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Abstract Ultrafine particles (< 100 nm in diameter, UFP) are known to be more toxic per unit
mass than larger particles and contribute to more than 90% in particle number concentrations in
urbanized cities but much less in mass. The major sources of UFP are vehicle emissions in
urban areas. Due to their tiny size (the sizes of UFP from vehicle emissions range from 10 to
60 nm depending on engine and fuel types), inhaled UFP can reach the deepest area of respira-
tory track (e.g., pulmonary alveoli) as well as all of the body via lymph and blood circulation
causing various adverse health effects. This article reviews the sources and emission factors of
UFP, temporal and spatial distributions in urban areas and their health effects reported by toxico-
logical and epidemiological studies. We also compared the levels of UFP concentrations mea-
sured in other countries with those in Korean cities to evaluate the public exposure to UFP in
Korea. Ultimately, we expect this study can contribute to developing the risk assessment tech-
niques for public exposure to UFP in the urbanized cities in Korea.

Key words: Ultrafine particles in Korea, particle number emission factors, vehicle emissions,
microenvironments, pedestrian exposure
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T8 o] FojR ARHE TAHOE PM, R of
Yl = AE A (UFP)2] fraliido] F-2hEmA] o]
st A77E s YE Aok o] F ket
e B3 oAl T8 AAAYA PM, 8= gl
UFPE A3} 722 31 I AEAR A4AE 55 4
A wiEo] F2 WA Yol th(Kumar et al., 2014). w2}
A wg2o] ZHEA BEE =AY E UFP/}
LA A FERT 2AE 108 o) YERd S 2l
of MAHC R YL = EABF 1F5F T
7h, 20 e w2w o g 9ls] UFPY w=ZE
= A9 F77F A EthKumar et al., 2014). A
A% dzloA st 7] AFAz= 20109 A+
Wuk W oF 190078 0] oA WEE UFPe <3|
AESRE AR AAISFAAL, B2 ofro} ZAlol|A]
olg} FAKSE A7 o] AL FHOE st
S THKumar et al., 2011a).

TAAGA UFPE (1) dA7|Ro 2R E ] viE
A9] T (Morawska et al., 2008), (2) 84, A=},
a4, A Fo] 23k L598% EA(Bimili
et al., 2013; Choi and Paulson, 2016), (3) 7174 A=
o), FTIELE LN /AT EATR o) ulebd
o] W3} 59 7] Z7(Buccolieri et al., 2010; Choi
et al, 2016)S X3al= vig EFF o= <l
Al-F7HH o2 - B3et BEPYS Btk

ey o} AA| ggst nlARA A e
= UFPe vl Exo| gt dte &ds| s
3 YA FEapy vlFAEE] 7)6ke UFP =20 9
st oiF 2o delA olof tist A7 Ha st
T3 NZEE YA 549 A (new particle formation,
NPF)e] tl7] F +ESZY A At oS A
A Aoz o AdE-S e dhd (Bianchi et al., 2016),
HIE 242 gEARE E4A YA BEEE UFP
GA] 7150l JE&S = 4 YthKumar et al., 2010).

H| =2 A7 v]2axE4ggo|ae] UFP vl 2 EEo|
ot A7E 27IdAl0l71E AT, A ZRkA
o] UFPY] W=, 7] 5 B¥, S8)/3187 e, <l
Aol vlR= G 5ol digk A= AAIFe=z Aab
k3] AYH L Y= 7, B =EeAe €A &
H7 opfet Yo 2 K E 9] UFP ulE&% 57k,
TAZE =4 YelAe] FHEE 9 AEE, dF A
7vA e Wsl, g Al n e I Sl o
3t FHE FHSIATE o9} Al oA AEH
UFP A-37H 54 58 o& w7159 d+43¢}
Hlwgto 2 dA = WolMe UFP 5% 5%
AR T St Fadk AFE Ags

AW UFPY] A7)EX W3le} gstxy, 23, 5
w34, A T 93ty dlFe] #s FA= 5

=
=R GRS Bt

o o d

d=714eks v)7] A28 35 (2018)

2. B XIAY MY vs. 22X HIE)

2.1 Xto1 etM(New particle formation, NPF)

=2 o
H1S wAIA| oA €] Lhen] A A (UFPYE A3}
o] AEAE Bl YL Aol T4 WE9
A ShFE BN ARH O BT BT A

3 e B YA EEE HEEHA,
FAE z27] YAl FEido] #2 7IHE0]
SEHeEA AFste Aol F2 Ylo|tk(Seinfeld
and Pandis, 1998). NPFi= $|=o] mEhrs FA0
A A G7HA], A A 0B = i)t Y, tisol 2
A, A3 BAFF o2 E MY, AA, A1, =AY
7HA] w9 Thgek oA ASEHJoH, thr] F ol
o2 ZF9] FFo| T8 9GS FFIthKulmala et
al., 2004; Table 1).

NMZE JAY E2o] A7 fBiME WA 2
2 EA7F 2o shue] 22 ol (cluster)E FAd30
of gt} 71 F8 stk G cluster B4 #F-2
Bk 5717t clusters: A E 29 d¥A
(homogeneous binary nucleation)©] TH(Weber et al.,
1997). 2&jv} Atke] FEvro 2 $EE A9} g
Aox AZE NPF £58 S8 ABT F i,
ol HZ3e}7] flal AR Yol-F377F X8 =
39 A (ternary nucleation)®] =% = A THWeber et
al, 1998). o8] APA3= 39 PAdo] ks
IS W AT T /Y NPF #5555 A
oA tHlE &9, Birmili and Wiedensohler, 2000).
a3y B} opekst 3o 9] NPF #4947 &
2o we}, o]Eo] %7 cluster BAAHE AYT
T AN #ZF TFse A7|2e] S ARE]
e @3] Fatrke Aol WA THBimili et al,
2003). T3k, Table 1914 A|A]8F 21X NPF= 3}8}
AR o2} 714 F T 7)o 24 9] 9
e vR|7] wZEel theFst oA thekgk dllel
o5 sbdH oz gt o] HAeE
g
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oA A 4Are] A Al gk 7] %ol
A FHEA = ESHATHDallOsto et al., 2018).
age®E Estal A7 e AFARES T
S o3 ZtH(Table 1). YAPS B2 9] AAdo 2
gk 27] cluster 33 A 7 o HHLS
2 71e] 29 Ao, dRYE EFshe
o AP HH JA T3 9T5 et 2
27| cluster’t #= 7Fsd 27113 m)E A
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TH(Tunved et al., 2006). 31 Hl7]elA4= (1) dimethyl
sulfide (DMS)9} 7+& 5733} 3 (Leaitch et al.,
2013), 2) AdEF FolA WEshe 89053 B
T 29= ExKHO’Dowd and Hoffmann, 2005), (3)
glFHoA] AF Fgd 93] ti71E fFYE 1E
Ho] Fa3g AT Jidehs 202 LdEHHTHO Dowd
et al., 2004). Kim et al. (2015a)2 Ej T ok B3] o) A]
st AEZSFZ NPFY AHAAS AANTo=ZH
NPFe} 22 AYAE2] Al AE719e] f71skst
2o 248 el gk, 7] AR A
Ade Agste 842 Sy gEo F3 7]
A3 = 719 2Ado] A EEAk(Nilsson et al.,
2001). o]v] EA3IE A= 2 YA 7t How $
A7 A NME2E YAE st 431717 Bo+e
71 EAEtE d"d JAEZR FE AAHT
(condensational sinks). ™&FA NPF+ condensational
sinks7} 2131 A= 7IAEC] TR FANA T
Ak = AtkDall’Osto et al., 2013). o] 3 73
54 A7) QoA dAg dE 5o, B
9ol NPF= YA E49] v&7F W2 7A=xsa
274 71to] FFshaA] B Fe(Table 1). 71Eo]
&3tslHA AL condensational sink®} At oz =
B35t SA7IA7F Agste] NPF7F 2 o= Q). o]
gk 7o & W kmell o]2= w-¢- FH LS A
olx] NPF @7Jo] sAlo] ZAs7]1 = Hh(Hussein et
al., 2009; Jeong et al., 2010; Dall’Osto et al., 2013;
Kim et al., 2016). 2t} & FRIZ= 7 A7k
A Z7TEE oFF 7 A% (nocturnal boundary layer)
o] B A 4] X3 (residual layer)Zt 32
o, == 713 AITe] AR sl ARl
% (entrainment)2 W AYE = ATH(Nilsson et al.,
2001). ©]2]3t A= JA] HL& condensational
sinks& 2t 450 3719k T3 $AVAE
g t717AIZS] F717F E3tE o] A gtk(Song et
al., 2010; Kim et al., 2013; Bianchi et al., 2016).

NPF @2l tigh gh=ol|ale] 152 sty n

= T2 o]yt 71744 8Qlel 2HE o] 3
wo] $tth(Table 1). webA 5 g=olx= NPE7}
ow gt st ol oJal] F2 AR = =7l gk A
F7F "8 Alow HlTh

2.2 01| aiMgl

221 AFdEdanS

YA A X (UFP)E AFd 8o s AAEE A 99
ALY 72 gz oz A wEHEh 2k

d=714eks v)7] A28 35 (2018)

gFolvt W4 Fo] A e BAAG A=
skt e olFedde]l g F wiEdelt
(Morawska et al., 2008; Kumar et al., 2011b). Kumar
et al. (2014) FlA MiE== AA 9= A 5
UFP7} 84% A8k 9lar, 343 whZol gkel 4
A G wEEFe] oF 60% H =S AA SRl s
oh gk YA o wEES ATe} HEEE AoE
Bl =olM e T5 AHsAk g 20061
1,590%F thell A 2017'd 2,2539F th= 1047 vid 33
o+ 32%% T3] F718 e SA°tHMOLIT,
2018). HI& Asx} AX7|ed w77k A7)
e g AR WA EE B9, 9% 3dh 5=
zpgoll A o] UFPE] viEwko] Zds] 4% A wH(Choi
et al,, 2014), AF&2}e] S7HeF EAIAG e & B =
2] ZUstz sl =AY UFP W& 2
S gt olalrt 8T

a2t A Bl &= o] 7] Foll EXdh= A2 3
AR Az = e 24 dAEE wE B F=o
FIFS V= 8RlE0] teFsith(Table 2). 31 @A
= W7|F-E=2 DAl (tailpipe to roadway)= HiE7F2
7 w71 gtellA] o 712 Adste 7 200 #e
Al7bel] o] Fo]ZItH(Zhang and Wexler, 2004). =72
ME7kst o Arhe B2 $7e) Ash
FA3] AojA Aol YolA Hi $52 FH
Uxpe] AyAgo] o]F o] Zth(Morawska et al., 2008).
e A 9 moe) AR o] ek
25%, AYFE B25E B YAES T
£ 222 d#FTHRonkko et al, 2006). I 1]
PYAZE AAnkr} B EE olo] . 5
3l AR wiEEY, AA wEed i 7= rt =2
A& tH(Kumar et al., 2013). o]ZA] ojx}x o=z A
A9 JAREL =717} w9 Zol AF (coagulation)©]
U A2 2 A (dry deposition)ol]l €3+ A AT L] =3,
T2 QA Aol o]FofA]7] wjiEe] 2-FEiEnt
oft]g}t xpgolEol oJa AE= dRel o3 34
a3} A F83F QS gk (Wang and Zhang, 2009).
TS 2 A7kl ARE UFP] &AJo] 71A]-91AF W3k
of oz o]FAARERE g wj7|HA S5m oW
AglelAe UFPe] @Al #ZHA &= A= 3
3L (Morawska et al., 2007), WlE 92 HE dH A=
of =g wj7iA] AsdL 7vF 83| 34 EHA
ke A, UFPY & F=7 Z71ske A9 B
% tH(Timko et al., 2013; Choi and Paulson, 2016).

E2A WE T AAE UFPE olsstdAl o

& A S B Wstete] A2 7E F4 8] st
3t}H(Choi and Paulson, 2016). 2% Z-E(traffic plume)

ol 53t SAAF S AXH FH IV} F3)
= olgg AR E =2 FHF7] @A (road-to-

i, rfo
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Table 2. Three stages through which UFP distributions evolve as roadway plumes transport.

Vehicle emission stages

Tailpipe-to-roadway

Roadway-to-ambient Ambient

Time ~ several seconds ~ several to tens of minutes ~ several to tens of
scale (Zhang and Wexler, 2004) (Karner et al., 2010; Choi and Paulson, hours (Seinfeld and
2016) Pandis, 1998)
Sources * Primary: solid particles * Secondary: sometimes formed in * Mostly reside in

and directly emitted from engine less diluted vehicle plumes due to accumulation mode
Sinks wear and lubricating oil concentrated carbonaceous and sulfur (Morawska, 2008)

additives or tire-surface compounds (Timko et al., 2013; Choi and

interactions (Morawska, 2008) Paulson, 2016)

* Secondary: formed by * In a diluted plume with lower

nucleation of condensable concentrations of condensable gases,

organic gases and sulfur evaporation can occur. At the same

compounds and by condensing time, dry deposition and coagulation

onto primary solid particles reduce number of UFP (Choi and

(Zhang and Waxler, 2004) Paulson, 2016)

Controlling  « Vehicle conditions (Kittelson * Built environments near the roadways,  Atmospheric stability;
factors in et al., 2006b; Ronkko et al., modifying air flow field and turbulence Atmospheric
dispersion 2006) for dilution (Lee et al., 2018) turbulence (Birmili

and * Vehicle wakes for dilution in * Particle dynamics controls the evolution et al., 2010; Choi et

evolution of
size
distributions
and number
density

initial stage of tailpipe emissions
(Kumar et al., 2011b)

Temperature and humidity for

new particle formation and
condensation onto pre-existing .
particles (Morawska, 2008)

of particle size distributions and number
concentrations including coagulation,
dry deposition, and condensation/
evaporation (Choi and Paulson, 2016)
Vehicle wakes can influence at small .
spatial scales (Wang and Zhang, 2009)

al,, 2016)

Chemical processes
in the atmosphere
(Brown et al., 2012)
Coagulation and

dry deposition
(Kumar et al., 2011b)

ambient stage, 2THANZE A o 3t A ThH(Zhang et al.,
2004). QP EHS Tyt E2ERE A wat 7t
2stiA 7R Edste ARE AElEiEs W,
o] BE Y= EE2HE 300~500m W (Karner
et al,, 2010)°]3Z 3|H g &o] ¢l ol 2 km7HA| =
AR EE Ao 7 AAETHChoi et al., 2012). ©] aJrX*
ANr= FHF7I &gt s|Ao] ¢ FEel AV|E
o] Wzl 7 & FFS WX VH(Kumar et al., 2011b)
o1 E Y7l E ARAZ 93 A2 W S =
5o YA A 23t G AEe dFE = T
I tH(Kerminen et al., 2007; Choi and Paulson, 2016).
FHZolle ARG o284 °ﬂ°1i—’§91 =d7
7t HF RS Fh B dRle] A FollA
23 wiEE UFP7F SstiaA vhsojA]= w3
fF71EH] A Aoz Agte]e A4S e st
1] 23t7] wiFolgkeE 7Hd o] A 71 = A th(Robinson et
, 2007). °]= UFP7} PM,ol= 23 93-S 1
é! T A&S Yehdth UFP= 2717t o} §W<>ﬂ
AXRA g&o] =& Zo=F 01-\:1:])@014. 24
Rashs #SAES] FFoE s & £

7} t}. Choi and Paulson (2016)2 #=S
=- Eﬂ% | ©AlA o] AXZH FaFo] A
Ao Z AAEFH 2 Kumar et al. (2011b)
%’311 AXZ A e] FaFo] FFeS Al
HE]— A3ksl UFPe AA&EE R43)
3ol A ] HSo) Jr_rLE“jr
Z2o] =A] i3 53171 ® F(ambient
el YedAEe 2 A23-de 4
Holl ol & F=7F FolErh B3 ER-FHI
Ao o] 7| EEe}= thEA] Aitken modeZ} -
Algt St 25 Holed E-5-87F YeEhtE 60~100
nm Z7|= A231AZ A o)k AAGEo] AT
Aoz gro} tf7] Fo e mE7] wiEo]th(Choi
and Paulson, 2016). =A] ¥iF 5 =2 WHal= tf7] <t
o URAE T WIS wEH, AERY
‘5‘«] Azx87 Foll YIS womn ol gt i«]‘”
3ol AAEHAT
o] YR mel u
2ol & Helth dukA

= o
. ‘—1»——
T= Qe Holel Adgan

2 ofm
o 2

=2

i ok o

FPo] W&} §i7a)
= Ao Swrt F74
1ol Z7bela w7 &
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5

w7t E718h7] wiEel| UFPY & WE#Ee =yt
(Ronkko et al., 2006). Ronkko et al. (2006} 4zl &
3} 200 NmE 7|02 o]Rt} && EZ(torque)l Al
= EZvl Z714EE UFPY HiSEo] 718t vhe
EZoAME BEAV} FATSS UFPY wlEo] S7tst
= UAE HlE s B33 o2 1 4le
2 £2& BEFNAME ul7] &7t Eof AtslEuj ol A
o|xtslgte] AtslE 7siA717] wiel Ab-S719
ol dg Aol FHXE Wk, vhe EFoM = ke )
2 A3 AtslEu)e] g 8o AAaFTo N el
FEo] S7HFAAL o2 ISk dFP o] &

)

WA 5 (Cold-start)o] 7+ <1zle] &
< UFPE W&E3oe 4% 3 4343

222 H] AFARALHS

zkgFe] UFP W&ol tisliie B2 A7t o] Fof
A3 o}, 2 99 ujEgel e dFE ofF m
E3FH(Kumar et al., 2013). 2} 9o & thks wj&
LA UFP7} A4 WEHH, o]E2 T2uFo| 4
oz Hqe JFe v oA T3 I
< G99 5 Utk F2 H AFASA: wiEdS
() Hg7] 3 2 3, ) A% 9 A (2 1%
H7E &7, (3) 54 © A AEA d5dx, 4)
ZGE, (5) HHL, (6) A, (1) U5 B4
H A, 8) AFAA, 9) U=EE Az AHE
AAEE, (10) =29-Elelo] viat Heo|d vk,
(1) =2 A¥4F 58 EFSh(Kumar et al., 2013).
v] X}k ]Sl tislA+= Kumar et al. (2013)°14]
A3 TR Wil o714 = 22484z} ul
9l YA TFS 8okt AFAEALe] H-

o} ¥,
2.2.3 3318} o] 4 NPF

Mg YR QAel YHe Azel EAshe 9
Ay B St Re 4G wrk ARAe Aoz
43 A JH(Kumar et al., 2013). WA dREHoZ
e ol Faetabgel olg NpFel Wael
P8 Ao AztE, Be ATEe XA
T sg3tel FHo) 93 NPFE R3l] gith(Morawska
et al., 2008; Kumar et al., 2010; Maskey et al., 2012).
A BEetgel ol F o AL F2
AR7E Zdgk kel Zpet viskat daE o713 A S <]
3 LHAEAEC] TEd] FMEHAL #, 1L SO,
FEo F7ket A #ASEATHWoo et al., 2001;
Reche et al., 2011; Kumar et al., 2013). Z&} &L
g SO, FEE 7HHetE Ao wet F3}et o]}

d=714eks v)7] A28 35 (2018)

PIAEA|(UFP)S] 574 A8, A - 37 232, 7470l vl 9 TH o=

717} 9rEA] 3318} o] S oF7]skeE A
Ao 2 Hlth(Reche et al., 2011).

o] EAloME F3kel Ao oJg UFPe] o]
2ol B =T}, Park et al. (2008)2 ZF =4
A A F 12649 #AS5Y F 18U AX UFPe]
Folet S ASFseH, A5E dAe Arl=
2 10~30 nm o] B3t wFoy A9y 5
o] thE Aol Hisl #& Wk ofue} o] we] %
o g T2/t o2 AL HlE 11~19% =S
st gk, Q. FAIZE the] UFPSF SO,7H]
A= AvkA o2 = eh R 99kony, 33)8t o
A SR S dAAAY tha Sotshe
e AA A thPark et al, 2008). Kim et al
2017y M&ollM 5-69 & g7be] #2717k Bk &
642] 33}3} o] YA NPFS =3 on, 33}t
O|ZHYA NPF= T2 o Hl3)] W2 F&, 2 %
M, @& oj2F AFEr] 2N TATS
AA s, 2efv B3kst o] xAIA NPFO| Aol
oWl EA O 2 A= Aol ) x}FulES A A
o]7] wjitol] =AM = AulEe] F&Fo] S
2 Aow dAgEch

flo o of

2.2.4 YW=r|M|HA (UFP) ¥l Al$:(Particle number
emission factor, PNEF)

2 AgdLd 93 UFP Ml A&2 21o)
1km 3] HiEE = UFP S(#km-traveled’) FE
1kge] AF7} 942 o vjE 5= UFP $(#ke-fuel ')
o] 7 7K FEE AAEY AEALE Al viEH=
UFPE 2 ozl 8 o, ol ¥ F
7191 54 A vjriel = FU1e EFEE, AHF 2
8 54 QxIFst, 2pgFe] = g An
o] TF 9 A Goll dFS g ¥Rk ofyz} vj7)

)

|

A 4 Q7] wizell, 5= wioll A 44 wie] oA W
slet= Ae] o oyt 7PAAgS U, 7Y,
LPG 2 Toll tigh dutaQl mj& e 2t&s) A
71529 Aol gL ofEes Fuh

Table 3°l&= Tt mlE P2 HE] w&A
(PNEF)E f°Fslit}. o714+ HlE 93] ¢4
#(kg-fuel) "2 St &Y WIS s dAn)
2Eol] A gle] 0.12L1 km'E A8YUEE 0.74kg
L'E AF2-39tH(Kittelson et al., 2004; Quiros et al.,
2013). PNEF7} H912 Foz A3+Zde] A9+=
AwE o83, BSAT] T S o]l
=A@ HARE ALt Hdtste 7
HHAQ1 PNEF @& FF3t34F sith. PNEF AF
Al 2peEe] ez B9} 77|04 #A= &

A

2

30 i 12 o ofN
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Table 3. Summary of particle number emission factors (PNEF) from various sources. When the number of studies exceeds 4,
averaged values were calculated and otherwise, median values were used due to a wide range of estimates (values in
parentheses are standard deviations). The sources of data were listed below.

PNEF min. size Vehicle # of
Sources <1 0'6 kg fuel") (nm) speed dataset Remarks
(km/h) used
Mixed fleet 0.29 (0.20) 13.1 (8.1) 77 (28) 23
HDDV 1.91 (2.32) 11.9(9.0) 68 (28) 14
LDV 0.16 (0.10) 114 (10.1) 79 (32) 13
Vehicular ~ G85line- 0.03 (0.03) 11.6(34) 6432 7
sources™ pqwered car
Diesel car 0.27 (0.17) 8.0 (3.8) 85 (23) 6
CNG Bus 0.02 (0.01) 5.0 () 70 (14) 2 Dynamometer (1 study)
LPG-powered 0.004 (0.004) 8.0 (-) 70 (26) 4 Dynamometer (1 study)
Two-wheelers 0.53 (0.72) 7.5(0.7) 45 (26) 2 Dynamometer/on-road
Road-tire interaction® 9.76(9.71) x 107* 120 (52) 60 (-) 2
Ship emissions” 2.90 (2.00) 49 (3.1) 5
Aircraft” 2.99 (1.44) 5.6 (1.23) 5
Domestic biomass burning” 0.98 (1.62) 7.7 (4) 3 Including fast apd slow
wood burning
Forest fire® 0.93 (1.38) 6.3 (2.9) 4
Cooking” 1.14 (0.68) x 10'> min™' 6.3 (0.6) 5

Approximately,
5.83x10"
particles-kg-waste™

Municipal solid waste
incineration®

Power plant®

Mostly particle number
concentration observed
in the stack
Only particle number
concentration in the
stack exist

*Values were calculated with the data from Kumar et al. (2011b) and references therein.
# The results from (Choi et al., 2014), (Birmili et al., 2010), (Quiros et al., 2013), and (Huang et al., 2013) were additionally

added for calculation in this study.

"Data were taken from (Kumar et al., 2013) and references therein.

* In this study, the results from (Timko et al.,
N Units are particlesmin”" different from other sources.

AA =2 A7t 2
Al olF2] Aol A7 FE wErbA, £ e
UHE= A3 AA] dynamometer #ZS T3] o] Fof
Attt Dynamometer =2 FHIV|Z 2 wj7]E

M7 Al ARE AXH AHE dAe s
& I3t oA UFPES] 8 RE)e 34
&, IJHEE, 2%, SAEE WA HEE Al
T4 Az wig- vigteA dFS W AL
2 ¢HF Y (Morawska et al, 2008; Timko et al.,
2013). o]¥ o] F=Z A Ei“% ©]8-3F dynamometer

[N

e = JdXE= 30nm o)3e] 3 RE AAE FA=3)
A B3 A% 3 (Kittelson et al., 2006a; Ristovski

2013) were additionally added.

et al,, 2006), A EEAXET} 2 FEE Hole
74 %] ArkKittelson et al., 2002; Ronkko et al., 2006).

dE: HE2= AA0t A““’HE} oF 100} X*C =
PNEFE Ro|X, 3df9} CNG= ZTHAF HE o
A ZE2 PNEFE YERHRIS™ LPG el s =
ok CNG AFgETh ofF 108 A% 22 PNEF7t
A A= AH(Table 3). Z#Y, CNG2} LPG 2}e] 4
TS 1WoE AT S ¥Rt ofugl dynamometer
ol &3 o R AA TRoA9] THZ Z
Adt PNEFREUT A 71E9S 71548S YEsia
ATH

Azle] Z7] B2+ ol E A F(heavy-duty diesel
vehicles, HDDV)°] A& x}&(light-duty vehicles, LDV)
of wla] <F 108 & PNEFE YeERISITH 1311,}
HDDV®] 73-¢- thi-it AFE AHe-staz, LDV 7
= i S, FHAME SR 9} 71‘

#=5
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=719l 1§k PNEF
o|& st o
x}%hﬂ 7HEUAbgR Y PNEF7F <F 20
H 23,5 = &4_& 434 Ath(Morawska et al., 2008).
aE A2 oRdos PR evshe UAnAY
E(diesel particle filter, DPF)= 7-f2}%<2] PNEFS
90% ol FATIE AR o] AFelA st
2 JtH(You et al., 2007; Biswas et al., 2009; Herner
et al., 2009; Gordon et al., 2014). DPF= 2} 23}
=, EE1 AL &l 7&@1_4, o7 ¥AH AAES A
A ARESARY, FH2e ATdAgde AA =2
3 ZolA ol gt AWETFo]l A UFPS|
of FXl= FFE vngHE ¥ DPFY &84S
%— 31 THRuehl et al., 2018). wahbs, ZA-FxpEke
F7} £ A9 Table 30 AN FXRT} g
9 SR e AT, B 0 A
o 27|90 ¢8| ARAHFe] DPE FHHE] 100%
7} Hop Agalde] PNEFZ} 8lEf A ds) Akl
At o 2g 7FsHE ek
Aol ARAZ ol Elolojg} =M w2,
Beola Ei A7 oY FOoRRHY JuEE
Qlsl UFP/} & 5)e 202 deid o 2 e
AE Nk HlEle] AA] Y E]—(Table 3). HlE719F A
ZAfstEARe] 154 o]
U ﬁ7}51‘£iﬁ‘r 53], A<
% FRNA H16§7H Y=Y UFP =5 %5
3, T34, EFRAA 9 o]FH o|FFHAAN B
UFP7} W25 o] 3] 83k UFPS] W&ol A
Z = A tHHu et al., 2009b; Mazaheri et al., 2009; Zhu
et al.,, 2011; Choi et al., 2013; Timko et al., 2013). 2}
Eolut EEAY oA =i HH}E A4R1A]
28] dojupe AaQIA Ee EAALRIA A7
2¢1)el w2k PNEFS] Wabh chfsh) Banes
U® ARSHEA ) 50% Fwl PNEFE Bk,
223 FANE B UFP/F EE, ARAs
o] Aakstell ojefgo] o] Ak WETol Xﬂ/\llﬂ
Atk wEhA e BEdAe] Af Hlas vFA &
At AR ] gejgEe] eF-Fr]eh 54
o] &Aoo R o]FofAA] g dalE dufjolA o
FolRE Ashd A9 mAE JFol HE F F
Atk HAAR F-oke] F7|awgho] AghE Z7olA
883y Foll DS UFPY w%7F { 9%9] 5=
Hop 4 ) Eobdom, ot HAo] ol#dt A
T ¢ A7 w3 ASE F UFe] #SEANG
(unpublished data). Wt AFEE AHE-sle fe|8s
< @ o, 3843 e Fa AW FEE A
1= Zlo] nigrdsitt. Wiy v #71E4a ZMW
% UFP7} W25y 729 dela 25

n:9 o

=

N

d=714eks v)7] A28 35 (2018)

1(UFP)2] &4

O

LA B B, A7) WA S TR
A9 F=E AT W, PNEFS] A3} A4+

e 2871 917}01“1 UFP W& AT+ 558
g AFE 53l 7 WEYE VY=g AvE
T}(Paasonen et al., 2013). ©] AFAMN = EZo
Fo] AA JAF = =T 60% ©)dS AR
Aukg 2Ee H|E=2 o]lFed o] 19%, 71E}
Aol 13%E A S Bisdt

XN o Iy
N

‘@, Ol of ox M
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Kumar et al (2014)7: fras
| 42 —rﬁ =7k =AA M H5E
S " OoR oo} A X 9] UFP &
=7F frdel =Ael Hbﬂ oF 4u] E=vhal kst
a2t o] AFellM= =, TF, 7 S
o] s HHE EH7]-_1: —r"v—ol =2 oo}
=7Fe0] FE LHHAeH =2 thdellA Al E
Atk webA 2 AM e o] Fa= =A19] UFP
SEe} oA AS5E %E‘E H 2o 2 St
A19] UFPel tigk ti5e] =3 94 AlaLstrat

=] L
% o
o g
X

N

™

c
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©
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ki
N

3t}

=4 A ee] UFP s A A89LS 58 <
o] 70 WAL o] wAe w2 uE
2, weH, A2 SOl MEY S8R ohzt

Stttk Kumar et al. (2014).4 X]—E‘
Z ATAT AFe 583 x 10 particles em)Z
Q1=(30.9 x 10* particles cm™)o|A 2] =2 R Fi
7b oblel7t & §4, SFolAe] B2 F ¥
55(3.0 £0.9 x 10 particles em™)ell H]&j 242} 3ul
ok 109 =2 sEFEUE Bk M3 AN
F2H £ Bz HisEs 53+3.3 x 10* particles
em™% T Qlee] el M) 64%sk 17% 5
L‘rE‘r141 M_Ur 02 d5olre srrths 1.8
TS HAHFig. 1). =M o] d52 HF
= 7133 7ho] A LM 7P wE o] &
He R sto] JHoR e FES 7IF
2 AgE. agox Esla g9
SE7F B UFl vsi e w2 FEE B
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Fig. 1. Near-roadway UFP concentrations observed worldwide. Data for other countries were taken from Kumar et al. (2014).
Near-roadway data in Korea were taken from (Bae et al., 2007; Woo et al., 2008; Song et al., 2012; Kim et al., 2015b) and
urban background data were taken from (Bae et al., 2003; Park et al., 2008; Maskey et al., 2012).

g B4 FAAYe] ERFH 2HE FHE
Hol S 23 oo dligk A&AQ1 FUEH
o] gsltt oA EEo} I > EAA
oA FEE 9.1 x 10° particles cm 2.2 YERY
E2H FE9 17% BEE BT, oF, A&

o1-=
).

312 AY v UFP % ¥H3}

T4lolM e UFPE w5373 t)7]3
2}, oH-F7)eke] 9 5% $la
= E2Ro e 2o 74 59
FHOR GG W] WEe] =4 o
oA EXE Hol= 7oz U4 UthLianou et
al., 2007; Krudysz et al., 2009; Choi et al., 2016). ™
2 =4 el M st wEE W ARAA o
s op]El UFP #39] F04 w2y 542 ol

aL7} %
o b
slshe AL 5]

7
o

(£

ot

}_

¢

N Mo

¢
ot of,
od, 0%

do 2t o

RO A

l‘ﬂ oL

v

>
H

=

Y75

TFAEZZHES] A wE o
T W3l 54& ¥l AedA UFPE
&8 2AEHe R

St olH e FIHEE S ZFol= PM, s} UFPY] W
A3} 7] F AFAIZE ZpoloA] 7118 PM, 5
oA S AAH ozt or Ay
Rhd, =AlolA] UFPE] 8 Aele AL
e A4 wiEolth. WA PMyse HATEHe

A odnte] wjEst sshagol dbslAl K13
o= m71sdel os) A4 =
UFP= HlEde] 2442 it
71 9 Az el FEEETT 9
g, et A4, 24§ I

T AFAIZEO] 21 PMy s A9 A o2 Hlad dd

o
= 0

BEXE 7 F e A1 A7 e, A
olgol &g Fell oJeiMe FFS werh W,

ofolRE AT AA L=rt Wt tir] F
qHo 2 Fe UFPe 2%
71l A7+ AlokS Wt

Wilson et al. (2005)> 37+ vl#dAd-S A &s)st
7] 913 F F=AH Atol9] coefficients of divergence
(COD) W& o] &3t (COD7} 091 5 &7+ 2
2 74, 191 A5 w5 v#d), 028 & A5
7o g vlgAs BES KHole Ao g AT
Moore et al. (2009)2 H|= A EZUolox HAZ3H
PM,sE A9 Yol Adjzoz 2% B2 5 Bl
HHA(COD <0.2), UFPE= A9 Wt Ao 7+e] |72
Aol BE AtE AL BYTHCOD 9% ~0.35).
H3F Krudysz et al. (2009)2 350 m~11km ¢ <]
HBEAHE Alolo|A] UFPL] E¥7} 40 nmE v} -2
A719] JAre] A wig- vjFAg FEE Bl v
(0.3<COD<0.9), YAk Z717F ARZFE dUid e
2 #4483 #2 5 YERE S B THCOD~0.2). fHell
M= AR #ASAA7E AAEAS fRe] vl =
AlA] FARA G =4 FA #ASAH Abele] COD
£ PMysth PM 2] 75 0.02~0.102] S wQl b
H, UFP= 0.07~0.539] W 915 Ho| UFPe| ¥7HEXE
7t B BliEe 2102 YERITH(Lianou et al., 2007).

gl = A9 Wo] FHEE
3] I YA = AT, olFA 2

o4
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2 99 o98d BE B4L olsletun she

7F 93 =P F A} Kim et al. (2015b)2 7S %
HA 25 FH A wEl 5 Yo E o] =
2oX9 SHEAD FEEEE MU & AT
£ 98l 5 F9elAe] 7 2d=Hdd mE CODE 7l
2F8t A3, black carbon(BC)# CO,= W2 #&3H
EXE Kl ¥bA(COD <0.2), UFPE % v 3
EE EA4S BTHCOD = 0.49). NOx¢+ 9423 PAH
E COD~ 02 Aoz Ao vgd A== 1}
ERH AT

o] AL 52 UFPY tist =& 184 3
7}E Ho} ZeeiA AZstslr] aiA = okt v

1
3Hgo] UFPY] %o nx:= ok gjgt A}

-QEL‘%*E A A 2t

3.1.3 "]4873 (microenvironments)®] UFP &=l
s 9%

rled=de RUHES g4
2 FEo] gty ol tpggt v
FEH] FE54S olsst o=
R ER] XS v & #H 2 o]E2
7F(Choi et al., 2012; Goel and Kumar, 2015b)9} CFD
(computational fluid dynamics) %=+= LES (large eddy
simulation) 2% A5 %E3(Kim and Baik, 2004;
Liu et al., 2004) =204 WEH Qg Ede] v &
Z7F oheFg waggel o JFE Wl IS
2 H|gZsite 23 2REHIE AR, oFF7t
A A BAZAA olE U]i{i?l—%‘(mwro built
environments)®] LHEZF I EAof| n|xE Jo]
AFH o2 FHEA = ¥t ol FE 7L X
AHSo] zte 7 S} v & S 2
Tl e 7118

2tgFS o] &5 o]F B

[e]
R

A $E SAE el S gl Adow
A

01N Mt to N

=
10 2 AAIEAE Choi et al. (2016)
teE Zte o5 #3535 F8l vw =
Qe s =X wEFS BAYZ UFP
T 847t A7) w2t
E‘rEE‘rl AAsrder. Aoz ke 712
ol 2ol UFPY w=7F ¥ 1% (built
environments)?] &S ol 1 mlAiFHA o] zh= A
7 FINEHA THEAE F B d=E0]
of thgk FEe] Bk A=A Aol e, o
= YU =4 A ke F7]9] #7] "ol
FEFS 771 W2 Aew dgsiit vk, 294

d=714eks v)7] A28 35 (2018)

Z|(UFP)%] &

7ol AR dFS 713 Aoz AN
AR} e Mg oY Aol sAl 7t

ot O R UFPE &S AddE 2Hd=49
k2= IH(hotspot) &2 A & % A TH(Goel and Kumar,
2015b; Choi et al., 2018). Goel and Kumar (2015b)=
2] WE-71E Tl ok A=lE UFPY] 5717t
Fr#zl AAZAAFE 79~129 m7EA] 9] ARlE
A2 gagoz 43ttt TS Goel and Kumar
0152y AFS o] &3 TZdte AbEECl AR
oAl AmlEl= AT A Z=2AA AH|sE AL
9] 2% HZ=olARE, o] F2 A Bt FHFE A
A UFP §9%°] 25%5 AA S A8 Choi
et al. (2018) Ei}ie A7PaA 333k ol &
55 B9 A= A5 90mé] Aol 5m 7+ 9
A RS 7;” UFP %L:_ oA s g5
sttt ol& o]&ste] wAE A-F 30m oJufjollA
Hi F=7F YEdaL ARt “éoié‘—’?% &I
A8 ke stk ol Fa MR RES
WAFROA 40m o]F Dol 3ol YAIAIF|H, A}

2o AFAe] IS WEt UFP SYHS 4T
8] A US AFH R A ST

H|E AA) B4l mazizede] UFP &
o vuAE o ik AF7F LF ’“@Q‘ﬂ 9‘
A RE o}F] JFMtRAA m Az 2 o] UFP %EH
o m A= Gl 3t A A= v
olm] tjF 717dol digk UFPY =& A J47P~
M= olol e Bk e ﬂ?ﬂ g g sjt}.

3.2 A2 B= H35]

321 AZF w3}

AN wE e A-dA et 34 S
a5, 2 W& UFP 559 AAZ wsle F
2 714 24 o8 AAR A UFPY sxo 4
S HHE 71 AdAE o 2

- WA AS: 5 artde) 93 =& tir)A
AFS &35 95 Z7MAA UFPSH @3 gz}
RHEAS] TEE AT 7—1%% 2174171 A
Ho g Q3 e 7] %ﬁ]zg =5 FHE 7

O T

:Jd

olal FRFEate] gkt
org sl r)e A SozHE WEE UFPE AX
H 2o ZHAIA

S 78 R g
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o
1>

S/ YA =2 F 9] JAFARN =S
Z F A wFHA 2 w77t 7] So2
AE = w722 %74]011*1 UFPS] A4 5l Ao
FEd =24 zﬂ—Lo}O# TE /M ¢ U

° ory

it
olN
LA
>
ru‘ﬂ
1B
%0, o
ﬂ

SRS 10 L =Y O‘Z}” B FFHog AL
A FAHAE T3l 7] FoAA AA=H, 7114
A 78] *oLEHZ—quoi Z& PMysol o7l & &
#Ho] 9ltf(Seinfeld and Pandis,
1998). 5213 A L rainout?} washout 32 FE3H=
o 100 nmETH 2 JAY A 2k £%o o5
T5 EUEd FE5h= a&0] W] w&ol(Seinfeld
and Pandis, 1998) rainout X.Th= washoutdl] 2]3gF A
717k Fasith W, 10nm e Ak gud B
g2 gitez 1§ BN TE a8 vy =
of & W F7ldA e ol A FEo 38ttt
(Seinfeld and Pandis, 1998). 12y EAIX| oA 9]
UFPY] F2 uj&9& AHd Y5t Il 7] &
Frgo] ZAA] 9ko}A(Capaldo and Pandis, 2001) &
°] ixﬂé}— = Ao B4 wiE UFPY] &k

ol o
flo
ol
o
r]I.
bt
o
r-Yi

7} 2o Aoz o AETHImhof et al., 2005). wEbA

= %“J%i—% B4E &3 rainout &= IR ¥

S Aoz HelTh Hl% B2 A7t o] RO A= &

ko) 7k-$-o) 23 UFP2| washout &3 9A] H|&
2 Q) Al

9)\\:}. Charron and Harrison (2003)
=7t 238 St AE #=
stRed, 1 %‘lii 74l oz A7) A e

Z G2 22450 AAHY f7IEEEC] 7E
o & YA EZEY SAHV] Bue dAFHE T
3 A2 dA 228 I Wiz A9
%At} Choi et al. (2012) ¥A] o]&H|7} W+ 34
oA UFPe] 4] Wi E=dl 2 2ol7t 55
3} 93 H(unpublished data).

- SN wEE Al wE wEEe]
= AR dHE, ALE dEAITRO] =oAH o
Ho} o s W2 259 g7 &34

o] HAMZItt. whEbA] ke wiEw Stk ks
o] A= Q8 di7] F UFPY s=7t S71e
TH(Hu et al., 2009a).
ek 22 o= Qs UFPe] A2 w3t
St Ol 9] Afolres Aol =31 o5
et AMA UFP v ®slds Baskiohe

‘:‘?i, Zhu et al., 2004; Pirjola et al., 2006; Hu et

. 20092). LB} G Gk A Y E Aol A

r g
N\

rf
- tor > ot
Tt 30 oy b ior

XL Ll

m —1&‘ Ay

M)
2
)

347
= 4% AEA Wst FdE HolA kil (Mejia et
al., 2007) %%Eé AR A= AFHANE F
FEE YA M =2 sEe ASET of
Yzt 2ol Jelr]x s th(Hussein et al., 2004).

olegt AEA Wste 22 =71¢] UFPIA 58l
sHAl YERYaL A7)17F 2 F2 REA = WSt A
EHXq o7 FEFERA] e AFS HATHMorawska et

1., 2008). H] = o ‘Z—é_oﬂ Wit UFPY] =7t 7P v
% 7%l At sieEtE, 52 A Aol
ko 2 Qg F3lst AP HF L F3l WAL 3~10
nm Z71¢] F=7t Frkeke Aol #FHI|E gt}
(McMurry and Woo, 2002).

ol B8 ALH Ak T dFelM B
28 A%} fAsIT A2 =AM AL B e
Ao Hla] dF =2 55 YEAZ(Kim et al,
2014), FFolM = FHAMAE AgRt= 5ol o
=2 UFP 552 Yel7|= skith(Maskey et al,
2012). 2 o}F] gkollae ofe] E4loA UFPE]
AAA WskE AvE G717 #5 A7 Bel

P A= Fsit

322 4% ¥g

01@5}% W wke] oz wEel ZetA
< , 53 227} B33 A o= wF
o -4- ek FAAAE ePdTtH(Hussein et al., 2004;
Morawska et al., 2008). Wehr], =252 01]/\1—4 UFP
TEE °]HV4°§ = EH2 A7 F e e E

2 uish A% vhepiln). Qs AP e A2

I dAglel frAksht o 54 wo] FEe EF
2 A7 e 713z A @ % wen 535, 22
AIZF doll §43] F7ket ﬁ%%b] E7F YA 7]
=7t =& 71 ERAH Adetd WEAe] St
UFP A4 &9 s, 283 ik a9 74z
3l dF HL F L}Ew%ﬂ ol EAIXY
A W3] FEEE AAo|tH(Hu et al., 2009a). ]2

[
_g_
=
3 A "o 2%
e
-

= UFP W@fﬂ”" ALl
oL AgtEer ol

DPEREIR R RSER

7v7he Ao 9tk Hu et al. (2009a)~ AR} 7
gol okl B2 AR FE7t ¥&E SN, of
= ALE T2zl dFE A /\17“5]71 o &

A7 B3 WEE UFP7F P83k di7|z27olA
s A4 F4=A7] WEe2 Astdtt. Choi et
al. (20122 thdst =434 OElEJJr ALl
#glo] 4= Hole EE2NE HoldS4E 1bsh=
UFPY 3543l £571 §AHMS T&%—r‘s};’il ol=
%_]% _‘§_ ].z] E:./\]ﬂ-o] GJAJQJ__I g}“: 4;<Ho] O]
A w& A =go] 2 4 oe 247 "k

QLIAZE e wEFo] oA HIAZ dE ¥
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53 AAE YL = Eokkl ti71AAIS
o]} t‘rTEr’J 9] 57& Qg T &322l it <
57t 7 01

< YeEPATH(Choi et al., 2
3 NPEL RIS
frdol g Agolle 2%

1____1_.'-[—‘

off 2 3‘3 H

ﬁ—lo

=7t Y io}%hu Stk (Hu et al., 2012; Choi et a
2016). 25| UFP =& ZAA 3= & &01%1
F7+ M2 = AW E T} Hussein et al. (2004)=
<9 UFP ¥%7} FEET =52 #3513 01
T W o] 701 AR A ST

F=ollA UFPY] 435 s=Hst dves A7a=
Aol HlsiA= %}%‘5 —r?fﬁEl?iEP ds FEWs
© E2%o] U3 B4l e wEw wsket fAL
g FFE Bt 5, g,_/\]ﬂ ol & 827+ v
Bl E2AIZE ol Bo 22 F AR B2t
Uehtbs AE-E¥E (bimodal) S Hait}(Bae et al., 2007;
Park et al., 2008; Woo et al., 2008; Song et al., 2012;
Kim et al, 2014). °o]= = =AXS UFPe +8
W&ol AFAS A G oleld dF st
S Ao AAQlo] dAZF el EAJL H“ob}(Kim
et al., 2014), FZoll&= o] A& HEE7} S35
ura}urx) 2¥4thH(Song et al,, 2012). 221} Ikl
A= W3l EAL F3lst Ao <3 NPF (new
particle format10n)7]- WS doll= o2 S UE
HSIEE 5, $22 the) SN o AL B
=7t o =& Aleg-g FEE YeEdh Fstst
el 27k 0% Ao Fx FfEe 2F 34
73 Uehhs 43S BAth(Park et al., 2008; Kim
et al., 2017).

fe < N rlo

4. UFPZ} QIA|o O|X|= A&k

E2oA BEHE LEEH] A gEFS v

AF= 53] o]FoH YrhkBrugge et al.,
2007). 1Y AFelM BEsH= ed=de T/
o ohFd Bk ol i e HEHS ASAE
FEo® Qe Al =AM AE QHEHo]
A7Ye] mxE= ofgdkd Wit A= 44 &t} o}
ZhA tiFEe] R E A+ (epidemiological studies)
© T8 EEERYH AFAGZAY AYEHE)E
QIxtZ sle] 43 = o] ki (Hoek et al., 2002; Brugge
et al., 2007; Tonne et al., 2007). Holl= AFo=
T8 WEE= UFP7F °]7<ﬂ°ﬂ n 2 Gl et &
Aol EobA AL UFPS| A&t F7tol| wet ol of
g A At JA} *—f‘zﬂlﬂl ATk 2N E B
staL oAM= ke g ol thek A7 k-
gk He gl UFP7} 7ol SFE v A=54%
A 712k 52 =A9] X7} AtH(Kumar et al., 2014).

L_
z

d=714eks v)7] A28 35 (2018)

H| A HR] (UFP)e] B4 8

=xo| I7|E=e MU Y 52
= OVMPX] UFP =23} 27e] otgd Ateld]
s

A RS =Eslddle S8 9+ 247t
Fa1501 3% 0. UL A0 198 <
A o o

It
o,
J°1'

UFPQ‘r PMQSA 357, J%] *u@% é‘_%ﬁrsll ol

B TAGA WEEE Ak B F7] BE
ob A FA Z&e vlashd o s #AE F=
& AT Ao R A BdEe] AR EE
ool ek e Welel 2L ATREE tepicy
=, B MiBA NN 5 s AREN P 2
TS 2L, SRR A2 %%FAE Zhe %
TEEE, U4 FEE FHRE=A Z B9EE
Zhe deREE, FYEY) e %X#UE =
o))

H

Z}(coarse mode)llA B2 E zt= AEELE

13]—(Se1nfeld and Pandis, 1998). 224} =212l
= x}at Hl—%_,] oﬂakoi UFP ogg_/] L:_ }_ :éLZ':]g]
71 Hol & e AA 4 L 90% °14
S X}A|S}2L(Harrison et al., 2011; Choi et al., 2014),
FHA oY R3] FEoME B-9-2]7F YERITH(Wilson
et al., 1977; Seinfeld and Pandis, 1998; Fig. 2b).

2 h, YAV B Z7]o wE A Yo
HA=E= 283 9A7F th=i(Oberdorster et al.,
2005). 2.5 um Rt} & YAEL FE(impaction)©| L}
Fgd| oJg ol o) AF 557 E&Fo=R
7‘(]7(45]_]_ 1 nm ZE9] UHO ,O__ r:Q ]_5 wsl ik
o] g &ste] AFF §§7]°ﬂ =2 582 FXH
ThFig. 2a%] A, Z7]7F 2 Aboll YAES &
ol A W2 FEske] 10 nmETh 22 YApEo] W
2 ke o5l 7R G994 242 FIAHHT
@ HA), 10~100nm =712] YAFEo] A2 ¢
e Hx A7 AFste] JAAEE FEFE 2
TH(Oberdorster et al., 2005).

JAF Z71e mE QA HAE BEE AFA
Z5e 9AF 272 Hlashd, A Y] Y 2
HEPdd g&40= JAd=H= A7)7t }th’ﬂ*ﬂ H
£ UFPY] Z7]¢} YX|gth(Fig. 2). ©
7} UFPol| F9]& 7] &ofok 3l=A& T o= L}E}
Atk Kumar et al. (2014)2 FHolM 2 557 I3
2 0.66% vHE, = dFolA 9] 5&7] AH &L
0412 H7lelsict. ol dolre =
Bt} 2 Aitken RES} S RE2] H]go]
::42 H7] wZoltt. wehr] A7
AEA] A A wlg Fag a4

i

=

4.2 UFPe} o1ZHel ol ofeis
9l9] 4.148¢] =)= UFP7} Q1o Qake m= 2=
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Fig. 2. Size distributions of (a) regional deposition ratios of particles in human body (reproduced from Oberdorster et al.
(2005)) and (b) particle volume concentrations (reproduced from Wilson et al. (1977); concentrations are only for illustration).
In (a), green line represents deposition ratios in pharyngeal, blue dotted line in tracheobronchial, red dashed line in alveolar area
and black solid line denotes the total deposition ratio. In (b) black line represents urban background air and blue line shows the

addition of vehicular (diesel) emissions.

AT GAQL do]A Nk, HZo oY =
2 ArAF= AR UFP7L kst 7A7ke) otk
S op7lEitte A= AAEL A tk(Davidson et al.,
2005; Sioutas et al., 2005; Hoek et al., 2010). X3t
Oberdorster (2000y> T 2 th¥] UFP7| R} &
PAEC vz =4do] o 7gHs AlAlskATE. Sioutas
et al. (2005)2 ZH=FoA AAE ALZHE u)
Z%¥ UFP7F Bo & A= vlasty & 5%

FRA gololA 1My 2 @] A= v ®Hoh

£ L0 A 714, f718kE, dolgsa ¢
< 54 LHd=AS XSk 7] Wil Ao A
7yl ot ake v = gnka A S ol 1
o-fr = Al ¥ellA —@?ﬂ 2telgtel Sewrt & 9
2ol Hlg UFPl CJsliA BS F7FetdaS A4
3lath. T3 Brugge et al. (2007) UFP7} tf& ¢

A EAE vlE)] Alxd falg 24 A sgE
< o Wol] X33l U o]F Tl thde St
o] opZldtaL A AL, olE Tl G B
Q22 Q] UFPOe] =52 FUASIE FX3e= 95
S S7HE F AeS AXETEE £,
Chan et al., 2004).

UFP7} 77}l mlR|= oFdak2 t}eF3lti(Nel et al.,
2006). ©li= UFP] 7|7} ZaL 4l#|e] o2 A 2o

oJgt AAZF HA 7] WiEel7|= 3, o]
v st ofs)] s571u F o]9]e] 7]l A
2 4 7] wl&Eolth(Oberdorster et al., 2005). ]
o= o7 dTEL UFP/} 5857] ¥4 Ayt
ohugt A4 A, DNA &4, A7 24 —S—%‘Oﬂ o
¥ e UGRAAA &4, ASAN S o =l
A=e Al ]O}E‘ilﬂr(Oberdorster et al.,

a5 2005;

Atmosphere, Vol. 28, No. 3. (2018)



350 & EFSHAA ZAR ol FEE Ve A

Sioutas et al., 2005; Nel et al., 2006).

UFPS] QIAll thgh ofddhe 548 Afola ®
A AZIHRo ol ik BHGTH FA=
(epidemiological evidence) ©}4] FE3IA| F3lo], &

o A7 W Atololl tigk A AATE A Y
o] AAE= th(Hoek et al., 2010). 21}, PM;°]
U PM, 5% EH:iE]“ AFeet A78e] dAl o
g B9 SAZE FHE] AL A7l oFF
S FE FA AFEE FF(threshold level)o] 4=
01 °17<] ges EEH, sPUE dAE WSk
TAle] UFP & =71 AAAQ1 oA H} 10u)
1’4 &7] w2l ol gk thF o] wpdEojof gtk
ol A ool EEIL A th(Morawska et
., 2008).

O

2. r

5. &% o7 4E

37 olle] | Eok HHAR ArzrY PEu
& UPPY] wjEE4, mAA M) REEY 2 Q)
Aol VA= GGl e A5 olsh mEA 7
o} ghvh. e} UFPZE ARSI A/ eIE 02 228
e A oHEA b obd we BRo) yd F7b
A S} e A, & e 35 o0

Frroe g % SN 4 7Fe] HE
l;q %ot w24 Wby = 7 (FE A
2710 efal)ol] wEt ASEETF 30% ©17d7HA
]% YEPATH(Morawska et al., 2008). WA, UFP

@Fﬁﬂoﬂigiumﬁim
Bl

TE B 34 w28 A8 g 2F5)
71 el ddel dasith 53] =R
RN = 71 AAY S ZE Y2 #9127
FE ok Bk ot 12 Al Balss 2t
vl o] shta} HFo] 8 FEtH(Kumar et al., 2010).

=
el A w2} BeAste] LRl E

3 UFP 23 5435 X973 prievt
2 HlaqrresA) dojse, Wadd 9 67
UFP %:E.l?_J_q] u] ]‘— Oﬂ ES]:.Q_ ;(4 E]:}G o=z F
= ﬁ:lL ]—-]—?S(EE]O]O]: Uh:]’ ]\_ PMzs ﬁ PM10
=27 UFPE )% Hladd F7EEE Hol
| 3 Aol Mol IPAZL UFPY] i@ =
=9 ¥4 01]*1 g3 AR 5 7] wEelvh w
ZA TheFe A EHEYP UFP hotspotg A Oi
5 39T 5 A= Xéi Xi]*ok Zo| ggo}u},
§],}\4042§1?_E1 ;<1;<4 HO]— ]L UFP= ;‘5?]%]: Tro
W e T8 FS F= o, oj5°] 7|&
o EAl3l= PM,s 5ol #58] 22 (coagulation)=H
A, PMys9] 3188 B4 Wskrd 4 Q1AL ol2gh
e Q1Ae] A7 H 7Sl e ¢ ?‘%}—% = 7 AUth

QLo s AT

—

ﬂl

O.u.,

d=714eks v)7] A28 35 (2018)

A (UFP)e] 574

SR A S A, ) PR e TR

k)

2b =4 WE UFP7F =4 plume©] ©]-&atA
@S Aol Z/ishe B9 olm e Zel skt
WEE AAE st A7 T Bas,
AN I UPP Sl A3, A )
=T BrtdTe 3] FYEo] o, A
71, AA7IA, 571 Be] Bl o9 delo]
WEW 7k Qe Andos vt =09
& $& FE BE tEASe] virist sl )
3 oo 13 W B A Aneie B o
& A2l 5 715 Qa8 wEY %7t o
A Was Aoz TR Ho= 7% wda
ol YrE@ IAHo] =43 Aoz ur=Eosiy
b

= OQL’
Al o ofy

Aok 2 o} QI F o R AREFE UYEA
34 g A v X= Jol digt A7rt vSst
E}EW UxeEd AxFHS 53 WEEH= UFPY

73 5 A mA= Gl Wik A7 B asitt
(Kumar et al.,, 2013). 7k ofuj2} FHZoll= thAA R
2 AEAF (biofuel)] 7ol o] FojA 1 Ut} 2
U AEAE A& Al @Sk UFPY] HiES <X
Ee AR SR duglol 71Ee d8daE F
g SR 0.73~2.2307k4] S7b8kal 7] 0.62~
0.84u #th= A7ZAA7E EEEL Qlof(Kumar et
al, 2010) olofl gt F7F A+ € AEAE A& A
AASE UFPS] f3ll= %717F e7-#rh

npA RO 2 QoA BT AFES v E A7
Hol3 AAAR1 UFP =%9 3% H7twde] 7f
Wk Aol AlEe Ao A

#Alel =2

2 =89 AS g8 2 JALS AAE F4
AALILA AAME =YL o] dAFeE AU
A7)l 1n](20179) X Yoz FEAEUT
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