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Vehicles 

Abstraet-Measm-ements of non-methane hydrocarbons (NMHC) were perforated at the entrance and exit of the 
Sangdo tunnel to estimate emission factors (EF) of NMHC from vehicles in May 2000. About 50 species were 
analyzed by a combined GC/FID and GC/MS system. Ethylene was the most abundant compound, followed by n- 
butane and acetylene, respectively. Based on the measm-ement data, the real world vet~cul~- EF in Seoul was estilnated. 
The highest EF value was 89.8 mg (veh-mile) -~ for n-butane, followed by ethylene and toluene. 
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INTRODUCTION 

Road tmt~c is one of the most significant sources of primary ak- 
pollut~lts in urban areas. Hydrocarbons fi-om vdficular emissions 
have been recognized as one of the major contributors to the for- 
mation of photcetlen~ical smog and the de~'hnental effects on human 
health Therefore, it is very important to study vehicular en~issions 
in order to understand atmospheric hydrocarbon concentrations and 
levels. 

Vehicular emissions of pnmary air pollutants can be described 
by the emission factor (EF), defined as the emitted mass of a chem- 
ical compound per distance per vehicle. EF of vehicles depends on 
many different factors such as design of the engine (gasoline with 
or mthout catalytic converter, or diesel), driving conditions (accel- 
eration, etc), and fuel used. The EF can be deten-nined by exhaust 
measuremei~ fi-om single vehicles in a dynamomelric test. How- 
ever, the EF of a large number of vehicles has to be measured to 
obtain representative results for actual road h-affic emissions. 

Road ~-at~c emissions can aho be determined by exhaust meas- 
urements of driving vehicles [Bailey et aI., 1f;90] or in h~nnel meas- 
urements. The cornpositions of the hydrocarbon species in the hm- 
neI air are broadly representative of a large number of vehicles and 
fuel types used in urI:an areas. Additionally, tunnel measurements 
have the advantage of quickly obtaining composite samples [Nel- 
son and Quigley, 1984]. 

We made a tunnel measurement in Februmy 2000 at Sangdo tun- 
neI located in the southern part of Seoul [Na and Khn, 2000]. Since 
this tunnel is located in Seoul, the capital of Korea, this measure- 
ment was expected to help further the understanding of the charac- 
teYtstics of vehicle e~nissions in urban areas of Korea Howevei; dur- 
ing that measurement, only one sampling point was set in the h.~n- 
neI; thus, accurate estimation of emission fa~oi~ was ha-d to do 
fi-om the data. The present study was conducted in May 2000 and 
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two sm-npling points were set up inside the tunnel to make mass 
balance calculation possible. 

The main purpose of  this study is the esth-nafion of the EF of  a 
large number of individual volatile olganic corapounds in Seoul. 
The EF was calculated for the total vehicle classes without any clas- 
sification of vehicles. Here we desciibed the results of the EF cal- 
culated fi-om 10 sm-nples. We furthea- con:pared the result with othea- 
results from the previous hmneI studies conducted abroad. 

EXPERIMENT 

Heavy traffic usually begins at 07 : 30 am and continues to 08 : 
30 am. From 07 : 00-07 : 30 am, the traffic was light. The compo- 
sition and number of vehicles passing ti~-ough the h~meI were de- 
tea~nined by dh-ect countitg. A total of 6,076 vehicles were counted 
during the study peiiod. The traffic counts were split into four clas- 
ses: 62.8% were identified as gasoline-fueled vehicles, 24.0% as 
diesel-fueled vehicles, 11.6% as bt~ne-fueled vehicles, and 1.7% 
gasoline-fueled motorcycles. This composition is in good agreement 
with the data of vehicle registration in Seoul [Na and Kim, 2000]. 
The range of fluctuation in vehicle cornpositions was within 10% 
in the tunnel dining the experiments. 

Measurement was performed from 29 to 31 May 2000 in the 
slightly downhill grade h~meI which canies traffic in one dhection 
on two lanes. Detailed infon-nation on the tunnel configuration is 
given atNa andKim [2000]. Grab sampling was conducted by us- 
itg 6 L SUMMA polished stainless steel canisters under high vac- 
uum of 104 Ton: Sampling runs of 30 rain duration were conducted 
simultaneously between 07 : 00 am and 08 : 30 am at the entry and 
the exit sites. During tim time period, passing vehicles experienced 
various driving conditions with starting, moving, and stopping. The 
entry site is 50 m fi-om the tunnel entrance. The sampling sites were 
separated by 250 m. The tunnel is not equipped with any forced 
ventilation system. A total of ten samples were collected, five sam- 
ples per each sampling point The range of sampling hme was chosen 
to represent mixed d~aacteaistics of vaxious driving conditions. Table 
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Run Time Date Nm~aber of vetJcles Temperatuu-e (~ Hmnidity (%) 

1 07 : 00-07 : 30 5/29/2000 1,220 17.8 54 

2 07 : 30-08 : 00 5/29/2000 1,095 17.7 53 
3 07: 00-07:30 5/30/2000 1,410 15.5 60 

4 07 : 30-08:00 5/31/2000 1,023 16.8 56 

5 08: 00-08:30 5/31/2000 1,302 17.5 54 

1 gives file conditions for each ~nnel run in the study. Sampling 
position is 1.8 and 2.0m fi-onl the ground level and passing vehi- 
cles, respectively. Air speed in the ar~nel was monitored by a porta- 
ble amnlometer at tile sanpling site 300 m a~vay fiom tile entrance 
to the amneI. 

The calistei~ were aMyzed by a G C ~  and GC/IvIS system 
at Korea Ir~stitute of Science and Technology (KIST). The GC/FID 
was used to qu~-ltify C2-C3 hydrocarbons, and the CJC/IvIS was used 
to identify C2-C9 hydi-ocm-bons and qua r ry  C4-C~ hy&oca-bons. For 
the analysis of C2 and C3 hydrocarbons, a GC/FD (STAR 360(~X, 
Vmian, USA)was used Sepa-ation was actfieved by a 60 m long, 
0.32 zm~a I.D., 3.0 gm film thickness RTX-1 columr~ Initial oven 
tempem~re was -60  ~ for 7 min and raised to 70 ~ at the rate of  
10~ rain -l and then the oven was heated to the final tempera~e, 
220 ~ at tile rate of 7 ~ rain -l and was kept at 220 ~ for 15 i n ~  
Flow rate of the career gas, N2 (99.9999%) was 3 ml min -l and that 
of the detector make up gas (N2) was 30mI rain -l. Flow rates of 
H2 and air were 19 and 250mi min -l, respectively. Detector was 
heated to 250 ~ Sanple was concen~-ated for 5 rain at a flow rate 
of 40ml rain-'. Liquid nitrogen was used as the coolant for the cry- 
ogenic trap, and temperature of which was -150 ~ for 5 m m  Then 
samples were desorbed at 200 ~ for 2.5 rain. 

C4-C, hydiocarbons were idenfffied by meres of a combined gas 
ct~omatography/mass sFec~ometry (OC/MS) system (340(~X GC 
& Saturn 2000 MS, Vman, USA). A sanple preconce~-ation trap 
for the standards and samples was packed with 60-80 mesh glass 
beads. To concentrate the hydi-ocarbons, an aliquot of a cm~ister air 
was tra~sfen-ed into a trap immersed in liquid nitrogen at the flow 
rate of 20ml min -l for 5 m m  The total volume concer~ated was 
100 mI. Tile concet~-ated sample was revolatized by heating the 
trap up to 170 ~ and then held for 11.3 m ~  Hydrocarbons were 
sepa-ated in a 60 m long, 0.32 zrma I.D., 1.0 ~ma film thickness DB- 
1 column (J&W Scientific, USA), and subsequently analyzed by 
the GC/IvIS. The GC oven program used was as follows: initial tem- 
pera~-e 0 ~ for 7 rain, rising at 15 ~ I ' [ l in  -1 up to 170 ~ where it re- 
ma~s for 6 rain. Calibration standards (Scott, USA) were used to 
establish tile retention times and detector responses of the GC/MS. 

Predsion, as detezmined fi-om five replicate analyses of the stand- 
ards and samples, is within 15% for the compounds at the concen- 
~-ations above 5 pplX~ and the lower quantifiable limits were between 
0.1 and 0.5 ppbC depencling on component for tile 100mI of san-  
pie concentrated. The percent difference of the concentrations of 
VOC for the six duplicate samples measured during the pericd of 
this study is less than 35%. The accuracy was demonstrated through 
a comparison analysis between KIST and A~m AA, an environ- 
mental consulting laboratory, USA on four of the same samples. 
The results show that the relative errors calculated on the basis of 

A~a AA r a g e  fi-onl 3 to 49%. Details are given at Na and Kim 

[2001]. 

RESULTS AND DISCUSSION 

1. Determination of Emission Rate 
Emission fa~oz~ for trallic witl~n a tunnel can be calculated per 

unit of fuel consumed or Fer vehicle-distance-lraveled [Fraser et 
al., 1998]. In the l~-esent study, we adopted EF ruth the emitted mass 
of a compound Fer vehicle-mile since the estimated EF values will 
be used in a model using tile utfit mile. Tile method of extracting 
emission rates fi-onl tunnel nleasurements has been desciibed by 
Pierson et al. [1990]. Briefly, one samples simultaneonsly at two 
points, one near to the exit and the other at tile ~ m e I  en~ance. To 
detemline tile mass of a cor~stituent i produced by l:~ssing vehicles 
in the tunnel, we assumed that an element volume of the tunnel is 
a steady-state plug flow reactoi: Tile crucial feature of this reactor 
is that the composition of the fluid varies from point to point along 
a flow. Thus, the mateiiaI balance in tile ~ m e I  with the generated 
mass ~ (in rag), the traffic count N (number of vehicles), and the 
mrmeI length L (distance between sampling sites, 250m in this study) 
for the emission rate of E, in mg (veh-mile) -l for a species i of in- 
terest is given: 

=M,/~L). (1) 

2. General Chal-acteristics 
The average total NMHC level at the exit of the ~ m e I  (2,559 

ppbC) was twice as tfigh as that at the en~alce (1,151 ppbC). At 
both points, alkanes are the most abundant, followed by aromatics, 
and alkenes. Additionally, file compositions of the hydi-oca-bon clas- 
ses are similar to each other suggesting that the NlVDIC concentra- 
tions at the two points are pimla-ily influenced by vehicle exhausts. 

The average concen~-ations and conlposition with their standard 
deviations of NIVIHC atthe en~nce  and exit of the Sangdo ~,mel 
are given in Table 2 along with the composition data measured in 
Febmay  2000 in the same ~nneI [Na and Kim, 2000]. The most 
abundant compounds observed in the tunnel were ethylene, fol- 
lowed by n-butane, acetylene, and i-butane on the basis of aver- 
aged concer~raflons (ppb) of the two points. In weight percent basis, 
butane (11.7%) ks tile most abundant in the tunnel. The most pro- 
minent difference between the February and May measurements is 
the mass fractions of propane. Dumg the winter,he (from Novem- 
ber to  March), 5 to 30wt% of prolmne is added to tile butane fuel 
which is used for the some types of vehicles such as taxicabs and 
recreahonal vehicles. However, during the remainder of the year, 
butane fuel contains no Vopane. Tim is the main reason for that 
difference. Accordingly, the seasonal pattem of fueI seems to affect 
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Table 2. Concentrations and compositions measured in the Sangdo tunnel in May 2000 

This study (May 2000) 

Concentrations (ppb) 

Entrance of tmmeI Exit oftmmeI 

Compositions (wt%) 

Entrance o f tunnel Exit of tmmel 

Composition in Feb. 

(wt%) 

Ethane 7.5+3.9 12.5• 1.6+0.4 1.4+0.5 3.4+1.2 

Propane 8.6• 1 h 8• 2.8• h 1 2.3• 1.3 6.6• 1.5 

n-Butmle 31.8• 75.8• 11.0• 12.4• 12.7• 

i-Butane 17.0• 36.7• 5.8• 5.9• 7.2--L0.9 

n-Pentane 6.3• 14.5• 2.7• 2.8• 2.&-k0.3 

i-Pentane 7.9• 17.9• 17.7 3.4• 3.3• 1.0 3.1• 

2 -Methelpentane 4.9• 11.7m 11.4 2.7m0.2 2.7m0.2 2.5• 

3-Methylpentm~e 1.0• 1.0 8.&-L 12.9 0.5• h 5• 1.2 0.6• 

2,2-Dimethylbutane 0.7• h6• 0.3• 0.3• 0.1• 

2,3-Dimethylbutane 4.0• 9.8m 10.3 2.1 m0.3 2.2m0.3 1.8~0.3 

n-Hexm~e 4.1• 8.8• 2.3• 2.1• 1.7• 

2-Methylhexane 3.2-4:2.3 7.7• 2.0• 2.0• 0.6-]=0.4 

3-Methyll~exane 1.5• 2.6• 1.2• 0.7• 0.1• 

2,3-Dimethylpentm~e 2.4• 6.1• 1.4• 1.6• 1.Z-k0.3 

2,4-Dimethylpentane 0.5• 1.4m 1.4 0.3• 0.4• 0.2_-L0.1 

n-Heptane 2.1• 1.9 5.1• 1.2• 1.3• 1.1• 

2,2,4-Trimethylpentm~e 0.5• 1.5• 1.6 0.2• 0.4• 0.2• 

2,3,4-Trimethylpentane 0.3• 1.1• 0.4• 0.4• 0.1• 

2-Methylt~epta~e 0.7• 1.5• 0.4• 0.5• 0.3• 

3-Methyll~epta~e 0. &-L 1.0 2.2• 0.4• 0.6• 0.4• 

Octane 0.5• 1.3• 1.1 0.3• 0.4• 0.4• 

Nonage 0.&-k0.5 1.5• 0.7• 0.5• 0.3• 

Ethylene 52.2• 93.5• 9.6• 9.3• 9.4• 

Propylene 15.3• 27.3• 4.3• 4.1• 4.Z-k0.7 

1-Butene 8.3• 21.4• 2.8• 3.0• 2.8~1.3 

t-2-Butene 5.1• 11.6• 13.3 1.6• 1.5• 0.7• 

c-2-Butene 2.5• 5.6• 0.7• 0.8• 0.5• 

1 -Pentene 1.0• 1.1 2.7• 0.4• 0.4• 0.2_-L0.1 

Isoprene 0.8~0.8 1.5• 1.7 0.3• 0.2• 0.1• 

t-2-Pentene 1.9• 1.8 4.0• 0.8• 0.4• 0.5• 

c-2-pentene 2.0• 1.8 5.2• 0.8• 0.9• 0.2• 

2-Methyl-2-butene 2.8~2.6 4.6• 1.1• 1.0• 0.7• 

Acetylene 19.5• 34.4• 3.4• 3.0• 4.1• 

Cydopentane 0.8~0.8 2.0• 0.3• 0.3• 0.3• 

Methylcyclopentane 2.3• 1.7 5.4• 1.2• h 2• 1.2i0.1 

Cydohexane 0.5• 1.1• 1.2 0.2• 0.2• 0.5• 

Methylcyclohexane 0.8~0.8 1.9• 0.4• 0.5• 0.4• 

Beilzene 6.3• 15.0• 3.0• 3.0• 3.4• 

Toluene 16.0• 11.8 32.1• 9.8• 8.8• 9.5• 1.9 

Ethylbenzene 1.9• 1.4 4.3• 1.3• 1.2• 1.1• 

m-/p-Xylene 9.1• 22.1• 6.4• h 0 6.3• 1.0 4.5• 

o-Xylene 2.3• 5.7• 1.6• 1.6• 1.5• 

Styrene 0.5• 1.2• 1.4 0.3• 0.3• 0.0• 

1,2,4-Tiimethylbenzene 6.7• 7.4 16. &-L 19.0 4.5 • h 5 5.0• 0.9 5.3• 1.8 

1,3,5 -Trimethylbenzene 1.7A 1.4 3.4• 1.3• 1.1• 1.1• 

The Feb. data are from Na and Kim [2000]. 

the compositions of NMHC emitted from vehicle exhausts. 

3. Emission Factors from the Sangdo Tunnel 

May, 2002 

The NIvl}tC composition in the tumleI is detem~med by the 

sources inside the tLmnel and by the composition of the outside air 
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entezJrg the ~rinel. To examine the effects of the outside air on the 
inside air, we compared the abundances of major compounds of 
sources of non-vehicle exhaust at the exit with those at the en- 

trance of a k~nneI. In Seoul, ethane is known to be the major coin- 

pound of na~-al gas that is usually used for heating and cooking 
['Na and Kim, 2000]. Since the tunnel is close to residential areas, 
the tunnel ak can be affected by hy&-ocm-Imi~s emitted fi-om the areas 

though ak enteiq_ng the mrxnel. The compositions of ethane are 1.6 

Table 3. Calculated emission factors of  N M H C  in mg/veh-mile  in the Sangdo tunnel  and other studies. The cells for the compounds  
not repol~ed are left vacant 

Average S.D. Thiais* Fort McHenry** Tuscarora** 

Ethane 6.6 4.5 15.6 8.6 5.4 

Propane 8.8 6.3 4.8 1.3 1.1 

n-Butane 89.8 32.3 57.2 10.0 8.2 

i-Butane 39.1 17.5 24.1 1.2 1.6 

n-Pentane 19.6 11.3 12.6 15.1 8.7 

i-Pentane 21.9 17.4 153.0 48.7 23.6 

2-Methylpentane 18.6 12.0 15.4 16.3 7.7 

3-Methylpentm~e 19.1 22.5 9.1 9.1 4.9 

2,2-Dimethylbutane 1.4 3.9 5.2 2.9 

2,3-Dimethylbutane 15.4 11.5 5.9 2.3 

n-Hexm~e 13.0 11.3 5.5 7.5 3.9 

2-Methylhexane 13.0 11.3 

3-Methylhexane -0.4 10.4 8.2 2.5 

2,3 -Dimethylpentm~e 12.2 6.4 4.9 1.9 

2,4-Dimethylpentane 3.5 1.5 3.9 1.5 

n-Heptane 8.9 7.7 3.9 1.6 

2,2,4-TrimethyI mpentane 4.7 2.0 18.0 6.2 

2,3,4-Trimethylpentane 3.2 2.9 6.4 2.1 

2-Methylheptm~e 3.3 2.0 2.3 1.3 

3-Methylheptm~e 6.5 2.9 2.6 1.2 

Octane 4.1 1.6 1.7 0.8 

Nonane 2.4 3.5 1.5 0.3 

Ethylene 50.1 28.1 136.5 36.8 23.9 

Propylene 21.8 12.0 61.2 14.1 9.7 

1-Butene 19.3 21.8 

t-2-Butene 10.4 9.8 7.7 2.0 0.8 

c-2-Butene 6.3 4.7 5.7 1.5 1.3 

1-Pentene 3.0 4.4 3.3 2.0 1.0 

Isoprene 1.1 1.4 1.6 1.1 

t-2-Pentene 1.2 8.6 6.5 3.4 1.8 

c-2-Pentene 6.7 6.1 3.4 2.0 1.1 

2-MethyI 2-butene 5.1 5.8 2.4 5.4 2.9 

Acetylene 15.8 7.7 67.4 12.3 6.3 

Cyclopentane 2.6 2.3 1.8 0.9 

Methylcyclopentane 8.3 5.5 

Cyclohexane 1.5 1.4 

Methylcyclohexane 4.0 2.1 

Benzene 20.6 15.9 23.5 14.7 

Toluene 50.0 28.5 44.7 22.8 
Ethylbenzene 7.2 7.0 11.7 4.5 

m-/p-Xylene 41.0 33.8 40.1 16.9 

o-Xylene 10.8 8.6 14.6 6.5 
Styrene 2.2 2.1 5.4 2.7 

1,2,4-TrimethyI bez~ene 37.0 24.3 25.5 8.6 

1,3,5-Trimethylbenzene 5.3 6.5 6.9 2.7 

*: Tousty and Bonsa~g [2000]; **: SagebieI et aI. [1996]. 
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mad 1.4 wt%, respectively, for the entrance mad exit of the ~meI. 
Relatively higher abundances of ethane at the entrance of the Iztn- 
nel reflect the ~xistence of the effects of non-vehicle sources of the 
outside of  the tunnel on the tunnel air. 

It has been suggested that one measure of catalytic converter ef- 
ficiency is the ethylene/acetylene ratio. Since the intr(xluction of 
emission controls, the emissions of ethylene and acetylene have 
both decreased as a fraction of total NIvIHC [Fujita et al., 1995]. 
However, the decrease is greater for acetylene because it is re- 
moved more efl2cienfly by the catalyst than ethylene. Well ma~ained 
catalyst,equipped vehicles have ethylene/acetylene ratios of 3 or 
greater based on Federal Test Procedure emission tests, whereas 
non-catalyst cars have ratios closer to 1 [Hoel~nar~ 1992]. For ex- 
mnple, the ratio for Cairo, Egypt was reported to 0.75. The reason 
for this was explained by characteristics of vehicles without cata- 
lysts [Doskey et al., 1999]. During this study, the obsen~ed mole 
ratio was 2.7. This value is slightly Ia~ger thaa that (2.3) in Febru- 
ary 2000 which suggests that the efficiency of catalysts is affected 
by ambient tempera~u-e. 

The emission factor calcuIated fi-om Eq. (1) is given in Table 3 
along with other reported ~nnel stuclies abroad_ The EF of NMHC 
in tiffs study is generally comparable to those of Thiais and Fort 
McHera-y tunnels, but higher by about a factor of 2 in the Tusca- 
rora tunnel [Touaty mad Bonsang, 2000; Sagebiel et al., 1996]. 

The emission factor of n-butane is the highest value measured at 
(veh-miIe)-, followed by ethyIene of 50.1 mg (veh-mile) -~ 89.8 mg 

and toluene of 50.0 mg (vda-miIe) -~. Note that isoprene, the main 
compound emitted from biogenic source, is 1.1 mg (veh-mile) -~ 
of emission factor. Fort McHenry and Tuscarora tunnels aIso re- 
leased at the same order of magnitude. It shows that isov-ene is pro - 
duced aIso by combustion of  vehicle fi_~eIs. 

SUMMARY 

Emission factors (EF) of non-methaae hy&ocarbons (NMHC) 
are important data to esttmate vehicular emissions of NMHC which 
conta~s ozone precursors and hazardous air pollutants. To develop 
cost, effective control strategies agaLmt NMHC levels in the a~; it 
is essential to have accurate emission inventories of major NIVIHC. 

Measurements of NMHC were ca~-ied out at the entrance and 
exit of the Sangdo turmel to estimate emission factors (EF) of NMHC 
from vehicles in May 2000. About 50 species were analyzed by a 
combined C.~/F]D and C~/MS system Ethylene was the most abun- 
dant compound, folIowed by n-butane, and acetylene, respectively. 
Based on the measurement data, the real world vehicular EF in Seoul 
was esN-nated. The highest EF value was 89.8 mg (veh-mile) -~ for 
n-butane, followed by ethylene mad toluene. 

This result can be used as a data for source identification of the 
ambient NIVIHC in Seoul along with other emission source datz 
such as Na et aI. [2001]. 
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N O M E N C L A T U R E  

E, : emission rate of chemical species i in mg [veh-mile] -' 
L : tunnel length in m 
M, : mass of a chemical species i emissions in mg 
N : traffic count in number of  vehicles per unit time 
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