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Abstract

Size segregated emissions of particle-phase species from on-road motor vehicles were investigated in the Kaisermühlen

Tunnel (Vienna, Austria) during April and May 2005. Emission factors were calculated from concentration differences

between tunnel inside and tunnel outside samples, the distance between tunnel entrance and sampling location, the

ventilation rate and the number of vehicles passing the tunnel. For a mixed car fleet with an average contribution of 9.6%

heavy duty vehicles (HDVs) mean particle mass emissions of 26710mg veh�1 km�1 in PM2.5, 62718mg veh�1 km�1 in

PM10 and 129745mg veh�1 km�1 for total suspended particulates (TSPs) were observed. The released particles mainly

consisted of elemental carbon (EC), organic carbon (OC) and the mineral components (MC ¼ Si, Fe, Ca, Al, Mg). They

accounted for 34.4% (EC), 30.3% (OC) and 18.2% (MC) of total PM10 emissions and 68.5%, 8.7% and 14.9% of PM2.5

emissions, respectively. Trace metal emissions (As, Ba, Cd, Co, Cr, Cu, Mn, Ni, Pb, Sb, Sn, Sr, Ti, V, Zn) contributed for

less than 1% of total emissions in all size fractions. Emissions of coarse particles were found to be dominated by

resuspended matter as well as by brake wear, whereas fine particles were mainly derived from combustion processes. On

weekends for some components distinctly reduced emissions were observed which could be explained with changes in the

driving conditions and/or fleet composition.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Vehicle emissions make substantial contributions,
both directly and indirectly, to atmospheric particle
concentrations. Direct particulate emission sources
from vehicles include their exhaust (Mulawa et al.,
1997; Sagebiel et al., 1997), the mechanical wear of
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tires and brakes (Rogge et al., 1993; Garg et al.,
2000), and the ejection of particles from the
pavement (Kupiainen et al., 2005) and unpaved
road shoulders (Moosmüller et al., 1998) by re-
suspension processes (Nicholson et al., 1989; Stern-
beck et al., 2002). Indirect contributions include the
emission of reactive gases, both organic and
inorganic, which form secondary particulate matter
via atmospheric transformations.

Motor vehicle emission inventories normally used
in air quality models are derived from tailpipe
.
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emissions measurements conducted on motor vehi-
cles operated over simulated driving cycles on a
chassis dynamometer (Cadle et al., 1997, 1999;
Kleeman et al., 2000). Conventional chassis dynam-
ometer tests do not measure non-tailpipe emissions
such as those from tire and brake wear. Usually the
number of vehicles investigated in such tests is
relatively small, since dynamometer studies are
expensive. Thus information about the chemical
composition and the size distribution of the emitted
particles is limited.

An alternative to single vehicle emissions measure-
ments is to measure the emissions from a large
population of on-road vehicles as they are driven
through a highway tunnel (El-Fadel and Hashisho,
2001). In the last years a range of studies focused on
the characterization of PM vehicular emissions from
on-road fleets, nevertheless mass and chemically
speciated particulate emission rates from on-road,
in-use vehicles remain relatively limited. Most of the
studies reported so far were based on short term
experiments conducted within several hours (Fraser
et al., 1998; Allen et al., 2001; Gillies et al., 2001;
Lough et al., 2005), which therefore include only data
for relatively constant traffic and driving conditions.
Just a few studies provided data derived from
consecutive sampling intervals over longer periods,
which allowed estimation of particulate vehicle
emissions under varying traffic and driving condi-
tions. Additionally it has to be considered that most
of these studies, in particular where metals are
investigated, have been performed in the US (Allen
et al., 2001; Gillies et al., 2001; Lough et al., 2005,
Fraser et al., 1998; Chellam et al., 2005), whereas for
European fleets only data from a few studies are
available (Sternbeck et al., 2002; Valiulis et al., 2002;
Laschober et al., 2004). Thus newer and if possible
size segregated emission data are required for
inventory modeling and source apportionment stu-
dies, especially for European car fleets which are
known to differ in fleet composition, engine type, fuel
consumption and driving conditions from US fleets.

The purpose of this paper is to present size
segregated (PM2.5 and PM10) and total suspended
particulate (TSP) matter vehicular emission rates
(24h mean values) for particle mass (PM), total
carbon (TC), organic carbon (OC), elemental carbon
(EC), mineral components (MCs) and various trace
metals for a mixed car fleet measured in an
European highway tunnel (Kaisermühlen-tunnel,
Vienna, Austria). The derived results are considered
to be representative for central-European real-world
conditions, since the entire sampling period (28
consecutive days) covered a wide field of different
traffic conditions (in particular changes in traffic
density and fleet composition) and traffic situations
including free cruising conditions and stop-and-go
traffic. Thus, the presented data set could be used to
approximate particulate emissions of motor vehicles
operated under real world conditions, which are
known to be highly variable (e.g. braking and
acceleration maneuvers) rather than well defined
(e.g. constant speed).

2. Experimental

2.1. Sample collection

Sample collection was performed in the Kaiser-
mühlen tunnel in Vienna (161240O, 481130N) be-
tween the 21 April and the 18 May 2005. The tunnel
is part of the A22 highway that passes through
Vienna along the Danube bank with a slope of less
than 0.1%. The tunnel has a length of 2.1 km and is
parted in two separate tubes, one for each traffic
flow direction, with three driving lanes per tube.
Both tubes are equipped with a fully automated
ventilation system, which was not in operation
during the entire sampling period, thus during the
whole experiment ventilation inside the tunnel was
produced by car movement only. The test runs were
conducted in the south bore of the tunnel that
carries the highway traffic eastbound towards the
city center. The road surface was concrete and in
good condition. The speed limit inside the tunnel
was 80 kmh�1, in case of high traffic density the
speed limit has been reduced to 60 kmh�1. This was
necessary during rush hours with stop-and-go traffic
otherwise free cruising conditions could be reported.
Traffic composition, traffic density and ventilation
rate were continuously monitored by the Auto-
bahnmeisterei Kaisermühlen. The ventilation rate
was observed every ten seconds by thermal anem-
ometers mounted at both tunnel walls. Traffic
numbers were obtained from induction loops in
the pavement. The overall length of the vehicles was
used to distinguish between HDV (heavy duty
vehicle) (45m) and LDV (o5m). The traffic
density varied between 30 808 and 52 097 vehicles
per day with an averaged traffic density of
36 73273379 vehicles on weekends (Saturdays,
Sundays and public holidays) and 50 33571511
vehicles on workdays (Monday–Friday). Traffic
densities varied between 200 and 500 cars per hour
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during the night (12 pm to 4 am) and 2500–3500
cars per hour in the evening rush hours (2 pm to 6
pm). The mean contribution of HDV in the car fleet
was 12.671.0% on workdays and 4.271.0%
during weekends.

Collection of tunnel inside samples was per-
formed in 730m distance to the western tunnel
entrance. The sampling site itself was located in the
fire fume ventilation. Sampling equipment was
situated in the fire exhaust shaft directly above the
ceiling of the tunnel at a height of 5m and
approximately 8m away from both tunnel sides.
For sample collection inline filter heads connected
to 25 cm long Teflon tubes (+10mm) were used,
which were stuck through a grid into the tunnel
bore, therefore the effective sampling height was
about 4.7m above road surface and hence in
accordance with the European standard for PM10
sampling (EN 12341).

Particulate matter samples were collected using
two PM10, one PM2.5 and one TSP sampling lines
designed to collect samples for chemical analyses.
Size segregated sample collection was performed
using PM10 and PM2.5 pre-separation heads
(Digitel, Switzerland). Cellulose ester filters (Pall,
Gelman, GN-4 Metricel, + 47mm) were used for
determination of aerosol mass, MCs and trace
metals. For the determination of TC, OC and EC
pre-combusted quartz fibre filters (Pallflex, Tissue-
quarz 2500Qat-UP, +47mm) were used as sam-
pling substrates. The filters were mounted in metal
free polycarbonate inline filter holders (NILU,
Norwegian Institute for Air Research). Simulta-
neous collection with both filter substrates was only
possible in the size fraction PM10. PM2.5 samples
were collected consecutively due to the limited
availability of pre-separation heads. For collection
of TSP samples only cellulose ester filters have been
used (at a flow rate of 30Lmin�1), size segregated
sample collection was performed at 40Lmin�1 to
provide the right cut off. The collected air volumes
were measured with mechanical gas meters and
converted to standard temperature and pressure
(0 1C, 1013 hPa). Flow rates were calibrated in the
laboratory, and checked before and after each filter
change. Throughout the whole sampling period the
drift in the flow rates did not exceed 2.170.8%. An
identical suite of sampling equipment was operated
concurrently close to the inlet of the ventilation flue
in order to measure the tunnel outside pollutant
concentrations. This site was located near the
Danube river bank approximately 700m down-
wards from the northern entrance of the tunnel.
Concentration and composition of airborne parti-
culate matter at this site is strongly affected by the
transport of polluted air masses from the nearby
A22 highway. Thus the tunnel outside location
represents a useful surrogate for the initial PM
concentration levels at the tunnel entrance.

Sampling intervals for both tunnel inside and
outside measurements were about 24 h with sample
changes between 9:00 and 9:30 pm every day. Air
volumes of collected tunnel inside aerosol samples
ranged from 43.0 to 53.4m3, the volumes of the
corresponding outside samples varied between 41.7
and 46.0m3. After sample collection filters were put
into Petri dishes and sealed for storage with
parafilm. To exclude any contamination from the
sampling procedure itself, field blanks were col-
lected by purging sample air through the filter for
30 s. The filters were stored in a refrigerator at 4 1C
until time of analysis.

2.2. Analytical methods

2.2.1. Total mass

The mixed cellulose sample filters were weighed
before and after sampling on a microbalance
(Sartorius M5P-000V001) after 2 h equilibration at
constant temperature (2071 1C) and humidity
(5075%), the observed mass difference was attrib-
uted to the amount of sampled particulate matter.

2.3. XRF-analysis (Si, Al, S)

Si, Al and S have been quantified by a Philips
X’Unique II (model 1480) wavelength-dispersive
X-ray fluorescence spectrometer. The used system
was equipped with a rhodium X-ray tube, operated
at 50 kV and 40mA. Background corrected inten-
sities were measured at wavelengths of 8.32 Å (Al),
7.11 Å (Si) and 5.36 Å (S). The XRF measurement
method was optimized using aerosol-generated filter
standards which were prepared in our laboratory.
For quality control the certified reference material
NIST 2709 has been used.

2.3.1. ICP-AES and ET-AAS analysis

Determination of As, Ba, Ca, Cd, Co, Cr, Cu, Fe,
Mg, Mn, Ni, Pb, Sb, Sn, Sr, Ti, V and Zn was
performed using inductively coupled plasma atomic
emission spectrometry (ICP-AES) and electro-ther-
mal atomic absorption spectroscopy (ET-AAS).
Prior to measurement the collected aerosol samples
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Table 1

Instrumental parameters and analytical wavelengths (nm) for ICP-AES analysis

Parameter Value Parameter Value

Rf power 1440W Nebulizer flow 1 lmin�1

Sample flow 0.75mlmin�1 Auxiliary flow 0.5 lmin�1

Read delay 60 s Coolant flow 14 lmin�1

Integration time 10 s for simultaneous lines

3 s for scanning lines*

Background correction Constant shift from analytical line

Number of replicates 4

Element Wavelength Element Wavelength Element Wavelength

Ba* 455.403 Cu 344.754 Sn 189.989

Ca 317.933 Fe 259.940 Sr* 407.771

Cd 226.502 Mg 279.553 Ti* 334.941

Co 228.616 Mn 257.610 V* 310.230

Cr 267.716 Ni* 352.454 Zn 206.200
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were completely mineralized using aqua regia,
hydrofluoric acid and a microwave digestion proce-
dure followed by an open vessel treatment. This
2-step procedure effectively decomposes organic
matter and quantitatively dissolves trace metals in
silica containing matrices. The derived sample
solutions were diluted with 0.6mol L�1 HCl to a
final volume of 6mL. A more detailed description
of this procedure has been presented recently
(Limbeck, 2006).

ICP-AES measurement of the digested samples
was performed using a Spectroflame P optical
emission spectrometer (Spectro, Germany). The
instrument was equipped with a HF-resistant
pneumatic nebulizer and a cyclonic spray chamber
and was controlled by Spectro Smart Analyzer
Software. The conditions used for determination of
background corrected emission signals are pre-
sented in Table 1.

As, Pb and Sb measurements were conducted
using a Perkin-Elmer 4100 ZL atomic absorption
spectrometer, equipped with Zeeman-effect back-
ground correction and a transversally heated
graphite atomizer. Sample injection was achieved
by an AS-90 auto-sampler. Atomic absorption was
detected at 283.3 nm (Pb), 231.2 nm (Sb) and
197.3 nm (As) using the temperature programs
recommended by the manufacturer (Perkin Elmer).

All reagents and standard solutions used for the
determination of trace metals were of adequate
quality. High purity water was obtained by distilla-
tion of de-ionized water in a quartz apparatus.
Nitric acid, hydrochloric acid, hydrofluoric acid and
perchloric acid were of p.a. grade purity (Merck,
Darmstadt, Germany). Standard solutions for the
investigated metals were prepared from stock
solutions just before use.

The accuracy and the applicability of the used
techniques were evaluated by the analysis of the
certified reference materials NIST SRM 2709 (San
Joaquin Soil) and NIST SRM 1646a (Estuarine
Sediment), which were digested and analyzed in the
same way as the collected aerosol samples. Refer-
ence materials were randomly analyzed with every
batch of seven aerosol samples. The results derived
for the investigated reference materials showed a
good agreement with the certified contents through-
out analysis of the whole sample set (151 aerosol
samples). Propagated uncertainties were calculated
from the standard deviation of field blank measure-
ments (n ¼ 8) and the standard deviation of
replicate analyses of standard reference materials.

2.3.2. Carbon analysis (TC, EC, OC)

TC was determined with a combustion method
similar to the procedure described by Puxbaum and
Rendl (1983). An aliquot of the quartz filter (a punch
with +9mm) was combusted in an oven at 1000 1C
under a steady oxygen stream. The formed amount
of CO2 was analyzed by a non-dispersive infrared
analyzer (Maihak Sifor 200). For the analysis of EC
a two step combustion procedure (Cachier et al.,
1989) was performed. An aliquot of the quartz filter
(+9mm) was kept at 320 1C for two hours under a
steady oxygen stream. The purpose of this treatment
was the complete decomposition of organic aerosol
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constituents into CO2. The remaining EC was
analyzed as described before for TC. The accuracy
and applicability of this method for urban aerosol
samples has been demonstrated by Schmid et al.
(2001). To avoid overestimation of EC, selected
samples have been tested for remarkable amounts
of CO3

2� using a thermo optical procedure (Schmid
et al., 2001). Due to negligible concentrations of
carbonate, no correction factors for EC were
necessary. OC was calculated as the difference
between TC and EC.

2.4. Calculation of emission rates

Emission factors (EFs) for the investigated
components were calculated following the metho-
dology of Pierson et al. (1996). Briefly, from
concentration difference between tunnel inside
measurements and tunnel outside reference mea-
surements the increase of the species of interest in
the sampled tunnel air was calculated. The emission
rates were determined according to:

EF ¼
ðci � coÞ � A � s

veh � d
, (1)

where EF denotes the emission-rate in mg veh�1 km�1

(24 h mean value), ci the concentration of the analyte
in the tunnel air and co the concentration at the
background location (both in mgm�3). The product
of A (cross sectional area of the tunnel in m2) and s

(wind speed in the tunnel in m s�1) gives the
ventilation rate (m3 s�1), veh is the total number of
vehicles passing the tunnel during the sampling
period (veh s�1) and d is the distance from the tunnel
entrance to the sampling site (km). Analytical and
measurement uncertainties, incorporating the uncer-
tainty of repeated field blank measurements, were
propagated through the calculation of emission rates
for individual species as the square root of the sum of
the squared uncertainties. Individual uncertainties
for each measured species were calculated from the
standard deviation of field blank measurements and
the standard deviation of replicate analyses of
Standard Reference Materials.

3. Results and discussion

3.1. Aerosol concentrations and tunnel inside/outside

concentration ratios

PM, EC, OC and MC concentrations varied
between some hundred of ngm�3 to several mgm�3
in the investigated aerosol samples. Size segregated
trace metal concentrations were found to be in the
order of several ngm�3. PM10 concentrations were
also determined on the basis of the sum of the
species reconstructed mass of chemical analysis. OC
was multiplied by 1.4 to estimate mass of organic
compounds, Si, Ca, Fe, Al and Mg were added as
the mass of the most common oxide, which are
more relevant for mass comparisons than individual
element masses (Sternbeck et al., 2002; Shah et al.,
2004). The gravimetric measurements showed a
good agreement with the reconstructed mass values.
For tunnel inside samples the average PM10
reconstructed mass was 94.0710.5% of the gravi-
metric value, at the outside location the recon-
structed mass accounted for 70.0712.7% of the
measured concentrations. The differences observed
between gravimetric and calculated mass concentra-
tions could be attributed to undetermined com-
pounds like sulfate, nitrate and ammonia. Water
retained in the samples at the weighing conditions
may also contribute to the unidentified mass.

Between corresponding tunnel inside and tunnel
outside samples in all size fractions significant
concentration differences were observed. Mean
inside/outside concentration ratios were calculated,
based on the results for individual sample pairs,
which varied in the case of particulate mass between
3.471.6 in TSP, 3.071.6 in PM10 and 2.070.8 in
PM2.5. Averaged metal concentration ratios varied
between 1.470.4 (Mg in PM2.5) and 23713 (Sb in
TSP), indicating that road traffic is an important
source for such metal emissions. Table 2 presents
the mean ratios for all investigated compounds,
pointing out that significantly elevated concentra-
tions were found throughout the entire sampling
period inside the tunnel, a result which is a
prerequisite for the calculation of emission rates.
For some trace metals measured within this study,
particularly Cd, Co, Cr, and Ni only for a few pairs
ratios 41 have been found, disabling the calcula-
tion of representative EFs.

3.2. Emission factors

For each single day size segregated emission rates
were calculated for all investigated species using the
corresponding tunnel inside and tunnel outside
concentrations in accordance to Eq. (1). Negative
EFs due to higher tunnel outside than inside
concentrations were eliminated from the data set
and not included in the calculation of mean EFs, as
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Table 2

Tunnel inside/outside concentration ratios for all size fractionsa

TSP (n ¼ 28b) PM10 (n ¼ 27b) PM2.5 (n ¼ 21b) TSP (n ¼ 28b) PM10 (n ¼ 27b) PM2.5 (n ¼ 21b)

PM 3.4 (1.4–8.2) 3.0 (1.4–8.5) 2.0 (1.0–7.8) V 3.5 (1.0–6.9) 3.1 (1.0–10.1) 1.6 (1.3–2.0)

TC – 6.5 (2.8–10.5) 4.9 (3.4–6.4)c Mn 4.0 (1.6–7.0) 3.3 (1.3–6.1) 1.6 (1.0–3.2)

EC – 6.6 (2.7 -11.6) 6.8 (5.8–8.4)c Zn 4.9 (2.2–8.0) 4.1 (1.8–7.7) 1.8 (1.0–2.7)

OC – 6.6 (2.7–12.4) 3.0 (1.5–3.9)c Sr 3.0 (1.0–5.5) 2.4 (1.2–4.4) 1.4 (1.0–2.1)

Si 3.5 (1.3–6.4) 3.2 (1.0–7.2) 4.3 (1.2–10.3) Ba 4.9 (1.8–8.3) 4.8 (1.6–9.1) 3.2 (1.4–6.5)

Fe 5.5 (2.3–9.0) 4.9 (1.9–8.6) 2.9 (1.5–6.8) Ti 3.5 (1.0–8.6) 3.1 (1.1–8.4) 1.7 (1.0–3.2)

Ca 2.9 (1.0–5.6) 2.5 (1.1–5.9) 1.3 (1.1–1.8) Sn 21 (2.2–48) 3.4 (1.0–7.0) 4.0 (1.2–8.5)

Al 3.5 (1.3–7.8) 3.2 (1.1–6.3) 3.4 (1.0–9.2) Pb 3.8 (1.8–7.5) 2.9 (1.4–5.0) 2.0 (1.1–3.8)

Mg 3.1 (1.3–6.4) 2.5 (1.2–5.0) 1.4 (1.0–1.9) Cu 6.5 (1.2–11.3) 6.3 (3.4–10.0) 4.1 (1.3–9.0)

S 1.6 (1.2–2.7) 1.4 (1.0–2.0) 1.1 (1.0–1.2) Sb 23 (6.6–53) 8.2 (1.9–16) 4.5 (1.0–10.4)

aAverage values are given with minimum and maximum values in parentheses.
bConcentration ratioso1 have not been considered, therefore n can vary between 2 (e.g. S in PM2.5) and 28 (particle mass in TSP).
cSamples for analysis of carbonaceous species were only collected for 7 days (n ¼ 7).

Table 3

Mean emission factors for all size fractions

TSP (n ¼ 28) PM10 (n ¼ 27) PM2.5 (n ¼ 21)

EF in mg veh�1 km�1

PM 129745 62718 26710

TC – 40.775.7 23.274.6a

EC – 21.373.4 17.873.2a

OC – 18.873.5 5.471.9a

Si 12.875.5 6.272.4 1.870.95

Fe 6.671.5 3.470.74 0.7770.38

Ca 6.873.8 2.171.2 0.2770.26

Al 2.971.4 1.470.73 0.4770.38

Mg 1.870.88 0.5470.27 0.0870.07

S 0.4370.21 0.2870.16 0.0370.02

EF in mg veh�1 km�1

V 875 372 274

Mn 100736 42713 675

Zn 378777 160738 34721

Sr 1477 572 171

Ba 91723 55713 1577

Ti 137781 47728 8710

Sn 73745 25718 1277

Pb 2677 1775 672

Cu 198750 156734 41717

Sb 220792 100736 1278

aSamples for analysis of carbonaceous species were only

collected for 7 days (n ¼ 7).
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mentioned above. Determined EFs varied from
several mg veh�1 km�1 for main components to
some mg veh�1 km�1 for trace metals, indicating that
particulate emissions from motor vehicles are
dominated by carbonaceous species and MCs. The
main part of carbon emissions may be contributed
to tail-pipe exhaust fraction, whereas the non-
carbon emissions are most likely non-exhaust
derived components.

3.2.1. Bulk emission rates

PM EFs for TSP ranged between 5772.7 and
21675.2mg veh�1 km�1, PM10 emission rates var-
ied from 3571.6 to 9972.4mg veh�1 km�1. For
PM2.5 EFs from 8.771.3 to 4771.6mg veh�1 km�1

were derived. Averaged results for size segregated
particle emissions are presented in Table 3. On
average 49711% (n ¼ 28) of the emitted PM were
present in the coarse mode (4PM10), the mean
contribution of fine particles (PM2.5) was found to
be 21710% (n ¼ 21) of total emissions (Fig. 1).
Over the whole sampling period a good correlation
between PM10 and TSP particle emissions was
observed (r2 ¼ 0.67), whereas PM2.5 emission rates
were not correlated to TSP emissions (r2 ¼ 0.20).

The EFs determined in this study are comparable
to the results of previous tunnel studies. Similar
results were reported for the Sepulveda Tunnel (LA,
US) (Gillies et al., 2001), but significantly higher
PM emission rates were found in the Howell and
Kilborn tunnel (Milwaukee, US) (Lough et al.,
2005). Remarkable higher emission rates have been
reported for the Lundby tunnel (Sternbeck et al.,
2002) and Shing-Mun tunnel (Cheng et al., 2006),
whereas comparable results were reported for the
Tauern (Schmid et al., 1998) and Tingstad tunnel
(Sternbeck et al., 2002). Related to the results
described by Laschober et al. (2004), who per-
formed a tunnel study at the same site in Vienna in
2002, the emission rates for TSP were a factor of
three higher. This was not expected, due to the
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development of diesel engines as well as improve-
ments in exhaust treatment systems. The most likely
explanation for this observation are differences in
the driving conditions, since in the present study
each day traffic jams occurred in the rush hours,
whereas free cruising conditions were prevailing in
the former campaign. These findings are consistent
with results of Shah et al. (2004), who reported
increased particle emission rates for stop-and-go
traffic.

OC and EC emission rates in PM10 varied between
15 and 30mgveh�1 km�1, leading to mean EFs of
21.373.4 and 18.873.5mgveh�1 km�1 (n ¼ 28), re-
spectively, which accounted on average for
30.275.6% and 34.375.5% of PM10 roadway mass
emissions, respectively. Emission rates of OC in PM2.5
ranged from 2.471.6 to 7.771.8mgveh�1 km�1,
while EC emission varied between 1470.53 and
2370.81mgveh�1km�1. Similar results were reported
for Caldecott, Sepulveda, Howell and Kilborn tunnel
(Allen et al., 2001; Gillies et al., 2001; Lough et al.,
2005).

The EFs found for OC and EC showed a nearly
constant OC/EC ratio of 0.9070.21 in PM10 and
0.3070.08 in PM2.5 during the whole investigated
period. The differences observed in the PM2.5/
PM10 emission ratios for EC and OC (Fig. 1) result
from differences in the major sources, namely
combustion processes for EC and abrasion, resus-
pension and combustion for OC. The observed
results demonstrate that 36.578.6% of vehicular
PM10 emissions are made up by EC, in the size
fraction PM2.5 EC accounted for 63.6710.5% of
total particle emissions, which is in contrast to
findings of Lough et al. (2005). This US-study
reports an averaged contribution of 9.371.5% EC
in PM10 and approximately 12% EC in PM2.5,
respectively. The diverging size segregated EC
emission rates can be explained with differences in
the contribution of HDV to the total car fleet,
additionally the more frequent use of diesel powered
engines in Austria (56.1% of total car fleet) has to
be considered.

3.2.2. MCs and sulfur

Averaged emission rates of the elements Si, Al,
Ca, Mg and Fe measured by XRF and ICP-AES
varied from 1.8 to 13mg veh�1 km�1 in TSP and
0.08 to 1.8mg veh�1 km�1 in PM2.5 (Table 3). The
cumulated mass of these five elements accounted for
23.675.3% of the TSP emissions, their mean
contribution to PM10 and PM2.5 emissions was
18.276.3% and 14.979.3%, respectively. These
results are in good agreement with findings of
Gillies et al. (2001) and Lough et al. (2005) who
reported mean contributions in the order of 13–21%
for PM10 emissions.

Important roadway sources for these elements
include combustion of motor oil additives and
wearing of pavement, engines, tires, and brakes.
However, the major part of vehicle emissions is
predominantly attributed to resuspension of road
dust, since these elements are major components of
crustal materials and soil. The products of tire and
brake wear as well as the resuspended road dust are
dominated by particles 410 mm (Garg et al., 2000;
Sternbeck et al., 2002; Kupiainen et al., 2005),
whereas particulate matter in the vehicle exhaust is
dominated by particles smaller than PM10 (Baum-
gard and Johnson, 1996; Ristovski et al., 1998). The
size distributions observed in the present study
reflect the relative contribution of these different
sources to total emissions. In TSP and PM10 the
emissions of MCs were dominated by Si, followed
by Ca, Fe, Al and Mg, for fine particle emissions
(PM2.5) a changed order was observed (Si, Fe, Al,
Ca and Mg), indicating that the investigated
elements were emitted from different sources.

The increased occurrence of Ca and Mg in the
coarse fraction (Fig. 1a) points to resuspension of
road dust and soil as the most important source for
these elements, whereas the fine fraction (PM2.5)
normally is controlled by emissions from additives
in motor oils (Cadle et al., 1997). A different
behavior was observed for Al and Si, which showed
a clear shift to enhanced fine particle emissions
(Fig. 1a). For these elements a mean contribution of
the PM2.5 fraction to TSP emissions of �15% was
observed, whereas for Ca and Mg the fine fraction
accounted for less than 5% of total Ca and Mg
emissions. The relatively constant emission ratio
observed for Si and Al in all size fractions indicates
that the emission of these two elements depends on
the same sources, in particular pavement wear which
consists mainly of aluminosilicates (Kupiainen et al.,
2005). Iron emissions originate from the resuspen-
sion of road dust as well as from the abrasion of
road construction material; additionally particles
liberated from processes such as engine and brake
wear have to be considered (Garg et al., 2000). These
supplementary iron sources are responsible for the
different size distribution of iron emissions com-
pared to the results for Ca, Mg and Si, Al emissions
(Fig. 1a).
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Averaged emission rates for sulfur varied between
0.4370.21mg veh�1 km�1 in TSP and 0.0370.02
mg veh�1 km�1 in the size fraction PM2.5. Impor-
tant sources for sulfur emissions are fuel, motor oil,
and additives such as zinc dithiophosphate (Cadle
et al., 1997). Although different sulfur fuel contents
and percentages of diesel powered LDV can be
assumed for the Kaisermühlen tunnel fleet, the
observed differences to recently published studies
were small (Allen et al., 2001; Gillies et al., 2001;
Laschober et al., 2004) excluding the results of
Lough et al. (2005) who reported about ten times
higher emissions. However, due to the introduction
of sulfur free fuel in 2004 in Austria a more
remarkable reduction was expected. Since in the
present study only particulate emissions were
investigated, it was not possible to determine a
decrease of primary gaseous emissions, which are
the most relevant sulfur emissions.

3.2.3. Trace metals

Trace metal emissions varied between some few
and several hundred mg veh�1 km�1 with decreasing
values for reduced size fractions. These findings are
consistent with the results of other tunnel studies
(Sternbeck et al., 2002; Valiulis et al., 2002; Lough
et al., 2005). Average metal EFs for metals in the
investigated size fractions are presented in Table 3.
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Potential sources for the emitted metals are
combustion products from fuel and oil, wear
products from tires, brake linings, bearings, coach
and road construction materials, and resuspension
of soil and road dust. To gain information about the
main sources the relative contribution of size
segregated emissions to total emissions (Fig. 1b)
were calculated, indicating that Ba, Cu and Pb were
predominantly emitted in the fine fractions, whereas
Sr and Ti emissions were dominant in the coarse
fraction. Additionally the correlations between
individual elements were calculated for all size
fractions. In TSP as well as in PM10 a very good
correlation (r240.9) between Sr, Ti and Mn was
found. Since for these metals different sources were
reported in literature, Ti is used in the paint for road
markings, Sr is at least in Europe found in fuel
additives to optimize catalyst performance, and Mn
was found in brake wear (Garg et al., 2000), we
suppose that the metal emissions observed in these
size fractions originate from the resuspension of
road dust. The high correlation (r240.9) of these
elements to the emission rates of Ca, Mg, Fe, Si and
Al confirms this assumption. In PM2.5 Sr, Ti and
Mn showed still a good correlation to Ca and Mg,
whereas compared to Fe, Si and Al only poor
correlations were found, indicating that PM2.5
emissions of Ti, Sr and Mn were determined by
Ca and Mg sources.

In TSP and PM10 a good correlation between the
EFs of Cu and Ba was found (r240.8), which
indicates that Ba and Cu emissions depend on the
same sources, in particular brake linings (Garg
et al., 2000). Compared to the emissions of MCs
only to Fe a good correlation was observed, which
could be expected since brake wear is an important
source for iron emissions. Antimony, which has
been suggested as a tracer for brake wear (Dietl
et al., 1997), was correlated to a lesser extent with
Cu, Ba and Fe (0.6 in TSP and 0.3 in PM10), which
could be explained by the use of certain organic Sb
compounds in greases, motor oils and fuels (Cal-
Prieto et al., 2001). These additional Sb sources
were responsible for the high correlation (r240.9) to
Ca and Mg which are also used as additives in
motor oils (Cadle et al., 1997). The remaining trace
metals Pb, V and Zn showed neither a good
correlation to other trace metals nor to the
investigated MCs, which appears to be a result of
the diversity of possible sources. Zn is known as a
constituent of tires (Sörme et al., 2001) and motor
oil additives (Huang et al., 1994), Pb is emitted from
sources such as break wear, road dust as well as fuel
and motor oil combustion (Young et al., 2002;
Cadle et al., 1997; Garg et al., 2000).

3.3. Dependence of EFs on fleet composition and

driving conditions

Emission rates of the investigated main and trace
components, varied during the entire sampling
period, as can be deduced from the relatively large
standard deviations presented in Table 3. The rather
large range observed for individual emission rates,
reflects the continuous changes in the parameters
influencing vehicle emissions (traffic and driving
conditions), which could be seen due to the large
number of samples collected. Temporal variations
for selected species are illustrated in Fig. 2,
demonstrating that day to day changes are sig-
nificantly greater than analytical uncertainties.
Some of the species investigated showed a high
correlation (r240.7) between the observed EFs and
the traffic intensity, whereas for the remaining
species no statistically significant correlation was
observed (Fig. 2). For highly correlated analytes
(EC, Fe, Cu, Ba) significant differences between
workday and weekend emissions (Table 4) were
observed, showing decreased vehicle emissions
during weekends. Since the effect of traffic intensity
has been already accounted for the calculation of
EFs, additional parameters must be considered to
explain the observed results – in particular changes
in fleet composition and driving conditions.

LDV comprise the vast majority of the vehicle
fleets, but HDV are known to be stronger emitters
of fine particles and soot, in particular when
emissions are expressed on a per-km-basis, therefore
a small fraction of HDV can significantly affect the
total PM emissions, through tailpipe emissions as
well as through increased resuspension of soil and
road dust (Allen et al., 2001; Sternbeck et al., 2002).
To investigate the influence of changes in the fleet
composition between workdays and weekends
separate EFs for light and HDVs were calculated
according to Pierson et al. (1996). For some
compounds a high correlation between emissions
and fleet composition (e.g. Cu) was observed (Fig. 3),
whereas for most elements a poor and statisti-
cally not significant correlation was obtained.
Therefore only for species with quite a good
correlation (r240.5) were the relative contributions
of LDV and HDV to total emissions calculated (at a
95% confidence interval).
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Fig. 2. Temporal variation of emission factors for selected components in PM10: (a) bulk emissions; (b) mineral compounds; and (c) trace

metals.
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Table 4

Averaged size segregated emission factors for weekdays and weekends

TSP PM10 PM2.5

Weekday Weekend Weekday Weekend Weekday Weekend

EF in mg veh�1 km�1

PM 148743 100730 67718 54716 2979.5 2379.9

TC – – 4474.7 3673.7 2674.1 1971.3

EC – – 2372.9 1972.6 2072.1 1570.6

OC – – 2073.6 1772.3 5.972.4 4.670.7

Si 1476.2 10.673.5 6.872.9 5.471.2 2.171.1 1.670.53

Fe 7.471.3 5.471.0 3.670.52 2.970.49 0.7170.14 0.6870.30

Ca 7.774.2 5.372.4 2.171.2 1.770.73 a a

Al 3.471.5 2.170.87 1.770.72 0.9470.48 0.4670.33 0.33715

Mg 2.170.92 1.470.61 0.5470.28 0.4570.16 a a

S 0.4870.22 0.3070.15 0.3370.18 0.2070.10 a a

EF in mg veh�1 km�1

V 875 975 271 573 a a

Mn 115735 77723 44712 3479 776 774

Zn 398776 347770 155730 166748 29718 43726

Sr 1578 1275 572 471 a a

Ba 103719 74718 60713 4979 1678 1275

Ti 158787 92749 48732 37716 a a

Sn 92737 60735 30723 18711 1378 1076

Pb 2877 2375 1776 1673 672 672

Cu 232726 148734 172715 126722 46717 33714

Sb 247795 167759 110738 92728 1379 1175

aDue limited number of data points no mean emission factors calculated.

M. Handler et al. / Atmospheric Environment 42 (2008) 2173–2186 2183
In the size fraction PM2.5 LDV values of 1675.0
and 1370.9mgveh�1 km�1 were calculated for TC
and EC, respectively, while distinctly increased
results were obtained for HDV (83763 and 637
10mgveh�1 km�1). The according PM10 values
for TC and EC were 3172.9 and 1571.8
mg veh�1 km�1 (LDV) and 128730 and 81719
mg veh�1 km�1 (HDV). Compared to literature data
(Allen et al., 2001; Laschober et al., 2004; Wein-
gartner et al., 1997) remarkable lower HDV values
were achieved for TC and EC in PM10 which reflects
the continuous improvements in emission control
technology. The corresponding LDV values were
slightly increased, as a result of the enhanced use of
diesel engines in Austria (approximately 51% of
LDV were diesel powered). Further our results
enabled for the first time the calculation of separated
LDV and HDV emissions for Fe, Cu and Ba. For Fe
in PM10 LDV and HDV values of 2.470.5 and
1375.0mg veh�1 km�1 were found, corresponding
values in TSP were 4.071.2 and 31712
mg veh�1 km�1. LDV and HDV emission rates of
91714 and 7357149mg veh�1 km�1 (PM10) and
102726 and 11597270mg veh�1 km�1 (TSP) were
derived for Cu. The lowest LDV and HDV
emissions were calculated for Ba (4078.4 and
231792mg veh�1 km�1 in PM10 and 50713 and
5257143mg veh�1 km�1 in TSP). Validation of the
results obtained is difficult since until now no data
for the relative contribution of LDV and HDV to
vehicular Fe, Cu and Ba emissions have been reported.
Interpreting the derived results it could be concluded
that reduced TC, EC, Fe, Cu and Ba emissions at
weekends are caused by changes in the fleet composi-
tion, since weekday traffic had a higher proportion of
HDV (12.6%) than the weekend tests (4.2%).

However, the poor correlation observed between
the emission rates of the other investigated compo-
nents and the fleet composition (e.g. Si in Fig. 3)
might be explained with simultaneously occurring
changes in the driving conditions. Due to the
reduced traffic density at weekends predominantly
free cruising conditions prevailed, enabling a higher
mean vehicle speed. Since an enhanced resuspen-
sion rate of road dust is reported for fleets with
increased vehicle speed (Kristensson et al., 2004),
elevated emissions could be expected under weekend
conditions for elements originating from roadway
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Fig. 3. Correlation between selected emission factors in PM10 and the amount of HDV.
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sources, disabling the calculation of separated LDV
and HDV emission rates for these components.
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