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Abstract

Little is known about the the relevance of mechanicaly produced particles of road traffic
from abrasion and resuspension processes in relation to the exhaust pipe particles. In a pro-
ject, which was jointly realised by EMPA and PSI, concentration measurements of particles
and nitrogen oxides (NOx) in ambient air were performed on both sides of busy roads. During
meteorological conditions with winds across the street it is possible to determine the contribu-
tion of the loca traffic from upwind-downwind differences. Alternatively, these contributions
can also be obtained from differences between kerbside sites and nearby background sites.

Emission factors of PM10 and PM1 for light and heavy-duty vehicles were derived for differ-
ent representative traffic regimes. It was shown that the emissions from abrasion and resus-
pension processes are considerable in relation to the exhaust pipe particles. Given the fact,
that the emissions from abrasion and resuspension processes represent roughly half or even
more of the total primary particle emissions of road traffic, the question of possible impacts of
these emissions has to be raised. Though quantitatively highly significant, these contributions
have a completely different particle size distribution and chemical composition than exhaust
pipe emissions. While the latter consist mainly of fine soot and organic particles (partly
known as cancerogenic), abrasion and resuspension predominantly leads to coarse mineral
and metallic particles. The current knowledge of the mechanisms, which are responsible for
adverse effects of fine particles, does not allow a conclusive judgement concerning the rela-
tive importance of the emissions stemming from exhaust pipe as compared to abrasion and re-
suspension.

Keywords

PM 10, particles, emission — 4™ Swiss Transport Research Conference — STRC 2004 — Monte
Verita



Swiss Transport Research Conference
March 25-26, 2004

1. Introduction

Several epidemiological studies show a clear connection of the incidence of cardiovascular
and pulmonary disease with the concentrations of fine particles (PM10 = particulate matter
with aerodynamic diameter < 10 mm) in ambient air (AckermannLiebrich et a., 1997; Braun
Fahrlander et al., 1997; Dockery and Pope, 1994; Kunzli et al., 2000; Pope et a., 2002).
Therefore, limit values for PM10 have been introduced into the Swiss clean air legidation
(Luftreinhalteverordnung) in 1998. At present, the concentrations of PM10 in urban and sub-
urban areas often exceed these limit values of 20 ng/n? (annual means) and 50 ng/nT (daily
means) respectively (BUWAL, 2002). The formation processes of atmospheric fine particles
(emissions of primary particles, formation of secondary particles from precursor gases) are
extremely complex and knowledge is till insufficient.

The emissions of primary particles of road traffic are not only caused by fuel combustion (ex-
haust pipe emissions) but also by mechanical abrasion and resuspension processes. The direct
exhaust pipe emissions of vehicles can be measured on test benches under well-defined condi-
tions with a limited number of vehicles and with a defined test cycle. However, it remains an
open question how well these laboratory experiments represent the real conditions on the
roads concerning age, types and maintenance of the vehicles. It is well known that in particu-
lar the particle emissions of diesel vehicles can vary widely depending on the actual condition
of the vehicle.

The current knowledge about particles, which are emitted (in addition to the exhaust) by me-
chanical abrasion processes from tyres, brakes, clutches and road surfaces, is still very scarce.
There is aso very little information about resuspension processes. For Switzerland only a
very preliminary first estimation for a gecific urban traffic situation is available (Huglin,
2000). For US and Sweden some empirical estimation procedures for the contributions of
abrasion and resuspension were proposed, which, however, could never be sufficiently be
validated by measurements. A discussion of these attempts can be found in (Lohmeyer and
During, 2001). This paper discusses the results of an extensive Swiss field study, which aimed
at closing this knowledge gap. The method employed provided not only information about the
exhaust pipe emissions of the actually circulating vehicle fleet, but also about emissions from
abrasion and resuspension processes, which are not available from test bench measurements.
In addition it was possible to obtain these information for different important traffic situa-
tions.
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2. Goals of the project and experimental concept

The primary particle emissions of road traffic consist of a fraction stemming from fuel com-
bustion (exhaust emissions) and a fraction from abrasion and resuspension processes. From
test bench measurements good information about direct exhaust pipe emissions is already
available (BUWAL, 2000; INFRAS, 1999). Buit it remains open, how well they represent the
actualy circulating vehicle fleet mncerning types, age and maintenance. Still little is known
about the additional emissions from mechanical abrasion of tyres, brakes, clutches and road
surfaces and from resuspension of particles previously deposited on the streets. This knowl-
edge gap was addressed in this project. The main goals were:

* The determination of total PM 10 emission factors for different traffic situations,

» Quantitative information about the apportionment of the total PM 10 emissions to ex-
haust pipe emissions and to abrasion/resuspension emissions,

* Quantitative information about the contribution of light and heavy-duty vehicles to
exhaust pipe emissions and to abrasion/resuspension emissions.

Concentration measurements of particles (PM10, PM 1) and nitrogen oxides (NOy) in ambient
air were performed on both sides of busy roads. During meteorological conditions with winds
across the street it is possible to determine the contribution of the local traffic from down-
wind-upwind differences (Fig. 1). Alternatively, these contributions can also be obtained from
differences between kerbside sites and nearby background sites.

Beta-ray absorption monitors (FH62 I-R) were used for the measurements of hourly values of
PM10 and PM1 and chemiluminescence monitors (ML 8841) for NOx. Hourly dilution fac-
tors were calculated from the measured concentration differences of nitrogen oxides (NOx),
the number of vehicles, and published NOx emission factors. For NOx monitors shorter aver-
aging times would have been possible, however, the limiting factor for only hourly time reso-
lution was the relatively high noise of the PM monitors.

d= EF ovnox oy T EFipy nox Xov
DNOx

@

The emission factors for particles were then calculated from the measured concentration dif-
ferences, assuming that these undergo the same dilution as nitrogen oxides. Two vehicle cate-
gories were distinguished: LDV (light-duty vehicles < 6 m, i.e. petrol and diesel passenger
cars, vans, motor cycles) and HDV (heavy-duty vehicles > 6 m, i.e. lorries, coaches and bus-
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ses). In order to distinguish between exhaust pipe emissions and emissions from abrasion and
resuspension the PM10 and PM 1 fractions were measured separately. PM 1 was interpreted as
direct exhaust pipe emissions, and PM10 as total fine particle emissions. The difference
PM10-PM1 thus represents the emissions from abrasion and resuspension. Additional size
distribution measurements confirmed that PM10 and PM1 are well suited to distinguish ke
tween emissions from exhaust pipes and abrasion/resuspension processes (Gehrig et al.,

2003).

Where

DPM1 = EI:LDV,PMl mLDV + EFHDV,PMl

d Moy (2)

EF EF
DPMILO = LD::/i,PMlo. N, + HD;,PMlO. . ©)

EF.pvnox  emission factor LDV for nitrogen oxides (as NO2) [mg/m] = [mg/km]
EFrpvnox  emission factor HDV for nitrogen oxides (as NO») [mg/m] = [mg/km]
EFLpv pv1 emission factor LDV for PM1 [ng/m] = [mg/km]

EFrpvpevi  emission factor HDV for PM1 [ng/m] = [mg/km]

EFiovpmio  emission factor LDV for PM10 [mg/m] = [mg/km]

EFrpvpmio  emission factor HDV for PM10 [ng/m] = [mg/km]

DNOx concentration difference nitrogen oxides (as NO;) downwind-upwind
or kerbside-background [mg/nT’]

DPM1 concentration difference PM1 downwind-upwind or Kkerbside-
background [mg/nT]

DPM10 concentration difference PM10 downwind-upwind or kerbside-
background [mg/nT]

d dilution [/h]

N_pv LDV frequency [1/h]

MHDV HDV frequency [1/h]

From a sufficient number of measurements the PM emission factors can then be obtained by
regression analysis.
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Figurel  Schematic view of the measurement concept
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3. Measurement sites and investigated traffic situations

Tab. 1. Traffic stuation at the investigated measurement sites

Site LDV/h HDV/h  totd %HDV  speed (km/h)
Traffic situation vehic./h LDV/HDV*)
Aatha (Outside built-up area) 1102 71 1173 6.1 50/50
Birrhard (Motorway) 2495 265 2760 9.6 120/85
Humlikon (Motorway) 1471 210 1681 125 85/75
Rosengartenstrasse (BUllt-up 5741 168 2909 5.8 50/40
area, slope 8%)

Schimmelstrasse (Built-up =
area, directly at traffic lights) 1074 80 1154 6.9 0-50/0-50
Weststrasse (Built-up area, 50— y) 4 66 1080 6.1 0-50/0-50

m distance from traff

ic lights)

*)  The on-site speed measurements did not differentiate between LDV and HDV. The in
dicated values were estimated from observed speed distributions and HDV speed limits.

Tab. 2: Emission factors (mg/km) for the different sites for exhaust particles and NOx as
estimated by BUWAL based on the "Handbook™" (BUWAL, 2000; BUWAL, 2001; INFRAS,
1999; Jenk, 2003; UBA, 2003).

exhaust particles exhaust particles NOx asNO» NOx as NO,

LDV HDV LDV HDV
Aathal 135 283 290 9088
Birrhard 16.6 176 589 8662
Humlikon A4 10.0 187 361 8194
Zurich,
T e 121 449 394 13378
Zdrich, Rosengar- 34.0 401 714 24207
tenstrasse (uphill)
Zurich, Rosengar-
tenstrasse (downhill) 10.7 272 69 5622
Ziirich, Weststrasse 10.9 342 353 12332
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4. Results

Tab 3 shows an overview of the PM10, PM1 and NOx concentration differences at the inves-
tigated sites. The measured differences between downwind and upwind side of the streets
(resp. between kerbside and background) for NOx were at most times high enough to allow
for areliable calculation of the dilution according to equation (1).

Tab. 3: Mean measured concentration differences (downwind-upwind resp. kerbside-
background) for PM 10, PM1 and NOx (calculated as NOy)

DPM10 [ng/nt] DPM1[ng/n?] DNOXx [ng/nT]

Aathal/Seegraben 7.1 2.3 86
Birrhard 4.1 18 66
Humlikon 34 15 68
Rosengartenstrasse/

Zeughavshof 39 2.3 87
Schimmel strasse/

Zeughaushof 121 - 8
Weststrasse/

Zeughaushof 10.9 3.2 121

For the PM measurements the contributions from the local traffic in relation to the back-
ground concentrations was much smaller than for NOx. This resulted in relatively high meas-
urement uncertainties for the PM differences. The evaluation model described in equetion (1)-
(3) therefore produced reliable results only for the site Weststrasse with the highest PM dif-
ferences. At the other sites the model did not provide a reliable differentiation for LDV and
HDV. However, it was possible to calculate emission factors for PM10 and PM1 per vehicle
(without differentiation between LDV and HDV) from hourly concentration differences ac-
cording to the following simple equations:

EF :
DPM10 = PdMlo Nigal ® EFoyo = %Od (4)
ntotal
EF DPML1:d
DPM1L = —* total ® EFpyy =—— 5)

total
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Where
d dilution calculated according to equation (1)
Nota  total vehicle frequency (LDV + HDV per h)

Table 4 shows the emission factors per vehicle calculated according to equations (4) and (5).
EF(PM10) represent the total emission of fine particle emissions, EF(PM1) the direct exhaust
pipe emissions, and. EF(PM10-PM1) thus represents the emissions from abrasion and resus-
pension processes. Though the corresponding statistical uncertainties (Table 5) seem quite
high, they agree for PM1 very well with the expected values given in the handbook. As d-
ready mentioned, it was extremely difficult to get reliable results with the evaluation differen
tiating between LDV and HDV according to equations (1) — (3). This approach was only suc-
cessful for the site Weststrasse. Nevertheless, a rough apportionment of the emission factors
to LDV and HDV could be obtained based on more robust mean values for weekdays, Satur-
days and Sundays instead of hourly values. The emission factors are given in Table 6. How-
ever, a quantitative estimation of the measurement uncertainty was not possible.

Tab. 4 Mean emission factors (mg/km) per vehicle (in parenthesis: PM1 emission factors
calculated from handbook values for the actua LDV-HDV mix at each site)
EF (PM10) EF (PM1) EF(PM10-PM1)
[mg/km] [mg/km] [mg/km]

Aathal 67 23 (30) 44

Birrhard 83 33(32) 50

Humlikon 71 34 (32 37
Rosengartenstrasse 56 34 (43) 22
Schimmelstrasse 184 42%) 142

Weststrasse 104 29 (31) 75

*)  No PM1-measurement available at this site; EF(PM1) taken from handbook.
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Tab. 5: Measurement uncertainties in percent (95% confidence interval) of the emission
factors

EF (PM10) EF (PM1) EF (PM10-PM1)
Aathal 22 70 73
Birrhard 17 45 48
Humlikon 18 47 50
Rosengartenstrasse 39 70 80
Schimmelstrasse 14
Weststrasse 14 50 52
Tab. 6: Estimations of the emission factors (mg/km) for LDV and HDV based on hourly

measurements (Weststrasse) and on weekday/weekend means for the other Sites.

EF (PM10) EF(PM1) ERPM10-PM1)
[mg/km] [mg/km] [mg/km]
LDV 46 13 33
Aathal
HDV 394 187 207
i LDV 63 16 47
Birrhard
HDV 267 193 74
, LDV 33 11 22
Humlikon
HDV 344 200 144
LDV 30 13 17
Rosengartenstrasse
HDV 496 381 115
, LDV 104 12 92
Schimmel strasse 2002 *)
HDV 1268 449 819
LDV 49 10 39
Weststrasse
HDV 703 320 383

*)

No PM1-measurement available at this site; EF(PM 1) taken from handbook.
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5. Conclusions

Abrasion and resuspension processes represent a significant part of the total primary PM10
emissions of road traffic. At sites with relatively undisturbed traffic flow (Aathal, Birrhard,
Humlikon, Rosengartenstrasse) they are in the same range as the exhaust pipe emissions. At
sites with disturbed traffic flow (Schimmelstrasse, Weststrasse) emissions from abra-
sion/resuspension are even higher than those from the exhaust. German studies showed simi-
lar results, and, furthermore, indicated a pronounced impact of the paving condition
(Lohmeyer and During, 2001). In one case the emissions on a road with damaged paving and
dusty roadsides were by factors higher than those from roads with intact paving and roadsides
with no uncovered dusty surfaces.

An assessment of the potential hazard of the mechanically produced particles as compared to
the exhaust particles would be of interest. There are important differences concerning size dis-
tribution as well as chemical composition. While exhaust particles consist primarily of finest
soot and organic compounds (partly known as cancerogenic) relatively coarse mineral and
metallic particles dominate the fraction of the mechanically produced particles. The current
knowledge of the mechanisms, which are responsible for adverse effects of fine particles,
does not allow a conclusive judgement concerning the relative importance of the emissions
stemming from exhaust pipe as compared to abrasion and resuspension. Further studies
should attempt to close this significant gap.

Based on the new information from this project, the total primary PM 10 particle emissions of
road traffic in Switzerland were recalculated (Gehrig et al., 2003). For the year 2000 they
were roughly 25% lower than estimated in an earlier publication in 2001 (BUWAL, 2001).
Consequently road traffic contributes approximately 20% to the total primary PM10 emis-
sions in Switzerland. The PM1 emission factors at the different sites correspond very well
with the respective values of the Handbook, which are based on dynamometric test bench
measurements.

Within the scope of this project it was possible to obtain quantitative information about emis-
sions factors for fine particle mass from road traffic. However, some limitations of the evalua
tion concept have to be kept in mind. The concept assumes e.g. that the NOx emission factors,
which are needed for the calculation of the actual dilution conditions, are known. Therefore
the newest available knowledge about NOx emissions was used. Changes in the NOx emis-
sions factors would have a direct impact on the emission factors of PM10 and PM1 as calcu-
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lated in this project. However, in this case only calculative corrections would be necessary
without a need for new measurements.

An important limitation is the still unsatisfactory state of the art for particle mass measure-
ments with high time resolution. The monitors used for the PM10 and PM 1 measurements al-
lowed a time resolution of only 1 hour, and even this with a still considerable statistical noise
of the signal. Moreover the local traffic contributions to PM10 and PM1 are generaly small
compared with the background concentrations. This resulted in considerable measurement un-
certainties for the differentiation between LDV and HVD emission factors, which cannot ex-
actly be quantified..

Concerning the emission factors for particles from abrasion and resuspension processes the
concept of a defined emission per vehicle and km is questionable. In the case of aroad in an
open surrounding with wind across the street the concept is plausible because the mechani-
cally produced particles are continuously transported off the street and no accumulation of
these particles on the street is to be expected. Therefore, resuspension should be of minor im-
portance in this situation. However, without wind or in a street canyon sedimentation of the
produced abrasion particles on the street surface with subsequent resuspension is possible. It
seems plausible, that this portion of the particles can be kept in suspension already by a small
number of passing vehicles and is not increased much if more vehicles pass. The emissions by
resuspension would then not be proportional to the traffic frequency. In addition it has to be
kept in mind that the emissions from abrasion depend strongly on the local condition of the
pavement.

This study shows the importance of the so far neglected particle emissions from abrasion and
resuspension processes. Further research should concentrate on a quantitative apportionment
of these emissions to the involved processes (abrasion of road surface, tyre wear, brake wear,
clutch wear). This information is strongly needed for the development of efficient measures
for emission reductions.

10
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