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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.
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338 =S EAIANA =R ol B P mr| A (UFP)] 578 28,4 - 37 22, 2470l A= 93 T o=

T o] Foiz]l ARHE FALZ PM, BT o}
Yz} U= A2 (UFP)e] f3ll/do] F2ZhEHA] o]
et A7 @) sy ok 7] F skekd
Ae B o]xA o] T8 AU PMysSte
UFP= Ak 722 3 9 AIEE A4S 53 4
A mlEe] F2 Lol th(Kumar et al., 2014). w2}
A mz2o] ZHEHA TEE =AA YoM E UFP/}
TA w1 F=RT 2AE 108 ol UErE 9
of AAFCE FPHY e =AREY uEsF F
7h, 2o mE =2 8302 3 UFPY =ZH
£ QFo Z7t AR cHKumar et al., 2014). 2 A)
ol daoA s 7] AFAI= 20108 AT
ok g oF 19007 o] X}l A W& UFPo)| 25|
APdshs ASZ AL, B2 ofAlo} =AM
ole} fFAKSE A7 el deo] AL FAOE st
S THKumar et al., 2011a).

SEARH A UFPE (1) 47| o 2 RE 9 wiE
=] thFd (Morawska et al., 2008), (2) 34, A3,
4, 84, A T 2dk LF59eE 54 (Bimili
et al., 2013; Choi and Paulson, 2016), (3) th7173 A=
o], FYEE, LE/EE, TATFZR 93 v
o] W3} 59 7] Z7(Buccolieri et al., 2010; Choi
et al, 2016)2 E3al= vig EFF Aoz <)
Al-F7HH o2 - B3et BREPFS Btk

T ofbF] AA| theFet vjAmEal oA YERG
= UFPe] vl @iy g dre &3] s
3 A B g EEEo) 71¥kek UFP =0l 9
st o 2o d-eA olof tist A7 Ha sttt
3 2E YAPS 229 A4 (new particle formation,
NPF)e| t7] F +&5Z3 Ao Al o]ds A
A& Ao o 3ES 7231 (Bianchi et al., 2016),
HE 2Ae g2xw 24X 90 WEEE UFP
AA] 715 FEFE = 4 UrthKumar et al,, 2010).
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gt ZRE FAsIAh o9 A gsolA #=H
UFP A-g7Hd 54 55 e =7h=e] d+dset
Hlsgtosm WAl 9 volre] UFP BE $5E
AR G5 dlM oG A7E At

WA} UFPY] 27| 8% wWsle} slelzA, A7 =
i 3, AA 5 A3 YTl B FAe 5
=M RES Stk

A7) 483] 7] 1289 3% (2018)

2. LH(XIY MY vs. 22X HIE)

2.1 Xppd 2 (New particle formation, NPF)

H| & =417 oll A o] vhen] X (UFP)= 2}t
7ol ARAALE T HEHE Zo] Fa3 wEd
3t 3L A orE WAgTE 7
o] AZS Tl W ALh Aol 22 VAN =

3 A& T3 GRS EEE ek,

2t Fgo] 2R 71A|E0)
FozA gdete Aol F8 Yl tk(Seinfeld
and Pandis, 1998). NPF&= 9=d] wahrE FA<o
A AR, AP A o 2= Elt, t, tiEl 4
A, A BAF R E MY, AA, A, 2AAY
7HA] w9 Tk oA ASEHJoH, thr] F ol
AZE9 FF T83 9T FIFeth(Kulmala et
al., 2004; Table 1).

AZE JAVE =20 A7 flal= ©A
9 EA7F 2o skl 2R ©olg](cluste)E FA
of 3t} 71 Fa 8ttt 4R cluster B4 A
A3 FE5717F clusters: FASE 29 9
(homogeneous binary nucleation)©] Th(Weber et al.,
1997). Z2eju} SAke] R 2= £ A9 g
AeA #ZE NPF S5 FE9] ABT F A,
ol& HZ3a7] Q8 b-dEYol7377F 3=
39 AP A(ternary nucleation)©] = = A TH Weber et
al, 1998). o7 AgA+= 39 APAJo] ke
IS W AT T YUY NPF #S5EEE A
A&} THe = £, Birmili and Wiedensohler, 2000).
I B gkt 3goAe] NPF #&A 37 =
Aol ug}, o]E°] Z7] cluster YL AT
T AT S 7 27|29 e AWE]
e ods] F=airke Aol B K tkBimili et al,
2003). TS, Table 1914 A A S AAH NPF= 3}t
AR o} 714 H T 7)o 24 9] 9
S wA]7] wjiEe]] thFet oA kst elel
ofF) sbEA oz g ol#gt Ao R I3
oA 7RA] YAre] A A7l ek 71%fo] v gat
Al HHEA = Z3FATHDall’Osto et al., 2018).

agolx Esta ARG AFAHES T
SIH o3 Zth(Table 1). YA B2 Ao 2

gk 27] cluster FA3 Aol 7 T HHLS
Frh-rE719 29 Ao, dRYolE: Efsh=
4 APY HH JA T8 JTS Gt 1

Z7] cluster7} #= 7153 Z271(1~3 nm)ZE A%
st7] Sl o wet tgdt EdEe] Hast
ok 9] th7]elA 7FE $23F 222 monoterpenes
o} 742 A FUISFER A EEHAHTunved et
al., 2006; Lauros et al., 2011). Monoterpenest 2+&
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Table 1. Summary of new particle formation events observed in various environments and potential origins.

Environments Region Time of NPF Potential origin of the nucleation events References
Continental ~ Free Jungfraujoch (Switzerland) - Highly oxygenated molecules (transported from polluted boundary (Bianchi et al., 2016)
troposphere layer) play an important role in NPF in addition to H,SO,-NH;-H,O

Boreal forests

Hyytidld (Finland),
Egbert (Canada)

Hyytiéld (Finland)

Late morning

Morning

ternary nucleation

Sulfuric acid and organic induced formation (oxidation of monoterpenes
by OH) followed by condensation of organic vapors

NPF occurred within 2 h from strong turbulence onset due to boundary
layer evolution including mixing with residual layer and entrainment
from free troposphere

(Lauros et al., 2011;
Pierce et al., 2011)

(Nilsson et al., 2001)

Rural Southern Germany Mid-day hours  H,SO,-NH;-H,O ternary homogeneous nucleation may play a key role  (Birmili et al., 2003)
mountain under dry and strong solar radiance conditions with low condensational
sinks, but particle growth was attributed to condensable organic vapors
(monoterpenes)
Regional Barcelona (Spain)/ Morning Intrusion of dry and cool air masses with low condensation sinks (like (Dall’Osto et al., 2013)
Five sites in Canada/ cold fronts) and mixing of two air masses (Jeong et al., 2010)
Five sites in Finland (Hussein et al., 2009)
and Sweden
Urban Above the city center of Afternoon Decreased condensation sinks due to dilution of primary particles and (Dall’Osto et al., 2013)
Barcelona additional sources of organic vapors from both traffic emissions and
evaporation of primary particles
Ocaanic Coastal Mace Head (Ireland) Daytime Molecular iodine and condensable iodine vapors in the presence of (O’Dowd et al., 2002;
sunlight and ozone (although sulfuric acid plays a role) O’Dowd and Hoffmann, 2005)
Open ocean - - Iodine species increase the lifetime of a cluster of sulfates, enhancing the ~ (O’Dowd and Hoffmann,
possibility to grow to new particles 2005)
Arctic coast Alert (Canada), Canadian Summer time ~ Dimethyl sulfide (DMS) as well as condensable organic species may (Leaitch et al., 2013;
Archipelago play arole, providing an oxidation product, methane sulfonic acid under ~ Willis et al., 2016)
clean conditions with low condensation sinks
Chukchi and Beaufort Sea September Condensable organic compounds from active oceanic biological (Kim et al., 2015a)
production may contribute to NPF and growth to detectable sizes
Korea Maritime Gosan (Jeju Island)/ Late morning Two different causes were suggested: (1) vertical mixing with upper (Song et al., 2010;
Anmyeon Island) to early residual layer and subsidence of upper clean air under high pressure Kim et al., 2013)
afternoon conditions with cold air incursion from Asian continental outflows and
(2) photochemical reactions probably of SO,.
Regional Four background sites in Jeju, Late morning Regional NPF events over 540 km were related to synoptic weather (Kim et al., 2016)
Maritime Anmyeon, and Baengyueong patterns (incursion of cold and dry air masses from northern China with
background Islands) clear sunny sky), although formation rates were variable for each site.
Coastal Taean Around noon Photochemical formation (Maskey et al., 2012)
Urban Gwanju Daytime Photochemical formation and combustion events
Industrial Yeosu Daytime High emissions of gas pollutants and organic vapors from industries

were responsible to NPF via photochemical reactions
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340 =g ZFSHA|A AR ol HEE e H] X (UFP)]

GFZ2 JGFR)elA wEHeE AEAY Bx3t 7713}
FE(CoH )2 OH E= oFEHS g A E] 7}
- YPA ML AF oA F7IYAE B
TH(Tunved et al., 2006). 31%F 7]l A+= (1) dimethyl
sulfide (DMS)¢} 72 #7133} & (Leaitch et al.,
2013), 2) AdER FolA WEdhe 89053 A
e 22E E2H0’Dowd and Hoffmann, 2005), (3)
FFHoAA AF g 93] t7IE FYE f1E
Ho] Fagt A Fdsle o2 YTFTHO Dowd
et al., 2004). Kim et al. (2015a)2 Ej T ok E-Zaf o) A]
gt AEd53 NPFY A S AATo=EZHN
NPF&} A28 YArEe] Aol A=719e] f713819
=9 T84S el Eh, 7] AR S
s Avete 4R 318 tEo] T8 7]
3 9 ti7]e] 2ol AEFATHNilsson et al.,
2001). o]7] EABAL = & YA 77 BodH §
A7 A= ME2L GAE st 3217171 Boe
7l EASE UdE JAEZ §Ast AA"G
(condensational sinks). ™&FA NPF+ condensational
sinks7} 213 §Aste 7|AHEo] TS oA T
g 4= ATHDall’Osto et al., 2013). °]& g 4L
54 T30 di”edA A o E o], B2
749-o] NPF= 9AMd 49 w57 @ Azxsia
27k 71eke] ZF3HAA EAY gHTH(Table 1). 7]%ho]
&3tslHA AL condensational sink®} AtH o= =
5t $A7IA7F Agste] NPF7F @A = Qo). o]
gt Aol & 9 kmel o|2= vl FES A
o NPF &/¢o] FAlo] #A3}7) = Shh(Hussein et
al., 2009; Jeong et al., 2010; Dall’Osto et al., 2013;
Kim et al, 2016). Bt} 22 FRZE A A7k
A Z7HE 2 ok P47 AlS (nocturnal boundary layer)
o] B FHA AE9] FFZ(residual layer)? E3HE
o, == 713 AITe] AgeRE s ARl
9 (entrainmenty® = TS 4 (Nilsson et al.,
2001). ]2k AT FA] AL condensational
sinks& 2t 59 371ek 53 $AAE
gt 7173 AZe] 717 =] wA STk (Song et
al., 2010; Kim et al., 2013; Bianchi et al., 2016).

NPF @7l tigh sh=o|re] A1E2 S8y R

= F2 o8l 7| a9le S wEo] 3
o] ghtk(Table 1). wEhA] &5 Sh=ro A= NPF7t
oyt stetHA o] oJs] FE AR ==l gk A
T7F 238 Ao2 Holt}

2.2 29N W

221 AFAEALH S

U u) A WA (UFP)= AF1& 02 A== A 9o
AT AL} e C7tdFo R Y wjEdrh Ak

A7) 483] 7] 1289 3% (2018)

ol WA Fo] BRFHA Fe =AM =
2bs ket e olF el b & wlEdelt
(Morawska et al., 2008; Kumar et al., 2011b). Kumar
et al. 2014y A vE== AA 44 M- =
UFP7} 84%E AFA|8taL QAa7, 213 vl &o] YAbe] A
A 7 wMEZFe] F 60% =& AT F7HsEA
b =3 dA § wiEHES Qo) vlEshe Zow
B, gsollAe] 55 Asak tie 20061
1,590%F thollA] 2017\ 2,253%F th= 1097k vd 3
o 32%% 53] F71eta e FA o] tHMOLIT,
2018). H1& AEat dx7|&3 w77k 273 71E9]
gk 2 AR JRHEE B9, g3 Jis 5o
2ol A 2] UFPS] wil& o] 3] A% A THChoi
et al.,, 2014), A-Ex}2] F7tet EAA G g 2 &
2ol HslE Qs AR UFP W&
EX4ol thgh ols)7F a-Ht.

A A wEE o 7] ol BEsHE L 3
AR A7 4 e 72 dAEE wiE 2 s
FES vX= 2QlEo] thsIth(Table 2). A WA
= W71 +-=2 @A (tailpipe to roadway)Z B &7}~
7t W 7] el A R t712 AU & 27k FS
A7kl o] Fo A th(Zhang and Wexler, 2004). ®=7]-&
WjE7t27F Aoz Aprte 2 g 1YshH
F43] 2o FAdo] BolxA Hi $&5& T

H H

2

STE, USRI 2255 22 AKEES A
= 2oz A thRonkko et al., 2006). Y+ 17|
PAEL ARnlRY §8F e Elojo] wlE 52
B3 A wiEEY, AA v gk 7ld=rE A
A& ZTHKumar et al., 2013). ©|ZA o]xp8 oz A
AE JAES =771 vl$- 2ol A3 (coagulation)©]
U A2 2 A (dry deposition)ol]l 23k A AT L] 3,
T2 QoA AAo] o]Fox]7] W] -F=ERE
ofve} apgolsol o3l APE= dRel o 34
g3} AA] F238 935S ST (Wang and Zhang, 2009).
3 Ze Ajzko|x|uk UFPS] &Ado] 71A-UAF 3l
of o) o]FAABR At ujZ]HolA Sm o9
Al A= UFPS] #Ao] #=HA e A+= 3
3 (Morawska et al., 2007), HiEH o2 HE A A7
o] =¥ w7 AsAL 7tvE FES| 84 EA
2o AL UFPY F ¥E7} E7tebs A% By
= BH(Timko et al., 2013; Choi and Paulson, 2016).

24 WE EE= A4E UFPE ol&3dlHA o
&gt FH e B3l Fslete A7|EE7E F439] st
SH}(Choi and Paulson, 2016). 15 S-&-(traffic plume)
2 o]FetaA SRS AW FH F71et 53
Hed olydt e =2-FHF7] @Al (road-to-
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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 initial stage of tailpipe emissions of particle size distributions and number al., 2016)

size (Kumar et al., 2011b) concentrations including coagulation, * Chemical processes
distributions ¢ Temperature and humidity for dry deposition, and condensation/ in the atmosphere

and number new particle formation and evaporation (Choi and Paulson, 2016) (Brown et al., 2012)

density condensation onto pre-existing  Vehicle wakes can influence at small * Coagulation and

particles (Morawska, 2008)

spatial scales (Wang and Zhang, 2009) dry deposition

(Kumar et al., 2011b)

ambient stage, 2‘;1'74])3 A o] 5} th(Zhang et al.,
L7t ER2RE A w7t
28 M7= ] seete AgE LEEle W,
=22 HE 300~500 m 4 (Karner
et al,, 2010)°]2 3|4 & &o] oFst Wl 2 km7HA =
A== Aoz o AEcHChoi et al., 2012). ©] ZH4
ANXe FHF7I o3t Ho] & FEe} AT|EE
o] Wsglol| 7Pg & 9EE At (Kumar et al., 2011b)

2004). L9 EHe

o] ¢l Yol=

g e t7lelME QRAE <3 AF 9

ur ':/] ol;q_od 3L7<—1 X]pj_ oﬂ,\] sk 0:16]:——— = F
I THKerminen et al., 2007; Choi and Paulson, 2016).
FH o= ARG A o] X84 °ﬂ°1i§91 Ash= e
A Bojel= ARlo] A FollA
A4 wiEE UFP7L SslmiA wheolx]e v eA

WE RS w2

F71=de] vA Ao s dede S

;q %k7] w&Eolgks 7Hd o] A7] = tHRobinson et
UFP7} PMzsoﬂ =93 g2 1
12 ekdnh UFPE 37]7} 2o} Fate]
e ] o 7_] o= oLaﬁoL} zlx%
HEAg HEoZ Q3 2 B

2007) o=

(

o~
a U
g A4
=] B

‘]

I Lo, by

%
QA
sh=

__21 /_Z_

=& 7Ft}. Choi and Paulson (2016)2 #3S F3
2. 154—7] A A9 AAZA ogfFo] At)d o
Ao 72 AAFG 2 H Kumar et al. (2011b)&
HE=RS Ea) A2z A g3ko] A3 AA|SH
Aok webd Bk F8e UFPY] Ix&x m4slts
A8l TheFst SelA o] AZo] g FHT
AT FEo| =A wAEEA N F8l7t E F(ambient
stage, 3Tl UegdAES F&2 A4HAFL 4
Aol <o) 5wl FOET o w2 AN
WAl A o] A7 EE= thEA] Aitken mode”} §-
A FEEES Boled &-5-27F Ueh= 60~100
nm 7] A AF Al o3 AARE] i
How vlo} fH7] ol 2 =wE7] wEe]tk(Choi
2016). =4 #i7AEEe] W= tf7] <F
%94 N71eE L wEH, AEEE
of JFS wrom olof gk =ol=
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342 =S AR ANA AR el A A5 P mr | HA|(UFP)] 57838, A -

=7b F7sk] WiEell UFPS] & W& S7idtt
(Ronkko et al., 2006). Ronkko et al. (2006)2 <17
3} 200 NmE 7]F0 8 o KT} ¥ B (torque)ol A
T BVt VS UFP] wiEo] S7ishal v
EddME Bt Z284SF UFPY wjZe] S7tst
= UAE vl ds A58t o] 2 Hjle
2 5 B e wi7] 2571 Eo} AkstE oA
o|4kstghe] AkstE AEsia717] wiisel] S5
ol o] HXE WA, e EFoA = e )
712 QlEl AbsEul o] m&o] Ao =M Bl
TAaFY WEo] FUFSIAAL o|= AT AP e] &
7] Wil Ao ® ARt w@slrdiel o
3k AP AL WA 5 (Cold-start)e] 712 H <zl &
YA BHrh B2 UFPE W&tk 43 9 #4543
9} U X]gko(Kittelson et al., 2006b).

222 H] JFARAIHS

2t&e] UFP W&o tisive B2 A7 o5
A3 oy, 1 9o wjEYel e dtE ofF] m
F3H(Kumar et al., 2013). XHF 9]0 = Thokal wjZ
dollA UFP7F A4 WEHY, o5 E2wFo| A
Aoz A JFe v oA T3 9T
< 99T F Atk F8 H AFASAL wiEdS
(D) ¥F7] &3 2 3, 2 A% 2 A, (2 2%
HNE 2728, 3) 24 2 IA AEA 959S, @)
Z2E, 5) AL, (6) A, (1) v 39
H A, 8) AFAA, 9) Y=EF Az} AHE
AFIEE, (10) =2H-Elo]o] npzha} Bao]3 ulm,
(1) =2 A¥AF 55 XK (Kumar et al., 2013).
H] 2} e Zo] el E Kumar et al. (2013)0]]4]
A3 TR Wil o71A = 22484 Z} ul
U UEAAAHS QoFsto] AHgAs AL Fg-
o} Bl ER

<]

2.2.3 313} 0|24 NPF

N2e AmE Qael Gae swe] EAlshe 9
A EAL wEUt HE AS Hrh EFFQ FoR
2dH A AckKumar et al., 2013). Wb durro=z
7Rt 3o Falstabgol o)sk NPFe| Aol
23t Aoz A7, Be ATES ZAAGA
= F3}sl ol 28 NPFE H.31] ol (Morawska
et al., 2008; Kumar et al., 2010; Maskey et al., 2012).
A0 B3kl g ol F2
P4 A I | A= =] B el ) o= o B g B = )
3 LHEAEC] Fid] FHEHAS wl, 2L SO,
=2 F7ket A A5 EATHWoo et al., 2001;
Reche et al., 2011; Kumar et al., 2013). 281} 5
& S0, $E 7Hitehe Aol mret Fsis} o)z

A7) 483] 7] 1289 3% (2018)

712 B, 470 WA= YR FA 0w

okt
S

AR F57F gE2A YEE] el S0, xS
717F WkEA] 338 o] A S of sk A
Ao 2 HQltH(Reche et al., 2011).

Sh=o] Al E F3lEl gl o) sk UFPL| ©]
A0l R =T} Park et al. (2008)S ZF E=4
Aol A F 126€9] F=Y T 18l ZA UFPY
Zetst NS AFs e, AEH YA A=
2 10~30 nm ol Ex3te wFolv A9y 5
o] thE Ao s =S W ole} o] ufe]
& 5 E27F o2 g vE)] 11~19% =9+
Busigdo) g, Q5 AIZE gle] UFPS}F S0,7He
HAA= A o 2= YeptA] 9ko, 33)8t o
284 BEAE A FRBATE tha STk
FFS A A TH(Park et al, 2008). Kim et al.
2017y M &ollM 5~69 3 g7ke] #=717F B &
649 s33}st o]xAA NPFS dF=3llew, 338}
O|ZHYA NPF= T2 o Hls] 22 5=, =2 A
A, W& doj2F AFFre] A TS
AABEATE 23y B33t o] 24 NPFE] A o]
oWl EX o 7 uAEH= Alof| Ha) x}EujES A A
o]7] wFol| =R G &) JaFo] BHS
£ Ao = dAdHd).

i

o

o flo

2.2.4 YxRMHX) (UFP) B}& Al4=(Particle number
emission factor, PNEF)

2 A5AL o3 UFP &% Ao xpgo)
1km £33 ¥lEEE UFP FF(#km-traveled ') =&
1kge] AF7} <49 o vjE 5= UFP $=(#ke-fuel ')
o] F 7K FHE AAET. d5da A EEE
UFPE= 2 ozl 2 fglelH, o= 1 ¥
7191 574 A vjr]el 3719 EFEE, A 2
& 547 dxFal, Ao =5 g Y] £E, A8
o] FF 9 24 Soll dFS g Wk ofyz} w7
TEFEY S A 9 4 el M E &
A 4= 7] wiel], 5= wioll A $4 wije] el W
stete= o] ok ol 7hHAS A, TR,
LPG & Tol tigt dutAl wiEee] A& 4
7129 AAolx B oEes Frh

Table 3°l= &3t ML =T E | wjEA+F
(PNEF)E 2°oF3lqitt. o714 = vlaE 93] &9&
#(kg-fuel) "2 Tt &9 WIS 98 due
2] A Qlo] 0.12L km™'E JEUEE 0.74kg
L& AF2-3}9t(Kittelson et al., 2004; Quiros et al.,
2013). PNEF7} RS2 o3 AFZd3e] 49+
A ol &AL, ASATFY F7F 0 o)l
= i@ LS AQstar Ftste] 7
ukx ol PNEF 7S FZ3l24F 319t} PNEF A&
Al Z7Fe] E 1zl EA)9 71764 #5T

o

i

12 onl 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.

L Vehicle # of
PNEF min. size
Sources (<1 0'6 fkg- fuel’l) (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) 11.4 (10.1) 79 (32) 13
Vehicular ~ J3s0line- 0.03 (0.03) 11.6 34) 64 (32) 7
sources™ powered 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 12.0 (5.2) 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, Mostly particle number
Municipal solid waste 2?83 x 10" g conce?ltrr)ation observed

incineration”

Power plant”

particles-kg-waste™

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., 2013) were additionally added.
 Units are particlesmin™' different from other sources.

E HA Y A7 2 GFL v
N olol sl =z RSk dlal 2FH

Atk
A% dadzzrEel
AA =2 A7teA

A ol§2] Aol A

dH= d3 A dynamometer
HE=o FWHII|Z

Rl

N7 A3 HHL

At} Dynamometer

£ B3aed), o444

HE=o Eg
b

=

PNEF &4+
s, A= =2 9
FE wRphA, £ gE
H5S F3l olFo

A w71E
AA AB3E 4] T
UFP(53] & 2E)= 314

v, SMEE, 25, SXEYE YAl HEE A

o}

5o g4zde] vl$ el dRL W Ao

F TH(Morawska et al., 2008; Timko et al.,

2013). o]¥ o]fZ A EdS ©]8-3 dynamometer

AE F di=
= [e]
A B35 A=

30nm ol5te] 8 = RS B=F
2 2 (Kittelson et al., 2006a; Ristovski

et al, 2006), A4 =2M KT} wo

73 &ko] JTH(Kittelson et al., 2002; Ronkko et al., 2006).
dF ¥WEE ZAA7F AEREG oF 1) A= &
PNEFZ Ho|i, 3]4-f-9} CNGE 23t M ol
Al 22 PNEFE YEMII oW LPG 2] tiair=
3jahf-9} CNG AR oF 108 J= 22 PNEE7}
A A Z A THTable 3). Z&Y}, CNGS} LPG X152 A
T2 1122 A A-S WYk olu]2} dynamometer
BEE o] &3 Wyl oz A TR2ore] Bl =
7% PNEFET} HAa7HE RS 7HsAS WESL

A
Aol =7 2= ¥ 2 (heavy-duty diesel
vehicles, HDDV)®| 282} (light-duty vehicles, LDV)
of wla] < 109 & PNEFE Yehfddh. zev}
HDDV®| 74t 735 ARE-3taL, LDVE] 735
N FEfet 4

AR E TR fus, f9

TEE Hole

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



344 =S EAFEANA =R ol A B er| AR (UFPY

FARES] E9FlS s, T A7]9) €] gk PNEF
€ olith= ZE Ao g F5ET o] & st o
W 0 2 ZdfafEFo]l 7EfAtFRET PNEF7F ©F 20
v A F A0F A Utk(Morawska et al., 2008).
Zeivg H2 gFHo R RS gt tAwAE
E(diesel particle filter, DPF)= 7-fxI%2] PNEFE&
90% ol’d A= AR o] AFex AAlst
3 ATH(You et al., 2007; Biswas et al., 2009; Herner
et al., 2009; Gordon et al., 2014). DPF= x}3 £-3)
Z, 98 AL 98l B0 T0HE YAES o
2N AREIAT, Hae] Avdse A4 =2
23 270A olgfgt AEEe] HA UFPY] A
o PA= I vv|Fe Ws DPFO 884
U539 tHRuehl et al.,, 2018). webA, A-F21Fe]
PNEF7} ¥ 19 Table 3o AAE FA R} 4T
3] WolH S e S Wxst &% =5 AR
o] 271¥9 o 3l A-RAtEe] DPF 2ol 100%
7F Avhd AFAEe] PNEFZE 3 iAtakat A8k
Av o @& 7Fs8E ok

2] ARAL flo% Elololst m=EWHO wpE,
Heo]a E& <Xl 2Y TozHE APuIEE
3l UFP7} WEs= 202 deA oy 2 42
A &ti(Table 3). H1g)7]19F A
> 2 E AfstEA] 1.5 o]
o] UFPE W&E3te 2= Hrh=dlnt. 53], <
19] $YR=d UFP #3525

, B3, R olF o] FHAA B
UFP7} W& o] F3o] a3 UFPY] W&ol A
A= THHu et al., 2009b; Mazaheri et al., 2009; Zhu
et al.,, 2011; Choi et al., 2013; Timko et al., 2013). 2}
Eolu wEAY FolAM Y AEALe wE ARlA
A3 dojubes AAAA e EAARAA A7A
2Q1A]el wel PNEFS] Wsh7h thfsi B2 o=
NE ARskEat i) 50% A= PNEFS B3t
227 FOINE B UFP/L WEEY, ARAg
o] AgFstol]l ofegol o] A7HF WETo| AAIH
Ack. b & wEAFe] A vlae UFEA %
otk AN gt gl ojF-Fr]el 54
o] E&F o2 o|FofAA] e "I AujolA] o]
Folds sk Q1A mAle Yol HE 2 F
AUTE AAR ejRete] Fr|wsto] A 27l
s34 Foll LAS UFPS] =7t § 9% v
Hoh F4 ] mobd o, ok A o]Hg E
T A FF ASE U] ASFEHUG
(unpublished data). WEFA AEE AMgse 88|8F
< &, &4 INE S AUl FEE AN
71= Zlo] vigra sttt Wi I H| 7] E A 7ol A
= UFP7F WEEY bt e] Aolla] 25 94

A7) 483] 7] 1289 3% (2018)

1

S4B - S B, A viAE FEE TR

el TEF AAE B, PNEF] A3} d+e =

9] 287 =714l UFP HiE AT 555
g ATE Fo 2 HEYE J|dEE A
T}H(Paasonen et al., 2013). ©] AFANHE E2ol&F
Aol A J=F + =T 60% oS ZFA| st
Auks 2 HIEE olg ool 19%, 718 A
HAo] 13%5 A TS BT

B R o x

3. EAIXINHOM UFPe| Al-SZHY Exo}

—
olof P2 NIXl= 4S

3.1 B BE

311 M = £

=24 719 UFP 52& WiEASF 2 =293
HAE 22 Y, o7l 21 59 vhde A4,
A48 Aol S W] wiFol| AHFFHoZ v
sl BEE Helth Kumar et al. 20142 F3H<S
25 AA A F8 F71e] BEAA G H5H

UFPS] =8 HEoz opio} mAolHS] UFP %
w7 el mAel Hlal o 4u) rhn Bt
Tt o] AFNNE B, Qw, B, A7HE 5%
o] w3} HAT /199 FEol ¥ opope]
F7tge] F2 melHon dFe Bl A9
QAck. mepy L oMt ol T =9 UFP
SEsh @O BEE SRS Magtomy 5o
Aol UFPl t@ tiEel xF A94E Azstart

gt

=4 A o] UFP =& A% ARdA2E §F 4
&l T8 WAYol7] wie EAe =2 YE
A3, WEH, AFRA 59 wiEd SAWR oyt
St Y F= 718G Az A A
S wrerh mEbd 24 W] #S5 Aol wEbA
2 FERETE - Adeld & 7] wEe] ¥ do
AMe MEYY IS APHoE e =2 Q2
FEO 2HS 2530t Kumar et al. (2014)2] S
=

£ AFAEE d3xE FH(8.3 x 10* particles em )3}
©1%(30.9 x 10 particles cm”) 4 2] =& HZ Fx
7b okdl2l7t s §4, STl B2 F2 ¥
TEE(3.0£0.9 x 10* particles cm™)oll B8] 24z} 3u)
o100 £ FEFTEUS BATH A& AHoA
P29 =7 B2 HFsEE 53+3.3 x 10 particles
em 2 T xS FEo Hs 64%9t 17% 7
S Uehilow, b tiedA e sERt= 1.84)
& FFES BHATHFig 1). M9 A= FF

1=, Za st o] MM T 7P ag ol B
S WO RE dto] FACRE 22 FE2 S
o2 ywddEth ae® B8l Sharol| A9
STt e tiFol HlsiM e 2 S BAX

S
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Fig. 1. Near-roadway UFP concentrations observed worldwide

zZz4 S. America

—— Europe

=XX3 UK

mmm Australia

EXXX China

India

mmmm Korea (near road)
mmm Korea (urban)

. 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 249 FAAYe] ERFH 2XE FHE
Hoj 228 FEshd olof] thak X&) RUEHF
o] Fasitt oA &2 AFIA B TR
oAl FE=E 9.1 x 10° particles cm 22 YERY
T2H L9 17% AEE HATHEF, 95, A
H).

3.1.2 A9 U UFP =% ¥3}

H
72 E¥E Holx= 7oz 4#A rkLianou et
al., 2007; Krudysz et al., 2009; Choi et al., 2016). ™
A A Yol ogst 2E587 2 7123 9
3 o7& UFP B¥¢] F7H3 5
#al= AL UFPY tist tise] =& 93
=l F831th. UFPe| ¥7+H4 23X Ao digt A
PFAFE] FEH Ade AGHo 7 vwy 432
3 FNEEE Hol
Aoz wlg v+d
Z¢l o 2, Karner et al. (2010) 4] A2l Ay
& B3 FoE2E2RE A wE oy
CHEHLS T Wl EAFS W3l AFdA UFPE
e AFo 2 RE A wjEH e L9EdS E2
2REH HoHSFE Fryl §43] fhde AgS
HAOU, PM,59] 745 olalst Aol mlmES AA|
sttt olg st g7t 2] 2kol= PM, 59t UFPS]
AL di7] 5 AFAIZEE zpoloA] 7]1gH). PM, s
= 7] FelA sEHgS AR ojxH oz A
He vbE, EAeA UFPY F8 e dFEds
T2 &8 AF wiEelth. Wb PMyse A=A

o
u
4

I
<
Kul
i
o
i
N
o
o
)

Azdnte] wiEa shekabyo] S yE
A= 718l ofsf A m&ol el
UFPE viEdate] 2442 shitel]l 9
7] & Az o8l st ¥ et =
&, R, A4, 47 5o 580
T ATl 71 PMys2 A9 o= vz #83%
TES 7H & e A ARt slen, 27
ol o Fell oJeiME FFE werh W,

dloj2E A A7 S=rt W} thy] T el
iAo #2 UFPY] 7% w3 RxE YER

71elE A7 Al Wt

Wilson et al. (2005)2 F7H4 v|FZEAS A =Fs}st
7] §138 F #=A- Alel9] coefficients of divergence
(COD) ¥ ©]83k%aL(COD7E 0”1 A5 515
2 74, 191 735 w5 vld), 028 & A9
M o= vgdst BXE Hole ZoZ A
Moore et al. (2009)2 ©|= ZAZ]FELoloA H=3H
PM,s= A9 WA iz or #4435 £XE B
HHA(COD < 0.2), UFPE= A9 Yo} A|Y 7ke] H)F3
Aol BF AtE AL EYTHCOD FH%# ~0.35).
T3 Krudysz et al. (2009)2 350 m~11 km ¢ W<
HAZAHE Abolol|A] UFPY +E7F 40 nmEt} 22
719 JApe] A9 v vl FEE Bel v
(03<COD<0.9), 4] Z717F A-FF Az
2 #4435 £ 5 UER S W THCOD~0.2). el
A& A BEA7 AAEAY. FHe o) =
AllA F=ARA G 24 F4 ASAH Akele] cOD
£ PM,sth PM 2] 745 0.02~0.102] HHE Bl vt
H, UFP= 0.07~0.53¢] WIS Ho] UFPY F7htx
7FH% vl e Zle® Yesith(Lianou et al., 2007).

golAe A W] FrHEEe| digh At &

W3] FYHL YAE BA, 054 H32 Fo) =

Holl [o
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2 99 2HEH B X B4 é% olglstaral sk AT
7F 48 S EAT} Kim et al. (2015b) AES &
H =25 F A w}ﬂ‘r FHo= o] &
2oAe 2 HEH %E%E% HwEt 2 A
E 93l 5 FGelX 9] 7+ LHEZ | uE CODE Al

A3}, black carbon(BC)J)r CO= vz Fd3s
¢l ¥ (COD <0.2), UFPE j-$- 723k
B THCOD =0.49). NOx9} 4AH¢ PAH
COD=~02% djxoz AL vja¢d AxE Y
ERf AT

Qo] A= tF2e] UFPY i3k =2 994 ¥
7+ 1ok A sl Zé Falslr] Yslir= ot A
230l UFPS| 3ol W= @3l tigh A7t
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legiogeny
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3.1.3 ©]43¥7d (microenvironments)©] UFP &=
e 9%

drledede] BUHPS a8y A5US

NS
o]\ 1 o ¥

FEH BXEAS 016H 0}7101]
A 8T v & #H 2 o]E2 ?&% A9
7HChoi et al., 2012; Goel and Kumar, 2015b)$} CFD
(computational fluid dynamics) %=+ LES (large eddy
simulation) 243 5 %3 (Kim and Baik, 2004;
Liu et al, 2004) =204 W&EE QHdERA 7 &

7} e V2B el o5 FFL ol FHAC
= w@dsiths A} BEADE YA, oF=7t

A AA =AM )5 nA7ZE7 (micro-built
environments)°] LFEE EX &
AFHoz 4HEA = UL ol F= 7
AHZo] Zhe FHA e wig 2 E}%“o
LAle] Fxe 7113

TS o)L o]EA FEo =o
0ER By EXS mols 4 9tk

ToEE T J70= =

< t71$E RUEE ZopllA solrke FA
(Griffin, 2003). ©] & 01 Bl Eavq Bt - Tl =ibd
ol PIA= el HE
o7 X%]/\]E]Oiﬁ} Choi et al. (2016)-—
7 RS ke olF BEL B )T
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Fo% 9L FE 247 A0 ot

=
=)
W~
>
H

¢

o 44 o2 {1 b lo

e lo o

2
L)
[
k1
>,
N
12
o A

A e el ansa} A44Q) dniol gow, of
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v AR (UFP)S]

3 t)7|zA9 2%l UFPY w27t dizd=el
A0 2 JgS W=, dRAEE FH AF
7R WAl IS W] wo] maAxS
730l 7HAQl dFs 717 AR A
WAFE e} e mAdge oY Apgo] FAll 7t
Z£35l= 340 2 UFPE B &3 xehitE 09 &7 9

k2= Fh(hotspot) -2 A &% A THGoel and Kumar,
2015b; Choi et al., 2018). Goel and Kumar (2015b)=
2tge] HE-7HE Tl og A& UFPSY] S717t
FrY WAZANMEE 79~129 m7ER Q] AR E L
A7 gkago g AT 3 Goel and Kumar
20152y AFE o] &3| T2dhke AMEEC] AR
ol AH|Ehe A7HE AA| =RA AH|Ee A7
9] 2% AEo]A| g o] ZL A7t Feto] EQlEke A

TH
Al UFP SY 2 25%E AAES A ASFA T} Choi
et al. (2018) ﬂi}ie A7 =85t ] el
=28 B 2= A-ZF 90me] AN Sm 7HE Y
A BV EE 7‘” UFP %E zzgeds J=
3t o] olgsle] wxE A-F 30m o WHollA

#H F=7F vERta Avt “4011"“& TEIF
As] 7asHe s ol B WMAARAS
WA 40m o) Holxl ol YAA7IH, w3}
2 2o AFAe] dS WET UFP FU&FS 4%
3] A F AT BFHZ ANEA

H| & AA| =48 A mazizsdo] UFP &
o] mx= Gl gk A7 I+ ﬁaﬂEM 2
AR o AgAlHRAN Rz o] UFP SE
o A= g AFH dge v &
olv tiF 747?011 e UFPY] =% 91914 3‘17}%
M= ool tig Bk B ?ﬂ_w‘% g g st
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3.2 MY B2x= Hs}
321 AEH Ag
EAA oA g el AR A =
ek, 2 WE UFP wko] A 5}* -
= 714 2700 s A4 HEn. UFPY] F=ol 9%
& AE 71 Ak vt 2k
2 Aol 9% =& W14
EFEE] BES S7MIA UFPSE & AA
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EEEREE
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ST F QA B Fh A YARA N =S
= 7 3tk mEA A 717k O] SoR R
Y= w7122 DA UFPS] A4 B 437l
Fed 21& AFdd =5 S7HE F A

(Ronkko et al., 2006). F=3H & AEH 2% M4
g o71E e fEle 208 AT F Ak

ZXIAA o A7He] FE)s 9y gt
FEE S7HE Utk

74 A NE JdAY B AR 714
AT FA31E B3l 7] FelA AA=E, 714
AHe] ago] dHoz 22 PM,so 7] T &
W 7reHizel o] Qlth(Seinfeld and Pandis,

1998). 2122 rainout?} washout 32 3=
d 100 nmEth & 4R A9 Hepe 5ol ol
F EYeH FE3E 580 ¥7] ool (Seinfeld
and Pandis, 1998) rainout EE}c washout°ﬂ o3t A
A7t stk v, 10nm A =9 YA W“ﬂ =X
g gito g 5 S %FE“ '&o] vl
of 5 Wi F7lollX= FHol A ol %Jﬂrg}‘:}
(Seinfeld and Pandis, 1998). ZZ&Ju} =A1A] ol 2]
UFP9] 8 wiEde AWe] X8t U 7] &
o] x| ¢rolr(Capaldo and Pandis, 2001) &
o] EAlsle ¥ IxME &4 vlE UFPY sk
7F @& Aoz o AJEti(Imhof et al, 2005). wWEhA
T 5 %‘ﬂo 229 F4E 5 rainout 3= A &
< Zo = BRIt H|E B A7} o] RofAA = &
oy}t 7o 9t UFPL] washout &3 JA] H] g
£3Y 7540 %lﬂ'. Charron and Harrison (2003)
& 739 AF UFP F%7F 238 S7kst A &=
std=d], 2 1 i Z&5-oll ofsf 2717} A o
AA= F7IEdEC] 71E
AdEd $4H7] e AP
3 A= ‘QXH:} E4E AN HEeE ’é
At} Choi et al. (2012) HA] o]&H7} W&
oA UFPY] =41 wi7dsEol] & k)7t gl
3} tHunpublished data).
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glo} 2+ oz Q&) UFPS] AEA wslg #
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= A% 74];‘3“—1 ‘?ﬂ‘ FEe EOW ‘2%0 S (Mejia et
olle w2
Eas —‘5—5” 74 Wk o}
S} tH(Hussein et al., 2004).
sk 22 =719] UFPOIlA 53
S et 2o} 2 59 = Wbt
Ao R F5eHA] o2 S EATth(Morawska et
al. 2008). ¥1% e152 3 M FEk by %
& Aol glrky sejg, ye Apelael o
3o 2 93}k Jﬂ@}s}- s & A ‘H A7 3410
nm =719 F=7F F7kehks H7= g
(McMurry and Woo, 2002).
Sl B2E AL Ml e UFA B
28 A3t ARSI A B4 ALAe the
Aol vla] dF £ =S L‘rE‘r‘H";‘LJZ(Kim et al.,
2014) FFolME MR ARt B o
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Morawska et al., 2008). Wetr], =2 524 2] UFP
FEe ?-:]‘E‘qui - E2 Al F R B E
Zhs dwist ZEs vepdoh d¥ist 43S A
I Adglol Ak 5]J‘ Tro e H
< A7 te] 7R S et 53], &2
AIZF doll §43] S7ket ﬂ%%h’] 2E7F WA
QA ETL 2 7R A HEde &
UFP A4 5&°] %, 28l g4t 589 7
e dF HiL FEE ‘/}E]rLH~H] ol EAA
Al W8] #=55 = d/do|th(Hu et al, 2009a). ©] 2]
g E2AZ B¢] Z2F= UFP ‘3“‘364*“’ ALH
UL AslE s ole W 7] oluz A
743k A7ho] Qlth Hu et al. (20092)S 21T} A
2o ol B2 Al BRIt =S SIS, o]
= ALE F2AZYe] dFE Aol A1ZE7] Wit 5
ZAIZHl e WEE UFP7F P di7|z7 A
oL 4A FH=EA7] iEe 2 A3t Choi et
al. (2012)2 thdgt =4SN A5 ALl A
#AGlo] A= Aol w22 HE Hold¢E 7Hhss
UFPY| F=®Is} £57F AR #53 P 132, o=

Az F ok Bl FAHES s HH o] <)
Aol wE 7hro] gl ° & %EP =717t .
QFA7 o] wEF] 0 A7 tur) ¥
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ol A5

53] ARE guiy g 2ol WAAE =
oj} dRAES] TR AT T&HQ ko] 93
=7} Qg;s}% YERATH(Choi et al., 2016).

IS
Ag Fo NP/L BAGRe A9
o frdol AE Aol 259 ¥
E7} H io}xl 71%= FcH(Hu et al., 2012; Choi et al.,
2016). X5 o] UFP 5=& 24 o}L +9 O'ﬂ?j]fi
F7+ Hl2 = A9 EH T} Hussein et al. (2004)= F
%9 UFP ¥=7} F9ET =38 AL o=
T wEE Ao 7|1g 2o g A
gh=oll A UFP9 OE‘%— SEHs Ave AES
Aol vEiAE EEs] FPEHAT. dF TSt
= E29o] Y f‘f* SAloM e wEE wskel AL
g e BT &, 247 ol 2 527t v
ERtal E2AIZE ol Boh 2R 7 oA g2t
YeERE 823 (bimodal) 2 EMD}(Bae et al., 2007;
Park et al., 2008; Woo et al., 2008; Song et al., 2012;
Kim et al, 2014). °]= 3= =4XA UFPY F&
WEdo] AFUS AAET olHg dF §}°W
2 A dagle]l d#ARl 548 RS (Kim
et al,, 2014), ol = o]E) st B Byt s
UERA] 29k THSong et al., 2012). 22t} Lukz el
dF W3t 542 F3st e €3k NPF (new
particle formation)7} 2 & o= thE WS Ve
Wl &, 22417 9] sERT 25 A7 e
FTEUt H 2 AleeE FEHE Jeinh Fs)et
HAol o5k o A9 T BfEe &% 34
Aol Yep= 43S HAth(Park et al., 2008; Kim
et al., 2017).

4. UFPZ} QIH[0f DIX|= L&

Lioﬂ/ﬂ ‘ﬂ% = LEEH] A otFFS v
k= 3] o|Fo]A $thHBrugge et al.,
2007). 131‘4‘ atgo| A WEEE SH9ELY TRt
o ohFe Wk olet v SHER S AR
Lo ‘?l?fﬂ AA =4S A T e d=Ze]
A7l mAl= ot gl g A+= HA Lk
A th o] B8t A (epidemiological studies)
= T8 EEERY AFAGZAY AY(EHE)E
AA}Z Fhe] 423 = o] TH(Hoek et al., 2002; Brugge
et al, 2007; Tonne et al., 2007). FZE }Fo =z
FH WEEE UFP7E Aol vl &l tieh @
Aol EobA| AL UFPY| A5t F7tol| whet °]°ﬂ EH
3 AL Ayt Ax =AET gk 2P
st }xw};qL QApe] 2= o] st A7} o}x%
gk Ml 2 UFP7L 71700l 43S miAl= =54
A 712 5 =A9 9A)7F Ath(Kumar et al., 2014).

|

J

A7) 483] 7] 1289 3% (2018)

4.1 AR SHo| FV|EZt MU Y &2
H|= o}Z71A] UFP =% 747*«] tFEFE Atel €]
e mEICle TR A7 A3t
o A &A%Y, UFP7} 747}011 e =t
=744, uzesy st A2 A&H02 A
15132 YIth(Ibald-Mulli et al., 2002; Hoek et al., 2010).
UFPS} PM,0] 587, #, A48% A%ze A
e wAd A WEHE Ay B2 27

I 1A &8-S Blwskd 2 A3 BAE F2
CAtE o A 2HES RS

of met e FHie 22t EE vERdth

[‘[F e o2t
_l}‘. ol
ﬂ )

>

J
¢

K

AHE

l

N

&
X0

L= BRI § FEE s 7Hg 2
228 27, FARCN A R9eE e 4
BEg, FU e é@_‘zzoﬂﬁ 2 Bss

iOPEOPEJlNé".:m?L‘ﬁFJ
O

AR} (coarse mode)C’ﬂH % Z%T‘E AEEYE B
9lt}(Seinfeld and Pandis, 1998). T EZQA2A
= 2 WEe] o R UFP 99 7t 343
S7H ol ¢ sxe A § T2 90% ©)%
S X}A|S}aL(Harrison et al., 2011; Choi et al., 2014),
FHA oY 3] FroME 59871 YERITH(Wilson
et al.,, 1977; Seinfeld and Pandis, 1998; Fig. 2b).
o2 34, A 22 A7)d met A el
HAA == &3 9X7F th=th(Oberdorster et al.,
2005). 2.5 um Ht} & YAELS S E(impaction)o| Lt
ol ofgk - gs) A TF7]o) a&He=
A, 1nm BEe] vi¢- 2 HX]": gk Sk
o] uj-g- ghlksto] A SF7Y =2 B&E HAH
Th(Fig. 2a] 44, 27|17F 2 /‘}O]C’] PAES
o oA HWE JES] 10 nmET 22 dxLEo]
E kel o5l 71#A] dYdd &= AT

@ AA), 10~100nm =719 YAS] AA 9 o

HPN

=

e AX A7 JFste] JAHEHe AFE Bl
TH(Oberdorster et al., 2005).

P2t 271l we QA JHE XS 2ol )
5= YA A71EEe} vk, QIAY] 7Pt e

HEZGGo] §&F 07 A= 3717} 2begol| A ull
Z == UFPY] Z7]¢F YA gth(Fig. 2). ol= ¢l 92
7} UFPYl| F2]& 7] &ofof A& Ty oz e
»Hu} Kumar et al. (2014) §-Hoxe] 5357] 2A

£ 0.6691 ¥HA, Q% oA <] E% | A&

O

O4li Hrlelnh ol= dadas s nls
LR Altken RE9l ZH R H]Eo] xo 57
BEE B fRelth wEpy AR EE A

ed=d «l zﬂlﬂ A wfg- Fa3 2ol

4.2 UFP2} oi+El oIF| ofeist
9] 4.189] =2l UFP7} 1alol] J3e 02 +
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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.

£ a9l oo, Hael oY 5 al
14 ApLAzi= A4 UFP7L thekst 717be] ofdk
op7lsitt= A& Ak MD}(Dawdson et al,
2005; Sioutas et al., 2005; Hoek et al., 2010). 3t
Oberdorster (20002 T 2% tj¥] UFP7| Rt} &
PAFEC] Blsl Ao B s Al 13}“\:} Sioutas
et al. (2005)2 =X AR ALZHE )
=% UFP7} Hoh 2 YAE34 v 0}04 T =
FHZ gololA 10wy A3 e ARF iy B
E TR S 7|, f71skekE, doled
< 54 ed=ds FetaL 7] wiEel <l
7ol “’éfz} A 7 AL AA ST oS
011*1 43 Astekd 25t 2
UFPoﬂ 3 Y= 7]'01')&)\‘::’%
E}. BJ‘E} Brugge et al. (2007)& UFP7} th&

er

il

A =AEl vl Azl fal e
U o] xosiy }ll O]% s

o2 bR ofN oo
z

olN ir ¢

Chan et al., 2004).

UFP7} 27l wx& a2 o o%}‘:]'(Nel et al.,
2006). ©]= UFP2] =7]7} 3 A=
oJgt AAZF A 237] WiEel7|= 3, N3]
U FzE3e) o8] 5571 H o)ele] 7] I H
2 4 3l7] wZo]th(Oberdorster et al., 2005). ©]¥
olfZE oy AFEL UFP/l &57] &4 Zghwg
ohat “ﬂgﬁrﬁﬂ DNA 7, ’d%ix %7‘—‘}"1] ot
Y EE Y 9
]/‘] }EiE}(Oberdorster et al., 2005;
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Sioutas et al., 2005; Nel et al., 2006).

UFPY] o1Ao] 3t etgdke =AJd oA
A ANHQey ool @ mAdRH ZAe
(epidemiological evidence) ©}4] FE3IA| E3l, &
S} A7 Wk Aelo] g FFAQ A7} Y
o] A= ZTHHoek et al., 2010). Z& Y, PM,°]
U PM,s® HEE e AFEEst 14737 Al o
e EEFEREN T
S F= A AFsE FF(threshold level)o] 74 =
o IA) W2 WE S, AR AT WYFHe
SAS] UFP 4 %27} 422 2o M net 100
ol £7] wiizol olell tigh thFo] widEojof gt}
= Ao 3

= Ao gAY o]Ae] £ 3 tHMorawska et
al., 2008)

5. &= o7 4

A o]l d F<t s}

= UFPe] wl&54, E*‘X]C’%ﬂ*iiﬂ 2xEe4d 4
XM H X Gl tigk #3HE ols)= mEA
2o} gt} 2 UFP7}F AM3 A /mskd o g

ru

re

o

fu
"
o
o

= HHN'

e 2] oA o} o} B F
Al A7 Fesith WA, + v =
AFrroe gy AT %Zé‘jc}”d g 7ol
A ] %t et = HEE VVIEE HA
=710l 23 el U;}‘j)r ﬁ% E7F 30% ©7d7HA]
UERA T (Morawska et al., 2008). E}?/]-’ﬂ, UFP
= 3 3¥H 28 A8 St #2535
o] o] gyttt 53] EAXYg 2
= 7H AAEE 2 W #ee A7
g W ol =2 A7 BeleS 7
3 HFo] 8 tH(Kumar et al., 2010).
= L—_% “’kﬂ' -743:‘5}04 EAA G A=

Nt e
2 Nodlo o i
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E=lis 7} _,—7%15]0]0}: gt ol PMys ® PMyq
ke Tl UFPE ol @A $UE s ol
7] wiizell gk Aol A o 3 A5 UFPOl| ok
=9 #RoA As] AR = 7] wZolt WP
2hA ThFE 2740 thEk UFP hotspotS HF2 o=
7, B3 B AFRER slods UFPY &=
B8 9% 4 A A ATee Zo) Bast,
sAgERE A HEEHE UFPE A% 319
Ao e Fo8A & T5 Ao, o]E0] 7|E
of &A)3l= PM,s Soll 53] 22 (coagulation)= ™
A1, PM,s9] 818H4 EAS WS 4 AL o2l
ke QAo 17 B e E S = T AUth

A7) 483] 7] 1289 3% (2018)

v AR (UFP)S]

plumee] |55}
Thahe %o} ol E2sfar

e

2l Al vl E == UFPO EH?‘Y i}%‘*& %LEJ&
% Hrid e 53] o] ghoy, Auk &)
7], AA7A, B4 5Y HER o5 d
HlE&% HJ7F Ae Aoz nEsith &3] ¢
o =

o]

4
E‘z
H g ol B

F& FEY B t=AIE0] vt} Q1 sk 9l
HLOH ojgt & ¥F Hrht oot 3 o
A2 5 71E} Oﬂif\WOHAH W& W7t o
3} 2ol 71Ee de=
sl Y=Ed FHol %ﬁ?‘{ Ao s wHERSaL
AUTE 22 ofF QI9IH R AxEHE YeEH]
37 9 Aol A= Gl digk A7t rlgsie
w}ﬂw Ursd AxFdS 58 $E=H= UFPY
3 2 QA PR= Gl sk A7t Basich
(Kumar et al., 2013). 35+ o}zl | Zol& tAAR
Z AEAE (biofuel)2] 7de] o] FojR L lt}. 1
U AEAS A4 Al BASHE UFPY #lE2 X
Ee A5 TR dHgle] 719 AEAAE §
sk wjE R} 0.73~2.2387k4] S718ka 371+ 0.62~
0.84v Zity= AFA37F AR FHIZ o] (Kumar et
al., 2010) o]of] the F7} A+ 2 AEAF A% A
A SH= UFPY] fall= Bt Sq-E).

R Ete 2 QoA Uddt ATES v g A7
HolxL A2 UFP =2 3= Hrinde] 7)
W3 73] AlFe Zloz dvE

7I-A|. I

B o) AN s 22 9@ AN FA
ANAAA AAHE EYU o A Tﬂmm
A& SR (2017d) ANOE YAk
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