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Abstract — Determination of Best available technology (BAT) was suggested to reduce volatile organic compounds
(VOCs) in a petrochemical industrial complex, by conducting human health risk, environmental, and economic assessment
based on multimedia fugacity model. Fate and distribution of benzene, toluene, ethylbenzene, and xylene (BTEX) was
predicted by the multimedia fugacity model, which represent VOCs emitted from the industrial complex in U-city.
Media-integrated human health risk assessment and sensitivity analysis were conducted to predict the human health risk
of BTEX and identify the critical variable which has adverse effects on human health. Besides, the environmental and
economic assessment was conducted to determine the BAT for VOCs reduction. It is concluded that BTEX highly
remained in soil media (60%, 61%, 64% and 63%), and xylene has remained as the highest proportion of BTEX in each
environment media. From the candidates of BAT, the absorption was excluded due to its high human health risk. Moreover,
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it is identified that the half-life and exposure coefficient of each exposure route are highly correlated with human health
risk by sensitivity analysis. In last, considering environmental and economic assessment, the regenerative thermal oxidation,
the regenerative catalytic oxidation, the bio-filtration, the UV oxidation, and the activated carbon adsorption were determined
as BAT for reducing VOCs in the petrochemical industrial complex. The suggested BAT determination methodology based
on the media-integrated approach can contribute to the application of BAT into the workplace to efficiently manage the
discharge facilities and operate an integrated environmental management system.

Key words: Integrated environmental management, Best available technology (BAT), VOCs control technology, Multi-
media fugacity model, Cost-benefit analysis, Human risk assessment
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Fig. 1. Schematic diagram of BAT determination for VOCs reduction in petrochemical industrial complex using human health risk, environ-
mental and economic assessment based on multimedia fugacity model.
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Table 1. Equations of fugacity capacities [17, 20].

ol7}8] - S

S e AR

Compartment Z values
Air Z,=1/RT
Water =1/H=C"P®
Soil Z5=12,-p3-05-K,/1000
Sediment Z4=25-ps by Kp/1000

Suspended Sediment Zs=Zy ps-05-Kp/1000
Fish Zs=2Z, ps-L-Kop/1000

Aerosol Z,=27,-6x10°/P5

R = gas constant (8.314J/mol - K)

T = absolute temperature (K)

C5 = solubility in water (mol/m’)

PS5 = vapor pressure (Pa)

H =Henry’s law constant (Pa m/mol)
= liquid vapor pressure (Pa)

Where K o= octanol-water partition coefficient, K~ = organic carbon partition coefficient
Koe =041 Koy
p; = density of phase i (kg/m)
¢ mass fraction organic-carbon in phase i (g/g)
= lipid content of ﬁsh
Note for solids P, Pb/ exp{6.79(1 - TM/ T)} where T), is melting point (K) of the solute
Bulk air Zg1 =Z,+2x% 107" -Z7 (approximately 30 mg/m’ aerosols)
Bulk water Zg, =Z,+5x% 10°°. Zs+1x 10°°. Ze (5 ppm solids, 1 ppm fish by volume)
Bulk soil Zp3=0.2Z,+0.3Z,+0.5Z; (20% air, 30% water, 50% solids)
Bulk sediment 75, =0.82,+0.2Z, (80% water, 20% solids)
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Fig. 2. Intermedia transport process of pollutants in environment multimedia: (1) air, (2) water, (3) soil and (4) sediment [19].

Table 2. The equations of intermedia transport D value [17, 20]

Environmental media

From To Process Intermedia transport D value equation
Total (D)) Dyy = Dyy+ Dyt Doy
Air (1) Water (2) Ab.sorr.)tion (.DVW) Dy =Ay/(1/U,Z,+1/U,Z))
Rain dissolution (Dgy;) Dy = UsAyZ,
Aerosol deposition (D) Doy = UsdyZ,
Water (2) Air (1) Volatilization (D,;) Dy, =Dyy
Total (Dy3) D3 = DygtDygt Dy
Absorption (D) Dy¢=1/[1/Dg+1/(Dy+D ]
Air boundary layer (Dy) Dg= U,AZ,
Air (1) Soil (3) Air phase diftusion in soil (D,) D,=UsAsZ,
Water phase diffusion in soil (Dy;) Dy, = UiAsZ,
Rain dissolution (Dpg) Dy = UsAgZ,
Deposition (Dys) Dos = U,A5Z,
Soil (3) Air (1) Volatilization (D5;) Ds, =Dy
Water (2) Sediment (4) Diffusion plus deposition (D) D,y = Dyt Dp = UgAyZy+ Ug Ay Zs
Sediment (4) Water (2) Diffusion plus resuspension (D,,) Dy, = Dyyg+ Dy = UgAyZ,+ U\ gAyZy
Soil 3) Water (2) Runoff of water and solids (Ds,) D3, =Dgy+Dgg= U\ AgZ,+ U AgZ,
Parameters Definition Value
U, Air side, Air-water MTC 5m/
U, Water side, Air-water MTC 0.05 m/h
U, Rain rate 10#m/h
U, Aerosol deposition 6% 10" m/h
Where Us Soil-air phase diftusion MTC 0.02 m/h
(Intermedia transport Uy Soil-water phase diffusion MTC 10 x 10°m/h
parameters) U, Soil-air boundary layer MTC 5m/
Uy Sediment-water MTC 10#m/h
U, Sediment deposition 5.0 x 107 m/h
Uy Sediment resuspension 2.0 x 107 m/h
Uy, Soil-water run-off 5.0 x 10°m/h
Uiy Soil-solids run-off 108 m/h
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o) A& sk, AN FAEE DAY sEFEA
A= E YR 0w Friste] Hal=E Al &89 54 7h ==
& E3TH24,26]. BH=H 2 A9 AP 0w Fal 1
& 54249 dlo]E] 9] 815 214 (Dose-response curve)ol] T3]

N
=
o
H

N‘

modelyS ©]8-3to] A& TS 2|4} (Extrapolation)dt™, =4
=2 2] ¥kt Q1xk(Cancer slope factor, SF)= #1855 WS4 9] 7}
2T A4E 718712 FrFseH22]. ndrE2 o] g GIX|7F EA)
St SE-RES FAoA APA o R AAH FIEFHEEFNo
Observed Adverse Effect Level, NOAEL)S ZH-E] &4 Zi1X]
(Reference Dose, RfDYE 7-to] HQrE 9] wHd T w73

=

gk dgko] Yeh A eb=thal e = wE&wkoln, A ()2 2
o] AkeTH22].

NOAEL
RID = ———
D= UF < MF @

UF (Uncertainty Factor)& =344 AlT2 55487 Fu 49
T3 v skl vz EA7EA] A83sh7] Qs 94
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A7HATE 53th24,26].
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et o WA Vs A S YER & 29 k-9) 8l I (Cancer Risk,
CR)S 4HE3H, CRE= ADI9F o3 A2 Wk QIARI SFE #5}o]
2] 8y} 7ol Alketti{19]. vlEtEA 2] -9, 2] (9)¢} ol ADIZ
RfD%} v 1w &ke] el %9 (Hazard Index, HI)S AXF3ICH23].

o

CR. = SF,x ADI, ®)
ADI.

Al =2h ©)
/D

o714, ADI; (mghkg/dayy= =F AV Qo] the mEzd 2o

el ezRIAREel ik tisk gk A8sto] 2 (107} o] Ak=dt

tH19].

C,x Y IR, x EF x ED
BW x AT

ADI, = (10)

C; (mg/m’)= ZF SANA ()Y A& B2 wF F5F, IR
(m*day)y= 2 =& FE2G) W2 &2 4 H 3 FH(Intake
rate) 5, EF (days/year)T =Wl (Exposure frequency)s, ED
(years)i= =% 7]ZHExposure duration)=, BW (kg)= T 21-9]
H 1t E5A(Body weight)E, AT (days)= 3284 H(Average
time)S oJw|gtth. 4= CR < o] &sto] fallsshad wZel
ojal] Al 7EA] 98 FEEE S, A 98, ER1E fdho R
7k 4= QITH19]. CR #ke] 107 o]l A9 27l S1al J&F
o] 3L, 10 o]aRl A= S13i7F flrkar Aekgich. Bk HI ke
75, 150 AWML > 1) Bl A3l fdrbs/dol vka sk
&b, 11T 2O (HI < 1) 1k Q18 7 FsAdol glorw &
A mErE 88 7hsshkaL H7kIH27).
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= W0 A B8] Fowm vhe it 3 & AR Ut
B2 A B E ZH=tka 7P e = QIUH17]. Spearman =
A AT AT T obd HEkE v A E A 5
7HA W Eof tisf] AFEE B E2[17,28], & 9ol 4= Spearman]
%] A5 (Spearman’s rank correlatlon coefficient)& AR5}
JEWUFEE] VRS APISIGITh v A4 53“ chafj] =
el 7]‘1}9] UHXJ] T Xﬂﬁ OHH Jﬂ7]‘ *‘]9] TFRHFE PETC
SA12] 17 Sl Fo8HA

Agohs =4 7 V1%, = F %‘i "x‘ 2 AE € 5 Sk

n}i 0
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©
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N

E
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A U vOCs A7 €13 omfjAl] 35714 E
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3AE AFY O E A3 VOCs HH% TAE FHsgleH, 4
F3Fsr AdekA1 9] VOCs ZP“’ 9% BAT 3R s, TR
79 VOCs B8¥ Aas JHE 78It vocs WiEH
19l TR VOCs ;ﬂﬂﬁg~ olgste] WA 7|&S AR
HjZ ¥ VOCs?] 7} BAT $H WA]7]&& 53l vlE&% VOCs?)
S ARt 3 il A FUIATE] As R el s At
LH/g— 753_]4 %g] .g}zﬂ—z—] E/ﬂq. r,H/\l— X] 03_4 EAX] oﬂ I:H?S]— %‘E*—

mN roly I
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chil A 75

sl 7]k QA9 -2 A 7t 331

FRI 1% e s Zé*& gl 22 A RER B AE
glo] Q] thl A 77 E] 2E Level LIIE F33to], thilj4] 3173
Al2~Elel A vOCse] =4 A A U] s Rg tels]

Ak ThlA] F7HAE] 2 AR vheko & ujA] -3t QIAlSlEd 3

7Va FEysto] A7) R Sl U sl st Q1A 17

=S 53l on, ATt A4 ALY UA7]&S BAT A

ol A ALt et N E 248 B3 A U

2 At gk W52 & Thelstel =8 WSS sl

v ko & thull A SFAIAE U] @5 AREEE VT oR

Hlxm*m 29354 A FEES AETlo] BAT SR $H34S

Hrysrolar, ng-ne] AA H7hs Saste] ARk Ul vOCs

A 7tell 5 d 7T (BATT Y A5kt

3-1. 97 ey EF, BAT 27 U HISZ A

AT P X921 U-city®] st 4l slakAlE Alz2d-2 2016
3k 3] E2F VOCsE 7] 2.2 716,073 kg THE vl=38h, o] =
Benzene, Toluene, Ethylbenzene, Xylene®] Bl &% 212} 22,371 kg,
58,421 kg, 9,642kg, 65,498kg . = | VOCs MlEZ2] 21.78%=
Z}A] $HTH30]. Benzene< U.S.EPA (United States Environmental
Protection Agency) w--A A1l &Il WHd AS - (Human carcinogen),
IARC (International Agency for Research on Cancer)®l 2]} Group 1
o= e Al sl whekdeo] eelel wdolth31]. el &
% Benzene: T2 AWxA ol B, §4F5Y A5 v
Vo] ZatA Vel siE Y 739 Nl W MEY S5
&l © 71t}[32]. Ethylbenzene> U.S. EPAoﬂ &l @ed DS H(Not
classifiable as to human)©] ™, Toluene %! Xylene< IARC®] 2] 3]
Group 303 Q1Alo] T3t whebdo] viehpA] 982 vk 4o]oh31].
BEAIRE o] A 7FA] 22 1A 1Al el d = 7R felisieadE
A Toluene, Ethylbenzene 2 Xylene®l] =&%H 35202 7|5, &
5 2 F75& w2 5 9lrh 53] 5542 Toluene®} Xylene®] 739,

Data collection of BTEX emission rate and
reduction efficiency of alternative VOCs control technologies

Emission scenario

Objective chemical’s and regional data collection

& Data collection
Data processing and emission rate calculation
Prediction Steady state fate analysis using multimedia fugacity Level Il model
multimedia fate
of VOCs Prediction of VOCs residual concentration in each environment media

Prediction of human
health risk impact

Human health risk assessment of alternative VOCs control technologies
based on multimedia/multi-route/multi-receptor exposure scenario

Sensitivity analysis

Determination main influential parameters about human health risk based on
multimedia fugacity model

Cost-benefit analysis

Cost - benefit analysis of each alternative VOCs control technologies

Fig. 3. The proposed framework of BAT determination for VOCs reduction based on multimedia fugacity model.

Korean Chem. Eng. Res., Vol. 58, No. 3, August, 2020



332 QN - ol78] - ST IR A R

Table 3. Physicochemical properties of BTEX in the environment media [20]

ili i i Degradation Half-lives (h
BIEX (;/4 fT\lZl) Vapoz}‘));:ssure Aqueo(l;ijfigl)ublhty Log Kow Melt?g)pomt Air gWater Soil SEed)iment Razn(flr;/?;)so
Benzene 78.11 12700 1780 2.13 5.53 17 170 550 1700 930
Toluene 92.13 3800 515 2.69 -95 17 550 1700 5500 5000
Ethylbenzene  106.2 1270 152 3.13 -95 17 550 1700 5500 5460
Xylene 106.2 1170 214.9488 3.18 13.2 17 550 1700 5500 4300
552 Toluenedl] ‘wE = viH|SAS 7)1 o2& Aalsh, (Regenerative catalytic oxidation, RCO)H], & 52 (Activated
Xylenell 2JaliA 1= Ad747gol, Blots/d9d e, AAHA o] IS carbon adsorption, AC), 5711 (Wet scrubber, WS) 47}4] 7|42 2}, H] 1
W=TH32]. ©] 2} 7Z20] Benzene, Toluene, Ethylbenzene, Xylene (BTEX) 2] F ol 71&7l o] o] F0]7] 21714 (Emerging technologies) 51|41
=T ﬂ]” z)e] o] Ak AatE T oAt o 2 viEE T -3 Hlo] @ HEJH (Bio-filtration, BF), UV At} (UV oxidation, UV),
ol =L =0l EE # A7 i =4 = A s3It BTEX A2 (Electron beam, EB) 3714] 715 A 8I3ITh 7 BAT
o] BA, S, SAE, Koy 4, 2 B Aol A &) vzt TR A7)zl g 2 A, & 9l BTEX B4 A7tE
718} 22 =] -8hetA 543 frafstela A o] B4 RSl v £ Table 4] YT ©] FolA RTOH Y RCOHS wallda
XAt (Lethal Dose 50, LDy Table 32} 2T}, 7]%2 VOCss} 2ol £33 FEjel tisl T2 AM-ahe 710]
BAT A%< 13t VOCs A7 SRS @A A f8ehe7g BR[33] E4E AZEE2 VOCs AAel st A asy 5
A AREE T AL AA] B thal 8] AT AR 9l V)% sichar 71 Ekad ek 3 WSS vOCs SHE&S =017] 913l
oA 7 71 AEsIGIT B Aol A4 E BAT 6 AR 3 9 A3 sEel] Srslelolh-S Aeeh A Sk
A F ol A 2385 3L Q= 71 714 (Existing technologies) 51141 i e e = T Y
A7 G2} (Regenerative thermal oxidation, RTOYH, A1 ZwljAks}h VOCs?] gAvllAl Ul 24 AF 9 v% wXE Tkesh] $13,

Table 4. The principles, advantages, disadvantages and reduction efficiency of the alternative VOCs control technologies for BAT determination

Control s ah

: b : b
Technologies Symbol Principles Advantages Disadvantages

Regenerative Oxidation the VOCs at high temperature - High efficiency and heat recovery efficiency - High installation and operation cost

thermal oxidation O and heat recovery using ceramic - Long device life and waste heat recovery - Corrosion possibility
accumulator. - Simple structure and easy operation - Large space required (compared to RCO)
. L . . - Limited coverage
Regenerative Using catalyst o oxidize VOCs at relatively - Low fuel consumption - High installation and operation cost

RCO low temperature (300 °C) and oxidizing - High efficiency

A ' _  Inactivation of catal L
catalytic oxidation VOCs by passing ceramic accumulator. - Waste heat recovery nactlv.atlon ° .ca.ta.l ysts by poisoning
- Corrosion possibility
Activated carbon Attaching of adsorbate(VOCs) to the - High efficiency, low operation cost - leﬁcultlles- in application at high temperature
adsorption AC active site of absorbent by diffusion - Enough data and humidity
’ - Recovering technology - Drastic decrease of efficiency for long-use
Decontamination gas is treated by - Low installation and operation cost - Low efficiency
Wet scrubber WS contacting the contaminated gas and the - Simultaneous removal of aerosol - Wastewater treatment facility needed
liquid that can absorb it. - Small area needed - Unpracticable for VOCs recovery

Biochemical decomposition of VOCs Low operation cost - Unfavorable for high VOCs concentration
Bio-filtration ~ BF using microorganisms immobilized in P . - Inefficient for halogenated VOCs
Lo . - Favorable for low VOCs concentration . .
porous media (filter media bed). - Clogging phenomena for porous media

- Refined lifetime for lamp
- Unfavorable for fast and high flow rate
- Unfavorable for chlorinated VOCs treatment

Oxidation of VOCs by UV irradiations - Applicable for wide concentration rages

UV Oxidation UV in photoactivate catalysts (TiO,). - Low operation cost

- Treatment of various VOCs and applicable

Decomposition of VOCs by rapid reaction  for wide concentration ranges - Noneconomic for small facility
Electronbeam  EB  with activated oxygen, nitrogen and radicals - High efficiency - High initial installation cost
generated by electron beam accelerator. - Low operation cost - Possibility of by-product formation
- Rapid reaction time
Control technologies Efficiency (%) Ref.
Benzene Toluene Ethylbenzene Xylene

RTO 95 95 95 95 [43]

RCO 90 90 90 90 [43]

Adsorption 64.2 62.56 64.94 74.29 [15]
Absorption 9.55 154 29.6 302 [14, 44]

Bio-filtration 86.6 76.24 94.54 82.55 [15]

UV Oxidation 76.71 64.48 782 782 [15]

Electron beam 50.6 61.6 55 55 [45]

“Reference [15]; “Reference [44].
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2538k AR oA WA 7|eS AXA] a1 v E == BTEX
o] &t WAZ|=S AR AL viE = BTEXS oF= APg ksl
7 A el 2113 slehEd 9 S EAlE A=Y Y] el
201641 3 3 59k wiZ¥ BTEXS] wjEHL 313HeA v o) %
% 7 B (Pollutant Release and Transfer Register, PRTR)[30] 1 A]
T oW BTEX+ $tet=4 9 &ekAlE Azl 23]
7] So& Hx wiEE o, B¢ 9 FAE SR sk
[30]. IRk o & WA e A] wj &5 = a0 4 Hed
AolA] vijEH A sheHER kol oF 36%0]m[34], BA7 & 7
A QSkE v o] viEE WAANE viERel AV e a5
o7 Fato] AXlslGlth. web BAA LS AR A kil viEE =
%F(Emission 1)¥} & A7"2] 7} gl BAT S5 A 7]zl
9] MlEZ(Emission 2y 717t 2 (12)-(13)%} o] 2HdsgiTt.

Emission 1 = PRTRdatax (1-0.36) + PRTRdata x __036
(EF,,, /100)
(12)
Emission 2 = PRTRdata x (1-0.36) + PRTRdata x
0.36 EF
= 100U 700 (13)
(EF,,, /100) 100

PRTRdata= $}8ta4 HiE o] 5% AR olA 33 20161d &F
3l &<k U-city W 3tel=4 9 sHkAlsE Alx oM wiE+ BTEX
o] olaL, EF,,, (%)= B7F g BAV1Ee] 24 a&0] Bt
o|m, EF (%)= 37}t BA7 |2 24 g8oltt A 7]&e]
EAH a89) S Table 45 vFO2 7t B4 0| tsfA
Benzene 60%, Toluene 68%, Ethylbenzene 74%, Xylene 73%.°. %
Z- g8kt

ofl

ThilA| 7As i 7Rk QARSI 234 78 AV B7) 333

3-2. 947 ChAF X[ L CHijd| F7IAEl 22E 088 BTEX
=& 7S oM

U-city2] AF1ekA] Wof] 91218 vOCs Bl 29 dllA 2016
W 3 &l Sk ulEE BTEXS] 7 delolA o] & m) u/zhe)]
ol s 18l thullAl F7HAE] 29 Level I ©]
. Level I g 2| Al A 2] 54 A58 EAFSEAL Level I
ol A1 ujx] ko] Y o]F-S THYsto] oAl B A
BARIEE[17,21], A S A 28leA o] @42 ol ]
& BAFeh=| sHAZE QL7] wlizoltt, o Ao ® MR

=
ot

2 ofk
o

ols
o

\

N, offf oX oo
o
o>
=

ol o

U-city= Fig. 404 & = Q1520], thehul= w7 sQlel] 2] 4]3)
AT BN A ab-24 9l A R3EE Felo] W) Qs EA
olv, t7]1d T2 it ARIEEA 7F HZF = o] ATt U-city2]
T AHAL 1,061 km*o] ™, FARMRC A 7], A, B9,
AAE 9 BESLZ0] 45 Fig 4 shtol] LRI Fig. 4914194
2ol g A o= THTRE B HER Q) BEFFS WA
17.22%9] =2 v &2 AP 2 [35], BErSolde 3eta4
o] Qg o3t BoF ST} AlStE 1, o|u] o S5k &
St 2 HEY ] AR SRR 7oA EoR v
o)t g3 9l JH S Fet ol tlil 7]l FAR o) sdh=
oFo] F71etth[17,36]. whehA] thuljAl] F7FAIE] 29 Level MTTO1A]
aH = wjA] 7F B olF oAt A ERSS 5SS 1L
et B4 ol Hgg Esllof sh, o] st B4 olF A 4
(147 Zo] &4 o5 ¥ D= FAETH17].

rain—imp UsAimpZz (14)

2 (14004 D,y iy =50 HI7]0IN EQRO RS BlEe]

o5t =4 ol Alghel] -8k Blzell st th7]ell A AR =
A olE WaE e, Up Bleel o't 24 A 7, 4, 0

Petrochemical
industrial complex

U-city

Environment media characteristic of U-city

Air Water Soil Sediment  Impervious area
Area(m?)”  1.06x10°  3.85x 107 8.40 x 108 3.85 x 107 1.83 x 108
Depth (m)” 1000 20 0.2 0.05 ;
Volume (m3)  1.06 x 102 7.70 x 10'° 1.68 x 108 1.93 x 10°® -

“Reference [35]; PReference [17].

Fig. 4. Target site location and environment media characteristics in the petrochemical industrial complex of the study area.
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UpepdIn.

Amy2 FA419) F7IAE S

3-3. BAT Z20] CHEt OHAl S QUMIlold =t

WA 7)o A wlEE BTEXS] A3 H7ke i 55h2]
A A - 2084 wF AU 2F 7RkeE el
Atk E4E] thujA As 545 1Elst] A A B A9
314 3 71ellA] BTEXS] ADI 4k A] thllA)] 7714l A5 2]
Azl 7k FA v A U] BTEXS] 275 %E &8ss 7], 4
Al R Eek v Ul BTEX &-goll st thakst w5 H 224

& (Inhalation), &, E%F 2 ©]5F 443 (Oral ingestion), ~12] 1L 3]
Hoj| A o] 7], Bk 2 E7}9] %42 (Dermal contactyS 118 8F3ITE.
5t frafatetad mEel that =8 ek 19~70419] 421 4
Gt falAAf ol Bk wizkst 184 o3fe] ofHo] Foz
AAJetgieh & ATl M 8] &8, A3 9 9=l digk ADIgE
% ADI 2F&E 2] Table 53 2t} Table 594 2} o] F ADI=
Al 7] =% 22 ADIE ghsto] AkEw, ZH7te] wF 7 2o
W& ADIE B5VA, kE NE, 55, B AFE A4 1
9 =4 JAS5 AR 2E =E: ATE 1 g3t 2l=F ADLAME

Al FrafisstEd el thek Aol E<ke] whd Al $l8l 3k ot
3171 flall g-ale] Hit S 703 07 7Pgsksl o, o]of wf
Table 5914 =% 71ZHED) & B4 --AIZHAT)Oll T3l 2+ 701,

-

S e AR

2555092 2 8-af3iet. Bgh 9 415 A4 2ol gk ADIARE Al thY]
ol 58k BTEXC! gt 35 1 Al% (Dermal exposure time,
1) 24X & TPl S 8-A Aol e =E Al —}F
A A hol] whet g, 391 9 oflo] Zdke] gt wF Al
Table 801l VFERITE. QUAILIENE 7ol M= 2F =84 A Jﬂ?
(Mean) #b-& 2]-83t] ADIE AF=3H3ATE B3k Table 50141 Q1]

e B7re] AEwsl AU =o17] 218 ADL AR A 2 wE
ﬁi"ﬂ w2 22 A ] FFA|EE o] &3lglor, 24 1A
W A 35 Table 601l YEFATE Table 601141 2H24e] 4] 3=
BTEX-/] _9_:0;_@ Ezﬂ— :q] o]]/ﬂg] S22~ A IE, 73?- Mzﬂé E{s]— fﬂoﬂ
Ao FF AL, 9FeX g g A5 9 95 5SS VERdth

fralsterEd o] wE el digh 3l F3Fe Adstr] Sl
CR ¥ HIE AF=3foF gt} 521 SF 4 RD %2 EPA’s IRIS
(EPA’s Integrated Risk Information System)E 3115}%] Benzene 2
SF 3= Table 81| YR ©.™, Toluene, Ethylbenzene 2! Xylene©l
t 3k RID (mg/kg/day) #k< 217} 0.08, 0.1, 0.2 ©] TH37-39]. Benzene
o) leF A=Y SF gk 4 (15)-(16)& &3l Arbet.

. Inhalation unit risk
Inhalation SF = (15)

(1 pg/m®) x (20 m*/day) x (1/70 kg) x 0.5

Dermal SF = Oral SF + GI factor (16)

o], Benzene2| SF #k-> W92 & E o] Q17 wlitell W2

Table 5. Equations of average daily intake of BTEX through multi-route exposure [19]

Exposure pathways Equation
Total ADI= ADI,+ ADI, + ADI,
Inhalati ADI C,xIR,x EFxED AIF
= X
alation ; BWwAT
ADI,=(ADI, oy + ADI, j,y+ ADI, 45> AOF
C,xIR, % EF x ED
ADIn water —————__—_-6_
- BWxATx10
i i C,xIR,xEFxED
Oral ingestion ADI, ;= — s -
- BWxAT%x2300x10
CoxIRyx EF x ED
ADI, = ————
ATx10

AD[d AD[d air +AD[d water +AD[d soil

ADId air

_ C,xIR, ,,,xEFxED

C,xIR

BWxAT
X EFxXED

_ W d_water
AD[derer - BVV’XAT

C,xIR, .,;x EFXED

Dermal contact

ADI d_soil =

BWxATx(2400%x0.5+1.2x0.2+1000x0.3)

IRd air :Al x Kp x ta
IRdiumcr 7A x K Xt

IRy = A, ADF x ABF

a, w, s: Air, water, soil of environmental media
i, 0, d: Inhalation, oral ingestion, dermal contact of exposure routes
o_soil: Exposure through oral ingestion of soil

Subscript notations

o_ fish: Exposure through oral ingestion of fish

d_air: Exposure through dermal contact of air
d_water: Exposure through dermal contact of water during shower time
d_soil: Exposure through dermal contact of soil
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Table 6. Absorption factors of inhalation, ingestion and dermal permeability coefficient according to each exposure route of BTEX

Absorption factor of Inhalation ~ Absorption factor of Ingestion

Absorption factor of dermal ~ Dermal permeability coefficient

(ATF) (%) (AOF) (%) (ABFY* (%) (K,) (cm/h)
Benzene” 50 100 1.5 0.021
Toluene® 50 80 3.6 0.045
Ethylbenzene* 64 84 4 0.074
Xylene! 63.6 90 15 0.08

“Reference [46]; "Reference [47]; “Referenc [48]; “Reference [49]; “Reference [50]; /Reference [51].

Z3F s ti3Egk o2 75k Akt Benzene®] Inhalation
unit risk= 2.2 x 107914 7.8 x 107 (mg/m?)'2] ¥ 915 2o v [40],
Benzene®] GI factor (Gastrointestinal absorption factor) Zt<> 0.9700
o]TH4l1].

34. U4 2MS S OiM| St QAR FIIe| Fe B

ALY b HeEe] Wi ow sk Bl
oJsto] IS W=rh42]. webA el sheEd o QUA|fTsl/d ol
TR G A= HFE Ak Sl Al E3 A8
3 7} Belef] el Wi A4S sl i Aol = B
2 AlE o)l TasHAl 2HE-etal B2t srob Bt g ot

=
ol e7E = F 20719 B S8 IS A ol ARS-SaAT.
Tl A 77 E] Roll A 7 AE] S8 b Sl 7 o
A MRl TY18, A, Kppst sheted 9 A o] 27
of| mat & o]

A8l 7S S 77HA) M-S AASIITH19). 1S L
A3 B7F el ARE WG F FY 8A A o) AArE
HEAdo] & 55, wE WL, I5E, 8, BEY U ofF AHH,
AA 2, EQF T2 A1, AR tigk g 2 2 H R
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Qln) o} AAH]E-, EX Q] Fdu|n], AR]-gn] o] EEE
], A4 QR]E(TAC)S WAATAL o] Y73t Fatef vd 4~ Q.
i BE 8]g-o] FAloly A (19)8} o] AHEsIti15].
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DAC A 5H]-8(Direct cost)=, IACi= 7H5H]-E-(Indirect cost)<,
RC= 3]570] €] (Recovery costys 2Ju|stt}, 2 4n]8-2 98, 5%
], A7 1= 9 HEAE, A7), AR, nAFE] thgh vl-8-S
ks, 0] 8- SR, AARPEY], AR, B R,
H|-§-& 23k Aol 3]po]o) - AMg-Adut ASE TAIE
# 3lpato] AojF = Qli= Blgoluh15]. BA7 | vl E- Ak
A ATE FIBIATH15). BA 8 TR & Z42e] A7 e s
TSk Aol Oist v 8-S 23, 2918 AbEol 9lofA
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Table 7. Parameters of value, confidence factor and intervals for the sensitivity analysis of multimedia fugacity model

Default value

Confidence factor Interval of 95% of all sample value

Parameters W (Cfy’ Nin Max
Vapor pressure 12700 1.5 8467 19050

Solubility (g/m®) 1780 1.5 1187 2670

Multimedia Log Ko 213 1.1 1.94 2.34

fugacity model Half-life in air (h) 17 3 6 51

parameters Half-life in water (h) 170 3 57 510
Half-life in soil (h) 550 3 183 1650

Half-life in sediment (h) 1700 3 567 5100

“Reference [52].
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Table 8. Parameter values of the receptor groups of adults and children for the sensitivity analysis

0,
Parameters Symbol Receptor Mean devsiz?(?:ng) Interl\\;:lnof 95% oftall Sa:/}zr value
) . Adults? 62.8 10.9 51.9 73.7
Population Body weight (kg) BW Children® 348 2027 1453 55.07
parameter
Exposure frequency® (days/year) EF - 345 - 180 365
Inhalation . Adults” 14.25 - 11.9 16.9
parameter Inhalation rate (m"/day) IR, Children’ 1274 241 1033 15.15
Ingestion rate of water (mL/day) R, Adults? 1502.3 785.3 717 2287.9
Children” 797.87 98.1625 699.7075 896.0325
Oﬁ;{zﬁ:;on Ingestion rate of soil (mg/day) IR, C?:iill(;f:n” 15108 i ;8 ;88
Ingestion rate of fish (mg/kg-day) IR Adults? b 1350 2160 0 3310
Children 1520 3240 0 4760
Total skin surface area (m?) A, Adults? 1.7084 0.176 1.5324 1.8844
Children” 1.1752 0.4771 0.6981 1.6523
Exposed skin surface area* (cm?) A Adults? 9430 o1 8459 10401
Dermal contact s Children® 6547 2973 3574 9520
parameter Adherence factor of soil (mg/cm>-day) ADF Adults® 049 ) 0 1.03
Children® 0.65 12 0 1.85
Shower time (min/day) t Adults* 104 i 3 ol
Children® 18.41 - 17.09 19.73
Inhalation [(mg/kg/day) ] 3.495E-02 - 1.54E-02 5.45E-02
pfmféf; Oral ingestion [(mg/kg/day) ] 3.50E-02 - 1.50E-02 5.50E-02
Dermal contact [(mg/kg/day)”] 3.61E-02 - 1.55E-02 5.67E-02
"The exposed skin surface area is the sum of the arms, hands, legs and feet.
“Reference [53]; “Reference [54]; “Reference [55]; “Reference [40].
M8t AbEE gl o, d7 o3} A el whet FAkn] 9l Fig. 59} 7t} Fig. 5914 PRTR datat= th/d %21 9] 3}et-&54 9l
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AR A oA WA S AAA kAL w8 BTEXS] o),
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=]
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2
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§ 7 . o
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/|
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0
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Fig. 5. Comparison result of BTEX emission rates into the air with the alternative VOCs control technologies.
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(a) Benzene

2.554 l
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E Emission (kg/h) J Reaction (kg/h) - E Conc. (mg/m3)  9.98E-05 7. 84F-08
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(b) Toluene
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----------------------------------------------------- ' Mass (kg) 2.04E-03 M
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Fig. 6. Fate and transport of BTEX in environment multimedia using Level III multimedia fugacity model: (a) benzene, (b) toluene, (c) eth-
ylbenzene and (d) xylene.
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Fig. 6. (continued).
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Fig. 7. Comparisons
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of human health risk assessment on the adult and children groups by residuals in environment multimedia with the alter-

native VOCs control technologies (a) benzene, (b) toluene, (c) ethylbenzene and (d) xylene.
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Fig. 8. Sensitivity analysis of model parameters of multimedia fugacity model with respect to human health risk assessment according to the
exposure route of inhalation, oral ingestion, dermal contact and total risk for (a) adult and (b) children groups.
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Fig. 9. Comparisons of residual cocentrations of BTEX in environment multimedia emitted from the alternative VOCs control technologies.
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Nomenclature

A : area (m?)

AC : activated carbon adsorption

ADI  :average daily intake (mg/kg/day)
AT : average time (days)

BAT  : best available technology

BF : bio-filtration
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BTEX

VOCs
WS

: benzene, toluene, ethylbenezene, xylene
: cancer risk
: intermedia transport variable (mol/Pa-hr)
: electron beam

: exposure duration (years)

: exposure frequency (days/year)

: hazard index

: organic carbon partition coefficient

: octanol-water partition coefficient

: regenerative catalytic oxidation

: reference dose

: regenerative thermal oxidation

: cancer slope factor (mg/kg/day)’!

: dermal exposure time (hours)

: intermedia transport parameter (m/h)
: UV oxidation

: volatile organic compounds

: wet scrubber

el - o118 - ST

: fugacity capacity (mol/m>Pa)
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