT AO*E} l HYe} YEYopt AEAE THAA FHE 282 Xi"ﬁW?lL, <A
o] pHE J5AIA B S8 FLE RoHEA 1mF olF Alzto] Atglol] wet o MA/E AR Ao= FHC) ojzgt
A TEsto], AR AL FA] dRFe] 130l 9 & 2R oo} -2 o3 3|2 vkdo| WHAE|Q T, A7to] Axleld
A S AAZE SAE AL AL AR AdE WERIRITE Lee {1212 (RYoR 7kA mgol wWhE b3t 422 7Sl A5
< silat Av), BelAl2, dite, AT 5 olRE 48] Qo] BAE: WS HolT, 27] P2 vt HA Yo
wistiA] Weprhe Ak E9I5E 1} glek. of2d, oj2jst A Ha7Ie FEYoll A% 9] /13 Evl2AL 53| A%
Y E5Ed e Bhe-S e HA MAS oty 92 HAAIZIcky HuE v 9t §HH, Park S(13]2 AFGSHEA 9
A 1Zo] T2 E 9lo] Hshh eieaol o8] §71% AslH et 7180 R Fule] ASart muEwAl Qo] F2
Ee oMo R JARRE A4S B Kim 5912 &1t mE2 |Is) AE Estrart 9 s Aldlel FE Al
AV, S 1, 55 @4 S0l os) P24 2 9 TAR B BT v} 9ok meby B 7o) k3 AYoME HHHo
2 FH dRYopt AE 9 wE ofE Aol Al 8l 4 mIE oA o] BAEIL ot A 5l iAo
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After 1 day exposure

After 14 day exposure After 30 day exposure

Fig. 3. Visible changes of before and after ammonia exposure on soybean.

oje}t Zo] AP AEA| W FEUYot E2AIdS F3f =d 3} sk, 2H, It
A FH AEAY A ws) S AEA Heke FASHAAL THE kE w5
ok AIBAE A sto] ol AR ALE ZAFFo TN A4 WS
T WLl vl AE7F Rg 20w wdHErh
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F 5= Hige® dEYot +& AL
= B2 AEAC 7THAA eE oiE A
"o W Q12 glol5la OCA9) o8] H7he Aluel e

l-l]I

QL0 ALLI0]| [HE SEIZ 2| 7FAIK TSHH 2

Qhvo} EAHe] I TRUAE A o) 28, 1A B2 ABA) Wsp} [eto s Belel A e meleky
2 Fig. 42} At}

AT 9 E] HEE > WAE 5 BF > USE0R 7714 WSS Uehiglid A7) FEX9 Zue & Hee
PER0R o] wse] AAH0R el ABA] wF o Wl 67 m elel A0z Belslglch ot Al 270
FEE YHYol AV e WRFo R Sk Qlo] 7P & 208 FAHANE AL G e 9o ofsf Sk fEuof
7tA7)F BlEo] SAE AL o] Fof AlHol AU A dEYort i gd) AU HAES B9l HEE WFOE /1
ALA 2 RE F& o] ARt aqtupo] 7¢g 2 wshE 713 Ao Holw, I FUFE 59 o2 2110 %@"S‘]—E
Z1gsto] 7HAA s usf Hele 9eE W] 7MY & A og S vhHof| AR o 2 RE BXof JA|g =2 7HHO

AASIL Sl & 59 AEAE S 1A B WFOR °F 60 m B U] ZHAF wside] ERlE =T, AL g
FFo] F71A 02 Halgto] wet 7|Ho 7He dEYol 7hAE d7|IHEE, 9, $5 5ol 2 ok I A AR
AlEAlol HsiE 713 Ao FHH
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Unexposed Area

Exposed Area

Fig. 4. Visible exposure area of sweet potato field in surrounding ammonia spill.

sh, AR AR oRRE 7HIA 1 Ho) U9k 67 m ol SRIHAA, Fig. 2 @ Table 514 ekt Atele A%
W9l Ao} Wmekel thas 2 Aol HACh oleiet Aol Hel Fik 2 YEro H40] FISle AoT s,
grmyok B7Ret 7elg) 7] Fol wBEW 714 ez wes) Sshs Ago] IAT, SR} Hojdss g7 St
3hElo] Qrmujote] Bt A Wolx7] W] A5 M5 ojii s dos SkelEx| ghert. Webq ocA B0l o]

e o) WIS ISP YA 71 Hs) Golat HEe] XA o SRlEA R Polo] et ARA 5] ARedE
27} ANl A4 SRl it $HH ARst Bad Aow wekE,

i —l)v r}olA

7HA il mE AfmA Y AEAe] grujol 5 gRE ey e AT Dt Qo] Y S 2R
ZAIE= Fg. 59 2tk 7 AC R & TgfE d2 170t Y(CSP1~2, RSP1~2, LSP1~2)9] U H-E =F 69.6~218.0 mg/kg HIAZE

Exposed area
RSP3 ’ c I Unexposed area
RSP2 b
RSP1 —a
LSP3 c
LSP2 7/ Hb
LSP1 7 J—a
CSP3 c
CSP2 —ib
CSP1 —a
0 50 100 150 200 250

Ammonium concentration (mg/kg)

Fig. 5. Ammonium concentration in sweetpotato from exposed and unexposed area.

*Means with the same letter superscript in histograms are not significantly different at the 5% level by Duncan’s multiple range test.
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7HAA eE w7t BAYSHA] o2 A3 (CSP3, RSP3, LSP3) Tt o 1698 A Uehtes eIt 53], Akl 528 34
vtz Qo] AT CSP1 A3 2180 mg/kg= 7P B UERALL, AL G I, 9 52 715 2T/ 7, AHe] A

59 24 21 JF= Wol 5% W3] RSP1 E RSP2 |39 @it o] Ao g =& Ao|qlrt ok, AAH s
At oA Holdas 1tut 9] dRE R HAF Fashe HEOIATHp<0.05).

At A o) Sk AlEA9] YR Yol X o BE 745 S8l 7HA SR eE HoiE U2 H(WW1~3)T 7HAZ]
& woi7h PAYSHA] b2 A9 H(WW4~9)Z AFste] e S AR ATk Fig 61 Atk =& A9 &9 dHE
S 178.7~2008 mg/kg M2 & A HO] 170} 9 AHE I FABH] 4124 W e &R o FE gRlg & A
QHH, Fig. 29 AU @ 9 He AHE WrGsto] Fote] ARAIUE] 2(1.6~1.8 km) W AAYSH= L(WW7~9)T} TS| ARRLAIL:
2] 2(600~800 m) U AHYSH= 2(WW4~6)S AZ5t0] PHE RS FASH ATKFig. 6), 27 49.0~67.8 mg/kg, 62.2~77.8 mg/kg
HAR 7HA keE AR SET F2 AFOIUATL tAF o2 AEA 1579 724 diE e 7H AR UERT
o]2fgt YRl Choi 5(14]7 Lee 5(12]9] ZAHoflA ERIE o= Q=H, A&E0] F7oks & 794 5 7FY B2 F&20] daolH,
AnE E AAE Aa v gt AE S0 I vIA L, da AH| B F5El mEt AEAEE AJolg yEhdthal
Hgkup Qlof, & A1 A} AA| FH A 9] HAA| oA WA E = Ao I EY 8ET 22 7 Skl 9
TS = dHEYoF 714, ZF AEA9] B E4 R 4 F3E 5ol Adl A=A 1577 7L Sl dart 932 R

Aoz F4Hc

WW9 - |—| b’ EE Exposed area (60 to 80 m)

[ Unexposed area (600 to 800 m)
WWS _:’_4 b 1 Unexposed area (1.6 km to 1.8 km)
WW7 A '—( b

WWé

WW5

Ww4

WW3

Ww2

WWwi

0 50 100 150 200 250
Ammonium concentration (mg/kg)

Fig. 6. Ammonium concentration in wormwood from exposed and unexposed area.

*Means with the same letter superscript in histograms are not significantly different at the 5% level by Duncan’s multiple range test.

QA AR AR o] Sfaf Pold 4 gl tiete] ATAEle 9 Wel Ane} ABAe] HF Aw 2% Az
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