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Abstract — This study was carried out to research the multimedia fate modeling, concentration distribution and impact
assessment of polycyclic aromatic hydrocarbons (PAHs) emitted from automobiles, which are known as carcinogenic
and mutation chemicals. The amount of emissions of PAHs was determined based on the census data of automobiles at a
target S-city and emission factors of PAHs, where multimedia fugacity modeling was conducted by the restriction of
PAHs transfer between air-soil at the impervious area. PAHs” Concentrations and their distributions at several environ-
mental media were predicted by multimedia fugacity model (level III). The residual amounts and the distributions of
PAHs through mass transfer of PAHs between environment media were used to assess the health risk of PAHs at unsteady
state (level IV), where the sensitivity analyses of the model parameter of each variable were conducted based on Monte
Carlo simulation. The experimental result at S-city showed that Fluoranthene among PAHs substances are the highest
residual concentrations (60%, 53%, 32% and 34%) at all mediums (atmospheric, water, soil, sediment), respectively,
where most of the PAHs were highly accumulated in the sediment media (more than 80%). A result of PAHs concen-
tration changes in S-city over the past 34 years identified that PAHs emissions from all environmental media increased
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from 1983 to 2005 and decreased until 2016, where the emission of heavy-duty vehicle including truck revealed the larg-
est contribution to the automotive emissions of PAHs at all environment media. The PAHs concentrations in soil and
water for the last 34 years showed the less value than the legal standards of PAHs, but the PAHs in air exceeded the air
quality standards from 1996 to 2016. The result of this study is expected to contribute the effective management and
monitoring of toxic chemicals of PAHs at various environment media of Metropolitan city.

Key words: Polycyclic aromatic hydrocarbons, Multimedia fugacity model, Sensitivity Analysis, Vehicle emission, Impact

assessment, Chemical safety
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Fig. 1. (a) The chemical structures of seven PAHs and (b) the graphical concept of vehicle emission PAHs monitoring and impact assessment

using multimedia fugacity model.
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Table 1. Equation for Z values and the bulk phase Z values [22]
Compartment Z values
Air Z,=1/RT
Water Z,=1/H=C/P*
Soil Zy=7Z," p5- 05 K /1000
Sediment Z,=Zy py- 0y K/1000
Suspended Sediment Z5=7Z, ps- 05 K,/1000

Fish Z¢=7Z, ps- L - Kyy/1000
Aerosol Z,=7, - 6x10%P}
R = gas constant (8.314 J/mol K)
T = absolute temperature (K)
C5 = solubility in water (mol/m®)
CS = vapor pressure (Pa)
H = Henry’s law constant (Pa m /mol)
where P2 = liquid vapor pressure (Pa)
K = octanol-water partition coefficient
p; = density of phase i (kg/m )
¢, = mass fraction organic-carbon in phase i (g/g)
L =lipid content of fish
Note for solids P;5 = P§ /exp{6.79(1-T,/T)} where T,, is melting point (K) of the solute
Bulk Air Zp =2, +2x1011 - 7, (approximately 30 mg/m? aerosols)
Bulk Water Zp =7+ 5x100 - Zs+1x10° - Z (5 ppm solids, 1 ppm fish by volume)
Bulk Soil Zg=02-7Z,+03-7Z,+0.5Z, (20% air, 30% water, 50% solids)
Bulk Sediment Z25,=08-7Z,+022, (80% water, 20% soilds)
Equilibrium
4= = = =% Non-equilibrium

Steady state

Unsteady state

/ — \ / - \
In In
—l Water Soil — Water Soil
\ Sediment / \ Sediment /
(@ (b)
Air Air
7 N
P N PR AN
K ALY 17 N
In . Out I
—) Water Soil uﬁ - > Water Soil
A3Y P24
N 7 A ~ P2 4
~ 7 ~ 7
© (d)

Fig. 2. Graphical description of multimedia fugacity model for (a) Level I, (b) Level I, (c) Level III, and (d) Level IV.
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Table 3. Equations for intermedia transport D value[19]
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Table 2. Intermedia transport parameters of multimedia fugacity model

[20,22]
Parameter Definition Value
k,orU; Air side, air-water MTC 5m/h
ky or U, Water side, air-water MTC 0.05 m/h
Uy or U, Rain rate 10*m/h
Ugp or Uy Aerosol deposition 6x10"%m/h
kg, or Us Soil-air phase diffusion MTC 0.02 m/h
kgyor Ug Soil-water phase diffusion MTC 10x10 m/h
kgor U, Soil-air boundary layer MTC 5m/h
Upyy or Ug Sediment-water MTC 10%m/h
Upp or Uy Sediment deposition 5.0x107 m/h
Uggor U Sediment resuspension 2.0x107 m/h
Ugyor Uy Soil-water run-off 5.0x10% m/h
Uggor Uj, Soil-solids run-off 108 m/h
Q Scavenging ratio 2.0x10°
Up Dry deposition velocity 10.8 m/h
Uy Sediment burial rate 2.0x107 m/h

transport parameter)i= T A 7Fe] ERak gl w8 IS F3) o] F
sk B4 o] W o]F &= (Mass transfer coefficient, MTC)E 1+
ER™ Table 201 VFERASITE. 2} W= Table 39} 2] £4 o]F
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Z:0] vt eE 005 VER 5= QITh. Table 404 7} wlj Aol A 2]
=4 FA AE YERSIaL21], o] W 2+ 2 v A (Air,
Water, Soil, Sediment)®]] th$t F=52 Table 394 £} 7Eo] o}
HAF 1, 2, 3,47 23T F7FH 0 2 Total valuet T, ©]F
(Advection)i= A, W-5-(Reaction)> R% ¥7|3}SI T,

/\ﬂ A= Z—lo‘_

d(V,-Z,-)
— L =By (6:D)- (6D + ;- XD, (8)

Level IV (Fig. 2(d)) E2loll M= Level oA EAsR= wiA7r &
Zo] v o5y o]F & Wk Mol Gsle], AlZtef| ule} tid

Environmental media

Process Equation
From To
Total (Dy,) Dy =Dy + Dgy + Doy + Dy
Absorption (D) Dy =Ay/ (1/U,Z, +1/U,Z,)
Air (1) Water (2) Rain dissolution (Dpy;) Dy =UsApZ,
Aerosol deposition (Dgy) Dow=UsApZ;
Rain dissolution on impervious area (D, ;) Dy, =UpAy,, 72
Water (2) Air (1) Volatilization (D) D, =Dy
Total (Dy3) Dy = Dyg + Dpg+ Dgs
Air boundary layer (Dg) Dg=U,A¢Z,
Air (1) Soil (3) Air phase diﬂl'lsiorf in ‘soil (P 1) D,=UsA¢Z,;
Water phase diffusion in soil (D) Dy, =UsA¢Z,
Rain dissolution (D) Dyps=UzA¢Z,
Deposition (D) Dos=UsA¢Z,
Soil (3) Air (1) Volatilization (Dj;) D3 =Dyg
Water (2) Sediment (4) Diftusion plus deposition (D,,) Dy, =Dyg+Dp=UgApZ, + UAyZs
Sediment (4) Water (2) Diffusion plus resuspension (Dy,) Dy =Dy +Dp=UsA,Z, + U Ay Z,
Soil (3) Water (2) Runoff of water and solids (Dj,) D3, =Dgy + Dgg=U|A¢Z, + UpAgZ,y
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Table 4. Mass balance equation in air, water, soil and sediment media
for level 111 model [22]

Media  Mass balance equations

Air E, +£D,, + f3D5, =fiDyy
Water  E,+ Dy, + D5, + Dy =D
Soil E;+ D3 =Dy

Sediment E4 + f2D24 = f4DT4

E, is discharge rate, E, usually being zero.
Dy =Dpg;+Dy; + Dy + D3

Where DT—, =Dy, + Dy + Dy + Dyy+ Dy, (Dy);=0)
Dy3=Dpz + D3+ Dj) + Dsy, (D 5= 0)
Dy =Dpg4ytDyy+Dyy

Solutions

Water  £=(E,+J,J/J;+ E;Dyy/Dr3 + E.D /DY (Dry-do) /13Dy - Dyp/Diy)
Air  f=(,+ B,
Soil | f,=(Ey+fDy3)Dpy

Sediment f, =(E, + £,D,,)/Dpy

=E,/Dp +E3/D5/(Dp3 D)
1, =D,/Dpy
J3=1-D5;"Dy3/(Dy Dy3)
J4=Dj3+ D3y Dy
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O 2 AL A7)0 wEt Wgzke] AedS v 2ol El
stot, AAlgEake] 0.9~1 A Wi vl =2 kA, 0.7~0.9 A
= =2 A, 0.5~0.7 4 uli= BE2] A, 03~0.5 4
= 2 A, 0.0~03 & wlis o5 ot AaEAlE 7RIch
[26-28]. WS 415 B3l vholjA] RdlellM 2] F Qs 2H-gsh=
RESE g dhe2x, spshEl o) 817 uiA| 7t o]l Hofsk=
B4 B4, #QAE, 1ean miA) 7k 238 B2 A 71As &
‘{': (e}

&)

2, yi A YRS

A

oA 71 230 o] ool sA19] ket 1 ol
PARSS] A% Aolek, T 4 ) oI9S
Z3l7)744 o] AT SAE Fig.

Vehicle population and regional data collection

Data collection

Targeted PAHs data collection

Assuming emission scenario

Emission scenario

Emission rate calculation

Multimedia fugacity

Steady state fate analysis using level III with 2016 emission rate

model Estimation of concentration, persistency, and loss rate
at air, water, soil, and sediment

Rank correlation coefficient calculation

Sensitivity analysis

Determination of influential parameters in each compartment

Prediction long-term

Continuous emission rate estimation using curve fitting method

PAHs fate

Dynamic fate analysis using level IV for 33 years

Fig. 3. The procedure of environmental chemical fate model and health risk assessment using multimedia fugacity model.
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km)<Hg] ARl A8 AL ovldi.

3-3. CHi#| B7IAEl ELE 0|25 PAHs HS oAl

AbgRtel 2l w5 = PAHsS 3+ w4 5] 755 vietalr]
Q& A=) v & PAHsS] ¥ ZH7te] PAHsS] =] 5184 54,
Ol #91€] A5 E o] &3to] thullA] F7HAE] o] 283 P
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28, Z2ke) o) 3 ellA Table 201 LIER w3t o]F

9} ol 7+ Ao o] 24 olF SLE ARESIGITE AR o]
& P42 Table 39} 720 viA|IZE o] 5 W <(Table 2)9F =40 %
ek 87 A 2] A E §%(2), 222 T miA g ol ml
Al 2re) HEF AA Ay 08310 o5 W D fEo = UERo] 7t
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area)®] A (Area)y> 212} o}l HAF A, W, S, Imp = YERY SIS
), A= A A dAo] sty Antdlel] 2ghE ] oF
o MR 3%7|HA] gttt Zh uiA| 312 B4 o)5-& &3 vle|
ok galf, elol2E FA el o] tir]elA FAZ E4o]

o3, T IA-& B3l FACNA t7|22 4 o]Fo] Yo
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e, R Y BE UHZJ] &4 ol erxé of|S5o] 7]'—0}‘:}[22]
TA] ol AR W AER <5}

d
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area)o] A3}, o]eafa 110%11*% St Bopo sl §r
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Table 5. Typical value of multimedia fugacity model parameters and
confidence factors(Cf)[32]

Parameter Default value (i) Confidence factor (Cf)
Log Koy 6.04 1.1
Aqueous solubility 0.0038 g/m’ 15
Vapor pressure 7.0x107 m/h 1.5
Air degradation half-life S5h 3
Water degradation half-life 1440 h 3
Soil degradation half-life 2880 h 3
Sediment degradation half-life 13000 h 3
Air side, air-water MTC 5 m/h 3
Water side, air-water MTC 0.05 m/h 3
Rain rate 10*m/h 3
Aerosol deposition 6x10"°m/h 3
Soil-air phase diffusion MTC 0.02 m/h 3
Soil-water phase diffusion MTC 10x10° m/h 3
Soil-air boundary layer MTC 5Sm/h 3
Sediment-water MTC 10 m/h 3
Sediment deposition 5.0x107 m/h 3
Sediment resuspension 2.0x107 m/h 3
Soil-water run-off 5.0x10° m/h 3
Soil-solids run-off 10 m/h 3
Sediment burial rate 2.0x107m/h 3

sto] g AREETH31]. ZH2he] W] 1 7k (w) ¥ confidence
factor (CHE ©]-&3to] Bdl WF4=2] H29lE APdsal on, 20714
HE=0] 7] 3k} Cf 462 Table 5ol YERASITE. 2] (12)} o] 7}
el W0] W ol= CfE Eal] 95% A E 3tel dfjdalhe Astgka)
B3gkS 242 Wt Cf-u@ ARrehar, 1 9ol 95%2] 5el i
T ko] EAEE n]st}31,32].

probability {a‘if<><< Cf- u} =0.95 (12)

HHZFEE Al EHOAE o] 1000 2] AlE#H oS F3ll W
oll FAIZ 1 MBS 52308 u Spearman rank correlation "S-
Al A w5 A3 SR IAIE ABAT pE UER
o} |te] S 13 Wik eE APg stk v wskgltt

o

4.4 1

4-1. HFOIMEE U X9 MA
£ Aol M= USEPAS o) 4 2dEH 2 4785 16714
PAHs 5 7714 E2& A7gs8ith 714 B2 2% el 23

2] =7 WA= Fluoranthene, Pyrene, Chrysene?} -2 54
ukokAd © 2 2% Benzo[a]anthracene, Benzo[a]pyreneS- ¢
th33]. B5 A4S wlAl g 370 o] i} e v
71947 3 =E 7Y, A1, B, A ENA ] 604 ©
Ao =& ek dAd-s welt, Z42he] BAl e} Bl slshA
E298 717} Fig. 1(2)2} Table 6l VFERASITE tii x|l o2 A7
w SAI= 20164 715 Q1 ©F 10007 ol B5HH, 16,861 8/Km?2]
2 JIFUEE Hol= tl3EZQl tli=A]o]t), Table 7914 & 4
Ax0] SAI9] F At TEUGE A& 0 E Sk, o)9) &
Alell BASH= W& 710 § A% S7hs B4 ti7] el 52 7]

55 HRITH34]. whehA] 2 AtellA= ol 2991 SAlS] AR
2t T5UT 9 FAAY 5 FAAE ) Table 82] A< AA,
Table 9] PAHs &7 Ag=}el o)t vl EAIG5 o] &350 SA|
g2t HiZell &3k 7714] PAHsS] 373 5] AF 2 AxH &4
T WSS ATskart skglot.

o o HH

¢

4-2. XISX| HiE PAHS2| 24 OHA| B°| 23 A KIS EAAE!)

£ A4 ©Y-& PAHs (Polycyclic Aromatic Hydrocarbons)i=
AR W77 AR RE wEE PR BE B UU|FoR
HiEE o] ZH2te] 87 miA| 2 o] g sttkarl 7Skl vhl Al 7}
ATE] 229 Level 1119} Level IVE ©]-£3}9] PAHsS] 33 5 A
ZS5 BAsigl o, zkzke] whAl oA A48 )82 Table 109} 2
t}. Level 1T &} Level IV B @M= T524 02 4} PAHs?] 3+
7 A U A A BEEAS gheleigl o, oyt
Level Il 2&ollx= 78 3 el ollA] PAHsS] 37 ulj#l] WellA 2] &
Ag 9 AFAIZRS, Level IV 220l A= vl o 4 A7k
upe}t GebA]= PAHsS] 52 A3 ujAE 5ol 1 PAHsS
AsNdES Flstaal akelet. o)e whet sA| ] thul A $7 F2
201615 A5} 52 )42 7|uo 2 3t PAHsS] AES Level
I 22 Faf 5aisitt.

Zh w4 9] 7714 PAHs2] HI&-2 Fig, 4014 & 4= 9150,
E_ 7!

Fluoranthene©] t7] 2} Aol A Z+2} 60.0%9} 53.5%, =7 3
AEolA 30% ooz vl 7HA] mjA] BiellA 7 =2 ks v

ERARICE. PyreneS th7], <271, EoFolA ZH2t 22.1%, 19.4%, 13.3%%
FHAZ 52 oS AA| 81, I -EolA = Benzo[a]anthracene” |
13.8%% FHA| 2 =7 YRS TE Wb Benzo[k]fluoranthene> T 71,
A, Bk, AAE ) 7HA) viA) TRl 22 1.4%, 1.9%, 4.6%,
6.0% B &2 71 S S B It} 0]+ Fluoranthene, Pyrene
4l Benzo[a]anthracene®] 37 FollA] T d] 71#] £212] 3174 off
A ] sllE=gol v]al] 48] B2 A5 P lEES 2] o
Ats €Tt Table 90l Ve =4 8 vl Aol 4] & ol Pyrene

Table 6. Physiochemical properties, degradation half-lives and toxic equivalency factors (TEFs) of PAHs [10,36]

MW  Vapor pressure Aqueous Meltingpoint Degradation Half-lives (h) a

PATS (g/m) ’ (}I)) a) SO]Ubgit}’ (g/m’) Log Kow (og) Air %Vater Soil  Sediment TEFs
Fluoranthene FLT 2023 7.14x10* 2.23x107! 5.23 108 233 1440 2880 13000 0.001
Pyrene PYR 2023 3.50x10™ 1.17x10™! 495 151 5 1440 2880 13000 0.001
Benz[a]anthracene BAA 2283 1.64x1073 7.89x1073 5.86 84 5.1 1440 2880 13000 0.1
Chrysene CRY 2283 4.71x107 1.61x1073 5.89 258 5 1440 2880 13000 0.01
Benzo[b]fluoranthene BBF 2523 3.77x107 1.22x1073 5.88 163 14 1440 2880 13000 0.1
Benzo[k]fluoranthene BKF 2523 7.28x10°8 6.38x10™ 6.21 217 4.8 1440 2880 13000 0.1
Benzo[a]pyrene BAP 2523 7.00x107 3.80x103 6.04 175 5 1440 2880 13000 1

“Reference [38]; Others refer from [10].
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Table 7. Vehicle population in S-city for 34 years and average mileage [46]

LDV HDV
Year Total -
Passenger car Passenger van Truck Special car
1983 314,777 205,358 29,426 78,729 1,264
1984 377,220 247,613 36,847 91,291 1,469
1985 445,807 296,848 44252 103,111 1,596
1986 521,521 350,841 52,248 116,683 1,749
1987 631,794 432,638 64,481 133,033 1,642
1988 778,940 547,009 79,477 150,585 1,869
1989 991,290 721,726 92,785 175,803 976
1990 1,193,633 883,415 103,833 204,641 1,744
1991 1,374,677 1,035,943 108,351 228,787 1,596
1992 1,569,399 1,194,432 117,821 255,339 1,807
1993 1,750,880 1,346,181 124,627 278,332 1,740
1994 1,932,233 1,498,895 132,441 299,055 1,842
1995 2,043,458 1,595,039 135,111 311,297 2,011
1996 2,168,182 1,704,493 142,366 319,138 2,185
1997 2,248,567 1,776,377 149,925 320,033 2,232
1998 2,198,619 1,732,632 154,283 309,556 2,148
1999 2,297,726 1,762,927 204,638 328,018 2,143
2000 2,440,992 1,796,720 289,219 352,801 2,252
2001 2,550,441 1,917,947 251,834 378,287 2,373
2002 2,691,431 2,053,613 244,184 391,142 2,492
2003 2,776,536 2,143,502 231,414 399,117 2,503
2004 2,779,841 2,162,256 219,509 395,441 2,635
2005 2,808,771 2,209,526 204,138 392,196 2911
2006 2,856,857 2,266,106 198,696 388,988 3,067
2007 2,933,286 2,347,758 195,302 386,876 3,350
2008 2,949,211 2,375,173 191,335 379,247 3,456
2009 2,954,704 2,394,901 185,343 370,894 3,566
2010 2,981,400 2,434,230 176,999 366,306 3,865
2011 2,977,599 2,443,261 169,922 360,103 4,313
2012 2,969,184 2,447,876 162,723 353,905 4,680
2013 2,973,877 2,462,515 156,871 349,285 5,206
2014 3,013,541 2,510,742 149,991 346,980 5,828
2015 3,056,588 2,560,154 141,927 347,765 6,742
2016 3,083,007 2,598,344 134,309 343,173 7,181
Mileage (km/day) 36.525 57.1 50.05 132.975 40.175

Table 8. Specification of environmental area of S-city[47, 48]

Table 9. Emission factors of PAHs for LDVs and HDVs [8]

Area, A (m»)*  Depth(m)>  Volume, V(m®) PAHs LDV (ug/kg) HDV (ug/kg)
Air 6.05x10% 1000 6.05x10" FLT 10.3 749
Water 4.81x107 20 9.62x10% PYR 13.8 986
Soil 2.28x10% 0.2 4.56x107 BAA 8.8 180
Sediment 4.81x107 0.05 2.41x10° CRY 8.6 140
Impervious area 3.29x108 - - BBF 8.1 90
“Reference [40]; “Reference [41]. BKF 3 59
BAP 8.3 126

Fluoranthene®] 89 =4 viEZo] LDVl 212} 13.8 ng/ke,
10.3 pg/kg 2+ HDV oA 986 ug/kg, 749 nghkgl 2 7H4 &4 &
A AR} F AR 52 A BRIg 4= Qlth 53] Fluoranthene'}
Pyrene U] AR5 & AM-3H= HDVOlA 7 E2 9] vlj&o|
A HA R &2 W3S Zh= Benzo[alanthracene (180 pg/kg)d}
Hlwake] 4ul o] 2] FEB A= 2tolE Kol Zlg e o,
A AR Asat wlES T lE90 = o Al PAHs 53

o

2 A geld 5= 9ltH33]. LDVSF HDV 1 zF B4 9] w3
|52 B e 7%, HDV xFollA] LDV x12k] vi&ake] H A 11H)
14 =& PAHs Wl 52 Hol= 31S & 4= 3121, Fluoranthene®]
DV 2Rt} 728 3-8 PAHs Ml &3-S Hol= 218 Ko}
2] PAHs W& 7101 =7} LDV AFge] vlal] 953] 52>

galat 5 gk,
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Table 10. Differences and common grounds between multimedia fugacity model level 111 and level IV

Differences

Common grounds

- PAHs fates analysis at steady state condition using 2016 PAHs emission rate

form vehicles

- PAHs fates analysis in air, water, soiil and sediment media

- Estimation of 7 PAHs distribution in each environmental media

Level3 Calculation of loss rate and transport rate for PAHs in each environmental media
- Calculation of residence time of PAHs in the objective area
Leveld ~ PAHs fates analysis at dynamic condition during 34 years (1983~2016) based

on time-varying emission rate

3%1¢
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Fig. 4. Distribution of seven chemicals of PAHs in environmental media (a) air, (b) water, (c) soil, and (d) sediment.
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7714 &2 % Benzo[a]pyrene(B[a]P)= T L= YERN ST Bla]PE
U0 PAHs 7R-H 7HE & 5448 7= BAEA o)
E] EPA°] oJ3ll PAHsS] QEE7} tE EAZA AREE ] ghom,
Al = th2 PAHs 3 9] 5/d& Toxic Equivalency Factors
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Fig. 5. Concentration and distribution of seven chemicals of PAHs
at air, water, soil, and sediment.
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LEVELS 8.1E-03 S.01E-04 |l |
Benzo[a]pyrene AN Air sy
Mass (kg) 0.0501
% of total 1.51% 0.0069
Fugacity (Pa) 4.72E-12
Conc. (m*)  8.28E-11
5.79E-04
. 3.99E-05
Soil Water
||||||||||||||||||||"
Mass (kg) 2.4029 2.96E-07 Mass (kg) 0.0399
% of total 7227% |:> % of total 1.20% 1.92E-05
Fugacity (Pa) 9.00E-13 Fugacity (Pa) 4.41E-12 N
Conc. (g/m?) 5.27E-05 Conc. (g/m?®) 4.14E-08
5.78E-04
1.68E-05 7.78E-05
LEGEND
Residence Time
Emission (kg/h) NN Total (h)=  408.43 Sediment 1.66E-05
o '.
Advection (kg/h) ||||||||||||||||||"|, Reaction ()= 438.45 Mass (kg) 0.8320 ||||||||||||||||||||
Advection (h)=  5.97E+03 % of total 25.02%
Reaction (kg/h) _ 4.44E-05
Fugacity (Pa) 7.38E-12 N
Exchange (kg/h) |:> Total Mass (kg) =  3.3249 Conc. (g/m?) 3.46E-04

Fig. 6. Results of B[a]P emission rate and B[a]P concentration fate using level III multimedia model.

O 72 AARL. o) FALS 34 6.2%2] Bla]po] A|AH HFO R
FEEY, Yo A= FAIsE Eo R o]sith 53] th7]eA] B
ko 7] B o] L 579x10%kg/h £ E FAla) nlo) o3k &
3], FZel os) Wy, ZE wiAIzt o)F F 7P A
Epgtth BEolA= B4 f4dol 7] 34 s A= RElRE o] FojA]
D2, B9k =2 BlalP AFH2 tl7] $2o2 vEE Blalpe] A
o] A3 07 o]Foix|7] T o7 FekET), Bk M= o) F
Aol o & Ago] WAk ko g, B AlA 72 o
F(99.9%)0] AEEHA 3l 9 318HA Hkg- @) 23l sk
28 & 4 QT A1 2] A, wiAl U giFat2] Blalprt &5 2 Hl,
ofojZ2E H Aol o8| =™, vke-2} o7& ol oJsliA ZH2t
29.1%, 14.0%2] &3 Ao dAsict, Beok =22 25441
4 o5& FAZFE R o] AR 1, A U] 56.8%7F 3
AERE olgsh= A& Kol ket Hd kel o3t mjA] o))
FARIA 71 Eist 24 Ao, 11 o] E4 i 7.78x107 kgh®
iz 7 E-o)E S 5 7 HAR b ey JAAERE o) 5et
B[a]P % 21.6%7} A& &3l thA] AR o)Esh, F3E 74
Bla]P2] 57.1%7} #all W §k-$-0 & A|ADTE AA o7 A\ AE

Table 11. Residence time of B[a]P due to advection and reaction loss

ol Z73k= Bla]P tiF-2o] B viAlol] 2= (72.27%),
P= AR Eof EA8411(25.02%), th718F FAlol= 42 1.51%,
1.20%% Bl 2] 22 ¢Fo] ishe 215 FRlstqint. 1o me
wjal] W] Bla]P =t B FHENA ZH2E 5273107 g/m’,
3.46x10% g/m?, th7] &} Al A 828x10™ g/m?, 4.14x10°8 g/m32)
e BT U], A, B, A EONA 22 g Al2E Ul
B[a]P2] & i AlZE 174 o]glom, 21 F w3l 9 whg- A A
712 93k A7 A7 ok 183Y, o] Foll o3k Wi A
248.8U & UEFSTE o] Table 112] 71& A74[10,17]014 <]
Bla]P %7 AIZH) Blwste] & wf) AHEA 07 o] Fof otk 7
Alzko] qEg-ol| ot Azt 953] =& S FRl & 9l
o} B3 F 7H AlzEe] A9 RES 2R A1 SARSHA YR,
Ae] Fod= 9 51wl SA el whebA 7ke] Afol7F A 4= 9l
gel3lglct. o2 6714 PAHs &2 9]

° 75% ©17d, o] el 2|3t &=2lo]
6~25%= WEFLoH, A7k o] Foll M & niRT A 2 Al &
ool olpo] thE 4 o) 714 nlsl 953] A WERs
t}. 1 9ol 7oA EFoz 2] BEAols, AlolA] HAERZ

Lei Hoang” Li Qian” This study
Advection 24242 h 101 day 114.6 day 5970 h 248.8 day
Reaction 719.2h 30 day 6.3 day 438.45h 18.3 day
Total 554.6h 23.1 day 5.9 day 40843 h 17 day

“Reference [17]; "Reference [10].
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27 o)Fol A & ol FEHS Heom, T7H B BF &
el W A 217] Aol glovt 1 A% v Blapst

4-3. CHHA| F7IAE| 22 #po| ZEHFIERE QAT A

A F7HAE] Bele] Q8 BEl v ket $lsted,
20709] Bdl 5 Z47ke] BRI TS aefsto] s W ol
ol 10001 2] ZEFIER Al Bl & BAISFE o]
£33 NPT 248 AAEIIT AN EARE Sl ohiAl 57
AlE] B2 fg8l 55 A7) Alo] o] AAAE -1~1 Afo] o] =AtE

Uehol A, 1 ﬂ%&cﬂ l;;% EEDRE

Gl
=2 “JZ.}E =4 éﬁr 207}Xl E‘é_l L$§ o), A, =
&2 A= 7 iAol M & Fieell thsto] 47] v S

Flg 701]A1 %%Ol Zt Aol A B HE2] =91 A
= di7lelM ] B2 W7 A7, A B EQkellA =8 AT
H S K HFig. 7(a)-(c)). ©1+ Level Il AT}t A 87 mjA] 5

PAHs] UH5 4 $17} o] 7 4 Sl I kel 21S wo}

7ol M ] 4 WEt717) th7] 5 Wha-ell &3k w5 3y o] 2o
a17] wljsof] 2} A LH«] 4 vEel 2 A4WdE B
AlsEtt =2 BlalP 5528} th7]elM ] &2 vzt 7he] A
ol & mliAl|=ell Hlﬁﬂ Tha wh2 212 ti7) oA A=
A3 A 1 4 o] Fo] dojubx] 7] wiEo|t}. Rk ohy
T ool 2] F24 9 112 A gt 2dols wd W
Oﬁi*— A ﬁ\—‘:(Aerosol deposition rate, Ugp)i= 57
oA & A& WlthFig. 7(b), (d). ©1= th71E
HiEe] 7, Zh wiA o] 27] B AT 7] $9 % @ ol
oJ3f #9571 wZolrh37]. XA 2] BlalP s el 2
54 978} =8 A S YT (Fig. 7(c)), o= B9k 2
o] 1A ”Hiﬂoﬂfﬂu HEg-oll olgt T2 A|A @rdo] g-Aste] wiA|
U el 52 JFS A7) o2 BRIt 37]. TEH o=,
0712} EoFell X o E4 RIZI7IVF AF, oo 2F HA 50t
WS ZF Aol A 8] simel] A PEFS WX, o] & ]
274 gho g thillA| F7AE R HE=E WA 7 Stk

4-4.SA| CHOHRILY AlZI0j| [hE PAHs S=
Hekey)

EA] AFEAbellA] w5 PAHsS] HiEego] sliwitt Gk 7]
wj ol AlZbel] whE PAHs 5% W3t 9l 4 H7HE flate] vl
73 Ee) A E SEhiEg-S E3BHE Level IV o] AREH 9
oh. % Aol = IRt AFEAf o] 852 Fate] 1983EFH 2016

e} 3 A Grldl
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Model parameter LOg Kow S tajr twater tsoil tsed.|menl KA KW UR
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Fig. 7. Sensitivity results of B[a]P of level III multimedia model parameters using Monte Carlo simulation at (a)air, (b) water, (c)soil, and

(d)sediment.
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Fig. 8. (a) Number of vehicles in Seoul city and (b) emission rate of seven

W7kA] oF 3413 7ke] A1+ PAHs £ 52 =319t} Fig. 8(a)=
At 55 s ARz Vel A 0%, A WA A 55

[e)
4= 19833 E 2016 d714] A &4 02 FTleh= A& E1E
o Qlth I FoME S8R WA 57 A9 A9 B AEgS

Holuf, $A] ko] thita A FT vhd Sk B oo
HDVs® 78l AE v ms] whe vE = &35, 2000

7o R A 57) v Ahashs 2lE #R1E 5 Qlth SR
7% 3437k A&H 07 5257} S8 a1 53] 2008 o] F=
Fqgo] FA0] TrbetATh. e thE ARkl nls it o
100} o1/ 22 5= th== Q18] Fig. 8(@)ellA= L 418 53

chemicals of PAHs for last 34 years (1983~2016).

o] glet7] ofe]-¢-m F A} = 4 PAHs W&ol 11 Gl
w3t SA| AFEAt A4 H 55 s TR E R e w
Table 8° LFERA 2} PAHSs o] ¥WiE 755 ©]8-51] PAHs =4 ¥
WSS 5743 A3 Fig. 8(b) ¥ 2o} A-s=} vl = PAHs ©l
E2 719155 7HAR= HDVs AF 55 th=2] 4= Q18) PAHs
vk resl 2000 d o) T2 7+4EH1 0, Level 11 2o A s} 0
Z7FA = Pyrene®} Fluoranthene®] Wii&o] 71 =7 YERSTE.
Level IV BElel|A] ZE2}F viZ PAHsS] A%21Q0 wj&wk-s 11
3l7] 918te] 7+ PAHs 32 W& %S Curve fitting WS o]-§-3t
of 52} thrg 4 o= TSIt ZF A% PAHs WiEH 7
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Table 12. Polynomial regression coefficients for emission rate of 7 PAHs

PAHSs b, b, b, b, bs b R’
Fluoranthene 2.26x10°%® -1.34x1072 2.09x107"7 -7.78x10°7 2.50x107 0.00616 0.9819
Pyrene 2.98x1028 -1.76x102 2.74x1077 -1.02x107"2 3.29x107 0.00812 0.9819
Benz[a]anthracene 4.78x10% 2.65x10% 3.30x1078 2.87x10™ 5.60x10°® 0.00160 0.9855
Chrysene 3.53x10°% -1.91x10% 2.09x1078 8.22x10 4.25x10°® 0.00128 0.9866
Benzo[b]fluoranthene 2.00x10°%° -1.00x10% 6.49x10™"° 1.41x103 2.56x10° 0.00087 0.9886
Benzo[k]fluoranthene 1.55x10% -8.60x10% 1.05x10°18 1.33x101 1.83x10°8 0.00053 0.9857
Benzo[a]pyrene 3.12x10°% -1.67x10% 1.73x107'8 9.31x10™ 3.78x10® 0.00116 0.9869
107
10 * T . ] T e o]gato] ol g}t 7P sk thada) o] AlrE AEEigl e
ol | BN 1 (Table 12), ©15 E3ll Bla]P2] 7] A3} wiEg A17L°ﬂ o
HIEZ-S AP st 45 Fig. 90 YERASITE 71 dlofEl o) tist
8r Fitting 2 9] A3t=5 YehlE A4 A5(R?) %2 Table 1291
S 7t 7k =4 o) ok vk & 3] A 9 EA el glo ], =
2 PAHs &7 W& e 2520l melg ek R2 7157} 0.98 ol*u
g ° B 43eg no
§ 5f Fig. 102 37 59 PAHs 555 PAHs2 E2® 545 117
2 .l o] TEFs (Table 5)E &3l B[a]P,, & =% S8t UERfgle
o ], 7} 87 Uﬂxﬂ oA of|=5 A7} Hit PAHsO %E% HojFr}
3r ARl whE s W3kE = ), Ul 7FA] wi Aol B Blalp,, &
o1 57 20058704 HEs] S7ERE - 20159714 fHadhs FAIE
Belth PAHs] HlZo] ¢F 2000 58] A3t 2L 1 ),
"o 05 % 15 2 25 L 20057HA o] ZERA= ATelA] ALEE 7744 PAHSTF TR}
t(h) x10° PAHs B2 ZA A1 Eajj7} o]e]-9H, 10 2 AFAlof o&f &
Fig. 9. The measurement data and fitted curve of B[a]P emission rate 7 = ol PAHs7F 4 ¥ Q7] Wi 07 e vhH3,38].
based on 5™ order polynomial function. 2016'd o] &= B[a]P,, & F571 2015090 v]8) thr] E7)sk RS
-8 -5
14 x1p . ' : i i ' 8 ><1p
E (a) E | (b
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Fig. 10. Prediction of dynamic concentration of B[a]|Peq in (a) air, (b) water, (c) soil and (d) sediment for last 34 years.
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B e, ol oF 20152 EE SEUGT AAIA o' T
3 © 2 JtETt. Table 700 e 213} o], 2| &2 02
Z7¥shd EY 5271 20150l Ad =g} vl wsled ok 1000t F7F
SF 5 oAl thas FhAskglon, o] el gt Bk HHE ] PAHs F
Ao et AulES HA 192 AFAE 7= RS & &
UTH. B3 Spate) S8k FES] S8k, A =
s Belor R, 201642 571 Blalp,, §ee EE 5]
S7FE QlEl] YAIA o R st Srhe Bl o w2 gkt e
2016d EY 7} thA] 243 710 2 Hol 7} PAHsS H & &3
g 7Ferdo) =5 FoE AR HL

7} v Al A 2] PAHsO] 34A%F F5ool whE SjeiAd S & o,
Level 1112] A7}e} vRxb7A] 2 2705(0.0362~0.5147 mg/m®)2} &=
¥(0.01~0.0797 mg/m’)ol M AH| = 7HE 52 BlalP,, EEHNE B
QItt. o] et 27373t $19 3] (Canadian Council of Ministers of
the Environment, CCME)°l|A] A2 8t =kl X 2] PAHs 5% 7]
1 0.6 mg/m? [39]9} Blawste] A 2 gholth FAlA o F
T3 9.525%100~6.565%10°° mg/m* = PAHs®] I A Qo]
A7 723, USEPACA 273k PAHs 74 71521 0.2 mg/m®
(39107 B8l - 2R ghe ®ATE T1E{u PAHsE Eo|u B A o
MAskE AEA 9L T1Ee] Hololl F44 = 9Lom[40], 53] PAHs7h
2 EoFollA] gt ofA), A Fol A AEE, 3, Ay
Zok Y ], AR E PAHSE s Ferdle] 54 A
bl A 3= 4= Qick 2wt ofje} o el moko e 3T
, 35 W 9B AES B3 PAHsY Q1A =5 w3k e 5
7] Wil [39], PAHs7F EQF W 5] v Al|of|A] Bhe- s =2 345
Hehe, 2935 Ea) A W FHEelA Aaehs 25 9 s
Sk E9F T AAZRE PAHs lE ] A S19AS FAIR
T ik

7] 2] PAHs®] &85 B3 =E2 71 T8 PAHsS] QA =&
AR 239, SA th719] 7% 3437} 2.136x10%~1.366x107 mg/m’2)]
EFLE Zh=T) o] ¢AA] WHO (World health organization)2] th 7]
Z BlalP 9% 5% A 321 1.0 ngm® [41700 B]8) Ui 22 3k
oAk, S ALE A9dl, A RotE|ohe} - YR H7HEo] AA|
k= AALA](0.1 ng/m? [41])2} B8 ], 19961AF-E] SA2] t7]
% BlalP,, F57F dld AaA] oo e Mol As lE &
USNTE o= & SAl ] AF Ak wjEel o 7] wiA W 2
PAHs®] FHA1A 18785 <413 5 Sl St 2ARA M
AT 53] g PAHsE ©H713Ee] 54 wE RO AR A4l
A7k T ARl wFell ] B B =2 YES Hol=Zlow
oA 9l om[42], th71%5-2] NO,, SO,, 0, & 2-& 2 9E43} 1t
$-3Fo] A/d ¥ = hetero-PAHs 2 ¢ 2] 7}%] PAHs”} mixture2] &
B2 Aol 599 4%, 7129 PAHs =& ST RT UL 5&
QA $181°8-& 71A17] wiEell[12], wE2] PAHs §5% Zolekola)
b T 9198 wF ) 2 VIRt webs] 3] S
Utk MR PAHs =% A8 2 22k A B2 98 3w
g, ti7] F PAHsS 714 Y e7F He e A0 F gkt

2de] A E Hrketr] @l SAS PAHs 574 ARE T
SISt 57 A= A 0]9] 9] thE 2.1 el HiEE PAHsS
Jee Lgsly| ulitel WA s 5 2wl e JTFS 438}
7] 913l 299 viE 7o = o] £-3ISit). SAl2] 43¢ PAHs 2
3-8 AR} viE (31%), TIALE(16%), 7H T (15%), A

0,

30w

ol
-

1

Table 13. Comparison between measured PAHs and estimated PAHs
concentration in S-city

S0il(2000) Air(2005)

Measured’ Modeled Measured” Modeled
FLT 55.04 69.37 0.0062 0.0019
PYR 22.75 70.07 0.0099 0.0007
BAA 21.64 25.69 0.0078 0.0001
CRY 19.00 423 0.0202 0.0001
BBF 23.02 37.01 0.0406 0.0002
BKF 7.59 22.19 0.0062 4.27x10°
BAP 17.25 14 0.0099 0.0001

“Reference [44]; "Reference [45].

2Zh(14%), A7 A5 (4%), ' L1 A (3%) 501 [43], A5
21e] PAHs W Z 7] = vl &o)| we} S 3hS 2743k Table 13
[44,451°] YERAISIEE. 20004 % E%F Z=47ES] 7% Fluoranthene,
Benzo[a]anthracene, Benzo[a]pyrene 5-ollA] @3t} vl w2 H|$:
3 FEE KL, 20059 % thY] 5 55 Fluoranthene S %k
o] gk} 7 7HAAl vebsteh. Z1evk A&A] PAHsS] AbEA}
H|E 7)o =7 oF 9~53%2] W& W 91E 7 [43], 54 91X 4
AlRbe] wba] FE0) Aol 7t Ay 4= Qlvhs A-s e uf 2}
52} 0]9)9] thE 2ol 93 PAHs HiEHS 1Hshs 59 &
& A7 d s Ao g AlgHTh F7H4 07 Aeke] AR Axe]
& PAHs WE%2] Kk AlF-2<1 1127} d Qs vizkslh gjef
HEES] BAE SR B @ 58S U 5 9ls
207 ®el},
5.4 B

2 AT OIEAolA] AFslel| 23l HilEE= PAHsS] ti7], A,
EoF g HAE miAe A e] AsS thllAl F7HAE B B3l
WA PAHsS] 7H 55 53] 21 As 54 e} &
Atk thellA] 57 E] s A 88k9s W, AsAtel] g3 u)7]
FoZ W& PAHst 3/dH12] Level 11 2ol HdE2 &
oA =A ARk 2s & 4 U, U7)9}F FACNAE EoF
off Blal st AFA S Hole A gRlg = SIStk B3t 7714
PAHs &4 <& Fluoranthene®] =& WA (th7], 7], B, I E)
o 4 71 =& 5 5(60.0%, 53.5%, 32.0%, 33.6%)S B o,
19 Wrell benzo[k]fluorantheneS 7Hg W& HIE(1.4%, 1.9%,
4.6%, 6.0%)E YEFATE AlZtel] W& PAHs 75 W3HE Sl &
2 A S 1133 Level IVE Dol At 343 7H2) PAHsS] ]
A FEWEE BlalP,, SR PAHsY B4Y 54 SwolA
2 RE 37 A elA <]

gheto] rehglor, 20055 714 2
PAHs®| 57} 1428 218 213 5= QIgltt. o= AsAt 7]
7k~ W] PAHs =0l Btk 2 & A= HDVsE 57}

2005 o= A7) w0 AL e PAHsS £ 71F U
A8} SA12] 87 wiA| 5 PAHs 5 5E Hw s A3} Eok Ul
FANA = ARk whE wiA] ) w=e] S QLo 34 Eet
B 71EA0) AA B vAE RS B, 1ol e th] F2
PAH 55+ 1996\ 0] 52 2016W@7HA] 2|42 07 A7 F7h(E
g2, 299, AFZoE|ohyt A|IRbsk= BlalP A E ZdtehE
L5 BT MRS Sake] thullA] SRR E] REe] 7wy
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