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Abstract: This study aimed to evaluate the human health risks of volatile organic compounds (VOCs)
in ambient air in the areas near industrial complexes in Daesan, Ulsan, and Yeosu. Using data of
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hazardous air pollutant measurement network from the National Institute of Environmental Research
(NIER) from 2021 to 2023, we analyzed the concentration distribution of VOCs and evaluated their
non-carcinogenic and carcinogenic risks. The results of VOCs analysis for each industrial complex
showed that the total concentration of VOCs is trending upward in all industrial complexes, and the
main substances contributing to the increase in concentration are 1,3-butadiene, 1,2-dichloroethane
(Daesan), toluene and xylene(Ulsan, Yeosu). The non-carcinogenic risk assessment revealed that the
hazard index (HI) value was less than 1 at all sites, indicating that no significant non-carcinogenic risks
from exposure of airborne VOCs may occur nearby at the sites. However, the carcinogenic risk
assessment indicated that the excess carcinogenic risk (ECR) of 1,3-butadiene and 1,2-dichloroethane
was more than the acceptable risk level (1.0x10°¢) at Daesan Industrial Complex, while 1,3-butadiene
exceeded the risk level at Ulsan and Yeosu Industrial Complexes. By conducting the probabilistic risk
assessment for these substances, the acceptable risk levels (1.0x10°) of 1,3-butadiene and 1,2-
dichloroethane in the Daesan Industrial Complex were located at 25.2% and 21.3%, respectively. In
the case of Ulsan and Yeosu Industrial Complexes, the locations of 1.0x10° of 1,3-butadiene were 14.5%
and 64.0%, respectively. It implies that the risk of carcinogenesis in the Daesan and Ulsan Industrial
Complexes are greater than the other one. Furthermore, sensitivity analysis results showed that
exposure time (ET) is the most influential factor on risk, with residents who spend more time outdoors
and workers with prolonged exposure to the workplace having a higher risk of carcinogenesis. It is
warranted that more detailed emission sources and further refined risk assessment studies for 1,3-
butadiene and 1,2-dichloroethane are required.

Keywords: VOC, Industrial complex, Deterministic Risk Assessment, Non-carcinogenic risk, Carcinogenic
risk, Probabilistic Risk Assessment

L A2 i3t 71 e A 7 HA = ) &
o Qeth71 22 )95k 9lck. o] 5 VOCs 5 1752
A 771 88H&E (Volatile Organic Compounds, L7 & =AY EF A A&l 2 E Yt

VOCS)& 7| gol 4 Fgol 250°Colatol @M Z ] A2de 253 ek 1 VOCsk A9t

71940] Zot 2o A 71A = EA5t= 4ol 37, L' A 2AE, AR A Hl 71 7HA 5 TRt 3ol
VOCs:= 4a}st u-3-& E3) 0 = 9 22} §-7] ofjo] &2 4] v &H th(Bong et al., 2008; Kansal A, 2009). $-74 -
& WA= ATLELS ESFolal Qlo] 7| sk}t 9] 3}sHE &S ZAK(Pollutant Release and Transfer

&A1, 1) Agh et 5 J4 D i A0 A7 WSS ton, 20213: 10,049 ton, 2022: 10,287 ton). £3] i
Z T 4= ATHWHO, 2002; Boeglin et al., 2006). 5], ) *dvg}d AR = VOCs Q] 9 wi& o] J &=
=AY A 7] (International Agency for Research on

7] of 93FE )= tH(Parrish et al., 2000; Shen et al., Registers, PRTR)O]| w2 1 2| 31 7H2HQRY-
2018). T3 Q1A ke Al 71 B A=, S5413A Z WEF2 A& F7ot= FA| ol tH20204: 9,896

1, 8% 5 VOCse 7| 2 W& o] Q14 588

Cancer, JARC)O| A] 13- S22 A A3t benzene, OP L2232 Q5| A TR L2219} QL X F Fu

1,3-butadiene, vinyl chloride@} 22 VOCs+= A A2 Q1 oA AAQA A7 YIS = 4= 9 th(Seinfeld et al.,

ZAI9k 919 Bel7t S st 1998).
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717h ok Y E A oigt R8sk AT
oAl =3 VOCsf thet 1A Asi/d B7F A
2 acrylonitrile, benzene, 1,3-butadiene, vinyl chloride
o] Hek 7hs/do] E B R e HiE A%to] B e
SFchal 7325 tH(Chen et al,, 2016). ESE B E &
0] 910 Ao A 9 E AT AT Al
trichloromethane, 1,3-butadiene, 1,2-dichloroethane,
benzeneo] W FA 2ol =& AL & HIHE T
(Pinthong et al., 2022; Tan et al,, 2024).

2U19] 49, oo} g4t 49315} AbelekA] Q1
o]l 4] BTEX(benzene, toluene, ethylbenzene, xylene)Ol|
et 1A 13043 B 7t 23, benzene®] S $I37F H
1% v} Qlth(Jang et al,, 2011; Lee et al., 2022). 0] Ak
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2 Aol A= TAR-ZAR- ol ARITA] QI 2] 9]
VOCs &5 23 FA T A= Qe 1A st B7HE
Q8] =+ 34 75+ (National Institute of Environmental
Research)of| Al F-olt 7| 54 5449 VOCs A+
TEARE AT, AL R EE SAY
AR A1 Q1 2021 5 31371(2021~2023)] F] o] ¥
£ &8t thak-ZAk- o5 AT A] Q1 fsfist
SHEA =% A Figure 19] YEFHC

TN EE SHL ZAIA S, S8 Al vy
= A YoM EFFsi 71 EE e 2t o F AE
mpotst7| flell = 7HE 3 F)7F =g 5ol 9
sto] FJ st HiEdAAIS Gl Fal 7=
8% 5 VOCs= A5 AE5 S o]-8stof 1-2
A 712 A% S5, &7 dele @3l HA
AR AR E S0t ALs5wol 7] S Al
BEAY 5T S dEA R VA AR E D ]
(Gas Chromatography) &2 0 & o]%3}1l, 33o]-2
S}HE71(PID) B= EE0| &7/ A28 34
<7](FID/ECD)& VOCsE A/87d 7 &A45to] 4%
CHNIER 2024).

Felld71=d S 40AM S45t= VOCse= 175

(o]
< A8t 15 (acrylonitrile) 7} 31
=]

a0 gl oX

i)

222 Fo)4 5 Aol 94 QA 274 1
o] 7} H-Folthal T &= 5% (methylchloroform,

trichloroethylene, tetrachloroethylene, 1,1-dichloroethane,
dichloromethane)-2 ol A A 2]5} T}, E5E m,p-
xylene, o-xylene> At 4 & gk AUA| Y4 B7HE
Aol = =29 =g Het g2 ARSSHAL Xylenes=
7|59 Am A5 S AHAY A= 2HE =
2317 Aol A+ Ame Ee 2 BASHA] 99k,
benzene, toluene, ethylbenzene, xylenes, styrene, chloroform,
carbontetrachloride, 1,3-butadiene, vinyl chloride, 1,2-
dichloroethane 5 & 105-9] VOCs9] tjsf] A+= 49
aaict.



ol
}i
gy
[0}
N
>
@
=
i
>
~
foi

96 I_O o

& 2. Ulsan Mipo National B
Industrial Complex

2. Q1| floid HIt

D) =597
7] % VOCse] QA 1B BAAE 9o} 424
TFEoto] Yol et & AR E Ol YL BA =S
F(Average Daily Dose, ADD)Y} YA U A H o = E5F
(Lifetime Average Daily Dose, LADD)S AF&51%1 0.1,
e R °d§ 3_ 1510}0:1 YLYBA L EY 74]4}’“34
stk

(US EPA 1997; NIER 2019; MOEL 2020).
AFIER A tf7] FL2 viE 5= VOCse 2
o

(inhalation)-& 53 217 1=5o] Jofuket. ol2jgt 2l

1. Daesan Industrial Complex

(ED)2 301 0 & A 5}o] et Yol = A4 /\] % J.

A0 72 Aot 717 AEotglon, =&

= BAH S A=l At B %—‘jr°‘¢——§~
310] 2309, A, CAI -2 9ot el AHY A] 37
of Ytz o2 ARESHE 350U-S 285 Th(Lee
al., 2020; Lee et al., 2022).
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Table 1. Exposure equations by Inhalation route of VOCs in this study

Inhalation (LYADD =

Cop X IRy, X EF X ET X ED X ABS ;.01
BW x AT % 365

ADD: average daily dose(mg/kg/day), C,;: concentration in air(ug/m’), IR;,,: inhalation rate(m*day), EF: exposure frequency(day/yr),
ET: exposure time(hr/day), ED: exposure duration(year), ABS,;.;;,: absorption factor by inhalation(unitless), BW: body weight(kg),

AT: average time(year)

Table 2. Exposure factors and distributions for probabilistic risk assessment in this study

E? :;erl;e Unit CIE Value R Distribution Reference

EFR 350 365 Triangular(min: 180, max:365, likeliest:350) .
————— dayfyr - - — This study

EFI 230 320 Triangular(min: 130, max:320, likeliest:230)
ETR hi/day 2.18 6.09 Lognormal(mean=2.18, s=2.01) NIER 2019
ETI 7.24 11.87 Lognormal(mean=7.24, s=3.27) NIER 2019
ED yaer 30 Normal(mean=25, s=8.25) NIER 2019
BW kg 64.5 ‘ 84.8 Normal(mean=64.5 s=12.65) NIER 2019
AT year 82.7 Point estimate NIER 2019
ATxc year 30 Point estimate NIER 2019
IR, m3/day 14.62 ‘ 18.97 Lognormal(mean:14.62, SD:3.19) NIER 2019

ABS,ivinn unitless 1 Point estimate US EPA 1997

! CTE(Central Tendency Exposure), ? RME(Reasonable Maximum Exposure)

2) 7127] QA2 B4 B

A3l & 2% (Risk Characterization)< 7]-&7] AA}
(Slope Factor, SF)2} &4 %11 ] (Reference Dose, RfD)
£ g-25}0] AHA3lIth US EPA IRISE T 7] S f| 9]
o 91914 71 A webd 2R $ B9 9IE
(Inhalation Unit Risk, [UR), H{ I EL L SU &

n>4'

11 X] (Reference Concentration, RfC)S Ao}
O 5P 04 2 VOCs Ezko] A
517 Sk, #4101 BEE Bk B A
o] Bt A5 2-8sto] 7127] AR} SR IAE
AtEsto] HsiAd Brtel A&, 4 S48
Table 301 A| A5} %It

o Q@ ¥ ox

Table 3. Slope factors and reference doses of selected VOCs for risk assessment

(unit : mg/kg-day-1)

Slope Factor Reference Dose
Benzene 0.0344 0.0068
Toluene NA 1.1333
Ethylbenzene NA 0.2267
Xylenes NA 0.0227
Styrene NA 0.2267
Chloroform 0.1015 NA
Carbontetrachloride 0.0265 0.0227
1,3-Butadiene 0.1324 0.0005
Vinyl Chloride 0.0388 0.0227
1,2-Dichloroethane 0.1147 NA

NA=Not applicable
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A1 VOCs 55 Bt 47} 95% UCL gk Table 4
o XS 2t A B 9] AR B ] Pt
VOCs Ba41& T A5 Figure 20] LEFHTE. 2021
-] 2023714 VOCs 5 220014 A E = /-9
05k 2po] £ gl & AT A F Ao A = 1,2-
dchloroethane, 1,3-butadiene, benzene?] 57} =S}
o, fRE VOCs7} B 53 HES Yot 13-
butadiene} vinyl chloride”} &2 517 710k FA|
£ 2911, 202219] 1,2-dchloroethane®] 5= 7} 6.07
pg/m’® oH2 BAT v RGPS o 3d7H Y e 4
A2 YEFGT X Boj| A= 20234 9| 1,3-butadiene,
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= A& Y 0H, £5] xylene¥} toluene> Z Z0 2
74510 B A 2 55 A5 71ofehsct. A
Co A= AAH Q1 VOCs2] 527} ko1t 20231
toluene, xylene, styrene®| =7} 32514 57}t Tt
1,3-butadieneS A 2 0 2 7FA5H= A3 Kol ut
A% 02 AETE AL BA 5 A%
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Table 4. Concentration distributions of VOCs from Daesan, Ulsan, and Yeosu industrial complexes

unit : pg/m’
Average+SD 95% UCL
VOoC Year A B C
n Value n Value n Value A 5 ¢
2021 258 3.86+4.60 168 | 1.34£1.56 | 236 | 0.5440.46 | 1141 3.90 1.30
Benzene 2022 346 | 2.69+2.26 | 312 | 1.55+1.66 | 265 | 0.36+£0.51 | 6.41 428 1.20
2023 331 3.86+5.91 301 | 2.30+3.06 | 256 | 041045 | 13.58 7.34 1.15
2021 258 3.05£3.28 168 | 3.31£3.27 | 236 | 0.86+0.86 | 8.45 8.69 227
Toluene 2022 346 1.93£2.62 | 312 | 2.83+2.37 | 265 | 1.324345| 6.25 6.73 6.99
2023 331 2.77£3.44 | 301 | 3.96+4.17 | 256 | 3.83x1.81 | 844 10.83 6.81
2021 258 1.28+1.54 168 | 1.16x£1.91 | 236 | 0.33+044 | 3.82 431 1.05
Ethyl benzene 2022 346 1.10£1.29 | 312 | 0.830.97 | 265 | 0.15+0.21 | 3.22 243 0.48
2023 331 1.65£2.47 | 301 | 1.24+1.32 | 256 | 0.90+0.60 | 5.72 341 1.88
2021 258 1.10£1.12 168 | 2.5344.00 | 236 | 0.63£0.82 | 2.94 9.10 1.98
Xylenes 2022 346 | 0.84+0.93 312 | 2.66+£3.22 | 265 | 0.29+0.50 | 2.37 7.96 1.12
2023 331 1.40+1.64 | 301 | 4.62+5.04 | 256 | 2.12+1.75 | 4.10 12.91 5.01
2021 258 0.38+0.61 168 | 0.09+0.29 | 236 | 0.16£0.26 | 1.39 0.58 0.58
Styrene 2022 346 | 0.19+0.31 312 | 0.15£0.31 | 265 | 0.21+042 | 0.70 0.66 0.90
2023 331 0.30+0.50 | 301 | 0.28+0.50 | 256 | 2.18+2.04 | 1.11 1.09 5.54
2021 258 1.3543.62 168 | 0.45+£0.72 | 236 N.D. 7.30 1.64 N.D.
Chloroform 2022 346 | 0.58+0.46 | 312 | 0.57+0.80 | 265 | 0.05+0.12 | 1.33 1.89 0.25
2023 331 0.73+0.77 | 301 | 0.64+0.67 | 256 | 0.04+0.08 | 2.00 1.74 0.17
2021 258 0.44+0.09 168 | 0.10£0.19 | 236 | 0.05£0.10 | 0.58 0.41 0.21
Carbon tetrachloride | 2022 346 | 047+0.04 | 312 | 0.17£0.19 | 265 | 0.22+0.16 | 0.53 0.48 0.48
2023 331 0.42+0.18 | 301 | 0.22+0.18 | 256 | 0.17+0.16 | 0.71 0.52 0.43
2021 258 | 2.3143.53 168 | 1.48+1.93 | 236 | 1.81%1.93 | 8.12 4.66 4.99
1,3-Butadiene 2022 346 | 3.56+5.55 312 | 1.65x1.77 | 265 | 1.59+2.97 | 12.69 4.56 6.47
2023 331 | 5.8241231 | 301 | 0.79+2.23 | 256 | 1.31£2.39 | 26.07 4.46 5.25
2021 258 0.90+2.01 168 | 2.08+3.15 | 236 | 0.40+0.55 | 4.20 7.26 1.30
Vinyl Chloride 2022 346 1.9747.28 | 312 | 227331 | 265 | 0.20+0.48 | 13.94 7.72 0.98
2023 331 24749.39 | 301 | 2.87+6.56 | 256 | 0.07+0.68 | 17.92 13.66 1.19
2021 258 3.98+5.80 168 | 0.44+0.72 | 236 | 0.19+0.53 | 13.51 1.61 1.07
1,2-Dichloro ethane | 2022 346 | 6.07+7.85 312 N.D. 265 | 0.33+0.68 | 18.98 N.D. 1.45
2023 331 5.08+6.61 301 N.D. 256 | 0.19+0.45 | 15.95 N.D. 0.94

N.D. =No Data

0k oty 2t AFEAt Hi 7] 7k, ] A7l A T il
&o] tf7] F VOCs 5=ol &= vA7] Yz o= A
Z = H(Moon et al., 2022; Chae et al., 2024; Sultana et al.,
2024). 53], C A7 of| sl Choi 5 (2023) o] 5=A]
AR A HiE B = VOCs7H AR A 02 H7] 5 5
Tof] dFe FA Pl sk o B s v S0l digt
27129 4771 BAT 0.2 BErEch 7 4 4o

&-835}0] 2148 VOCs 5 3} A4

F4 AR5 T A5HF th(Figure 3).
2021~2023A7HA] A8 Bt FE5-2 A4HA 0] 3.1
m/s, 24X H0] 2.5 m/s, 95X H 0] 3.9 m/sE O]A]
o] 74 0] Zdstoitt A E Aok FFY B¢
o= AAA Ak SAFR| H o] 22} AF, FAFA F ol

A YR S A A Ak Y, U
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Figure 2. Average Concentration of VOCs from Daesan(a), Ulsan(b), and Yeosu(c) industrial complexes and sum of the
concentration at each site(d)
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Figure 3. Time series graph of VOCs concentration changes with wind direction and wind speed data at each site
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Table 5. Non-carcinogenic risk of target VOCs at each site

VOC Average(CTE) 95% UCL(RME)
A B C A B C

Benzene 0.01007 0.01095 0.00127 0.08736 0.07379 0.01015

. 0 . 0 . 0 . 0 . 0 B 0

5.51%) 7.55% (1.79% 4.19%) 6.50%) (1.41%

Toluene 0.00005 0.00013 0.00003 0.00039 0.00075 0.00027
(0.02%) (0.09%) (0.05%) (0.02%) (0.07%) (0.04%)

Ethyl-benzene 0.00012 0.00020 0.00004 0.00106 0.00145 0.00028
Y (0.06%) (0.14%) (0.06%) (0.05%) (0.13%) (0.04%)
Xvlene 0.00097 0.00621 0.00088 0.00785 0.04275 0.00677

Y (0.53%) (4.24%) (1.25%) (0.38%) (3.77%) (0.94%)
Styrene 0.00003 0.00003 0.00007 0.00027 0.00033 0.00059

B 0 . 0 . 0 B 0 o 0 . 0

Y 0.01%) 0.02% (0.10% (0.01%) 0.03%) (0.08%
Carbontetrachloride 0.00038 0.00031 0.00013 0.00152 0.00201 0.00093
(0.21%) (0.21%) (0.18%) (0.07%) (0.18%) (0.13%)

1 3-Butadiene 0.16972 0.12409 0.06836 1.95668 0.97535 0.69751
’ (92.80%) (85.57%) (96.30%) (93.83%) (85.91%) (96.96%)
Vinvl Chloride 0.00155 0.00309 0.00019 0.03011 0.03888 0.00290
Y (0.85%) (2.13%) (0.27%) (1.44%) (3.42%) (0.40%)
Hazard Index 0.18288 0.14502 0.07098 2.08524 1.13531 0.71940
(HI: sum of HQ) (100%) (100%) (100%) (100%) (100%) (100%)

2. QIN| Lloid B7t 2t

1) vt ez A At

4 VOCs 1059 &9 ol Sfet HEet A=
A8 BIHE Table 500 A AISHATH A2 HEet9]5h
T2 8wt A3}, A3 A7} O Abdof] Hls] AT A
O % £2 FoAFE UEH AU, HE A H A
FAZ7H 1 o]k A E o] VOC] tf 7] kg 9
SFEEt fei e vu|RE Ao & SIFith vy,
RME gt0 2 B7FS wf, A A3} B Aol A -3
A 427} 2.08524, 1.135310 2 1S Z1}olo] 2|42l
93lo] Q= A o & veht) 2 244 v]dket o6
71 == A 2 Hof| A 1,3-butadiene©] 85.57~96.30%
2 71} &8k, th2 0 2 HlA0] 1.79~7.55% 5 AHA]
gom, 71 9] VOCse 7|7k o & A& A& el
SF &= 1T Le 5(2024)2 A--8}8} @A 7} Q14 gk
tqt9] 7} 2 %5 Fof| A benzene, 1,3-butadieneS E 3}
3 629] VOCsof th3)] v]eet A7} 33k BrhE AlA
A3 Ao A7 nlRte & 2 Ao FARE A
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Z+7F 3.96x10°, 4.14X 10°2.2 1.0x 10°S A} 3| ol=
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Table 6. Carcinogenic risk of target VOCs at each site

VOC Average(CTE) 95% UCL(RME)
A B © A B C
Benzene 8.55E-07 9.29E-07 1.08E-07 7.42E-06 6.26E-06 8.61E-07
Chloroform 6.43E-07 8.79E-07 3.26E-08 7.41E-06 6.27E-06 4.39E-07
Carbontetrachloride 8.38E-08 6.71E-08 2.75E-08 3.31E-07 4.37E-07 2.03E-07
1,3-Butadiene 3.69E-06 2.70E-06 1.49E-06 4.26E-05 2.12E-05 1.52E-05
Vinyl Chloride 4.94E-07 9.88E-07 6.15E-08 9.61E-06 1.24E-05 9.26E-07
1,2-Dichloroethane 4.14E-06 7.81E-07 1.95E-07 3.81E-05 6.52E-06 2.72E-06
Total of carcinogenic risk 9.91E-06 6.34E-06 1.91E-06 1.05E-04 5.31E-05 2.03E-05
o L0X10°S 48l3to] AAH S1gol Y= Ao  ofe S5k WYk AT Aol E T B Aol &

BT, 2 917 29} A Kim S(2024)0] £
KR35} AIIEA) QoA 233 VOCs] Tt )
A Y34 B7Fol A+ 1,3-butadiene, 1,2-dichloroethane
o] BF 10x10° B ¢E0 2 Wt ao] 7]ojs} A
9L ol VOCse] A5 33 7]20] 7202 o 3
W7] Yoz ke ghHof 519 Y134 B7H A
2 AR B A9 S ATHE Bl 4 )
ek E 2] 419315} Sl H 488 VOCs Y
= Zof tf 3t flsl/g B7F Aol EH thE VOCset
SHA| 1,3-butadiene, 1,2-dichloroethane©] 1.0X 10
2351l 2 Q07 4 Y %2 A2 et
(Pinthong et al., 2021; Malakan et al., 2024). &3] 1,3-

ThaL Ash el 9] 84S FE3HATH Chen et
al., 2016; Sadeghi-Yarandi et al., 2020; Gao et al., 2022;
Khoshakhlagh et al., 2022; Le et al., 2024). W2kA] 2 AL
i AFA A o A = 518 93 o2 293 VOCs
of ool w2 719l A7 3 BHe Bl WA A
O AlmHT}

3 8524 9isy W7k A3
2 A S 23U PA ] 58 A 22 2
3t 1,3-butadiene, 1,2-dichloroethane©]] tfj 3]} EFE-= 4]
Al 7+ Y51 ch(Figure 4). A, B Ao A=
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Figure 4. Results of probabilistic cancer risks for 1,3-butadiene and 1,2-dichloroethane
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