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Abstract

In this study, a series of site measurement of particulate and gases pollutants at five
tunnels were carried out along with case studies to review the suitability of the current
road tunnel ventilation design standards. Previous studies by other researchers have
shown that the ratios of the level of measurement to the standard were 27.9%, 1.6%
and 3.4% for TSP, CO and NOX, respectively. Those measured in this site study shows
even lower ratios; the ratios were 2.6%, 0.8% and 0.3%, for TSP, CO and NOx,
respectively. The particle size analysis of TSP for the five tunnels shows that PM10
including tire wear and re-suspended road dust exceeded 20.4%. This implies that
non-exhaust particulate matter must be taken into account, since the current design
standards for the particulate matter (visibility) include only the engine emission.
Based on the recent research results, for vehicle emission rate and slope-speed
correction factors, revision of ventilation design standards for pollutants is required.
WRA (PIARC) also emphasizes the necessity of the ventilation design standards for
pollutants. In addition, enactment of a new road tunnel ventilation system operation
standard or guideline is strongly recommended when considering the low operating
rate of the ventilation system with jet-fans.
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AR HO] W5 8- Fiot EAA] o w|h-5-o] thefRt o= R E o] o] A&A 0 2 x| 1
ALt ole}t tiEo] X X7 1A Aol whE 4] A Fol wheh S $E 0 o thig Tilo] Hotz|ar 9l
= AAoIth A AR 9 AR 2ol 2 ARG O] A, AV AR e R o] @ A=A HiE R <s)
o FRIEQ] 1o 2 Q5] FAP} SR == Allk @Ash= THE #t A A] S52] SAEAI7} cigo|
2t El'd A 9159 119l HA] HIsisHA ‘*f‘“o}i et olel wheh E2EE U] @ HEd S41} vl Este E
g Y g thote] A7t A1&H 02 Al Folth(Lee et al., 2009; Kim et al., 2018).

oA HhE @ JEA 0] tiet e A= A AeA o2y ZolpE Bejd o] glon Yo &
F71HolEt & 4= e A E A FEIREY, S 23 AGOAE F7]2 02 gl HAERE 0o
E4o] tsl] A&H 02 =4 9 mUE| 8-S 4886111 QTBIHE, 2000~2002; 2010~2016; KEC, 2017). E
4] 0 =22 dA T W oA Aol Qo] A b 2E 7t B R SRR ofXIn) A
E42 HY Y 2349 9 £ 5 Y= 1R To= R oIy 7EAYEH ] 749 COLENOXE A1
ot, ZF 2R S E Ao 24 TR skl ol AdEolth

£ Aollx= ol BYEIRHRIRLL A 571 Bdoll S5 AS A0S g o & 9)7] e AE ol wE
YR e A4 Hist Solet dal E2EE S| Vo R Bld Wi L A=A 0] @S vl - BT
(MOLT, 2011).
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ZQ Edo] tigh @ PB4 Bao B AselA] B A Aol A ZAet I e o] =4 ATKBIHE,
2000~2002; 2010~2016)2} g1t 2-F AL A A3 1145 2 B O] SHATHKEC, 2017)E H] L 41613tk

Table 1¢7h=2000'35E] 2002d712] FARA ol 4] Z7et A FE4 el tiste] S4eh et @A E=A4A|
HoA A F:2 TSPl Tzt 7HA = R4S Table 101 YFERA AT

Table 1. Measurements of TSP and visibility in Busan

Tunnel 1 Tunnel 2

o 2000 355 51

\ 2001 467 486

(hgm) 2002 366 428
o 2000 0.0016 0.0020
Vls(lbl_lll)ty 2001 0.0022 0.0023
" 2002 0.0017 0.0020

a) Equation for coversion of TSP to visibility, Visibility = TSP (g/m’) * 4.64 (MOLT, 2011)

oA Bz Atk o] T 7 el de]l thigh 7 gh= 2] 0.002 m' & Z36}A] ¢ A 02 UeliTt o=
A7 Z2EYo] 28 Z21 7 E0] 71221 0.005~0.009 m' 2 Z5}2] Qo @A 7|%of| vHEsl= A |
o= et

2, Tables 2, 39I1= 20105 2016@7H2] FAM oA 247 7FAAFEZ(CO, NOx)©l| tigt 2442
LERH AT Tables 2, 301 54 2] =2] o2 El'd-2 @A 71 AR [HAlS -85kt §lom, 5P =5 eld2
2pAgty] BhAlg A8l ik

l

Table 2. Measurements of CO in Busan (unit: ppm)

2016 2015 2014 2013 2012 2011 2010
A tunnel 0.6 0.4 0.6 - - - -
B tunnel 1.0 1.4 1.5 1.3 1.3 2.0 1.5
C tunnel 1.5 1.3 1.9 1.7 1.9 29 2.1
D tunnel 1.0 1.7 1.7 1.7 1.8 2.0 1.4
E tunnel 3.0 1.5 2.0 2.3 2.1 2.1 22
F tunnel 0.8 1.4 1.3 - - - -
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Table 2. Measurements of CO in Busan (unit: ppm) (continue)

2016 2015 2014 2013 2012 2011 2010
G tunnel 2.2 2.0 1.3 1.3 1.8 1.8 2.2
H tunnel 0.9 0.7 0.8 1.3 - - -
I tunnel 0.9 0.9 0.5 - - - -
J tunnel 0.6 0.4 0.5 - - - -
K tunnel 1.4 0.7 1.2 1.2 1.2 2.0 1.2
L tunnel 0.8 1.9 0.9 - - - -
M tunnel 0.9 1.3 2.3 1.0 1.3 1.3 1.8
N tunnel 1.9 1.9 0.4 0.8 - - -
O tunnel 0.8 0.8 0.6 - - - -
P tunnel 0.6 0.6 0.8 0.4 - - -
Q tunnel 0.5 0.5 0.4 0.7 - - -
R tunnel 0.5 0.5 0.6 1.4 - - -
S tunnel 0.4 0.4 0.6 0.5 - - -
T tunnel 1.2 1.2 1.0 0.7 - - -
U tunnel 0.6 0.6 0.6 0.4 - - -
V tunnel 1.3 1.3 0.4 0.4 - - -
W tunnel 0.6 0.6 0.7 0.5 - - -
X tunnel 1.0 1.0 0.5 - - - -
Y tunnel 0.8 0.8 0.5 0.6 - - -

Table 3. Measurements of NOx in Busan (unit: ppm)

2016 2015 2014 2013 2012 2011 2010
A tunnel 0.295 0.291 0.302 - - - -
B tunnel 0.965 0.765 1.356 0.786 1.114 1.575 1.825
C tunnel 0.144 0.633 1.872 1.338 1.085 2.383 2.311
D tunnel 0.713 0.646 0.688 0.925 0.823 1.832 0.926
E tunnel 2.091 0.624 0.929 1.054 1.094 1.122 1.017
F tunnel 0.676 0.498 0.810 - - - -
G tunnel 1.048 1.095 0.685 0.570 0.871 1.007 1.924
H tunnel 0.547 0.443 0.698 0.582 - - -
I tunnel 0.406 0.277 0.566 - - - -
J tunnel 0.309 0.408 0.317 - - - -
K tunnel 0.564 0.601 0.709 1.027 0.906 1.507 0.941
L tunnel 0.760 0.416 0.566 - - - -
M tunnel 0.624 0.597 1.578 0.666 0.446 0.776 0.755
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Table 3. Measurements of NOx in Busan (unit: ppm) (continue)

2016 2015 2014 2013 2012 2011 2010
N tunnel 0.389 0.388 0.321 0.504 - - -
O tunnel 0.078 0.216 0.158 - - - -
P tunnel 0.397 0.470 0.359 0.519 - - -
Q tunnel 0.080 0.086 0.265 0.265 - - -
R tunnel 0.116 0.190 0.226 0.516 - - -
S tunnel 0.459 0.246 0.509 0.336 - - -
T tunnel 0.358 0.394 0.536 0.640 - - -
U tunnel 0.089 0.123 0.269 0.143 - - -
V tunnel 0.145 0.145 0.300 0.212 - - -
W tunnel 0.244 0.547 0.465 0.441 - - -
X tunnel 0.264 0.570 0.477 - - - -
Y tunnel 0.099 0.121 0.148 0.578 - - -

7} 1t Fofl A B At o] CO 5 0] Z-9olli= EBl'Eo| Bl w4 A Yehtal jlom, AEE, JEIE, S
Bdo] w4 WA LAl Qlek COE 9] A= EBE 2] 161 S721= 3.0 ppm©|H 2| AZ=PH
9, NE'E, QEl'd, UHY, VE['E9] 13\, 14d = SAZEYE 0.4 ppmo|H, 25 AHARE7 e dof|A] 715511 §]
o} 3 A A2 = 1.2 ppm o2 T2 A HEf| AAIH 7|51 70 ppm EHe W2 710 2 ER Qi

NOx §=+= HEE = CHEOl 7H &7 ehal gloH, OHE, QElEo] A o & W2 gl& Hol=
Ze HERAL Qlek S4717-s2tel 2t s o= CE'E 9] 1'% S48 7= 2.383 ppm-e UFEP‘/}E RO, A
A BE 5= 0.659 ppm O = UERF §lo], T2 dA1Heo]| A|A1H 715521 20 ppm BT}/ 6] W2 21 Hoj
1 QItk E3E COEER NOxE 0] oA B 4= Ql=o] AiA o = Aol | & 485k 1“01 71 A
Agohs HEE T 7IAMIEAS] e B2 Ao ® Yeth dibd o g T d0] Z)Alglr|o] >
SO U= ]—ZF—E*V*O}O? dirA o 2 T =Ed 7| Al | A o] -§fo] HEt A= =05 EE 7|
woll, ZIAZ AV o] SRS H T 7 AR | A 2] 7ha-Eel ofall EAER= A 0= S EojXInt

T}e.0 & ML 2 ZAHKEC, 2017)04] 243t 1452 e)do] 24 AR Tables 4, 50 YERALH =
4 a1 57l Hd2 B 7 AR |5 A8kl Lo, ZF Fof|A] K Au o] E2Ed W 7= (COo,
NOx) 9] ske= @A =2 dAEHA 11]*16} = CO: 70 ppm, NOx: 20 ppm 2o B 28 LR 11 9]
o}, SRR JRFEZE(PMI10, PM2.5)9] 74 gl e 47 Bl&2] @ @k o< Fao] 27| X9 H
d o] A5 e He I 57 ks B Ul whet Bd k] g do] w2 A o' A EIH: o]
= AEAHAA] S 22 Bd ] 2782 Q4] ofsf] F7HAR1 S o] URIQ1 Ao & IS E oAl Asstal
QITHKEC, 2017).
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Table 4. Measurements at the first visit

Tunnel @ Tunnel @ Tunnel @ Tunnel @ Tunnel ®
CO (ppm) 1.1~2.3 1.0~3.3 0~0.7 1.1~2.3 0~4.4
(Ave.) (1.7) (1.7) 0.1) (13) (1.9)
NOXx (ppb) 411~1,553 365~1,561 131~786 11.3~283 222~2.756
(Ave.) (883) (939) (402) (101) (1,198)
PM10 (ug/m3) ND 31~153 42~164 41~106 16~169
(Ave.) (69) (85) 1) (88)
PM2.5 (ug/m3) 12~60 29~96 21~55 14~64 17~114
(Ave.) (4) (50) (32) (32) (64)
Length (m) 1,500 3,300 3,300 1,100 4,600
Tr?ii;/‘é‘:y‘;me 74,015 18,386 13,645 5,524 8,967
Ventilation type Mechanical ventilation

Table 5. Measurements at the second visit

Tunnel @ Tunnel @ Tunnel @ Tunnel @ Tunnel ®
CO (ppm) 0.3~1.5 0.4~2.0 0.5~2.3 0.3~2.4 0~3.6
(Ave)) (0.6) 0.8) 0.9) 0.7) (13)
NOx (ppb) 381~1,497 374~1,547 53~1,155 16~635 384~3,274
(Ave.) (884) (1,016) (318) (113) (1,235)
PMI10 (ug/m’) 45-92 36-81 41-140 2669 60~152
(Ave.) (66) (52) (87) (47) (99)
PM2.5 (ug/m’) 38-90 14~67 52150 2255 38-112
(Ave.) (60) (36) ©1) (32) (65)
Length (m) 1,500 3,300 3,300 1,100 4,600
Triif;/g:y‘;me 76,395 19,580 13,497 7,677 8,682
Ventilation type Mechanical ventilation

ook le] A e ] 2l e LS A Ml B Aol Ao )
©FRAO] FAIX] B} S R S LRl 2L & 4 9

Fig. 191420135 57} =21 40| S1(AEM) o] ABF 71588 24T 4TS et get. 47
71582 27} 2.24%01), Bdlol mheb 7MEAko] 212 108 ofsle] 497} 7] o = ehi
o}, oliet B2 9 9)7] Bee] Hehgaele sl 2714 o] A o A A SaiEue
241 7)20] obd 2012 A2} o Gl ES F1E0 2 AFgati o] Hlgoln, 2 AHEAe] 0 JE Wik
o AP 9 2SR A 0] WS g

;SF:LI
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gt  HEA-S I 5HAE & 571 Bl dofl disto] ZAE At en, AUy HY % A S
28 ot o]of st St Table 61| FERHSITE.

Table 6. List of tunnels for site measurement

Tunnel Location Measuring date Note
Tunnel [ Gyunggi-do 03.15~03.16 National road
Tunnel II Gyungsangnam-do 03.22~03.23 Highway road
Tunnel 111 Gyungsangbok-do 03.26~03.27 Highway road Mechanical ventilation
Tunnel IV Gyunggi-do 03.29~03.30 Urban road
Tunnel V Seoul 04.04~04.05 Urban road
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Fig. 2. Measurement layout
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Fig. 3. Pictures of measurement instruments and tunnel portals
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Table 7. Measurement equipment specification

Category Parameter Specification
Sensitivity nA/ppm in 2 ppm CO 220 to 375
CO Response time too () from zero to 10 ppm CO <20
Range ppm limit of performance warranty 0~500
Sensitivity nA/ppm at 2 ppm NOx -175 to -450
NOx Response time too (s) from zero to 2 ppm NOx <60
Range ppm NOx limit of performance warranty 0~20
Particle size range 0.1~15 ym
PM Aerosol concentration range 0.001~150 mg/m®
+0.1% of readi 001 }
Resolution 0.1% o r.eadmg f)r 0.001 mg/m’,
whichever is greater
22333 753’%
Fig. 40lhe @424 Aagt 57 =2 e do] Hhet TSP, CO, NOx 2] 2447 ehholeh. Aapt 2219)

TSP2] 2|t 2]%= Tunnel I°14] 824 pg/m’o] A= 0H, o5 7IA 2 $H4FsE 749-0.004 m™ ol whet =2
Ao A AL 1= FAIX] 21 0.005~0.009 m™ & Z1}SHA] ¢ 71 0 2 YERTE Tunnel T4 &4
= TSP kS 353 pg/m’ (0.002 m™)©] 1, Tunnel MIOIA =% TSPO] gk 185 pug/m’ (0.001 m™)
o] 17, Tunnel IV 2% TSP HhZEE 467 pug/m’ (0.002 m™)©] 1, Tunnel VoAl 45 TSPO] |zt
2134 pug/m’ (0.001 m™) = LFERTE.

T2k 7IAFEE(COLENOX) 2] Z74 3= Tunnel 1914 COSE2] Z|THEE2 1.9 ppm, NOx&.2] Z|Thgk
20.07 ppm 22 YEFE O™, Tunnel 11014 COE 2] ZTHEE2 0.9 ppm, NOx5-=2] Z|thak20.025 ppm OS2
UEREO ™, Tunnel MTOIA COSE2] ZHZES 1.4 ppm, NOx5=2] ZZES 0.089 ppm o2 LEREO ™,
Tunnel TVO|A COSE2] ZTHZE2 0.9 ppm, NOx-5=.2] Z[THEE 0.056 ppm 02 LFEFF S0, Tunnel VOllA|
CO% 0] ZTZES 1.4 ppm, NOx 5. 0] Z|TZES 0.043 ppm 02 UEh} T2 5 S| 7]50] FA| A B
ThH o] Y2 s el Qs 22 &1 & 5= qlrt

Oli%ﬂq AEEA 0 At A AR A| D S mg At A S Axfel o] 77 @ JEH 0 Afol= EAT

Ao, E=Ed e | AR EoH 0] W F e E UER QI

?lﬁj Fig. 5olli=S4Vde] 7S =4S TSPl thet 7 Hle-S e ATt IRt o = 2jeko] A4 A

RIS Q17 oQo] B d o] = pM 2.5 o] J L Bt 35.7%% UERG O™, Eloo] mprt, ZjEG B

5] Qe 4 He PMI0 o] A4739] L 20.4% LebeT

—_—

ek
>
;g
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24 2F=2 ST g A e vl

Tables 8, 9°fi=2 A7ollA] Q18- R St =2 d W e =0 RUET dufet 28 E 7|8 7|&
o] THAIZIE Z=leted et gl B= B ol @A 7i2dEd 1 COLENOx 9] 1#AIA|(CO: 70 ppm, NOX:
20 ppm) = Aelel= HE-2 ARl %1}/&57\14 =R AT} A EQlet 7 0 & LRt} o]alah Aul=

P 21 e /] AR 28] A 120 LS dRel, ol A S
ek AR W 24 A o] A4 ) 27 W 2 AT, A 2] T

Aol 2 31 ¥11 9l EEHZﬂJﬁE‘f HA] 1991, 1995, 2004, 2012'A0f| 'H33%E WRA O] HI1A(WRA, 1991;

1995; 2004; 2012)5 7|50.2 2 E]0]Q17] i Zo|H, L WRAOA=2019E HUAE A2 AlA|g] utat
T QIAFE ZASFA.CH(WRA, 2019), O 2|42 0 & xjafo] 7| Ful&eRS Ao Q= FA]0]
THMOE, 2019). ©]2} ¥ 514 4= Kim and Lee (2019)7} Ht} ApA|5] 241511 QLo ™, o]} T F|o] =2 E
9 0 HEE 5 E=ElE 2ol iRt A&5AR] @S] B8 T A o= AR
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Table 8. Road tunnel pollutant measurements in studies by BIHE and KEC

Category Standard BIHE (2000~2016) KEC (2017)
CO (ppm) 70 0.4~3.0 0.0~4.4
(Ave.) (1.2) (1.1)
NOX (ppm) 20 0.078~2.383 0.011~3.274
(Ave.) (0.659) (0.709)
TSP (pg/m’) 2 335~485
(Ave) 1,080~1,940 22)

a) Visibility standard ranges from 0.005 to 0.009 m™ when converted from TSP

Table 9. Summary of the site mesurement results

Category Standard Tunnel I Tunnel 11 Tunnel IIT Tunnel IV Tunnel V
CO (ppm) 70 0.3~1.9 0.5~0.9 0.3~1.4 0.1~0.9 0.4~1.4
(Ave.) (0.64) (0.64) (0.39) (0.35) (0.70)
NOx (ppm) 20 0.015~0.074 0.000~0.025 0.000~0.089 0.000~0.056 0.021~0.043
(Ave.) (0.047) (0.010) (0.052) (0.023) (0.041)
3
P o | M e e e

a) Visibility standard ranges from 0.005 to 0.009 m™ when converted from TSP
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