SIRAA R ZIBIE|X|, K36 H35(2026) ISSN 2384-132X(Print) ISSN 2289-0564(Online) Original Article
Journal of Korean Society of Occupational and Environmental Hygiene, 2026: 36(3): 272-292
https://doi.org/10.15269/JKSOEH.2026.36.3.272

ECETOC TRA M-S &80t AL L2585 24 X 48X L& HAYA ==

Analysis of Exposure Characteristics in Cleaning Operations using ECETOC
TRA Variables and the Development of Effective Improvement Strategies
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ABSTRACT

Objectives: This study analyzed the exposure characteristics of trichloroethylene (TCE) cleaning operations using
the ECETOC (European Centre for Ecotoxicology and Toxicology of Chemicals) TRA (Targeted Risk Assessment)
and derived variable-level strategies for reducing occupational exposure.

Methods: From among 21,719 workplace measurement records (2018-2022), 357 TCE cleaning scenarios were
extracted and coded into five ECETOC TRA input variables: an initial exposure estimate (Ei,) composite comprising
process category (PROC), sector of use (SU), local exhaust ventilation (LEV), and fugacity; ventilation; respiratory
protective equipment (RPE); concentration; and duration. Model sensitivity (S;) and a field improvement margin
score (IMS) were combined into an effectiveness index (El = S; x IMS) to prioritize intervention targets. Six
single-variable (A-E, G) and two combined (F1, F2) improvement scenarios were simulated.

Results: Estimated 8-hour TWA (time—weighted average) inhalation exposure showed a median of 5.48 mg/m?®
and a mean of 27.4 mg/m?®, with 45 scenarios (12.6%) exceeding the OEL (occupational exposure limit) of 10 ppm
(54.75 mg/m°). The El ranking was Ei, composite (17.7) ) concentration (15.3) Y RPE (13.2) ) ventilation (6.6) )
duration (2.1). Scenario A (PROC enclosure) produced the largest single-variable effect (80.8% mean reduction;
45 — 7 exceedances), followed by B (full LEV installation, 68.6%), D (64.1%), E (42.9%), G (39.7%), and C (20.6%).
Combined scenarios reduced mean exposure by 87.8% (F1) and 92.6% (F2), with model-estimated residual
exceedances of 2 and 0, respectively.

Conclusions: The model-based results suggest that the El framework can provide a systematic basis for
prioritizing exposure controls; validation across other substance-task combinations is warranted.
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A125%= AFFE stojd T8RP OR Aol
Ao tste] 1L L-SHAT0] A Ho =y
T 5 AL A& A7 &Y

% AT A o ske AdeAEA Alwolct. B
Sl

ZE Fokal JtHMoEL, 2026). ©] Alx+ At 409
Azt 22X & 52 A3 345k HE Te
=5 oFE gRIsk= 8% =2 7sd $or
AR SFI= Zpol7t EAdH. §-H 5 AX=
A& 20079 REACH &9 o% A4 &7 fol= =
£ Rdgo|y HEE Widy} T2 &5 SIS
AFE H7He 8% FHoE AT &Eot=
HLee et al., 2020; Schlueter & Tischer, 2020).
i FYo] d9 &4 AAe 371 § shdte 3
Atgrolltt A5k FF4 AR #Eof| HE = o] 8l

= H|Eo| 9] AF AtolA A7|Eo] ST
Jeong et al.(2021)2 AFFAlA AAIRE 2 E S
7 AR E Fo] AR A=Y U SHE 4
L3 4 Py vwste] dAs5] @A yERdtial
B3l90o Lee et al.(2020) AE7} QAEH FA)
A AFSEE5Y 23] A gk 27 ¢
H HE Stk E9] olg dyolA= @ AAHEEH
d, A Al 7] du)e] AA 7hs
HEE AAZOR 75 -Hesk= +
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5 AdEsh] ofgy, AiH R AR e AR
FE EESH= dl Ao "Hrh= Ho| 383 oE X3
HAtHLee et al., 2020; Jeong et al., 2021).
olgjgt &4 tlojE9] HH EXHAAGE B ¢
gF tijte s wdly HIHO| &go] FEML itk
Box(1976)7} “HE HE2 EXtt 2kl AHskal o]%
‘UR = FEoi 2 B vle} Zoj(Box & Draper,
1987), Bdlg A4 A Q1S AJdHslal W4 WSt
o W& AANE Aol Hl FE3 ZtolH, o]t
ndgo] 484 7Hx= B 9t Anderson & May,
1991), 2F=5KGibaldi & Perrier, 1982) 5 A S-&
P04 AZE o] Y}, AFEA EoloflAk 3] &
SHTum Suden et al., 1990), <A7+&sHChaffin,
2007) SollA m@=go] iyt HiEal 9lom, /o)
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SR & H7F YoA % Cherrie et al.(2020)
o] REACH & #Al 549 & B7oflA B9 §5
AL =913, FHIAE Lee et al.(2020)% Jo et
al.(2024)°] ECETOC TRA & =& 4 & &8
sto] Iff ZATAHA Y ke EAS 243 vl it

SHH, I AIHAALZ o] AAZRI FA0] AlF
g 19 gFgog ERHrt Lee HJ et al.(2023)°]
U 75 AAA AES MSDSE E43% 23, EgE

2 FHAeH AREEL 5ol ERIE Sl & A2
A A= 2T F7]-8AIE AR8ot= AlF7E
d9 wE7|E = H[Eo] 30%°] Isilom,
ECETOC TRA R4l F3Ec A4 54 =& &5
o] oF 70%2] AHHlNA B =A YEh, = Al A
o] 8 k& Hdo] HAok= &Y RAHT Ao
AP =EQdo] ERIEAT. I AHRY T A
AHE AHEH, 199149 TCE A&E WE H4 &Y
% 49 A4 APE, 2002¢ TCE g S5 AR,
2010¢ HE==2Me Al-x += J4 5 AP, 2015
| TCE MExR H4 A 5 27 APge] o|277H4] &
ARG Ajafi7 HkEE]o] ko™ (Lee N et al., 2023; Lee
et al., 2024), 7P 21 20224d0l= Fd &4 271
AFGRoA F 297 o9 ZEAA EFEEEY|
g T AlFAR QIS Hd =4 7FHo] WSt F
AsiAEY 714 15 Aol = %itkLee HJ et al.,
2023; Lee et al., 2024). o33t ALe] A AMYA
o] 175 49 AME-S ot HWHE Apsdt
AB|29] AHehS QI3 ARRA - 7eF dmert RESE
Fejol A A E4o] HA EEE YA &3]
HEE R Y Q7] w&EQl Zog EAHTHLee et al,
2024).

=8| AX=E A AIH-GA] FHoNA AMEE= F
AR Qg Azt AoiE Aot FAE 9AH
oz Zslef girh. dEoA= 201249 AR &4 <1
HAAIA 1,2-0222X23K1,2-DCP)F S22
gkl keEH IEASANAA gEeto] Y sk
Om(Kumagai et al., 2013), o= IARC7} °o|%&
1,2-DCPE ¥4 10502 EFsls 249 st
=tk ulFoA= dE22dE T APFE A7
1980WH-H 2018E7kA] 857(°] & 7471°] A HYH =
2)o g3t Ao7 H1EoH(Hoang et al., 2021),
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ol EPA&= TSCA° Z7ste] 2024¢ 59 HEEE
Hgte] giFE JdA A= FA5k IS TS 5
EoFPI(U.S. EPA, 2024a), £ 3 12¢¥€ol= TCE
o A= 571 EA MAE Zokt tiFE9] AAA
A BARCE FRok= HF FHS YHESIH
(Lee et al., 2024; U.S. EPA, 2024b). fHollA= 4
A A AYAAEA(ECSA)7E 2007d APEa ok
(charter) &3 7H8d 5412 Aulo] gt TCE
S 20109 T7HA] HAR o2 FHsH = A9 ek
43t d ©]oj(ECSA, 2007), EU7F 20139 REACH #
&4 XIVo] TCEE o7} W E&(substance
subject to authorisation)& SA5l] AFE-S FA T
skl okSlunge et al., 2022). E3| o]#3t +F
A2 @5l 24 A2 FAI5k dl XA ¢,
1E9] Aof V&S zE HAF AlF dH] AT
dejdo= 58&st= 5 kE W AAE Ak W
Fo g Z3tef b= HolA F=5T o7t Stk
mEpA & At U AGeES7 HlolEel ECETOC
TRA =237l &9 8 H4E Z-8sto] = TCE
AEARAY =& EAAS AAZLE 451, Hy X
L & A AU 9 fRAdS HstaIA} it
TCE AME- AFFAS] AR &4 HlolgE 451 k&
o] gt gFEol & A BE Adsta, &3
FARE Bl ERlE 24 oA, 378 st A 2=
A3} 59 AHE EEE §go] AEote] 7Y
£ A% 39E FFHoE BAT Aoltt olF &9
Fogetad =& B4 Qlo] =& HSE E83 A
AR Ho] Tttt B 374 ol AaFel ot
Ak o) 710 = JeAE ERlstaAt gt

1. G MY
1) A7y 2 =T

2 A= AFRRAY =& B4 AARCE
BA57] 9%t =2 ECETOC TRA v3.25 A5
t}. ECETOC TRAE 1@A(Tier 1) =& 4 =42
A, 249 &85ty BT &Y AU g 7|hte
2 Y 9 Ay LEHE AESIEE AAEIY
(ECETOC, 2012). ECETOC TRAY: H4ZHog =4
Stes AAEJATIL AAE] lovh, dF7 FF
F-B4 2304 AsgHn W2 FPRE AES=

oE
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A7 A7E HalE]o] 9lo(Spinazzé et al.,
2019; Savic et al., 2023), ‘BE5Holgl= AAE F
2ador #8517 olgth. o] Z4= ECHA7}
REACH 552 93t slshad QA H7HCSA)ONA
8-S ok EZCQ tier 1 =& 4 EF2A,
ZAR}- AH|RF- 8 52 ECHAS] Chesar AT EY]|
ojof EdEo] 3o, AR kE HEZ v3.25F
=Y (stand-alone) EFE2E AEZE1 1ol REACH
S5 A5 Aol FHLASHA A= QITKSchlueter
& Tischer, 2020; ECETOC, 2023).

ookt A5 g 1E Fo|A%E ECETOC TRAE=
2SS AR 34 W JH} WS vjH o] &
olsl#, PROC, LEV, Fugacity 5° 23] ZA=+=
27|25 Y8 Eml 7(Ventilation), =&AIZF
(Duration), $+5=HConcentration), 38X S-HRPE)
Y 9F HAYAPTE FACE dgEs 25 AY
I lof, ZF §ieo] WHIt HF E A0 vlAl=
FEFE AAZ R 4T 4= ot oy, Ene 3784
Z(PROC)-AF8-H-(Sector of Use, SU; A€ E=
AE7HE) - Fd(Fugacity)d] £E2=2 2 H|o|E]
A g groz 23N, LEVE X33 AAE WAt
A gkom 448 0.1-HE7HE 0.29 Hx F4 #4a
ASE JEEEE, U 849 AT =9 £87F 1=
AHog ARK=H, oof tigh B4 HPHZ MI-394 HE=
7|1&3ct. ?HH, tier 1.5 dffdok= Stoffenmanager=
YA AL -AFG AA 59 JEE, tier 2 B
9ol ART= T8Y &4 4 o A& 59 71 FH
£ 293 stH(Lee et al., 2020), o3t HEE= &
A9 AJeHSY dHHEE 5 d5oh] v ol
o &2 At 4R ddid Jeert ofd 7 =&
o] Aid 7|o% vlwo] 2FE Fil oeHE
W L27F gestal gt Aol U S84 W
= AAFCRE 42 4 Q= ECETOC TRA v3.2&
4 =72 A5kl

=

2) AL FBHIX}

A7 FldAE Il AAHSHlA FE st
Al AREEHHAE, 3% R 52 S40x Q)
TEAL] A7 As) 9ol & EfEEREEd
(trichloroethylene, TCE; CAS 79-01-6)& A%t
ot TCEQ &AFZ 131.39 g/molel™, 44=2(20°C)
37192 9 7.8 kPa&, ECETOC TRAZ} A9lsk= 4
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94 IR 53 5 FHEE9 I Medium
Fugacity)oll 3f@3HHICSC, 2013). TCE: IARC ¥
A 135 EZolH, Lee HJ et al.(2023)9] £40fA
q2A5E 84 AlH T T F 40%E Aot AlH
AT Aol 7 =31, Jo et al.(2024)9] =4
A4 57 AollA EAEEC] 64.4%= 538
=4 F713RE 5 7H @2 42 72 shdoiA,
L3 He £4o] At i EEE wdsielth

3) AT Ri=

E A= 2018WEEH 20229714 ZAeEEH 2
I gojeHo]lA 9 AASAHSY AH|HE W=
TCEE AM&ste AIAZA A=gE F-0kHjo et
al.,, 2024). 3% A& % ECETOC TRA EEHoj
I5ARl HEE 5T 5 e AR 34 JE7
ZoHE A E AEstalen, 2EH 2= ECETOC TRA
v3.29] "4 AFHS(PROC, Fugacity, Duration,
LEV, Concentration, RPE)°] tigt 20| Qla Hy
tj3o] 7hset f-& HolEAle R A5t A9 7]
% AE=2 8ot

2. HCY K12 2N U LeEHS 25
1) MYHASY ZNE 2N U KR 55

2024). AIE A9 WHal(e=F ©, 221 A4, A
s} Adu] ) gt FAAH 71 AR AESH
ECETOC TRAS] PROCS WiH 7Fs3t 4 HEE
stEstg o, AFde] 71 off, Ayl ¢ &,
AH7|1FR] 9] AA] 4] 9 Thg 7ol gt HolH
£ I FEo19h AT ESA AEo] FHIL A
SHAQl A PR ATHe] AlFA B AIE 94
ot HASIHHJo et al., 2024).

F29 3% HEE ECETOC TRA v3.2 249 ¢

g0l ISt JAFY 72
ECETOC TRA 71& AHA(ECETOC, 2012; ECETOC,
2018) ¥ A A3 A+(eong et al., 2021)E &

rﬁ-l
=
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sto] oha} o] Agstolrt.

PROCE AATHSHTALY &Y H8E REACH
749 PROC 9l¢} tixoto] miAstct. Fugacity
£ TCEY A2 Z71(SF 7.8 kPa, Medium)& 7]&
o= 351y, 7MEdE Sutels 29 A9 371¥°] 10
kPa oJA}o & AR5slo] HighZ 248l th Duration
LAY L AES 7|E0F 49HA WHF(158 uqF,
158-1A17Y, 1-4A17F, 4A7F ZIP)E HEsiich
LEVE] f= &% A 7155 HIEeE Yes e
‘No'Z2  FEs93, AYe oX 9 Industrial/
Professional 2} ++& W4E 7 I dorich ¢
Hpet 2 TS JEIT AjtE s Ffols HY
9] Ao & 7Hste] BeH o= 13y sitjo
et al.,, 2024). Concentration2 MSDS ¥ A3
71AE AE 24 HEE vgoZ 4uAZ FESIFO
o, RPEQ] 2§ off 9 5532 dF A 7|5 B
A B7F RIS FZF3to] ‘No RPE = RPE
95%(APF 20) &2 QA= dstHct. THHE AFIR FECAl
<22} $)& ECETOC TRA9 s ofyy, =
W ARl durd EAS 7<) floto] AAS
AEH AR A gHAozRE 5090
oF, '50-299%1", ‘300%1 ol 9] 37 W= TA F

B §Y =2 FYAE Aasioc

LE F4 dolg9 Ay 9 HAHE= Microsoft
Excel 2021, =254 &4 -8AEY 4 AZdgol=
R AZEo|HA 4.6.008 Z&sttt. ECETOC
TRA v3.29] 224 FYs FH412 4] 13 Zon,
2 A7 42 o] 8419 FA AR E 7NeE
Table 13 Zo| Y] A= /st

Einh = Eini X MFvent X Mqur X MFconc X MFRPE
(21 1)

1714 Bimne 8ARY 78T FUeE F9A, B
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Table 1. Four-step analytical framework of this study
Step Objective Target data Method and equation Key output

Evaluate the theoretical Theoretical
1. exposure influence of full-factorial
Characterization ~ each variable without scenarios (n =

Einh (mg/m3) = E\m (ppm) X
(MW/24) x MFyent X MFgyr x  Distribution of theoretical

of the exposure  confounding by other  6,912) vs. field MFCOEC lx MFRPE‘_(S)HG. sample Vf.‘ ﬂ?ld ?>F<_posure1)
space variables, and locate the scenarios (n = orgogorgvf_;mmov estimates rigure
field distribution within it 357) goodness~or-it test
. N Five input OAT sensitivity analysis
ﬁ/lodel—intrinsic guzggﬁyvt;r?a&?ms:ﬁ variables of  (Riedmann et al., 2015): S; = Si (%) by variable
sensitivity to the model structure ECETOC TRA  logio(r)/ 2 logio(r) *x 100, where (Table 3)
v3.2 ri = max(miy)/min(mi;) (Eq. 2)
3. Complement S, which
Field reflects only theoretical 357 field IMSi = S{(MFeurrentk — IMS, El, and priority
improvement  range, with the actual field cenaros MFoptima)/(MFuorst = MPFoptiman}/N ranking (Table 3,
margin and distribution of each (Eq. 3); Eli = S x IMS; (Eq. 4) Figure 2)
effectiveness variable

Verify the exposure Six single-variable scenarios (A,

H 0
|4' reduction achievable by 357 field B, .C’ D, E, G). and two . Mean reductlon (%) and
mprovement adusting hiah—oriorit Scenarios combined scenarios (F1, F2); residual OEL
simulation ) g highp Y recalculation of Ein, under each exceedances (Table 4)
variables setting

Note: Data handling and preprocessing were performed in Microsoft Excel 2021; all analyses and visualizations were conducted
in R (version 4.6.0). The 6,912 theoretical scenarios were obtained by crossing 48 Ei,—determining combinations (6 PROCs
x 2 sectors of use (industrial/professional) x 2 LEV states x 2 fugacity levels) with 192 external modification—factor combinations
(4 ventilation x 4 duration x 4 concentration x 3 RPE options), vielding 9,216 combinations. Next, 2,304 combinations
not permitted as inputs in ECETOC TRA v3.2 (PROC 7 with professional use, 768; outdoors combined with LEV, 1,056;
enhanced ventilation combined with LEV in professional use, 480) were excluded. Equivalently, the 44 valid Ei,—side
combinations (48 minus the four PROC 7 combinations under the professional use) crossed with the 192 external combinations
yielded 8,448, from which the 1,536 remaining ventilation—LEV conflicting combinations (1,056 + 480) were excluded, giving
6,912. A single-variable scenario for RPE was not designed, as respiratory protective equipment constitutes the lowest
tier in the hierarchy of controls and its assigned protection factor is subject to substantial field-implementation uncertainty.

Abbreviations: ECETOC, European Centre for Ecotoxicology and Toxicology of Chemicals; TRA, Targeted Risk Assessment;
PROC, process category; SU, sector of use; LEV, local exhaust ventilation; RPE, respiratory protective equipment; Eiy,
initial exposure estimate; Eiw, inhalation exposure estimate; MF, modification factor; MW, molecular weight; TWA,
time-weighted average; OAT, one—at-a—time; S;, sensitivity index; IMS, improvement margin score; El, effectiveness index;
OEL, occupational exposure limit.

+ Z7|.eE579PROC, SU, LEV, Fugacity®] 2%  7F))& 2Asto] 9,2167H4]9] A xk& /35K
o= 7520), MFvent'Mqur'MFconc'MFRPEJE Z}Z!]- §_}7] "4' 0] %‘ ECETOC TRA V32°ﬂ"1 ?:]ao] a%ﬂ;q

QA AT 2FHETY] BAA oI, oot =& FAATE AEHA o= 2,3047H4F A9
sto] FHF 6,912719 ol24 AlUE|E A,

1A 012X =& 37t e T 229 oy Al =32 PROC 7°] At ot goj=of
WE W59 o]l k& JIFE thE W49 W Professional AT AR £ fle FF 768714,

glo] Wrlsl7| Yol A4 Z3Hfull factorial) WAl 29| ZA7}l [EFVE ¥L3st & 9= AL 1.0567HA,
Agsteit. @ HolEolA TEH o/ 3T Professional A74olA Ze}e719} LEVE HE&T 5
(PROC 7, 8a, 8b, 13, 15, 19)& WH2E, B B4 §l& 2% 480740t 2F 29] 8AIT FYkeZ
29 = Z3HPROC 6 x SU 2 x LEV 2 x Fugacity A% Einn(mg/m?) = En(ppm) x (MW/24) x
2 = 487HA)} &F HAFAS & 2FE] 45F X MFyent X MFaur X MFcone X MFree ARSI, MW/ 24
ARJAIZE 472 x T 45 X RPE 35 = 192 = ppmOA mg/m’Z29] Wgk A=2A ECETOC TRA

www.kiha.kr Journal of Korean Society of Occupational and Environmental Hygiene, 2026: 36(3): 272-292



ECETOC TRA H=E

v3.27} ARgsk= 20°C 71 & 714 F1(24 L/mol)
£ g #eE, Tt yRZHCeRE HEsk=s w2
5.475 mg'm>/ppmeIt131.39/24 = 5.474583). ©]
4 5 i @F 29 fiHlol= Kolmogorov-
Smirnov HA< A-L&sct. & A-tollA ECETOC
TRA A& A% 78] 3 Ao|(q)l: PROC 137
PROC 79 4] Zo))of| tisfir= 244 ZEY
534 #EA} Jido] AHSHAl dee=E /o 4
B2 A85HA LUTHII-3 =), ¥ Kolmogorov-
Smirnov AYS 2E A=E 7+ H|lwot ofyz}, 357
N @F AU 7t 6,9127] o4 x3o] FAsk=
7l EREHE AR FE5H AoE & & A
£ AEs] A3t dE3E AT HZX(one-sample
goodness-of-fit test) 0.2 ARESIAL. & AF7FEIS
U AHZGY] W 20| o|2F R TheT k&
7 Axte]] 124 B3ty olH, o]F 7| o =N
TS HstaA} ohelet. ot

o3
5
H
1o
-
BN

i)
e

Einis PROC-SU-Fugacity7t % HolEolA &
oz Ag-z3)d F LEV ZaAs(dS 0.1, A
E718 0.27F FiAE 122 A2HEE v 94
7+ 324 F5FEHg0] 2% o]o] Riedmann
et al.(2015)9] OAT(one-at-a-time) YT 24 vt
HES A8st 2l Wi AS)E ARSI
(31 2).

Si = logio(r) / 2 logio(r) x 100 (%) (4] 2)

3) 3Tl % JHWHAX|(IMS) & =ELUA HEY K|

5 WA RHgste] dAOIA g
H gholl EXEsheAIE ALHekA] Xt
o o5 Hesh| ffs] d7NAA] He(IM9)E =
Yok}, IMSE 35770 AluEle Z42pe] dA) HAA
F7h o W] gz RY dupd ojAg o]
SAE 0-1 HH= Aot & JA AlvE]eol 24
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et #olH(4] 3), Bw HE¥TE 4 AluEiel
B $62 AA T2 4 YlollA 21 A+feleto] A=
Slod

IVS, = 5 (@4 BAA%, — 53 BgAS) / @t
BAAS — A BAAS) / N (4 3)

714 k= 8 Al k=1, -+, 357), N = 357
oy, & HAYALT g WA kFo| MY 7
o= HAARS 5hHE, HY AT g0
W o= BERARE HHEHE Yulgich. IMS =
0°]H HE AlUE|ert olu] X[& A=, IMS = 10]¥
BE AYelert ot AHE Qv

Bl S&F IMS9] Fo2 AolstArh(4] 4).
EL = S x IMS; (2 4)

A AFS At o]f=, Witrt ErEte Ao
Al olu] & AE(IMS ~ 0)=Hd 71 7RA o217} gl
|2 jAoix)7t Feets BY g o (S =
0) k2 74 G} nufela g, & X7lo] FAlo| 352
itk 2 PAER7E Foj=ojok 517 wEolrt.

4) 4T M ALl A 2 Al 20|

S ¥ El 4 A3E v e = 8719 =& A3 Al
e g AAse. ddHs AUE| (A, B, C, D,
E, G g Bt H4 k= d44 ¥ 202
A%t YHAE @ |AISHE LR, By B%
W0l off] FAH/AE 47 Aot AU (A
PROC EH3}, B: LEV A™H AX|, E: Fugacity A7)
o} QR HAAFE ZAst= AU (C: 2] A,
D: AJAZE &=, G - AHE H9E @Y
PROC ¥A] &3} AUg]Q(F1: B+C+E, F2: B+C+
E+G)= 3ARTE BAsH] = 24004 A4 7hs
gt Y ERHY adE ASIUTE AUE R EollA
Fugacity A% @E E,; Taes A2BY F4HF
AA| vieZ 2851tk High Fugacity©l sfidst
85742 PROC 13(Industrial) 81747} PROC 7 4
Aoz, 747y sujet 2819 wijgo] H8H 1/53 ¥
E402 AT A AU 7 AEEd FAEL,
BE 43.6%, F12 88.3%(%to] 17), F2&= 92.9%(Fto]
07)Z AtEEo] 8 AR JFE 4 Fert

I s
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DEAAIZE )& IMS7F 0.1352 F7F &3} vq|
sto] B3t Al oA A Llskct.

StH RPEE EI 391(13.2)2 o237 74 FAjgo]
A AREE oY, TdHs A AU o8 AAI5HA]
oitt. 3EESH= AEA BHY AS(hierarchy
of controls)ol| Al X[otg] S=eto] s & ofjzf, 2}
|5 U WAFY] 5 @ Ao Bl A
A B SAS(APF 20)7F 1= AdHETH B7] o
t}, o3t 7oA RPEE 55H4 tjdzt 5Yst 7]
F02 AEHO|AT 45 o]23 TAAE(F 20u))o]
AA 94 7hse A% 8akE eQld 87t Qlof, £
Aol 4= RPEE 784 Alde]ert obd Bl £4 Ayt
9] oA Hifo =gt ol 1 ARA o= 1EoA
HE g2 =05t}

. g2

1. GO MY
1) ACHA K=

2018ERH 202297H4] 571zt =< TCE 8
7t TWA &3 A4= & 21,71940|90t) o] & &4
E2 13,9967(64.4%), =&71% 3= 1677(0.77%)
olqitkJo et al., 2024). II-1°1A 7|&3t A% AR}
w2} M &FA o] sigshy ECETOC TRA T e
$9] Q13 go] 7Fse ARE HAIRE Ay, HFHoR
338704 35770 k& AU et SHREQH QIFFEH
4 Aee 4,40270]H, o] F =74kl 0%l 2,107
A47.9%)= AL A= 2,29570|t 2 A4S
AEFo]AL 357 ES @Y FHAE o =R sfuz
AEA AFe AR FHY 7]so] Pt
2. EHL 01FY ALt

[-29] Q1379 7o et E573F 3577 =& Alu
209 W Auky E442 Table 29+ At

A3 AIE Fotd, =W TCE Al-&g9] A3
Al & AlUEeE 5090 H|RRe] AR ARAA
(79.0%)°01 41, 25% =3 7] TCE @Y E+= 19
= AZHAE, gF SA(PROC 13)2.2, AUofA] 712
29l 3] 24 stof|, 158-1A17H9] 7183 2go=,
47|12 7F X0l 9ot 558 Ho = HZt
83t AHolA AMgsl=s AeE g9kt 4= gl
PROC 7(1474, 3.9%)2 ©= AH & A& diiE
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2ot AAAE ARA1717] Sl 453571 olold<
ARESH= 7390l sfigele, X+ TCEZF 2 5710 &
off Bl4itEo] TEow FYE 4 QleE= ECETOC
TRAS] PROC 7(4i& Axtgo]) Holo] Bitet= A
o= wokstoot.

35770 A= 9] ¥ 23S 45K, LEV 1A
2](8674, 24.1%)2t High Fugacity(857, 23.8%)7} A
et e AR5, T 27| FAlo| SdSH= Al
2] 2(187)= A7 PROC 139 AFHo], EF Al
A FAoA LEV u|dx|et 7t 7o dotE= #+&
A 1% digo] IRIFUT. 7P 2 RIEE Hol=
Wgko] PROC 13, Basic Ventilation, No RPE, 9
25% & ECETOC TRAYIA i2Z fdsts ¥
#ol Fs=ol Atk A2, =W TCE Al-&de] A
Hi A Hge 29 AR LA 02 ks o s |
FElo] S AlARRITE

|24 L& JTFS UE ¥ uH
A3l 6,91278 0|24 AUE|E AY4dsto] £ :
ECETOC TRAY =& FHA7} 2HE4 nd9 A=
Eolng, ¥ 7t Zolof tigt BAH {4 ASS
ZgotA] k=t webA Y mEo] ARESH HE 7 &b
o](e: PROC 13¥} PROC 79 3] 2o], Medium
¥} High Fugacity 7t Zpo))oll tisix= SAF |24
A4S AHEokA ga, X9 HE Mot Bx &
A& 71€40o= vlusks Aoz B4t ot
MM-3-2)olA 433t o]24 w& Iy 4 29
Hne »d ARSE A5 749] Wlwr) ofyal, @A)
A T W X319 H3to] o]lgH o= Thsd 2%

£ g0
hig
1%
o,
o)
o

e HBSHAE HESHE BE 29 HEol2
2, olo] gste] AP FgL 28t
NHE =& HrE 2 I 24

7} B W& ¥4 PROC, Fugacity, LEV

Ae 2 B4 ZH-IF(PROOE Y=
PROC 15(0.66 mg/m>® < PROC 8b(2.46) { PROC
13(3.83) ¢ PROC 8a(4.79) = PROC 19(4.79) { PROC
7(8.21)9] £olitt. 5 ZA(SU-LEV: Fugacity 1L
%) WollAl PROC W74 W E,y ¥e2 FHd <F
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Table 2. General characteristics of extracted data by variable (n = 357)
Variable Category n Proportion (%)
PROC 13 (Treatment of articles by dipping and pouring) 206 57.7
PROC 19 (Hand-mixing with intimate contact) 97 27.2
PROC 15 (Use as laboratory reagent, small scale) 36 10.1
PROC (Process Category) PROC 7 (Industrial spraying) 14 3.9
PROC 8b (Transfer at dedicated facilities) 3 0.8
PROC 8a (Transfer at non—dedicated facilities) 1 0.3
Industrial 278 77.9
Sector of use (SU) Professional 79 22.1
Fugacity Medium 272 76.2
High 85 23.8
Indoors — no or basic ventilation 234 65.5
o Indoors — good ventilation 102 28.6
Ventilation type o
Indoors — enhanced ventilation 15 4.2
Outdoors 6 1.7
15 min = 1 hr 224 62.7
, {15 min 100 28.0
Exposure duration
1-4hr 22 6.2
> 4 hr " 3.1
Local exhaust ventilation Installed and operating (Yes) 271 75.9
(LEV) Not installed (No) 86 24.1
> 25% 354 99.2
TCE content in mixture 5 - 25% 2 06
1 -5% 1 0.3
(1% 0 0.0
Respiratory protective No RPE 236 66.1
equipment RPE 95% (APF 20) 121 33.9
_ (50 282 79.0
XvVé)rrtg)rI:)ce size (no. of 50 - 299 58 16.2
> 300 17 4.8

Note: All counts are based on 357 exposure scenarios extracted from 338 workplaces; workplaces contributing multiple
scenarios are counted repeatedly. Workplace size is not an ECETOC TRA input variable and is presented as a descriptive
characteristic of the study population. Percentages may not sum to 100.0 due to rounding

10-25u0f &5FH(of]: Industrial/LEV Yes/Medium
9] &Y ZHoll4 PROC 159] 1.00 ppm ] PROC
79] 25.00 ppm< 254l), By E&HS AA|(PROC
x SU x LEV x Fugacity)2& 2o  500%(1.00-
500.00 ppm)9] MHE 7HItt. PROCO] k&9 7]
A FF S FRHCE A, R HAAFE= o8
SESH= 92 T

Fugacity”} MediumOllA] HighZ Ar5ohd 5L =
A W End 371 82 3T ARE-ESU)Ol
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w2} 2-68f2 Afolstod, PROC 132 Industrial 5
Hlj- Professional 2.58], PROC 8b+ Industrial GHl,
PROC 72 28¥EHECETOC, 2012). A5 oA
% High &Y% 5.75 mg/m’)°] Medium 18
(93 1.53 mg/m®) ] oF 3.88 &yt FY 2
T o]l 9J2t Fugacity 6a A8 2jr] 3= Alo] o]
4, 9 BAAK(Ventilation, Duration, Concentration,
RPE)9] ¥& He7t ¥ 27] g7 + 159 =& &
ZE= BEAo7 AR, Medium IEFIAE LEV 1
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AR ZGAZE - 03F-RPE v2HE 5o] E3tEH
&% 237} 7Fs st o124 AU 004 Medium
22471, High 6437)). W2HA] Fugacity 952 2= 3
ES =E53ET EA4E7] ojEeH, LEV AA]-3]
N & tE et E34 7t B ]Stk

LEVZ} AA| =¥ E;y 230gk] 448 0.1, AE7He-
0.27} Fofidct. A 23N HAHn = 2,688,
0.82 mg/m?)3} w822 (n = 4,224, 5.75 mg/m*)<]
Hl= 2F 1/7019leY, o= F #9 2 $ o]
(1,5367)et QF HAAIE 4 Holof] 2 23 &
Fto|tt. LEV 0|9 ¥H4E 13t #X|2 v (2,688
AollA ZAaH] SAEE 0.1-0.22 2d Azt A
A5k3ek B W5 Al oH9] 8219 o Bis F2 ]
WstH, PROC A"o] @& Ao|7} 10-25H1= 7H
A3, LEV Ax]-u]dx] 7F *Zol(Industrial 104N,
Professional 581)Q} Fugacity 55 AZHPROC-ARE
2o et 2-6Hl)o] 1 FHE wE oyt ol HiE
= 7t oF9] 8Rlo =¢&og FoH A7t opzt
AxHo|A G AR A== FolBE, AR Fo}
of AA ¥E 22 F=T 5 gtk A 7lE 21U
PROC 7/Industrial/LEV Yes/Medium(25.00 ppm)
o LEV uldX](1081)2} Fugacity A5< &7 &5
3%, Fugacity Hl&Z FEHCE SH|l= 7HYstd
1,250 ppme| EAEE, PROC 79 AA Fugacity Hi
2 28o]B g R HAFO] g2 500.00 ppme|H o]
Zlo] B AFtofA #EH 67 PROC AAQ] B A
Zroll sigztHTable 3).

L} 9 BAAKS Ventilation, Duration, Concentration,
RPE

S7HFAlL. 715 S7|(MF 1.0) oy FAHE S7|(MF
0.3)0ll4 i 3.3812] MBS HATE LEA ) 4
AIZF(MF 1.0)°14 < 158 (MF 0.1)°.& 2o 10819
HES B0y, 35770 @4 AlvE] 9] 90.7%7F ©]
o] 147t of Fdojoja] 7 7R Ix]7L AgHA o]
o} R ) 25% (MF 1.0) o] ‘¢ 1% (MF 0.1)°]l
A Hd 10819 ®Eo] 7hsohH, @ AluE 9
99.2%7F > 25% o sfgste] o] BTt A kE 5
& F2H0= Eol& b 7|oskal 9tk RPEE ]
ZF2(MF 1.0) ™8] APF 20(MF 0.05)°ll4 2 208)
9] HES Hol Qi B S 7MY & HE HYE

7Y, AR e AlsolA 2k del diget
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0|28 = S7F U] I MA&Q| K|

06,9127 ol&4 M4 X 35770 EF AU
o] =& FAA EEE B HFigure 1). 9714
Kolmogorov-Smirnov A%< & ZHTO] Hit 2}o]
£ A7Ast7] |Igt Aol ofyz}, 35770 @ AluE| et
o|27 %3t FZto] FAgot= Ve RAERE T
2 F5H A0E & & U=AE Hrleke Agx 4
o g ARgSIelth & AFVHES I AlEAdel |
¢ Z3o] o]0 g st E 31t Ante] A=A
wxgtholm, F4 Ay o] M 7|A4EHUTKD =
0.1578, p { 0.001). HABEAF D= F FH&£X
Ao o]AdE Ueili= AEEA, @F B2t 7+
Z2RE JAZLR olgdd Sl HoEth o]
EI(n=6,912)= <F 0.0008-2,737.5 mg/m>2]
HYo AA AistA E4tElo] Ql= W, @ EX
(n=357)= 9 3-10 mg/m’ FZo] W=7} HFEo]
Aol (Figure 1), = AHARYY & Ei7} o|EF
Az Y& S84 ot S 1ed WRfo s
ZHow HFEO] SIS0l ERI=IH AT FIE
(5.48 mg/m’)°] o]27 FUZH2.96 mg/m’)Hrt °F
1.94} =of, = AF&do] o|l28 o= 7hsit Ak
£ P9 FTES|] EEoHA] Xkl U HojEoh
Aol wE7E 2IE(12.6%)°] olEd xI&
(12.5%)3F FARRE A2, LEV AX](75.9%)2F 1417t 1
Tk SAITE ZFA(90.7%)0lek= A7 240] HAAH 23
&= A, A AR(99.2%), 717 &71(65.5%),
RPE PI2H866.1%) 59 A& F7lo] JEsto] o|&
A Ag 29 23 2olA HBlojuA] okl s

2 oot

_—

Mo & fr &L

gu

WHa=o] ndl 1.5 TIE(S)E AFESHAtHTable 3).
2 Aol = TCE AlFZAFde] Wetof Ths=of Eyy
EH0] HAAE 35770 AlUE| oA I 67
PROCY] HA| Einy ¥IQ1 1.00-500.00 ppmo& A
Aolal S & AJARESIAY. Fugacityw= TCEQ] EAAY
Medium¥ High®] 24F%o] A& 7MssiE=RE,
Riedmann et al.2015)9] H-& 243} g2 249
£ z3ot. Ei= PROC-SU-Fugacity®] H|ol&
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Table 3. Effectiveness Index (El = S; x IMS) and priority ranking by variable
Ein composite*

(Basic: MF 1.00 O 4 hr: MF 1.0)

Variable (PROC, SU, LEV, Fug) Concentration RPE Ventilation Duration
Option minimum . 0.05 0.3
: .~ 1.00 ppm (PROC 15, ind, 0.1 . : 0.1
(Optimal option: . (RPE 95%: (Enhanced: MF e
lowest exposure) LEV Yes, Med Fug) (C1%: MF 0.) MF 0.05) 0.3) (15 min: MF 0.1)
Option maximum 1
. .. 500.00 ppm (PROC 7, 1 . 1 1
(Worst-case option: ind, LEV No, High Fug) (> 25%: MF 1.0) (No RPE: MF

highest exposure) 1.0)
o 65.5% Basic
(o) )
Field distribution Aoty at PROC 13 “gg 59, 3 opg,  86.1% N0t g0 Good. 28.0% ¢ 15 min,
ou (206, 57.7%); 24.1% LEV ‘ worn, 33.9% , %o . o
characteristics ) o L1 (MF fixed at 1.0) o 4.2% Enhanced, 62.7% 15 min—1 hr
No; 23.8% High Fug RPE 95%
1.7% Outdoors
ri (max/min) 500 10 20 3.33 10
logio(r) 2.699 1 1.301 0.5229 1
Si (%) 4147 15.3 19.9 8.0 15.3
IMST 0.4298 0.995'" 0.661 0.828 0.135"
El (S x IMS)” 17.7 15.311 13211 6.67T 2.1
Rank 1 2 3 4 5

Note: Total S; = 99.9% (100.0% before rounding; components are rounded to one decimal place), Total El = 54.9. r; recalculated using
the Ein range determined by the six PROCs observed in 357 TCE cleaning scenarios (1.00-500.00 ppm): external modification factor
ranges are the full option ranges provided by ECETOC TRA v3.2.

" Within the E;, composite, PROC selection (up to 10-25x under identical SU/LEV/Fugacity conditions), LEV installation (10x for Industrial,
5x for Professional), and fugacity level (2-6x%, depending on PROC and sector of use; e.g., 2x for PROC 7, 6x for PROC 8b in the industrial
use, and 5x for PROC 13 in the industrial use but 2.5x in the professional use) are the primary drivers. PROC, SU and fugacity jointly
determine the single Ein value retrieved from the lookup table, whereas LEV, although part of the lookup key, does not alter the retrieved
value: its effect is applied as a separate multiplicative reduction factor (0.1 industrial, 0.2 professional). Because the three lookup dimensions
are interdependent within one table entry and their multipliers are not mutually multiplicative, they cannot be decomposed into independent
sensitivity indices. The composite maximum of 500.00 ppm corresponds to PROC 7/Industrial/LEV No/High fugacity. PROC 7 is defined
only for the industrial sector of use in ECETOC TRA v3.2 and cannot be combined with the professional use; the composite maximum
therefore necessarily occurs in the industrial use.

TS for Ei composite = 41.4%, calculated from logio(500) = 2.699 as a proportion of total logio(r) sum (6.523).

T IMS: normalized distance of the current field average from the optimal option level, scaled 0-1. Higher IMS = greater room for improvement.
IMS is not the ECETOC TRA modification factor itself: the tool's default factors (e.g., 1.0, 0.6, 0.2 and 0.1 for duration and concentration)
are rescaled to the 01 interval defined by the optimal and worst-case options of each variable, so that IMS values are comparable
across variables with different factor ranges. Outdoor scenarios (n = 6) were assigned the same modification factor as good ventilation
(MF 0.7) in the IMS calculation.

§ Eiy composite IMS calculated by log-normalizing each scenario's Ei, value within the observed range (1.00-500.00 ppm).
I IMS 0.995 indicates nearly all scenarios (99.2%) use undiluted TCE.

1‘* IMS 0.135 reflects 90.7% of scenarios already < 1 hr.

Higher EI = higher intervention priority. El was computed from unrounded S; and IMS values and then rounded to one decimal place,
whereas Sj and IMS are displayed rounded to one and three decimal places, respectively; recomputing El from the displayed values
may differ by up to 0.1

Tt Concentration (El 2nd) and RPE (El 3rd) require fundamental measures (alternative cleaning agents, mandatory RPE programs) given
that 99.2% use undiluted TCE and 66.1% do not wear RPE

1 Ventilation (El 4th): low S but high IMS, indicating value as a readily implementable supplementary measure

Z3)gol LEV ZaAS7E SR 22 AkEE o] (15.3%) » Ventilation(8.0%)°]1%lt}. Riedmann et
Yl 847 A45EFEH0E AESEE Riedmann et al.(2015)9] Uutd =919 H|WSlH, Ein E4¥S7F
al.(2015)9] ¥ WHEo| wet B, & st Bt ) 7|4 E vt & 2 AR gyt S= 2d
2 FA5t S & AFESHih o] ¥4 A HYoTk QJEsH= o|EH A HEA, &

TCE AIFARAY S &= En EF41.4%) » oA Zt M7t AA= o' gholl B35kl Jl=A |9t
RPE(19.9%) > Duration(15.3%) = Concentration = Bk RPE(S: 299 Concentration(S; 35 3

0

[¢]
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Figure 1. Distribution of estimated inhalation exposure

Mo AAoA AMAY TeZ Ao THEY AR
99.2%, RPE P28 66.1%)%]0] o] 24 Al & A
Z a7t - 2 Aog 7|gE

3HH, By, WHolA PROC A} LEV A= ¥
H7E & wigeoly, AdvksAolA Zfol7t Utk
PROC AT T4 AAY L&A HHES FHloinz
o713 @4 Hgo] AFHHQl v, LEV AX& 7]&
TS AR A E Ad 75kt Fugacity A
FEY 2= TP AH] BX Bgo] Hou sl
3t &A AFoA 712 A EE oflet Ax 7159
dH gAolung g Y Wro] Ax 3 F7}
7} 888 4 9lo] 3 Ao FHIETHACGIH,
2019; Slunge et al., 2022).

2) S& HMHX|(IMS) & &4 S Y X|5=(El)
I-300A4 AoJet IMS(A] 3)2F EI(A] 4)& 35771 Al
Uz Qo] 283t A3 Table 3 ¥ Figure 29} Zth
Figure 2= 7} W59] S(XF)2 IMS(YH)E °lAH
S HiXg HE AER, HES] 719 A9 1
7} BIof v]Egic}, Bl £49] Az 9rAL ofg Al
7 &2 g°ofHoh AA, By E4¥S= EVF 1772 1
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1

I
10 100

Predicted 8-hr Inhalation Exposure (mglma, log scale)

1,000

Holy, wd WAE(41.4%)°F I HAAR(IMS
0.429) E57} A4dst 3824 tiF(PROC #g,
LEV AZ], Fugacity A7he] A 7i4 o] Hrt.
E4)], Concentration(El 15.3, 293} RPE(EI 13.2,
39 @40l A9 A4 HdxA Aeiol 7] ol
EZl =01, o] & ¥iE 2AsteH A A8A =
oL} o]FH RPE 209 5 22 X7} I Qs
ok ol 7|& WAE EATCREE SEuA| otd
‘A W2} o]z AHolc} AlA Ventilation(El 6.6,
49)2 nd giftEE= Yot IMS7} 0.8282 =of, A
o] golgt HxZ ko =g A9] 7[X|7} Ert. THH,
Duration(El 2.1, 59 ©J9] 90.7%7} 1A1ZF olH]
ZkdolojA 71 &7t AghA oot

3) 7|0 M ZFOI| M2 &4 AlZ2|0|d

-394 AASE 87] /A AUzl 2(Table 4)°f u}
2} AlgdEo]dE sttt

71Z 4 (Baseline)®] 35770 AU LSRRI =
dF 5.48 mg/m’, AEBFE 27.4 mg/m’, g
958.1 mg/m’°|™, :=&71Z(10 ppm = 54.75 mg/nm’)
23 AU E 457(12.6%)°1 ATt
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AyEle A (PROC EHsh: 35774 Ao i)
PROCE PROC 3(dH #ix3H)o= Hgtstct. °
H%g PROC 39 Ein7F 7H¥E PROCO] Hlsf| 222
2 A A= JQo(FHHF AREEA wet
2.5-25H) #A), AEEdo] 27.4 — 5.27 mg/m’E
80.8% ZrAslal, w&7|E 237} 45 — 7AC0E E4
At LEVZE AAE 271742 A slass bhy,
LEV u]d%] 864 % 7APROC 13 57, PROC 19 2
A)o] oHs] LE7|ES Zilohs AoE FAEHA
AA Ao AZZHE|(ECSA Type IV oJADoll= LEV
7} FxrAHog YAEo] 9lomZ(NEWMOA, 2001;
ECSA, 2021), PROC A&} LEV A& dAFoz
SA9] $HEbEs x3lo|t), gHH, PROC 159 s
36AL 47} Professional AP0 E, o] XA
A= PROC 39] Ei7} PROC 155t} 235]8 &4 A
g=lo] Qlo] AlUE e A A& Al oig A9 24 k&
o] Z7lslt} ot o5 364L BF A o] Yo}
LE7]|E 2ol o]27] grou R A 314E8(80.8%)
9] WFgolle TS FA ¥=rt o= PROC EH s}
7 BE TN EFHOE ATt AL ofdS
HojFn, AL H2 A] PROCE AT A2 AR
of HEs|oF gt

rr
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AU B (LEV A¥ AA)): v]d%] 86719 LEVE
HXJotH o 79 kEo] A8 8372 1/108, A
2718 372 1/58 #ast, HA| AksHeto] 68.6%
Fasth ovt =&V 2= 45—+ 12710=F,
LEV &= HEgo g nd 44 23} A7 25
ShAE|R|= kot 9ok LEV w|AZ] 86740] A5
T g sfigste] A8 tiido] eFgHolE HA Ht
Aao] gk A=Y a37 F40]m, PROC Agho]
AAHoF offE AN 7Y BRIl 9
54 tj@o|tt,

AUl C @] 7HAD): Basic Ventilation 23474
< Good Ventilation(MF 0.7)2.& AgstH s A
9] o] 30% Aot HA AsHd TAES
20.6%0l 15 oH, eE7]E 2= 457004 26712
2 Aot o5 83k Aghgo|uy Aol gols}
of A o= A9 7HA|7} &t

AUEle D FFAIZE &) 25714 (158 (MF
0.)o = ©=old AA| Ak&=BHd 64.1% Fd, &7
& 23} 45 — 1370]3it}. o] Fto] Alve]L B(68.6%)
of ZdstARt, A& Y kel ‘15min-1hr’
224719] A Eo] 1/20] I4 Ad Bt 74 vigol
Alvgle BEE &t} oju] 90.7%7F 1A17F ol &+
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Table 4. Improvement simulation scenario design and results

Scenario Adjusted El rank Current status Vs vamen (A5 Mean reduction Residual OEL*
variable (Before) P (%) exceedances (n)
Current field
Baseline — — distribution (n = — — 45
357)
19E;; composite PROC 13 in 206 All six observed
+ n cases (57.7%), PROCs (7, 8a, 8b, 13,
A PROC (E'Clyéngﬁtoc PROC 19 in 97 15, 19) 808 /
P (27.2%) — PROC 3 (n = 357)
15'-Ein composite LEV installed (MF 0.1
BS LEV (€1 17.7), Ley 86 cases (24.1%) oy ol 0.2 for 68.6 12
without LEV .
component professional)
I h 234 cases (65.5%) — Good ventilation
C Ventilation 4™ (El 6.6) basic ventilation (MF 0.7) 20.6 26
- th 257 cases (72.0%) __ .
D Duration 5" (Bl 2.1) > 15 min {15 min (MF 0.1) 64.1 13
15'-Ein composite o
E Fugacity  (El 17.7), Fugacity 85 cases (23.'8/0) — Medium fugacity 429 35
high fugacity
component
(o)
G!  Concentraion 2 (EI 153) o2 06;53550299'2/") — 5-25% (MF 0.6) 39.7 19
LEV + Vent + . Simultaneous
1
F1 Fug Combined As above B+C+E 87.8 2
= LEV + Vent + : Simultaneous
F2 Fug + Conc Combined As above B+C+E+G 92.6 0

Note: PROC, LEV, and Fugacity are sub—-components of the Eiy composite (El rank 1st); addressed as separate scenarios to
evaluate individual potential. Scenarios B, D, and E shift the target cases to the optimal option of each variable, whereas C
(basic — good, not enhanced) and G () 256% — 5-25%, not { 1%) represent partial improvements constrained by field
feasibility; mean reduction values are therefore not directly comparable with El ranking.

* Mean reduction (%) = (Baseline mean - Scenario mean) / Baseline mean x 100.
+ OEL = 54.75 mg/m? (10 ppm x 5.475 mg-m™/ppm).

¥ Scenario A requires complete equipment replacement to enclosed process (PROC 3). The 7 residual OEL exceedances
(PROC 13, 5; PROC 19, 2) all arise from LEV-uninstalled cases; when Scenario A is combined with Scenario B, all
model-estimated exceedances would be eliminated.

§ LEV efficiency factors 0.1 (industrial, n = 83) and 0.2 (professional, n = 3) applied to the 86 currently uninstalled cases.
I Scenario G is exploratory; TCE cleaning efficacy depends on solvent concentration.

9 D excluded from combined scenarios: IMS 0.135 limits marginal effect. Single-variable effectiveness ranking by mean
reduction: A (80.8%) ) B (68.6%) ) D (64.1%) ) E (42.9%) » G (39.7%) ) C (20.6%). F1 residual exceedances: ES269 (PROC
7 / ind / yes / high) and ES300 (PROC 7 / ind / yes / medium), both Eim = 57.49 mg/m?.

** F2 adds G to F1 to explore theoretical upper bound

(IMS 0.135)°]0A F7} 7i 4 R]|7} AgtaolH, 2+
A7 @52 A AAEEE Ad7Fs AR Al
ot}

AUl @ E (Fugacity A7): High Fugacity 854
2 Medium®.& A%sHH PROC 13(Industrial) 814
2 BiZt 1/52, PROC 7 4742 1/2&2 ZAsto, AA|

AEBT 42.9% 2, =B7|E
o S 92, £ A
2 Aseht, Az 34 WA 1
71t Fast.
AL G (@9
'5-250% (MF 0.0% gkt

A D 25% (MF 1.0)%1 354
AA Abegat

g
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39.7% #a, E7|E 23t 45 — 1970]9]t}h. TCES]
Aol kol Bt E T 5]4o] obd thA] A
A =8 AAIst HES|oF gt} o] AluE|es=
El 29] §i=9] o234 IS dRlot= &% Ay
gogA, B3 AUge F29 A4 ZAS ATt

AUE|Q F1 (B3k B+C+E): Al 9] BAAS7}
FAoz zkgsto] AMEEato] 87.8% Hastl,
7N&E 27T 45 — 27407 & A
Ayl F2 (& B3k B+C+E+G): Flof s
e F71ehE AREEd 92.6% T4, Bd FHAY
Z£71% 23} A7 074Co2 AREEQIC FlojA 2
ZFEed wE7]|E 237 S5 AZHME 1.0
0.6)9] 7 4802 sf4AH Aot} F1 diH] 744
T AEHd L&Y 712082 E 3.35 — 2.02 mg/m’
2 9F 39.7%9] 7t Azl gttt

AEYold ZA¥e] Qo2 Table 40 AAISHCE.
BaselineolA] IQR°] 0.77-27.38 mg/m’(HY =
26.61 mg/m’)old Zo] Alye]Q F2014 0.23-2.30
mg/m’(H3Y & 2.07 mg/m’)Z Z4F0, 3 A
o] Exo| JAHE ofe} ARE AE FXRAHCE ¢
A0S ERIsHAT

—

Vo o

4) WS HEH sS4

ECETOC TRAS] HAl XM= 59 BFE &
Ao AT A9 Z37F S A (multiplicative) 22
St oA, AFJE LEV AX|(x0.1) + Fugacity
A7H(x0.2) + 7] /HA(x0.7)& BAlol A-Es5HA o]
EZXo= o 719 &0l 0.014H2 A4S 4= St
AU L F1). ofgt o] #i&2 I2HA 3359} A
|RFo| met depR|ng & Ao] AlEdg|o]HdoA=
Zt AgE| Qo] sigsks AA 8i&(LEVE Industrial
x0.1-Professional x0.2, Fugacity A= i 85
79l 4o wet PROC 13 Industrial x0.22}
PROC 7 x0.5)& 7fdzoz A-8stct. A4 F1(87.8%)
I F2(92.6%)2] FAgo] o224 Htiz|of v|X|A] X
St= A2, 35770 AlUElR 5 437t o] LEV A
2](75.9%), Medium Fugacity(76.2%), Good ©J4} &
7] 9 £2](34.5%) AJEoIA F71 Hso] = Aol
otE]7] wjFo|tt.

El 843 AlEdeld 2uE Soote] /MRS
A SAZ Fx3betdch 19A4E . WE 27, 584
f&)EA PROC YHSHAIUE| L A, AR&=H+ 80.8%

s

Hel
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Ly
Ly

4 Y MaH L& MUY =5 285

HT

A2)7F GdHS F 7P adols, LEV AX(AH
g|Q B, A&Wd 68.6% 4)= PROC Hgo] g4f
E7FsS AFFROlA SA AlF 7hset 7P &bl
o], =AU B, AAEET 42.9% 7A)
© YA AR 5o2 Fd Thsottt 28 A(2F B
BAF 2EA ] AU L 02 BEXRE £
do g IR AFAUEL G2 A AI8A =
3t Aot HET 7Ex]7F Tt 3HAI(ET H-8)=A]
FIAR&E T 87.8% 7HA, %3+ 2743 R(Rk&edd
92.6% Z4, 23} 04)= PROC A3t Qloj= &gz
HPROC 7o nd 44 =&7]|& &5 $39
TG £ S HojgErh

H A= MgddLe} v|wshd, Kim et al.(2019)
<& PROCH} 37151 o] ECETOC TRA =€l Ax}glho]
M 2 dFE vAE FoEHsAdS RIS,
Jeong et al.(2021)2 HEEEWTZ o=
PROC A8} LEVZ} &4 WS A3 vt lotk
Ok, T AT 25 B A AUEE AA Sk
LEAT A7 AEYolHst Al othe HollA 2

A5e] AgAo] 9Iet.

£ &8ofo] OAT Tt &4
AL @ LA A
TdgoEx olEH FoAA T ARH A A
= BAo 22 &9 $AEHE AASHIH. El &
Ao MY WAL, B SFHS7E EL 19(17.7)2A
oA fido]l  FeAd Aol AERIEH A,
Concentration(El 29)3 RPEEI 39))7} 0|24 El=
=0t A AEA Zjolvt o4 RPE =219 &
L2 A7} REojof Ad Thssitke A, 18al
Ventilation(EI 49))o] Z¥ 9= wour @4 74
Koj2|7t Atk= Aot

o|#3t HAL ARHoF ZFQdt AL zhe=th
duky  wiHE EAojA=  RPES:  19.9%)%t
Concentration(S; 15.3%)°] && ©|&4 7|o=E &
o|HE TZFHITF AFolu 34 ARgo] A4 HxE
= At 2y TCE AlAZGol A= o] &= H57E A
o] M ot 27o] 1= o] Qlo], ol&4 WALET}t

&
=
\<2)
et
-
Eg_l:
ot

=

[
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g2 Ad 7hstt i aaE A9EA] ket o
A B HHHSE 5k 384 dido] AES
A3loF sk, Ao EI 42 584 tido] FA]
Ad E7Fse AFAl s =74 B HRke] &
A Alg3tet.

H oo wift: B4 ZAIE Riedmann et
al.(2015)°] ECETOC TRA +v3, Stoffenmanager
4.5, ART 1.59] Al Zdo] tisf 33t vl vig=
A3} gjzs1H, ECETOC TRAYA= B/t AA =
E AF019 42-48%F AAste] ©U WG F 7P A
HijZ]Ql Wb, Stoffenmanager 4.5°14+= 1-3HiE- 3
SH4-g4E R 5ol v #55HA 7]odste] 7t
49 FAA” F2E 2YI, ART 150904 244
TEo] AA =& HY oF 75%F AA|sto] WA
E8%}00 digt QErrt 7MY =Stk ol#d & F
Aol AEZ o Z ECETOC TRAYIA PROC 7 2
F7F 2 92 v|AH, Stoffenmanager+= Y FE
o] EHAJo] & AollA Ho Axdgt FHAE Als
& S 93, ART= EAY S 9T of ¥
AUEE Aot B9 o] B4 B8 HE
o] i & & U2 AR Al BE o)A
Aoz v B HeT I 7oA e A,
Aol “FeA tido] 2-Aolgk=s AE0] EF
dlof] PR Y= AN H3AEE = ZAE A
g

SHH El <99t dd¥s AlEdo]HdY k& 4T
T HAEL HIEA] Aok =t} Durations EI
7} 2.12 Fskelolut A= DO tksB+t daes
64.1%=, EI <917t © &2 Concentration(El 29,
AU L G 39.7%)°]H Ventilation(El 49, AlYg]| 2
C 20.6%)= 203t o2k A9 2 Aluty
29 /A =7t it 5USHA] %7 diiEo]
o AlUE| e DE i 2574 AAE S e F
A SA(C15% gl MF 0.1)0.2 X|3kel= A 24
319l ¥k, AJuE]Q CE Basic(MF 1.0)001A 2zl
Enhanced(0.3)7} oF4zF Good(0.7)2.2, AlUd L G
= O 25% (1.0)°014 2AZRI < 1% (0.1)7F okt
'5-25% (0.60)2 o &Al7]= F& iAol ol= =y
ArdARe] 714de] 7R o3t TCEY Al o] s
o o&Edttt= A|XkS 47 vt AARA, g ©
78 7HR1 ol&4 A dEGE A#ESE Flolth
AA R A AU 9] g HSE ZH2E 2F A7 o]

d
e K

-
[elNe)

"

o M rhr
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PYA|7IH A4S Concentration 89.9%, Ventilation
65.0%, Duration 64.1%% AF=E%o] EI <9(15.3 )
6.6 ) 2.1)9} 5L £4E HQltKVentilation?] %
o|g2 HE7H LEV AA AFFAolA ‘Enhanced
Ventilation' ¥ LEVS] B-8o] ZEojx| 5-8% A go}
g AL ‘Good Ventilation 7HA|qF 283t Fro|t}).
& AlUE|Q D= olr] s ¥ A A3 <ol
Taeh AAIQl BHA, AUEL CoF G= 47 44.4%p
o} 50.2%p2] A7 A& FZl FE JjAo|tt. oyt
Ventilation®} Duration®] o AZE 0.9%p At
o] ZASIHE, EI9] Ago] ZHago] A7| Ao|7tA]
IHE ¥dsks A2 oflth. & El <91 A&l
A Ao EYX = AdrsA8S 13 s LA
oA HIFH Aolth. webA El= W49 AA| 54
ol 47 A g S vehle AP X EQ B
W AlEFolHe] Hdt TAgS AdvMsAdS whgst
AREA AREA S HAHOR jiE|ojol Firt
Duration®] AlEl= EF W2 HpEte 2bd JA3kE
717gehH & 780l A=E 4 A2, Concentration
9] At EVF =2 WHegt Ad 7Hstt 7iA Fol
ARt Hago] &AA vehgd & s Holeth
o7t Duration °]u] 90.7%7F 1A17F oW Zrdo]ar
ZrG AT ©50] AT 2 F =] o] Ad7FsAdo] Ag
Holug, AlEgoldide] w2 Hagol & /i A
<95 QulsiA|E =tt o3t HojlA H49] A
ofz|e} Hdl YT E §A 1Esk= El 7|9 49
= F8ot, AlEdeld A= 7 tido] ol &
7HA] A@E S we] BIRIAE A PAIste] 54
o Z87} ok

o

l:Dll rﬁ

2. 744 AlE0]4 Zate| MTtsd 1IE: El @M
lof| 7|etst HE
1) 28 HZ: S H2(PROC 13)0I1M LHE A|AE
O=Z29| Mat
AUl AoA AEE =& AMEET 80.8% A4
4 27|15 23 84.4% TA45 — 77)=, o
A dEgozo] 34 Aglo] Zh= k& A IS
o4 27 oA HFHOoRE HojFH, EU REACH
olA TCE AFH-2 UHY AlAFCR AIFIet 114 273
9] 71&4 edAE HIlsitt
FEAgdoAE TCEQ A48 Alxo] REACH
Annex XIV 517} tiifo2 2A=lo] Dy F71EA]|

>
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AIARIECSA Type IV Ex= V) HollAgt ARgo] 37}
E3 tHEuropean Commission, 2018). ECSAE
FaA B AlFgeE dH o] w2t Type I-TION
%), Type L7175 & 9HdHE), Type IVEA
& LEE 2% 993), Type VEE X 29 &
HE)Z EF5HH, Type IV olgoll& LEVZE 3220
Z WA= JATHECSA, 2021; Slunge et al., 2022).
u]=t EPAE TCE FEFA0A A4 =&7]|&(interim
ECEL) 0.2 ppme &2 4% A4 0|12 244 1t
4 eE5Eo] oF 97% AT Ao FHsH9oH,
ol ¥4 gdE 94 A&k AP #HY A
(hierarchy of controls) o]3¥& HAA= gt Fro|th
(U.S. EPA, 2024b). ul= EPAE 20249 129 X
oA TCEY HHEE &5 |AIGHAA, S719A
o tisir= UHF AIAR Sto At ARty ARE-Z S
8ot A 371 F 5EE 0.2 ppm(8AIZE TWA)
o5tz §Ae=E @7Lek itk EU REACH 917}
ZA(C2018) 5057)914%= Blue Cube Germany
Assets GmbH & Co. KGO tisl] HHg A|AHA
9t TCEE AM&SIES 27S Fsiqlal, J4%k 517t
270 = Qlsf| thot 7]e] TCE AR st 4
A 317Fe 283t 7192 65070 o9 SHAREAF &
3830 Edot¥tHAndersson & Slunge, 2021;
Slunge et al., 2022).

olof whsff, & AF+e =Wl dHolEldA= P
PROC(PROC 2, 3)°f| sfigst= Atz o7t o & A%
TEER 4oron PROC 13(7R% &&)3 PROC
1927 A 84.9%5 AHA|gith. UHE A|AH
T A2 &A 719 YR gk FRHo=E A}
doto] 22 w23 3 e BAlol Aokl &
Al 3¢ APAEES =Y 5 k= FoIH(NEWMOA,
2001; ECSA, 2021), @802 %7] Ay EXH|E
I At ARAARlA ] HA] 31 gE ojER 50|
UtKSlunge et al., 2022). F8 F55F A& A
7 ZAMIA 712 AaA &A dHlE JiRsk= HE
4,000-25,000 F2¥oY, tA 8A(GH IF2)8
ATt AdHl= 100,000-800,000 F-2, A4 A& AH]
+ 300,000-1,000,000 f2& H1EcKSlunge et
al., 2022). =W TCE A& AR A<= 5021
ojgh i AMAAS o, FE HEg Aol
U GAA [A%t 20 B3 7|4 Fxlo] 29

st
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HT

4 Y MEH LE RS £5 287

g, 2 o4 PROC 72 ERE 1442 &5
AlA & ool Az Aol sigsh=dl, BHE Al

e

goflAe A Az A Igo] du] W YA 3
HEZ, PROC o] A 2 AlZe] =535 2

B0z Aot HolA ot Ak

Ol

2) CHA| MIEA =Q): Fugacity M9 228 Hat

AlUe] @ BollA Fugacitys High — MediumOo.&
ARl AsEd 42.9%9 =& TAE @Al
Hop 2EAHOoZ = TCEE7IY 7.8 kPa)E S71%°]
32 B4 tiAshH Fugacity 55 AHAI7F sl&FE o]
EnZb T2ACE AT oA FACEE= 4 Al
A, WA 43E, E44 89(HFE, HFO Al¥) 5°l
Qo ™, Massachusettss® OTA A4 Inner-Tite
Corporation®| TCE 7|8t S7/9A|& A4 A=z
Agsto] 2R} E5Z AMAY AAE Zo=E HilE
i Massachusetts OTA, 2012). Slunge et al.(2022)
< FH F55F A& £ok] TCE Q17F th4 sHIA
|4 650714 ol T AAR Ve E8T 7Y
38740 BRI, tivkrrt 20169 EE717E o)A
o] TCEZ WAlIstie< Easiaicth. oiwt 2AF o
19704 F 147047} 3Fh27F f-AFE PERC T ||
dAZ 2ol ER HMeste] 7|E HHE Al ARSHA
, TE2A QA SEEA AF)Z ARt A
a0 14, =4 &9 AV 38 Y =&
Aoz THE o|ojA A= YT Ak A A4
ok ogt A ARAE AFEES] JE 9,
Az AZE, HE4 A2 B]E o4 TCEO] Hls ©o]
U = Qo] FHE A Hrpt A= ofof Bt

ECETOC TRA ®& oA Al APAl =U2
Fugacity 55 HAE ot} ofjd £29] &7+ 2
ol IFsfof gttt WA LI k&7 TCE
(10 ppm)Ett &4 ¥} =2 397t ol 59 =&
TEAE L27]E HH] kF 5x9 H|(RCR)°] I
Al RotA ‘BE|d a2 Aot ‘BT AdE
49 o|F4 MAHRTE 7|t & ATh

fr K

3) LEV HX|: &2 Y M JfM G}

AU L. BollA u]dA] 8670l LEVE HAlshd A
A ArsEd 68.6% HUAE 240ttt ECETOC
TRA v3.20014 LEVS &2 A4S 90%(ZaASs
0.1), AE7HE 80%(AaAT 0.2)2 L& 47g=]o] 9l
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t} o] F2 v3.19014 L PROC(7, 8b)oll Hoj=d
H =2 G877 95%, 90%)S A= -nd vy ZAx}
o we} 51k 245 A E, ECETOCY 7|&k 1149
A =F 7]1EZoIt(ECETOC, 2023). wheha &
Ato] LEV &3k B4 AF9A9 A= AdEo] oY
2t = Y IASE qrdst gloltt, Ads] HA-2
32 S 718X FHoIA 85-95%9] =Y §&S
A 4= ATHACGIH, 2019). 1]AA] 24.1%9] AFY
o] 24 IkeFE 230 JFHo] A =& BEXE
IA st Qlemg LEV Ax| oRa} Al AR
AAS =E&rEs F2H 02 Jfdske 7Y B3kERl
o o[ty

4) SHQEF A A2 XA E| 29| H4=0| ARX 5to|
Concentration2 EI 29](15.3)2 0|27 ZAjg o]
Eom, AUZ|Q GolA] ©52E 39.7%2] A= 7
425 B2t B9 Ay e F2o s F1(87.8%)
i8] 92.6%= F7t A7 7hssta e, 5] Fl1o]A]
27 ZESH 27| 23 oflaks A0E AEE
At A AY A AN ARG olEh=s FTHE AH
£ Y3fot= AC R 9n] Q= 797t 7HstHEE,
5ot Ayt HPsts HA Hte g HES 71X

7} e

b) =& el s¥H g1t

A2l 2 F1(87.8%)3% F2(92.6%)2] A= ECETOC
TRAS| HA1 F201A HIRHE 74 aHE JFH2
2 HoEoh FloA 29 71 1IA87.8% —
92.6%)= HA| FaE THoIA oF 4.8%poll 5,

7

==

A
$o= oFH 9F 39.7%2] F7F Al sfidst, =
71% 23 AHY Aol A 5 BoA=
0] Sl AolE ¥ET o= 3 PROCE FAISH
oMz FEIF 429] H|PROC H+E &35 44
LE71E &4 948 & e B 4
AAgE Ao, AAEA AFoA §HA T
ASH Hol Higt B Fa IAE ABwlt
ohgt o]ggt A¥= ECETOC TRA v3.29] ZH&Z
BHAAE AA 718kt 283re =, 7k BAgATE A
Asl= A7 28(d): LEV 90%)°] dojA A=
T 7Hgstoll At et ‘wE7E 23
04’2 ASS 58 gRlo] F 83t 54 A= o4

E|ofof gitt.

N

5 &% P4EF1 3.35 — F2 2.02 mg/m’)<

_

;:O

)
H1

o rlr 1o v

o

z*
=

7]

i

o

7}
U
=]

1o my,

ol

3. S8 ECHA SEXt22} 21 PROC £& H|l

ECHA 5% E% AHH(ECHA, n.d.)oA &Rlx=
TCE 4148 =EAve]oAE A S71EA 0 of
Fok= PROC 130] ZgE|o] IA] ko, AlF 37
2 dhg AA"E((PROC 2/3)2.24t 3j7lEo] Ut
525 1E =E3AYE Q04 LEV € et 7]
2 AEAARRAZ AAg=o] qlo], £ A+ =y o
olg]e} tjx#Ql BREE HOItKTable 5).

o] HliE FYS EXS 5YUT HHo=Z ARESHH
M, 74 FHet AT 24 BFA W H
HRo A5 B2 AUEE HYLS HojEo ol
T2 Zpol= A Y AYA9] Apol(FH: Q17 7|6t
A B7HA vs §h & 7] 716 AR FEf)oflA] 7]

<t

Table 5. Comparison of PROC and risk management conditions between European ECHA registration data and domestic TCE

cleaning operations

Comparison item

Europe (ECHA / REACH authorization)

South Korea (this study, n = 357)

PROC for cleaning

PROC 2, 3 (closed system) assumed in
registered/authorized exposure scenarios

PROC 13 (57.7%), PROC 19 (27.2%) — no
closed-system cases

LEV application

LEV or enhanced ventilation
required for all scenarios

75.9% installed, 24.1% not installed

Ventilation conditions default RMM

Enhanced ventilation or LEV required as

65.5% Basic, 4.2% Enhanced

RPE application

Specified per exposure scenario

66.1% not worn

Substance
concentration control

RCR ¢ 1 verification mandatory

99.2% using undiluted TCE (> 25%)

OEL (reference)

DNEL-based (varies by registrant)

54.75 mg/m® (10 ppm x 5.475 mg-m~/ppm)

Regulatory approach

Authorization—based pre—approval

OEL-based post—hoc management

www.kiha.kr
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Ao Ao PaEls, 7 FAE Wy 22
ol Thal AHE BEl S FASHE W) 3A AE
7t "aghe AN

4. Ao Mot

2 A= o E2 ARSI

AR, &3y XY Al FAAEESH Aot
ECETOC TRAY dZH+E AH 7ISotes 4A
Zo] ofyE g PROC &%, Fugacity 52 T4 59
A AR BAo] iYLt PROCS FF &34
Ao 71 2 FFS v|A]E= Heo]EZ(Riedmann et
al., 2015), ¥57 7+ AA 49 faA40 FH4
FFE =t =X, AFZAS ZYG A, ZFY AL
AEF TY 75730 AX TY AlUE|Re] {35t
7H A =2 digS S8 gotAl £ 5= ok A
AZ 5L ES W A&A9 EXE ESEZ AESh
AEA] 2,2957 5 ES W HEX7F 270 olidolojA At
ol M99 AFEo] 7hsdt 1,972 B gt
sto] A2 7 ¥ & 1.5xIQR 7|12E AL 2
3k 4.1%7F ol A= ERlElo] ES W WHEo] EA45H
o} & A9 ES @9 AlUE| 3l olE HHEoR
sk ©estol dfg3ict. AlAl, ECETOC TRAE
HE tier 1 TFEA, AIFZ9 37| 3JH, FF 1H
2, 8N Wit A=, JhE WA oy 350 9A] 5
AEZY B9 291 wrdskA] &St Savic et
al.(2023)°|A1% ECETOC TRA v37} PROC 13°] o
o oF 70%2] Aol ASgET Y2 FHXE A=
St 7oz BHuE v Qlth. ETEAM HSAT A tier
1 T7F B4 24004 A HAFFTE = U3
2 A A5 02 Z(Schlueter & Tischer, 2020), &
AT AT LS FHAE Ttk ok Al
22 AE= EE PROCS ¥¥xoz PROC 3& A
ol= Wseske AMAo|E=E, Professional AFe
PROC 159} Zo] H3lo] 03] &4 =& ¥
Z3to] ;o] gt} AA A ALY =Y Alole 3
i A3 499 B, & JEFCE g2 "art
Qlth. Y4, E 3= ECETOC TRAS “H5s 7F A
A 7oz B4 2 EEoigeong Al k&
FAHTE AUEe 7F AHE A& s 7)o
T &0 28& Fol sfadof it oA, Ele I
g UHEet @ AHAAAE Aol AT A Ho|
L, B3H4E 59 BV LEVe 22 ‘oA EFF

bt o

forlr lo ot ©r

Journal of Korean Society of Occupational and Environmental Hygiene, 2026: 36(3): 272-292

IS FEI) MG 2 5 JOBE, A A
%9 $4o] Wasit EY IMSE 2
98 71E0x Sz HE o] &

I
QoH, Fo 27 Ak H13} 5 ity ool
st HEZF dgsith oA, B4 tiido] 2018-
202249 TCE AlAZo] Y=ol oz o= &
SisterEdoly 34 Rl gutslslr] YafiAe 7t
A5o] Z Qs

V.2 E
E 3= ECETOC TRA v3.29 =&¥4 AAES
&85t Ul TCE AlZAYY 2544 #4511,
g 1§ 1=} @F LA FARIMO)E 2
et &34 AaA ZaEDol 718ksto] W iA
SAAEAE EEot, AlEEelAE Bl AaHel A

AR AAIskH.

35770 TCE A& L=3Av=e 4 23, 71y
F=F(PROC 13, 57.7%)3 F2A(PROC 19, 27.2%)
o] £ Ao, UM ARE(99.2%), 7] A%t
71(65.5%), RPE 0]2-8(66.1%)°] T8 AA|she 2
2 198 HEE P2 Aok S 9= B B3H41.4%)
»> RPE(19.9%) » Duration(15.3%) = Concentration
(15.3%) > Ventilation(8.0%)°]3leH, IMSE A3t
El €9+ B E8K17.7) ) Concentration(15.3) )
RPE(13.2) » Ventilation(6.6) ) Duration(2.1)2.2,
SH fjdo] 294 AA|Uo] ERIE ot

871 7HA AlvtE] Q. AlEd]o]AoA PROC BH|SHA|
Ua]Q A, AR 80.8% HA, 23 45777 &
NS F 7P apdolglon, Holls Z2IpAH 7
2 A47F LEV vldA] 2704 dAjstar UH g &
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