


























PM10 emission factors of abrasion particles from road traffic (APART) 5.1 Brake Wear

Emission factors for light duty vehicles ( EF, , ) and heavy duty vehicles ( EF,, ) were estimated for the

individual species using multilinear fitting of the following equations:

n n
Model A: Cx,local traffic — EI:x,LDV ( I;jDV )4_ EI:x,HDV ( :IjDV j+C (4)

where C is the measured mass concentration difference (ug m™) of the considered species x (see

x,local traffic

equations 1 and 2) and C the fitting constant. Model A was only applicable for locations where C, .. rafic

showed no autocorrelation. Time series of C exhibited relevant autocorrelation for antimony and

x,local traffic
other pollutants in the Zirich-Weststrasse street canyon, due to road dust resuspension and emission
accumulation effects. To account for this, Model A was extended by a term representing the mass
concentration measured one hour earlier (autocorrelation term):

Model B:

I'-]LDV I'-]HDV
Cx,local traffic,t=0 — EFx,LDV ( d j+ EI:x,HDV [ d + f 'Cx,local traffic,t—1 +C ()

where C, camafficteo 1S the measured mass concentration at a considered hour,C the mass

x,local traffic,t—1
concentration measured one hour earlier and f the respective fractional coefficient (obtained by the

multilinear fit). The lag of one hour corresponded to the maximal time resolution of the trace element
measurements.

In addition to the estimation of specific LDV and HDV emission factors, an average fleet emission factor

(EF, fieet ) Was calculated using (eq. 6):

c d

x,local trafic ’
X.Fleet — (6)
n

EF

tot

The fleet emission factor is valid for the average traffic composition during the considered time period and
includes contributions from local emissions not directly correlated to vehicle frequencies such as road dust
resuspension.

5.1.4 Assessment of the Emission Factor Calculation Models

The wind speed and traffic induced road dust resuspension as well as the accumulation of direct traffic
emissions resulted in an autocorrelational behavior of the time series for the brake wear related elements.
The autocorrelation functions (ACF) and partial autocorrelation functions (PACF) for NO,, CO,, BC(PM1) and
PM10 showed no significant autocorrelation (correlation coefficient < 0.15), whereas coarse mode antimony
showed a clear autocorrelation for lag 1 (1 hour, correlation coefficient 0.4) both in the ACF and PACF (for
details see Figure 5.1.8). A systematic examination of the application of model A (eq. 4) and model B (eq. 5)
for the emission factor calculation is presented in Table 5.1.3 Based on model test runs with the above
parameters it was concluded that model B (eq. 5), by taking into account the autocorrelational behavior of
the background corrected mass concentrations, provided more robust estimates for emission factors of brake
wear related elements than model A (eq. 4). Since the contribution of resuspension and the accumulation of
vehicle emissions are considered as separate sum parameter in this model (autocorrelation coefficient),
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PM10 emission factors of abrasion particles from road traffic (APART) 5.1 Brake Wear

these emission factors represent fresh brake wear emissions for the stop-and-go situation within the street
canyon.

To check the performance of the two models A and B, the NO, emission factors, used as model input to
calculate the dilution, were re-estimated by multilinear regression of (eq. 4) and (eq. 5), respectively. For all
emission factor calculations presented in this paper, only hourly data for dry periods with ANO, > 20 ug m
were considered. For the upwind-downwind approach used for the Reiden freeway site only data with wind
speeds higher than 0.5 m s” were used, while for the street canyon vs. urban background also lower wind
speeds were considered.

Table 5.1.3 shows that the fits for CO,, black carbon in PM1 (BCpy4), for PM10 and for coarse mode
antimony show that the autoregressive term becomes more relevant for more coarse-mode based
parameters. For BCpy4, the unexplained fraction is <10% using either of the models. The emission factors
obtained by the two models are only slightly different and the quality of the fits is comparable (similar r*
values, small and randomly distributed residuals). For PM10 the autoregressive term improved the fit quality
from r? = 0.42 to r* = 0.68 and resulted in a negative fitting constant, reflecting the slightly negative mass
concentration difference between Weststrasse and Kaserne (see Figure 5.1.5) during nighttime. In contrast
to NO,, BCpy1 and PM10, the model without the autoregressive term resulted in a very poor fit for coarse
mode antimony. Introducing the postulated autoregressive term strongly improved the model solution. The
unexplained fraction dropped from >40% to <20%, accompanied by an increase in r? from 0.10 to 0.45.
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Fig. 5.1.8: Autocorrelation function (ACF) and partial autocorrelation function (PACF) plots for the time series used for
emission factor calculations, obtained using the SYSTAT 10.0 software. The lag is expressed in hours. The time series
were differenced once.
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Fig. 5.1.8: continued

5.1.5 Emission factors for brake wear associated trace elements

The model results listed in Table 5.1.3 for Zlrich-Weststrasse (street canyon) show that for Fe, Cu, Mo, Sn,
Sb and Ba, the average contribution resulting from autocorrelation was 52% (coarse mode 49%,
intermediate mode 47% and submicron mode 59%). The autocorrelation is likely related to the dynamic
process of road dust resuspension followed by airborne accumulation within the street canyon. The high
contributions that were obtained underline the major influence of this process within the considered street
canyon. The fitting constant, accounting for additional contributions which are neither correlated with traffic
nor follow the autocorrelation, explained further 25% (coarse mode), 29% (intermediate mode) and 8%
(submicron mode), respectively. These non-zero fitting constants indicate that there may be additional minor
local sources and/or that the selected model approach is not able to fully describe the road dust
resuspension process.

Accordingly, the contribution of direct traffic emissions to the total site specific (background corrected) trace
element mass concentrations was estimated by the model to be 27% (coarse mode), 24% (intermediate
mode) and 33 % (submicron mode). These contributions were split into emission factors for light and heavy
duty vehicles by the model. The propagated total uncertainty of the absolute emission factor values was
rather high in many cases, influenced by large uncertainty ranges for the model fits and the experimental
accuracy. Due to the high precision of the measurements (£5%), the multilinear regression model was at all
able to resolve separate emission factors for LDV and HDV with sufficient significance of the model results.
The propagated total uncertainty of the absolute emission factor values was rather high in many cases (75-
100% for LDV and 46-84% for HDV), influenced by large uncertainty ranges for the model fits and the
accuracy of the trace element measurements (£20%). Despite these high uncertainties, the absolute values
were plausible and provided sufficient quality for further interpretation within the scope of this work. The
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resulting emission factors are shown in Figure 5.1.9. Highest emission factors were found for Fe, Cu and Ba,
followed by similar values for Zr, Mo, Sn and Sb and very low values for Pb. The average ratio between the
emission factors for heavy and light duty vehicles was 9, 4 and 14 for the coarse, intermediate and
submicron mode, respectively.
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Fig. 5.1.9: Light duty vehicle (LDV) and heavy duty vehicle (HDV) emission factors (EF) for Zurich-Weststrasse (street
canyon). The emission factors were calculated using equation (5), corresponding to model B. The input emission factors
for NOx were EF(LDV) = 286.8 mg km™, EF(HDV) = 10559 mg km (INFRAS 2004). The calculation was performed
using 209 hourly values (~ 9 days, ANOx > 20 ug m?, dry time periods only). The average wind speed was 0.55 m s
For Zn no emission factors were calculated because the significant presence of other sources for these elements did not
allow for the determination of the contribution of local road traffic within the street canyon.

Figure 5.1.10 shows the average fractional size distribution of the LDV and HDV emission factors. The
similar distribution for most of the considered elements suggests that these elements origin from the same
source, i.e. from individual brake wear particles. Brake wear particles from light duty vehicles were
distributed in the entire size range larger than 1 pym, while the contribution from the submicron mode was
very low. In contrast, more than 75% of the brake wear emissions from heavy duty vehicles were found in the
coarse mode (2.5-10 ym). An explanation of these different size distributions remains difficult, but is likely
due to the different design and operating conditions of LDV and HDV brake systems. The found LDV size
fractionation agrees with controlled abrasion experiments described in literature (Thorpe and Harrison 2008;
von Uexkull et al. 2005), where the size distribution maximum of the brake dust was found to be in the range
1-5 ym. Other laboratory studies (Furuta et al. 2005) found 70% of brake pad dust in the 0.5 — 2 ym size
range and only 30 % in the 2-11 ym size range.
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Fig. 5.1.10: Fractional size distribution for LDV and HDV emission factors determined for brake wear related trace
elements and stop-and-go traffic in Zurich-Weststrasse (street canyon). The indicated size contributions were calculated
from mean emission factor values determined by the multilinear model.

For the freeway site outside of Zirich (Reiden), the downwind-upwind mass concentration difference for the
brake wear related elements was measurable but very low (see Figure 5.1.4), since no significant amount of
fresh brake wear was expected to be produced by the free-flowing freeway traffic. The only non-zero
contributions of the brake wear related elements along the freeway were expected due to resuspension of
road dust or due to a steady spin-off of previously deposited brake wear particles from the wheel rims.
Compared to Zirich-Weststrasse, the background subtraction was less bias prone due to the simultaneous
upwind/downwind measurements. Since the concentration differences were small and even the mass
concentrations themselves were close to or below the experimental detection limit (MDL) for some elements,
a separate determination of LDV and HDV emission factors was not feasible. Average fleet emission factors
for Reiden are listed in Table 5.1.5.

Figure 5.1.11 shows fleet emission factors for Zirich-Weststrasse (10% heavy duty vehicles) and Reiden
(15% heavy duty vehicles). For Zlrich-Weststrasse, fleet emission factors were calculated a) using equation
(6) and b) using the determined LDV and HDV emission factors. The calculation of fleet emission factors
according to equation (6) also includes road dust resuspension or other source contributions. As a
consequence, the fleet emission factors for Zirich-Weststrasse and Reiden calculated with equation (6)
cannot be interpreted as specific values for brake wear emissions, but rather have to be considered as very
rough estimates of net emission factors for brake wear and resuspension. The fleet emission factor
containing both brake wear and resuspension was up to 11 times higher for Zirich-Weststrasse compared to
Reiden. This factor decreases to 2.7 if the isolated brake wear fleet emissions from Zirich-Weststrasse are
compared to the total fleet emissions in Reiden.
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Fig. 5.1.11: Sum fleet emission factors (particle size range 0.1 - 10 ym) for Zurich-Weststrasse (10% HDV) and Reiden
(15% HDV), for trace elements associated to brake wear. The values for Zirich-Weststrasse were calculated from
experimental data from February and March 2007 (9 days, dry time periods only), while the values for Reiden refer to
October 2007 (4 days, dry time periods only).

The antimony average fleet emission factors for Zirich-Weststrasse (88 ug km™ including resuspension, 19
ug km™ without resuspension) and Reiden (8.1 pg km™) fit well in the range of values reported in literature. A
recent study Johansson (2008) found a value of 144 g km™ for a street canyon in Stockholm, and for two
roadway tunnels in Sweden values of 32 ug km” (Tingstad tunnel) and 51 ug km” (Lundby tunnel) were
reported (Sternbeck et al. 2002). Moreover, the relative elemental patterns for the brake wear related
elements were not only similar for both sites considered in this study, but compare also well with other real-
world data (see detailed comparison in Figure 5.1.12). Despite large compositional differences for individual
brake pads there is a high degree of agreement within the real-world results and emission inventory values.

The reported set of elemental emission factors for LDVs and HDVs, split in three health-relevant particle size
classes, contributes towards a better understanding of brake wear emissions. Beside brake wear directly
emitted by vehicles, resuspension of road dust has been found highly relevant in the street canyon in Zirich-
Weststrasse. While the process of resuspension itself is partly caused by the traffic induced turbulence, the
amount of resuspendable dust is limited by the local deposition of dust from different sources to the road
surface (atmospheric deposition of urban aerosol, dust introduced by dirty wheels or losses from truck
loadings, debris from plants). For traffic situations with low traffic and plenty of resuspendable dust on the
road surface a direct correlation between resuspension and vehicle counts is likely. However, in streets with
high traffic frequencies like Zirich-Weststrasse the emissions from resuspension are limited by the amount
of resuspendable dust. The model used in this work represents an attempt to distinguish the contribution of
resuspension from the contribution of direct traffic emissions, but more advanced models and concepts for
emission factor calculations will have to be developed in future work.
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Table 5.1.3: Emission factors (EF) for light duty vehicles (LDV) and heavy duty vehicles (HDV), calculated for gas phase and aerosol parameters using two different multilinear calculation
models (models A (eq. 4) and model B (eq. 5)). The input emission factors for NO, were specifically estimated for Ziirich-Weststrasse (Year: 2007, EF(LDV) = 286.4 mg km™, EF(HDV) =
10559 mg km™", NO, calculated as NO,, based on emission inventories (INFRAS, 2004). The average wind speed was 0.55 m s”, ANO, > 20 Mg m™. The emission factor values presented in
this Table are based on a data subset which was specifically selected to test the individual statistical calculation models. It is not representative for the entire campaign and must therefore not

PM10 emission factors of abrasion particles from road traffic (APART)

be compared to the final PM10 and exhaust emission factors presented in Section 1 and to the refined emission factors for Sb in Tables 5.1.4 and 5.1.5.
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Table 5.1.4: Elemental emission factors (EF) for light duty vehicles (LDV), heavy duty vehicles (HDV) and average fleet for Ziirich-Weststrasse (street canyon). The emission factors for LDV
and HDV were calculated using model B (eq. 5), while the average fleet emission factors were obtained by eq. (6). The input emission factors for NOy were EF(LDV) = 286.8 mg km™,
EF(HDV) = 10559 mg km™", NOy calculated as NO,, based on emission inventories (INFRAS, 2004). The calculation was performed using 209 hourly values (~ 12 days, ANOy > 20 pyg m>,
dry time periods only). The average wind speed was 0.55 m s Values in brackets indicate concentrations below the MDL™'. For Zn and Pb only coarse mode emission factors could be
determined due to background correction constraints (see text).

Average Emission Factor Emission Factor Auto-regressive Emission Factor Average Emission Factor
Difference (Ac) | MDL™ LDV (EFpv) HDV (EFypy) term f Unexplained | R? Fleet (EF o)™ Average Fleet (EF,,)™
ng m> ng m> pg km! pg km % pg km pg km™
Fe | 014 11 635.9 +583.7 8854.8 +3288.0 0.62 +0.05 | 10 0.44 48934 1383.8
o |Cu| 424 5.6 33.7 +49.9 496.8 £277.7 0.48 +0.06 | 29 0.26 [330.7 75.9
S8z | 40 143 | 71 6.1 43.8 £347 0.36 +0.07 | 33 0.16 | 323 10.4
g S\Mm 4.43 118 4.1 +4.4 49.7 +24.7 0.66 +0.06 | 11 043 | 34.1 8.3
§ g Sn 6.53 0.549 7.3 +7.6 50.9 +43.1 0.51 +0.06 | 28 0.28 50.5 11.3
Sb 6.74 0.512 5.4 +6.5 63.1 +35.9 0.65 £0.05 | 15 0.45 51.0 10.6
Ba | 129 1.1 17.6 =14.1 166.2 £79.5 0.51 £0.06 | 19 0.30 |100.3 31.1
o | Fe |21 5.0 284.3 +271.6 1596.0 +1541.8 0.63 +0.05 | 14 043 |[1685.3 403.7
g |cul| 167 2.5 17.2 +18.8 128.2 +106.4 0.59 +0.06 |21 0.36 |130.6 27.3
S8z | 18 0.639 | 0.9 27 14.7 151 | 033 £007 | 52 012 | 133 2.1
S oM | 189 0526 | 3.5 +2.0 13.7 £11.1 0.50 £0.06 | 17 030 | 133 4.4
E I Sn 2.49 0.245 42 £2.5 4.0 £14.3 0.57 +0.06 | 23 0.36 19.7 42
2 |sb| 272 0229 | 57 2.8 16.5 £157 0.53 006 | 15 0.36 | 20.6 6.7
Ba | 508 0.489 5.8 6.4 17.1 +36.0 0.47 £0.06 | 36 0.25 39.5 6.8
Fe | 346 2.2 -3.8 +£58.4 731.3 +331.3 0.66 £0.05] 8 047 |(247.6 63.1
2 _|cu 2.17 L11 04 3.7 49.6 $21.0 0.64 £0.05] 6 0.42 15.3 49
§ g8 zr | (0208 0.282 | (0.3) 0.4 (3.5) 2.3 0.46 £0.06 | 17 0.23 (1.6) (0.6)
g 4m 0.243 0.232 0.3 0.4 4.6 £2.1 0.56 £0.06 | 5 0.37 1.7 0.7
£ Jsn | 029 0.108 | 0.2 0.5 5.1 £2.6 0.60 £0.05 | 13 040 | 2.3 0.6
a | Sb 0.348 0.101 0.1 £0.5 6.0 £2.6 0.62 £0.05 |14 0.45 2.5 0.6
Ba | 0732 0.216 0.0 £1.1 13.8 6.4 0.67 £0.05] 8 0.46 5.2 1.2
Coarse | Zn | 120 4.7 -0.6 +19.9 268.5 £1123 0.28 0.06 | 45 0.13 94.3 23.9
mode | pp | (1.88) 3.36 (5.7) £.9 (0.1) £0.1 0.30 0.07 |33 0.12 |(14.6) (5.2)

f Brake wear and resuspension, related to an average HDV fraction of 0.1.
*b Brake wear only, related to an average HDV fraction of 0.1.
' MDL (Minimal detection limit): Experimental detection limit (see also Table 5.1.1)
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Table 5.1.5: Average fleet emission factors (EF) for Reiden (rural site next to freeway), obtained using eq. (5). The input
emission factors for NOx were EF(LDV) = 448 mg km™, EF(HDV) = 5421 mg km™, NOy calculated as NO,, based on
emission inventories (INFRAS, 2004). The calculation was performed using 97 hourly values (~ 4 days, ANOy > 20 yg m’
3 dry time periods only). The average wind speed was 2.0 m s”. Calculations were only possible for the coarse and
intermediate mode, due to negative concentration differences across the freeway as a bias from nearby fine particle

sources. Values in brackets indicate concentrations below the MDL"".

Average mpL ! Emission Factor
Difference (Ac) Average Fleet
(EF)
ngm? ng m> g km™
Fe 434 5.60 557.4
Cu (2.02) 2.80 26.6
o |7 na.° 0.714 2.6
E E Mo (0.318) 0.588 26
2 2 |sn (0.248) 0.274 2.7
§ & |sb 0.343 0.256 37
Ba 0.822 0.547 11.9
Zn n.a. 2.361 350.8
Pb (0.001) 1.68 20.5
Fe 27.0 2.50 26
Cu 1.79 1.25 1.6
%’ zr 0.215 0.319 3.0
; g Mo (0.144) 0.263 25
% 2 Sn 0.276 0.123 6.0
E< |sb 0.242 0.114 28.6
£ Ba 0.650 0.245 <0.1
Zn 1.076 1.056 0.1
Pb (0.116) 0.75 <0.1

" related to an average HDV fraction of 0.15.

" MDL (Minimal detection limit): Experimental detection limit (see also Table 5.1.1)

“na. negative concentration difference
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Section 5.1: Brake wear APART Final Report

Figure 5.1.12 compares elemental patterns for brake wear related elements, including results from this and
other studies. For this specific comparison, the individual elemental patterns are normalized to Cu=1,
because Cu is a brake pad component which is not expected to have encountered a significant change in
application within the last years. In contrast, the growing concern about limited antimony resources has led
to extended efforts by material engineers to reduce the use of antimony in brake pads. Despite the different
nature of the experiments reported in literature (real-world studies versus laboratory studies), the Sb/Cu ratio
does not vary more than an order of magnitude. In contrast, there are large differences within the other
elements. The variation is particularly large for single brake pad investigations, reflecting that manifold brake
pad formulations have been used by different manufacturers over the years. Despite this heterogeneity there
is a high degree of agreement within the real-world results and the emission inventories, indicating a rather
uniform geographical distribution of the different brake pad types.
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Fig. 5.1.12: Literature comparison for the elemental patterns of brake wear related trace elements. Reported emission
factors and mass fractions were normalized to Cu=1.
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5.2 Road Wear and Resuspension

Figure 5.2.1 shows a typical particle size distribution obtained during the abrasion experiments with the
mobile load simulators. The particle concentrations of the air at the sampling point during operation of the
simulator are clearly different from the concentrations in the ambient air. The difference of these two
distributions represents the size distribution of the produced abrasion particles. As expected it is clearly
shifted towards the coarse side compared to the size distribution in the ambient air.

In Figures 5.2.2 — 5.2.5 the trends of the PM10 concentrations before, during and after the mobile load
simulator experiments are illustrated. The measurement cycle of the APS monitor was selected to be 6 min
for MMLS experiments and 5 min for MLS experiments in order to ensure stable particle counts for all size
classes. Thus every data point in the bar plots represents a measuring time of 5 or 6 minutes. As described
in the instrumental section every minute the investigated pavement is overrun by 125 single wheels (MMLS
measurements) or 100 double wheels (MLS measurements). This is important to get an impression of how
much time or how many wheel passages are needed to remove the resuspendable dust from the road
surface after the start of the simulator. In all Figures red bars indicate measurements of ambient air, i.e. the
simulators were not operating. The black bars indicate measurements during operation of the simulators.

Figure 5.2.2 shows the measured PM10 concentrations during a measurement with the MLS on an AC
pavement in relatively poor condition with an already slightly damaged surface. While measurements of
ambient air showed low particle concentrations, very high concentrations can be observed during the first
minutes after setting the simulator into operation. This initial peak is clearly caused by resuspension of dust
on the road surface which was already deposited there before the experiment. After some time the
concentrations decreased and leveled off on a concentration level still clearly above the ambient air
concentrations. The difference between this final concentration and the ambient concentration can be
interpreted as the freshly produced abrasion particles. Together with the results of the tracer gas
measurements PM10 emission factors were calculated (Table 5.2.1).

Figure 5.2.3 shows a similar experiment performed on two different days with the MLS on an AC pavement
in good condition. On the first day (26 May) the MLS had to be stopped after only 3 measurement cycles (15
min) due to break-down of the MLS. After fixing work on the MLS the particle measurements could be
continued on 28 May when the MLS was already in operation for approx. 1 hour. After 7 APS measurement
cycles (35 min) the MLS broke down again. Nevertheless important conclusions can be drawn from these
few measurements. Again the initial particle concentrations (26 May) were quite high compared to ambient
air, indicating again resuspension of previously deposited dust. When the measurements were resumed on
28 May (after the MLS had already been in operation for some time) only slightly higher concentrations
compared to ambient air were observed. Also here PM10 emission factors were calculated (Table 5.2.1).
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Fig. 5.2.1: Typical particle size distribution obtained from an experiment with the mobile load simulator, during a
measurement period with dominating abrasion (negligible resuspension). The size distribution of the abrasion particles is
clearly shifted towards the coarse side compared to the ambient size distribution.
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Fig. 5.2.2: Trend of resuspended and abraded particles during an experiment with the MLS (simulating HDV) on a AC
pavement in relatively poor condition with an already slightly damaged surface. Every bar in the plot represents 5 min
measurement with a total of 500 double wheel passages. Red bars indicate measurements of ambient air, without
operation of the MLS.
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Fig. 5.2.3: MLS measurements (simulating HDV) on AC pavement in good condition (26.5. mainly resuspension, 28.5.
fresh abrasion, see explanation in the text above). Every bar in the plot represents 5 min measurement with a total of 500
double wheel passages. Red bars indicate measurements of ambient air, without operation of the MLS.

Figure 5.2.4 shows the time trend of a MMLS abrasion experiment on a new AC pavement. Again the higher
concentrations at the beginning of the experiment caused by resuspension of earlier deposited dust are
clearly visible. The concentrations then decrease and level off only slightly above the ambient air
concentration indicating only low contribution from fresh abrasion particles. In Figure 5.2.5 the same
measurements on a new PA pavement are illustrated. Elevated concentrations shortly after the start of the
simulator again indicate particle resuspension, however less pronounced compared to the measurement on
the AC pavement. After some time PM10 concentrations were only slightly higher than the ambient air
concentrations. Two measurements during this period show distinctive higher concentrations. A possible
explanation for this fact could be that from time to time some grains are broken out from the porous surface
of the PA pavement causing a sudden detachment of particles for a short time. Nevertheless, even
considering these events, the contribution of fresh abrasion particles is quite low as were also the
corresponding calculated emission factors (Table 5.2.1).
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Fig. 5.2.4: MMLS (simulating LDV) abrasion experiments on a new asphalt concrete pavement. Every bar in the plot
represents 6 min measurement with a total of 750 single wheel passages. Red bars indicate measurements of ambient

air, without operation of the MMLS.
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Fig. 5.2.5: MMLS (simulating LDV) abrasion experiments on a new porous asphalt pavement. Every bar in the plot
represents 6 min measurement with a total of 750 single wheel passages. Red bars indicate measurements of ambient

air, without operation of the MMLS.
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Table 5.2.1 gives an overview of the emission factors calculated as described in the "Instrumentation and
Techniques" section. The emission factors were calculated omitting the first measurement cycles dominated
by resuspension thus using only the measurement cycles after a more or less stable emission was reached.
The estimates for LDV and HDV were determined from the emission factors per wheel with the assumption
of a linear relation between load, number of wheels/vehicle and emission, i.e.:

e EF for LDV from MMLS measurements: 12 times EF/wheel (4 wheels/vehicle, 3 times higher
load/wheel)

e EF for HDV from MLS measurements: 10 times EF/wheel (10 wheels/vehicle, same load/wheel)

Table 5.2.1: PM10 emission factors for fresh particle abrasion derived from the load simulator measurements.

Type of mobile load simulator MMLS MMLS MLS MLS
(LDV) (LDV) (HDV) (HDV)

Type of pavement asphalt | porous | asphalt | asphalt
concrete | asphalt | concrete | concrete

Condition of pavement new new good poor

PM10 emission factor (mg/km/wheel) | 0.25 0-02 |07 8

PM10 emission factor (mg/km/LDV) 3 0-2

PM10 emission factor (mg/km/HDV) 7 80

Emission factors for road traffic are generally expressed as mass per km per vehicle for certain traffic
conditions (speed, slope etc.). This is a stringent concept if the emitted species are directly produced on-site
by the traffic as it is the case for exhaust emissions as well as for freshly produced abrasion particles from
brakes, tyres and road surfaces. However, resuspension is the remobilisation of previously deposited
material from different sources. While the process of resuspension itself of course is caused by the traffic
induced turbulence, thus depending on intensity and speed of the circulating local traffic, the amount of
resuspendable dust is limited by the local deposition of dust from different sources (atmospheric deposition,
dust introduced by dirty wheels or losses from truck loadings, debris from plants etc.) onto the road surface.
In addition other removal processes than resuspension are possible, like wash-off by rain and wind blow-off.
It is therefore difficult to describe the resuspension process with only one mass unit.

For traffic situations with low traffic and plenty of resuspendable dust on the road surface the mass unit
mg/km/vehicle may be appropriate. However, for streets with high traffic frequencies the emissions from
resuspension might be limited by the amount of resuspendable dust, will say the dust deposition rate. In this
case the appropriate mass unit for resuspension might rather be expressed in terms of mg/m?/h.

Table 5.2.2 shows emission factors calculated in mg/km/vehicle from the mean emissions during the first two
measurement cycles (10 min for MLS, 12 min for MMLS). They thus represent road surface conditions with
resuspendable dust. It is important to note, that the pavements were not visibly dirty at the beginning of the
experiments, but just contained the dust that might have been deposited by dry or wet deposition in the
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previous days and therefore represent realistic conditions. By comparison with the emission factors given in
Table 5.2.1 it becomes very clear that resuspension dominates by far over fresh abrasion of particles (in
particular for pavements in good condition). This finding is also supported by earlier Scandinavian
investigations with different methods (Gustafsson et al. 2008; Hussein et al. 2008). Hussein et al. (2008)
further showed that direct abrasion emissions from pavements were on average a factor of 2.3 higher for
winter tyres compared to summer tyres. But even assuming that the tyres of the simulators were rather of
summer type than winter type, the dominance of resuspension over abrasion still holds true for pavements in
good condition.

The reason for the large difference between the resuspension by MMLS of porous asphalt and asphalt
concrete might be caused by different dirt loads on the surfaces. Later specific experiments (described
below) revealed that porous asphalt indeed tends to retain dust better than asphalt concrete, the difference,
however, was only about a factor of 2.

Table 5.2.2: PM10 emission factors during the first 2 measurement cycles dominated by resuspension.

Type of mobile load simulator MMLS MMLS MLS MLS
(LDV) (LDV) (HDV) (HDV)

Type of pavement asphalt | porous | asphalt | asphalt
concrete | asphalt | concrete | concrete

Condition of pavement new new good poor
PM10 emission factor (mg/km/wheel) | 6.3 0.41 11 66
PM10 emission factor (mg/km/LDV) 76 5

PM10 emission factor (mg/km/HDV) 110 660

As clearly shown by the previous experiments resuspension of deposited dust from the road surface by
vehicles seems to be an important source of PM10. Therefore, it is interesting to know whether the porosity
of a road surface influences the mobilisation of deposited dust. For this purpose a defined amount of dry fine
dust (10 g) collected from a near road surface was placed on the AC pavement (compact surface, low
porosity) and the PA pavement (high porosity of the surface) before the MMLS was set into operation. Figure
5.2.6 shows a comparison of the PM10 emission factors for resuspension as a function of time for these two
experiments. The very high values show that at least the first 30 minutes are strongly dominated by
resuspension of the applied dust and fresh abrasion can be neglected. It is also clearly visible that the
resuspension is higher for the AC pavement during the whole observation period of approximately one hour.
It seems that a porous surface is able to retain deposited dust better than a smooth surface. Figure 5.2.7
shows a picture taken after the resuspension experiment on porous asphalt. It is clearly visible that fine dust
is retained in the pores of the pavement.
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Fig. 5.2.6: Emission factors as a function of time during a MMLS (simulating LDV) abrasion experiment comparing the
resuspension of fine dust from an asphalt concrete pavement (AC) and a porous asphalt pavement (PA). Left: Full scale
graph. Right: Detailed view with enhanced y-axis.

Fig. 5.2.7: View of PA pavement after resuspension experiment. Pores retaining dust are clearly visible.
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Possible contribution from tyres and other moving simulator parts to the emission measurements

For the evaluations and calculations presented above it was assumed that all measured particles stem either
from ambient air, from road surface abrasion or from resuspension. However, two additional potential
sources of particles have to be considered.

e chains and electric motors for driving the wheels of the mobile load simulators
e tyres of the wheels

In order to check for a possible influence of these sources to the measurements particle sampling in rotating
drum impactors (RDI) and elemental analysis with SR-XRF was performed during some simulator
experiments in addition to the APS measurements. The techniques are described in Section 3.2.

Iron (Fe) and zinc (Zn) were chosen for this purpose because abrasion particles from moving metallic
simulator parts would consist more or less entirely of iron, and zinc, though by far not specific, is a useful
indicator for tyre wear.

Only for the MLS experiments a quantifiable difference between ambient air and simulator emission was
observed. For the MMLS no significant differences between ambient air and simulator emission occurred. In
this latter case only a "worst-case" emission estimate was possible, assuming that all measured iron and
zinc was emitted by the simulator and its tyres.

Tables 5.2.3 and 5.2.4 give an overview of the results. In comparison to the emissions from road surface
abrasion and resuspension iron emissions from the simulators are low and can be neglected. For tyre
emission a zinc content of 1% in the tyres was assumed based on earlier studies (Councell et al. 2004,
Thorpe and Harrison 2008). Resulting emission factors for tyre wear were very low for MMLS despite of the
"worst-case" assumptions described above. Higher values resulted for MLS operation, simulating HDV
emissions. But also here tyre wear seems to be of minor importance compared to resuspension. It can,
however, be comparable to the also low emissions from fresh road surface abrasion in the case of a
pavement in good condition. Of course it is not possible to derive from these measurements a quantitative
estimate for tyre wear in real traffic situations. But they give a strong indication that tyre wear is not to be
considered a quantitatively important source of fine particle emission from road traffic.

Table 5.2.3: Emission factors of the MLS for iron and zinc and estimation of tyre wear emission.

PM10 from
tyre wear
Fe Zn (1% Zn)

Simulator in operation (ug/m®) 1.68 0.129 12.9
Ambient air (pug/m?) 0.32 0.008 0.8
Difference (metal abrasion, (ug/m®) 1.36 0.121 12.1
Emission factor (mg/km/wheel) 0.19 0.017 1.7
Emission factor (mg/km/HDV) 1.91 0.17 17
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Table 5.2.4: Emission factors of the MMLS for iron and zinc and estimation of tyre wear emission.

PM10 from
tyre wear
Fe Zn (1% Zn)
Total concentration (pg/m?) 1 0.02 2.0
Emission factor (mg/km/wheel) 0.03 0.001 0.067
Emission factor (mg/km/LDV) 0.40 0.008 0.80

Comment to tire wear:

Reliable information for PM10 emissions from tire wear can hardly be found. Some older investigations
report contributions up to 5-10% to urban PM10 concentrations. However, none of the applied methods was
specific enough to be convincing. A new, still unpublished study at two urban traffic sites in Germany for the
first time uses a method that seems to be really specific (analysis of pyrolysis products of tyre rubber) and
find a mean contribution of tyre wear of 0.5% to urban PM10. The same work shows that the tyre wear
contribution of up to 5-10% as assumed earlier really exists, but in particle fractions >10um (TSP=total
suspended particles) and not in PM10.This is also qualitatively confirmed by. Figure 5.2.8 shows a picture of
dust sampled on an adhesive surface with a dedicated deposition sampler (Sigma-2, VDI 2119 Blatt 4),
which is widely used in Germany for the assessment of the air quality in recreational areas (Dietze et al.
2006). Another light microscopic picture of a tire wear particle is shown in Figure 5.2.9.
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Fig. 5.2.8: Light microscopic image of a typical dust sampled at a traffic site with a deposition sampler (Sigma-2) showing
large amounts of tyre wear particles (Courtesy of: V.Dietze, Deutscher Wetterdienst, Referat Lufthygiene Freiburg i.Br.,

Germany).
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Fig. 5.2.9: Light microscopic image of a tire wear particle (Baltensperger 1985)

Conclusions

e Experiments with "Mobile Load Simulators" allow differentiating between particle emissions from
abrasion and resuspension.

e "Fresh" abrasion particle emissions from pavements in good condition are quite low. Considerable
abrasion emissions, however, can occur from pavements in poor condition.

e Resuspension of deposited dust can cause high particle emissions depending strongly on the dirt
load of the road surface. Porous pavements seem to retain deposited dust better than compact
pavements, thus leading to lower emissions due to resuspension compared to pavements with a
compact surface structure (e.g. asphalt concrete).

e Tyre wear seems not to be an important source of PM10 emissions from road traffic. Results from
new research in Germany find tyre wear predominantly in particle fractions > 10 pm.
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5.3 Road Dust Analysis

5.3.1 General

Research focused on road dust resuspension is still scarce due to the absence of a sampling protocol,
mostly if the purpose is to collect the PM10 fraction. Several studies investigated the properties of road
sediments but only few studies analyzed the PM10 fraction (Han et al. 2007; Ho et al. 2003; Zhao et al.
2006). Moreover the analysis of the PM10 fraction has been generally performed in the laboratory which
means inevitable losses of fine and ultrafine particles during the analysis procedure and treatments (plastic
bags, pincels, sieves). In contrast the methodology employed in this study (Amato et al. 2009) allows to
evaluate the exact amount of deposited PM10 and to study its variability across the city environment.
Moreover, with reducing losses of fine particles, which often are hosting source specific tracers, it is possible
to estimate real-world chemical profiles which are essential for Chemical Mass Balance (CMB) applications
or other source attribution methods (Target shape factor analysis, Multilinear Engine).

Area deposition is reported as deposited mass per unit area, with units of, e.g., mg m™. This approach is
valid for the area sampled and may be in our case extrapolated to any area with the same characteristics
such as road surface, traffic density and vehicle mix, and exposure to other ambient influences like weather,
transported pollution etc. It gives a direct quantification of the total mass deposited in a specified area, but
leaves open during which time the material was deposited. A reasonable assumption is that most of the
material has been deposited since the last precipitation, but considerable uncertainties remain, as likely not
all deposited dust was washed away by the rain. In an enduring dry period, equilibrium is expected to
establish between deposition and resuspension on a road surface, and the deposited mass increases more
slowly and ultimately remains constant over time.

The chemical composition of deposited material is given as the ratio of the amount of each component
relative to the total amount deposited. This ratio is dimensionless (% or parts per million, ppm) and is
independent of the area sampled. Thus the chemical composition may be considered as representative for a
wider area in a city. The chemical composition is relevant for source attribution studies.

5.3.2 Traffic counts

The sampling sites were selected to reflect different vehicle traffic characteristics, as traffic is considered to
be the main reason for resuspension of road dust. Traffic counts for most of the sampling sites are given in
Table 5.3.1. Pfingstweidstrasse shows the largest number of vehicles both for heavy duty and light duty
vehicles and for day and night. Weststrasse shows less vehicles, which is in part a consequence of the traffic
restriction during nighttime, when exclusively residential traffic is allowed. In general, light duty vehicle
numbers are a factor of 10 larger than heavy duty vehicle numbers. Nighttime traffic is roughly one third to
one quarter as dense as daytime traffic. Eichblhlstrasse and Kaserne counts are missing, as traffic is very
low or prohibited.

5.3.3 Total PM10 deposition in Zdrich

The PM10 area deposition of road dust determined for the Zirich sites in February 2008 varied within a
range of 0.2 to 3.0 mg m (Figure 5.3.2). These concentrations are related to the sampling period (February
2008 after 14 dry days), and may vary with time of year and with weather conditions. Precipitation dilutes
and washes away an undetermined fraction of the deposited material. The frequency and total amount of
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precipitation in Zurich (Figure 5.3.1) is such that the deposited mass observed in February is rather higher
than the expected average. Total rainfall shows a constant minimum in the winter months, and higher
amounts of up to a factor of 2 in the summer months. Moreover, dry periods of more than two weeks duration
are quite rare events in Zurich.

The error bars in Figure 5.3.2 represent the variability of up to four samples at each site and are related not
only to real-world variability of the amount of deposited dust, but also to the uncertainty of the analyses. The
large error bars for Weststrasse and Milchbuck Tunnel are due to technical difficulties during the sampling
and analysis procedure. Also the measurements at Kaserne were biased by onsetting rain during the
measurements. Furthermore, the uncertainties also reflect the inhomogeneity of dust deposition on the road
surface, which tends to accumulate at areas away from the wheels, i.e. towards the curb or the center of the
road.

As the sampling was performed within three consecutive days at the end of a dry period, the observed
spatial variability can be interpreted to reveal characteristics of the individual sites. Schimmelstrasse,
Hardplatz and Pfingstweidstrasse were close in their range of values. In contrast, Weststrasse and Milckbuck
Tunnel showed a larger average value, possibly due to a strong enrichment in the street canyon and in the
tunnel, respectively. However, these average values may not be sufficiently significant due to the high
experimental uncertainty for these locations. Duttweilerstrasse showed the lowest deposition, and this was
likely the effect of a new road pavement (see Section 5.1 of the APART final report) and low traffic
frequencies. Kaserne and Eichbihlstrasse can be considered as background sites, so their high
concentrations can be related to increased deposition of mineral material. Kaserne has no traffic at all, and
Eichbuhlstrasse has only residential traffic, but the latter site was possibly influenced by a small construction
site nearby.

Table 5.3.1: Vehicle counts at the different sampling sites in Zurich (2005). Source: Kanton Zirich
(http://www.laerm.zh.ch/, http://www.qis.zh.ch/gb4/laerm/gb.asp). The traffic count at Forrlibuckstrasse corresponds to
Duttweilerstrasse. Wasserwerkstrasse corresponds to Milchbucktunnel.

Light duty vehicles / hour
Heavy duty vehicles / hour
Traffic speed daytime
Light duty vehicles / hour
Heavy duty vehicles / hour
Traffic speed nighttime
Upward slope

Downward slope

daytime | daytime nighttime | nighttime
06-22h | 06-22 h | km/h | 22-06 h 22-06 h | km/h
Forrlibuckstrasse 635 55 45 215 10 50
Pfingstweidstrasse 2105 210 60 406 18 60
Schimmelstrasse 1306 115 45 398 12 50
Hardstrasse 1596 123 45 368 13 50
Weststrasse 1132 96 45 115 0 50
Wasserwerkstrasse 1597 65 45 379 8 50
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Fig. 5.3.1: Precipitation frequency and amounts (in mm per day) for Zurich-Affoltern for Jan 2007 — Dec 2008. Data:
MeteoSwiss.
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Fig. 5.3.2: Deposited total PM10 mass per m? for each sampling site. The black lines indicate the error bars. The sites
are ordered according to increasing traffic density. Eichbihlstrasse and Kaserne are considered as background sites.
See text for an explanation of the error bars. The value for Kaserne (marked with *) is based on a single filter analysis
and is biased by experimental difficulties.

5.3.4 Chemical composition of deposited PM10

The PM10 deposition samples were chemically analyzed for each site to determine their composition and
obtain indications on their most relevant sources (Table 5.3.2). SiO, and carbonaceous material (OM, and
EC, with OM/OC = 1.3) make up the biggest share, followed by CaO, Fe,O3, Al,O; and nitrate. The mean
area concentrations of trace elements (Figure 5.3.3) were generally two orders of magnitude smaller than
the major mass relevant compounds. The total mass was slightly overestimated by the analyzed compounds
(without consideration of the experimentally biased value for Kaserne). A detailed look into the situation at
the individual sampling sites reveals remarkable variation between the sites with respect to the chemical
composition:

e Milchbuck tunnel shows mainly OM and EC (about two thirds) and only little SiO».

e Schimmelstrasse and Pfingstweidstrasse also show a high amount of OM and EC, although lower
than Milchbuck tunnel. The other extreme is Eichbihlstrasse with almost no OM and EC, but rather
crustal material.
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e The amount of OM and EC apparently decreases with decreasing traffic numbers.

e SiO, occurs prominently at every site. The high amount of SiO, at Weststrasse may be caused by

cracks in the asphalt surface where additional dust was collecting.

e Hardplatz, Milchbucktunnel and Kaserne show a large amount of undetermined material, which is

at least in the last case indicating difficulties during the analysis process.

Figure 5.3.4 shows the mass contributions of the major PM10 road dust components, displayed as average

of all considered locations (except Kaserne). On average, the road dust consisted mainly of two components
a) roughly 50% of the mass is crustal material (SiO,, Ca0), and b) carbonaceous matter, being the sum of
OM+EC and comprising also about 35% of mass. This chemical profile is useful to interpret the sources of

deposited PM10.

Table 5.3.2: Deposited PM10 mass in ug m split into key species (expressed as oxides). DL = detection limit; na = not

available. The measurements at Kaserne were biased by onsetting rain.
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SiO» 72 108 309 424 116 | 1299 | 135 94
oM 47 196 294 51 122 416 517 na
EC 24 68 65 16 3 327 335 na
CaO 305 | 427 | 74.6 | 1354 | 43.8 | 432.3 | 549 | 29.1
Fe.Os 144 | 13.7 | 1135 | 476 | 23.3 | 127.8 | 48.4 | 18.0
Al>03 7.2 5.2 28.9 | 40.0 7.7 96.1 | 14.8 9.0
NO3 16.3 | 146 | 129 | 27.3 | 229 | 259 | <DL <DL
K20 <DL <DL <DL 135 | <DL | 22.1 | <DL <DL
MgO 3.3 4.3 9.7 14.3 4.7 60.9 6.4 3.9
SO3 <DL <DL 7.1 13.6 6.1 17.7 4.5 4.4
Na,O 4.3 15 5.3 45 0.1 15.0 4.3 <DL
cr <DL 3.2 1.6 4.1 <DL <DL 10.5 | <DL
Total 175 468 691 628 481 | 3067 | 2323 | 1300
Determined 219 458 922 790 349 | 2840 | 1131 | 158
Determined % 125 98 133 126 73 93 49 12
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Fig. 5.3.3: Mean area concentration of deposited trace element PM10 in Zurich (averaged over all sites, including

Kaserne).
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Fig. 5.3.4: Composition of deposited PM10 in Zurich (average of all considered locations except Kaserne). The
compounds are displayed as oxides.

From the composition of deposited trace elements at each location (Figure 5.3.5) we can infer that:

e The chemical profile for Kaserne is biased, due to some analytical error during the weighting (it
started raining during the last sampling).

e Ti, Cu, Zn and Ba are prominently present at each site.

e Other key elements for brake wear — Cr, Ni, Sn, Sb - are present at each site, even Kaserne
(dispersed traffic emissions from the entire city).
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e Compared to the other locations, Milchbucktunnel shows the highest fraction of Fe, Cr, Ni, Cu, Zn,
Zr, Sn, Sh, which are all elements emitted by the wear of brake pads. This points to a high
enrichment of brake wear in the tunnel.

e Eichbuhlstrasse, which represents an urban background location, shows the highest fractions for
Al, Ca, S, Li, Ti, Sr and La as well as for EC, Co, Ni and Pb.

e The Cu/Sb ratio as an indicator of brake pad wear varied between 6-8 in Schimmelstrasse,
Weststrasse and Pfingstweidstrasse. A mean value of 7.0£1.9 was found in Barcelona (Amato et
al. 2009).

These findings are consistent with those in Chapter 5.1.
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Fig. 5.3.5: Relative abundances of trace elements present in deposited PM10 in Zurich. The numbers under the site
names indicate the total mass per m? of the considered trace elements.

125



PM10 emission factors of abrasion particles from road traffic (APART) 5.3 Road Dust Analysis

5.3.5 Comparison to Barcelona

Road dust is a very complex mixture of particles, and its final composition varies depending on the local
sources. The elemental composition of the deposited PM10 in Zirich was compared to the elemental crustal
abundance and to results from Barcelona.

Looking at the tracer species we can draw the following conclusions for Zirich and compare them to
Barcelona, where much experience with the method has been gained:

e The elements Al, Ca, Mg, P, S and Ti, are related to crustal sources and appear less enriched than
in Barcelona with more construction/demolition and digging activities.

e Na, Fe, Mn, Sr, Sn, Ba and Pb were in the same concentration range as in Barcelona.
e OC, K, Cr, Zn, Sh, and CI were clearly enriched in Zurich with respect to Barcelona.

e EC, Cu and Mo were between 2-3 times enriched in Zurich compared to Barcelona.

e NOg3, Ni and Zr were the most enriched in Zurich with respect to Barcelona.

The typical brake wear elements are thus clearly identified in Zurich and show similar or enriched
concentrations when compared to Barcelona. To compare the two areas in more detail we calculate (for
each element M) the [M]/[Al] ratios and plot it against the same ratios in the upper continental crust (Taylor
and McLennan 1985) as shown in Figure 5.3.6. This graph shows the enrichment of each road dust element
with respect to an average crustal composition, to quantify the anthropogenic enrichment of several
elements, mostly Sb, Mo, Sn, Cu, Ni and Zn, which originate for example from brake wear (pads and discs).
Furthermore it is possible to compare the two scenarios by the vertical bias for each element. Zr, Ni and Hf
lie close to the ratio 1:1 in Barcelona, while they show significant enrichments in Zurich. Ta, Tl, Sc and P are
not shown for Zurich since they were below the detection limit.
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Fig. 5.3.6: Ratio of element M concentration to the Al concentration for Zurich (red) and Barcelona (blue) versus the ratio

of M/AI of the upper continental crust (after Taylor and McLennan, 1985). This graph shows the relative enrichment of the
elements compared to the Earth’s crust.
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5.3.6 Composition of PM1 in air

The high abundance of organic matter in PM10 requires attention, as it is an indicator of traffic emissions.
While not directly related to abrasion processes, the spatial distribution of airborne PM1 may give additional
clues to the interpretation of the PM10 composition measurements and may also be helpful for estimating
the representativity of these samples. The Mosquita test run of 19 February 2008 (Figure 5.3.7) was
arranged to coincide with the dust sampling campaign. The data from this test run were used to determine
the chemical composition of PM1 (Figure 5.3.8).
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Fig. 5.3.7: Spatial distribution of the PM1 number concentrations (cm'3) in Zurich on 19 February 2008.

Figure 5.3.7 shows the distribution of the PM1 number concentration. The concentration is rarely constant
along a road section, but it rather shows a large variability seen in the varying colors. Eichbiihlstrasse and
Kaserne are blue, representing low concentrations. Hardplatz, Pfingstweidstrasse and Hohlstrasse show
more red dots and thus high concentrations. Weststrasse surprisingly shows only intermediate number
concentrations.

The relative composition of PM1 for individual road sections is presented in Figure 5.3.8. Nitrate (25 — 39%)
and ammonium (11 — 14%) make up about half of the total mass at most places except Hardbriicke, where
organic matter due to traffic is also prominent. Chloride is negligible with 1%, but secondary organic aerosol
is abundant with 14 — 19%. Sulfate is quite constant throughout the city (5 — 6%). The amount of soot (black
carbon) is typically larger than that of organic matter from traffic, again with the exception of Hardbricke,
where both amounts are identical with 20%. Soot as well as organic matter from traffic and wood combustion
come from primary emissions, while the other components originate from secondary aerosol formation.
Hence, the amount of primary PM1 aerosol varies between one quarter and one third, again with the
exception of Hardbriicke, where it amounts to almost a half. This means that generally two thirds to three
quarters of PM1 consists of secondary aerosol. All secondary components are distributed regionally and only
the primary components have a local character.
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Fig. 5.3.8: The PM1 mean chemical composition in Zurich on 19 February 2008.

It has been shown for other Mosquita test runs that Kaserne reveals less traffic related and more secondary
organic matter (Mohr et al. 2009), which is likely the result of the sheltering of the area from direct traffic
emissions. Soot may be related mainly to traffic and wood combustion, while nitrate originates from emitted
NO, as a secondary product. The relative similarity of the PM1 composition at most of the sampling sites
except Kaserne (not shown) and Eichbihlstrasse is different from the more local signature of PM10.
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5.4 Distance Measurements in Harkingen

5.4.1 Goals

Distance measurements are a tool to document the size-dependent dilution of airborne particles. Some
fraction may be deposited on the way from the emitting source to the sampler, but most of the particles are
transported to more elevated layers in the atmosphere, such that the number of particles can be expected to
decrease with increasing distance.

As non-combustion generated particles are expected in larger size fractions, an experiment with two
Aerodynamic Particle Sizer (APS) spectrometers was planned and carried out at the NABEL station in
Harkingen on 20 November 2008.

5.4.2 Setup

The experimental setup consisted of one APS being fixed at the hut of the NABEL station next to the Al
freeway, while a second APS was running in the mobile laboratory Mosquita Il of PSI at selected distances
from the freeway (and the NABEL hut, Figure 5.4.1). Six 10-min measurements were performed at each site,
then the car was moved to the next place and the new measurement cycle began. Moving the car was
possible within the 60 s for data storage of the APS, so no sampling time was lost for displacing the car.
During the measurements, the car's engine was turned off to prevent self-contamination. Furthermore, the
inlet for the APS was at approximately the same height above the car’s roof as that at the NABEL station,
and it was mounted on the windward side of the car.

7 W

Fregwﬁ” \1 \
-“__i,%m\

Fig. 5.4.1: Situation in Harkingen. Yellow square: NABEL station. Red dots: Positions of mobile laboratory with the PSI-
APS instrument. The red dotted lines indicate the approximate distances to the freeway, with the NABEL station as a
reference at 0 m. In fact, the NABEL station is located roughly 10 m besides the freeway, and this distance has to be
added for each PSI-APS position. Orange dot: Position for upwind measurement. Light blue triangle: Mean wind
direction.
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The mobile laboratory was parked on the access road to the NABEL station at the same distance to the
freeway. The distance perpendicular to the border of the freeway measures 13 m, and to the center of the
freeway (between the lanes) 25 m. In the direction of the mean wind this translates to distances of 17 m and
32 m, respectively. These distances have to be added to the distance values indicated in Figure 5.4.1, i.e. 0,
50, 100 and 150 m which actually indicate the distance from a line parallel to the freeway at the distance of
the NABEL station. The mobile laboratory collected air for one hour at each position. The exact position of
the car was calculated under consideration of the mean wind direction. Fortunately the wind direction was
quite constant during the measurements at 230° Wind speed was moderate and increased from 3.8 to
6.7 m s™ during the day. Mean temperature was 7.5 C, and r elative humidity was at 74%. In addition to the
four distances from the freeway, one measurement with three 10-min cycles was taken again next to the
NABEL hut, and a similar measurement was taken about 200 m on the windward side of the freeway. The
latter measurement showed, however, a remarkable increase in particles with diameters smaller than 2 um
in the last 10-min sample that could not be explained. This last sample was dropped from the analysis.

Fig. 5.4.2: PSI's mobile laboratory parked next to the NABEL station at the freeway Al in Harkingen. The inlet for the
APS is the tube with inlet head emerging from the right side window of the car.

Traffic density was rather constant throughout the day, such that the emission/production of traffic related
particles can be considered uniform. Two special situations occurred. During the first measurement a truck
had a problem with its engine: After an explosion, a smoke cloud emerged from the engine room of the truck
and passed over the NABEL station and the mobile laboratory. Due to the moderate wind speed this event
was considered insignificant. In the afternoon when the mobile laboratory was again next to the NABEL
station, a farmer was distributing manure on a nearby field. The wind direction was such that the plume from
this activity was not reaching the NABEL station and thus did not affect the measurement.

For each distance the ratio between the PSI-APS and the NABEL-APS was calculated by a linear regression
of all values in each individual size bin. The slope of this regression yielded the ratio for one size bin, and the
ensemble of all ratios again yields a curve similar to a particle concentration spectrum. The spectra indicate
which fraction of the particle concentration at the NABEL station can still be observed at a given distance, or
how much of the original concentration has been ‘lost’ due to dilution with the regional background air and
deposition.
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The PSI APS showed consistently higher particle numbers than the NABEL APS. To remove these
differences, an adjustment was performed by dividing the PSI APS counts by the ratio PSI/NABEL APS for 0
m distance (i.e. when the two instruments were collocated). The NABEL APS was taken as the (correct)
reference instrument.

5.4.3 Results

The resulting size-related mass concentrations for each distance to the freeway are presented in Figure
5.4.3a. The adjustment procedure causes the two curves at 0 m to coincide. The mass spectra show two
modes. The fine mode below 1 um can be attributed to the accumulation mode of the background aerosol
plus the combustion-generated particles. The coarse mode with particle diameters between 1 and 10 pym is
attributed to the coarse mode of the background aerosol plus the particles that are mechanically produced
(road and engine wear, brake wear, etc.). It is generally observed that with increasing distance particle mass
decreases, especially for the larger particles.
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Fig. 5.4.3a: Average particle mass spectra for the different distances from the freeway. All PSI-APS spectra have been
adjusted to the 0 m NABEL-APS spectrum such that both spectra for 0 m distance coincide (top left). Mass was
calculated from particle volume assuming an average density of 1 kg dm®,
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Fig. 5.4.3b: Windward mass spectrum representing the background situation (corresponding to the orange dot in the map
in Figure 5.4.1). The spectrum was also adjusted to the 0 m spectrum at the NABEL station.

Figure 5.4.3b shows the windward mass spectrum based on two 10-min samples. Fine particles are more
abundant at this site than at the NABEL station, while coarse particles are less abundant. This indicates that
the freeway traffic is indeed a source of coarse particles. The increase in fine particles has not been studied
in detail. A hypothesis is the onset of domestic heating in the houses further upwind of the station. A hint in
this direction is given by the fact that the very last 10-min measurement shows this increase, but not the
previous two measurements. At the time of measurement (1500 — 1510 CET), the heating cycle may have
been started in the houses upwind from the mobile laboratory.
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Fig. 5.4.4: Ratio PSI/NABEL of observed values for the corresponding distance. The PSI APS measurements were
adjusted to the NABEL APS. -200 m indicates the measurement windward of the freeway.
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The ratios between the measurements of the PSI APS and the NABEL APS for each size bin are shown in
Figure 5.4.4. As expected, the ratio typically decreases with increasing particle diameter and with increasing
distance from the freeway. This indicates a significant reduction of particles in the entire size range between
1 and 10 um relative to the immediate vicinity of the freeway. The ratio is identical to 1 for 0 m distance, as
this has been enforced by the adjustment of the data described above.

Although the variation of the ratio with the particle diameter was rather large, a 50% reduction in particle
mass concentration of particles with a diameter of 7 um could be estimated at 50 m. At 100 and 150 m
distance, the 50% concentration decrease was reached for particles sizes of 5 um and 3 um, respectively.

For the windward measurement the ratio remains roughly constant at 0.7 for particle diameters larger than 2
pm. Taking this as the background value, the freeway traffic adds about 40% of mass in this size range.

Trying to eliminate the scatter of the data for larger particle diameters, a 3-modal lognormal distribution was
fitted to the average mass spectrum of each distance class for each APS (Figure 5.4.5). It becomes evident
that:

e particles belong to two modes, a fine mode with a peak diameter of about 0.6 um, and a coarse
mode between 2 and 3 um.

e atthe peak of the coarse mode two groups of lines can be seen, corresponding to each APS (thin
lines: NABEL reference APS; thick lines: PSI downwind APS. It is evident that the distance based
effect is larger than the variation within the reference spectra and downwind spectra, respectively.

« the two black curves for 0 m coincide by enforcement.

e the PSI APS curves fall off to 0 for diameters >10 um.

the NABEL APS curves spread for diameters >5 pum.

As these curves represent fits to observations, the uncertainties for diameters >10 um need to be considered
in the interpretations. In general the tendency that particle masses decrease with increasing distance due to
meteorological dilution can be seen in the data.
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Fig. 5.4.5: APS particle mass distributions for all measured distance classes (assuming unit density). Bold lines: PSI APS
data; thin lines: NABEL APS data. The NABEL APS was fixed in its location all the time, while the PSI APS was
dislocated from one position to the next. Corresponding colors show the same time interval, e.g. ‘100 m PSI’ corresponds
to ‘100 m NABEL'. Different colors were selected for the respective distance classes, and the two instruments were
distinguished with different line widths.
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5.5 Mobile Measurements

5.5.1 General remark

Despite the APS calibration problems mentioned in Section 4.3 for these test runs, a comparison between
APS and NABEL PM10 measurements showed acceptable agreement (Figure 5.5.1). APS data were
measured at Kaserne during two or three time intervals of a couple of minutes on each pass when the
mobile laboratory stopped on its route through the city of Zurich. The correct assignment of the APS
measurements to the 1-h average values of the NABEL station was difficult. Due to the lack of particle
collection for diameters <0.5 um, the APS misses much of the secondary aerosol that makes up about 50%
of PM10. one should expect the APS values to be lower than the NABEL values, which is not the case. As it
is not possible to attribute the true reason for this good agreement of the two measurements, we conclude
that the APS measurements give at least a qualitative impression of PM distributions in Zurich.

NABEL APART Zurich 11-14 June 2007

PM10
20

T T T T T

11 12 13 14 15
Day

Fig. 5.5.1: Comparison between PSI| APS (circles) and NABEL PM10 (line) hourly averaged measurements at Kaserne,
11 — 14 June 2007. APS data are an irregular number of 5-s measurements, depending on the dwell time of the mobile
laboratory in the area. APS data are given in ug m* assuming unit density.

Various aerosol size parameters can be determined from the APS size spectra. With respect to traffic-
induced particles, number and volume concentrations are the most important entities. The number
concentrations typically show a maximum for the smallest particle diameters (<1 um) and give hints towards
addition of combustion generated particles to the regional background accumulation mode aerosol. In
contrast, abrasion generated particles are typically larger than 1 um. For the present measurements, large
particles contribute more to the total volume (and particle mass) than small particles, despite the latter’s large
numbers.

In the following sections only a selection of graphics with typical or outstanding characteristics are shown
and discussed. A map with the exact positions of the discussed locations is shown in Figure 4.11.
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5.5.2 13 June 2007, 0731-0951 UTC

This test run showed the highest PM1 fraction of all test runs, and the maximum particle number
concentration showed up at Weststrasse (Figure 5.5.2). In contrast, the area around Bullingerplatz and
Eichbuhlstrasse showed lower number concentrations. The difference was less so for the volume
concentrations, but the two distributions were quite similar. Another typical example is the number
concentration for particles in the range 2.5 — 10 um, shown in Figure 5.5.3. The situation for this size range is
different to that for PM1. High values are found in the vicinity of Hardplatz, including Hardbriicke and
Hohlstrasse, and Badenerstrasse near the Letzigrund Stadium. Still larger particles show a more random
distribution largely independent of traffic density and vehicle mix.

MOSQUITA ZURICH: 13.06.2007 07:30:30—09:51:01 [UTC]
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Fig. 5.5.2: Route of Mosquita on 13 June 2007 0730-0951 UTC. The PM1-PMO0.5 number concentration measured with an
APS is shown. Notice that some of the data points may be hidden because the mobile laboratory passed the same spot
several (up to three) times during a test run.
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5.5 Mobile Measurements

Table 5.5.1: Mean APS particle mass concentrations (ug m™) in different size ranges assuming unit density, as well as

the integrated number concentration (last column).

2007-06-13 morning 07:31 - 09:51 UTC

Diameter ( um) Number conc
S Speed (kmh™) | #Samples |05 7 |05-25 |05-10 |1-25 |25-10 |(m)
Badenerstrasse 19 30 2.8 6.6 252 580 18.6 36.2
Hardbruicke 43 10 2.8 8.1 31.6 5.4 2855 37.9
Hohlstrasse 17 37 2.9 6.8 21.2 4.0 14.4 40.0
Kanonengasse 22 34 2.8 5.6 17.9 2.7 12.4 36.2
Kaserne 1 60 2.6 5.2 145 25 9.3 33.9
other roads 20 628 2.8 6.0 18.5 8.3 12.5 37.0
Pfingstweidstrasse 24 a7 2.8 515 14.8 2.7 9.3 36.6
Weststrasse 14 100 3.1 6.3 15.3 3.2 9.0 43.6
Average 2.8 6.3 19.9 35 13.6 37.7
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Fig. 5.5.3: Same as in Figure 5.5.2, but for PM10-PM2.5 number concentration.
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Table 5.5.1 shows the mean APS particle mass concentrations in different size ranges (assuming unit
density) for each individual road section. Most of these sections experienced three passes during the test run
time interval, but some were tested only twice. The lowest average PM10-PMO0.5 concentration of all three
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test runs occurred on this morning run. In contrast, the smaller size fractions (PM2.5-PM0.5 and PM1-PMO0.5)
showed higher values than for the two subsequent test runs. The highest PM10-PMO0.5 values were
measured at Hardbricke, while the highest PM1-PMO0.5 values were observed at Weststrasse. The
corresponding minima were observed at Kaserne, as expected.

In the box plots shown in Figure 5.5.4, the highest PM1-PMO0.5 value was observed at Weststrasse, the
lowest one at Kaserne, indicating the urban background value. The larger size fractions show the highest
median values and variability at Hardbriicke (bridge), which is well exposed to influences from a larger area.

The average particle number spectra in Figure 5.5.5 show little variation for particles larger than 1 um at this
time. The volume spectra show the distribution of particle volume for different particle sizes. The scatter in
the data becomes large for particle diameters >8 um. There are two maxima in the spectra, one for particles
<1 um, the other for particles in the range 2 to 5 um. All spectra show a similar shape, with no clear
distinction with respect to traffic density. Hardbriicke shows the largest particle volume in the coarse mode.

Zurich 2007-06-13 morning

. 50 - O - 80
® a PM10-PM2.5 PM10-PM2.5 I'E'J
£ 40 L (3]
e © - 60 ;g
_ o 1
LC) 30 8 \ (o] =1
o o - e — 40 i
o | | - 1 (8]
20 8 ! -
sl e T T[] =T
A el el - e P =
5 =TT | 5| o= = .= 3
z 0 4 L -4 4 T 4 = 0 >
—~ 150 12
® PM2.5-PM1 PM2.5-PM1 2]
£ ! o - - 10 g
5] o c g o 5 P
~ 100 o -8 B
o o] ) —_ g
g - | - o] - - 6 =
S ° — : < TR o
g 0 e s | o 0 e 18 e B
2 T~ oL L = = = == — — °
g =T - T + L r2 Z
>
Z o4 L0
—_— - -4
@ 00 4 TPM1-PM0.5 | PM1-PM0.5 2
; . - o | & = s 8
tod 8 st L 2| =TRS¢
. 1
2 — T — I e - o, 2
8 400 J
5 5
2 200 -1 <
= -
=1 (o]
=z o 4 L o =
T T T T T T T T T T T T T T
c 9 2 2 8 ¢ 2 o g 222 o 2
@ m m m m = [1+] @ m m m m = m
@ o & = E £ = w g = = = E &
@ c w 7] 7 % w @ = 7] 7 n % 7]
X 0 5 = » = B X @0 5 = ®» = =T
c w c o
s £ © o ] S c & »o )
2 & T = T 2z c & T = + 2
® -8 » © g 7]
x ol cc:a x o g;
= =
a a

Fig. 5.5.4: Box plot of APS particle number concentrations (left) and volume concentrations (right) for individual road
sections along the test run route. Locations are sorted according to increasing traffic density. The thick line in each box
denotes the median value. A few extreme outliers have been cropped to improve the graphics appearance.
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Fig. 5.5.5: APS particle number (left) and volume (right) distributions for individual road sections in Zurich, 13 June 2007
morning.

5.5.3 13 June 2007, 1135 - 1521 UTC

Compared to the morning run, the afternoon test run showed some interesting differences in the distribution
pattern of PM. The highest mean volume concentrations were found at Badenerstrasse and Hohlstrasse,
and Weststrasse was now among the stations with low PM concentrations, at least with respect to the larger
particles (Table 5.5.2). On average, PM1-PMO0.5 and PM2.5-PM0.5 were less than or about half the amount
of the morning run, whereas PM10-PMO0.5 was comparable to the morning run. Kaserne showed the lowest
volume concentrations throughout and was now indeed an urban background station. The Mosquita test run
showed less variation along the route. An example of the volume concentration of larger particles (2.5 — 10
pm) is shown in Figure 5.5.6. The most striking feature is the red dots indicating large particle volume
concentrations. They are scattered randomly along the route from Badenerstrasse to Hohlstrasse and finally
towards Kaserne, without clear relation to construction sites or to traffic emissions.
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Fig. 5.5.6: Route of Mosquita on 13 June 2007 1135-1521 UTC. APS volume concentrations for particles with diameters
2.5-10 pm.

The box plots in Figure 5.5.7 further corroborate this view. Badenerstrasse, Hardbriicke and Hohlstrasse
behaved similar for all size fractions, the other three roads and Kaserne were clearly less polluted during this
run. The volume spectra (Figure 5.5.8) looked quite similar to those of the morning run, with Hardbriicke now
showing the lowest values in general.

Table 5.5.2: Mean APS particle mass concentrations (ug m™) in different size ranges assuming unit density, as well as
the integrated number concentration (last column).

2007-06-13 afternoon 11:35 —15:21 UTC

Diameter ( um) Number conc
Street Speed (kmh™) | #Samples |51 | 0525 |05-10 |1-25 |25-10 | (M)
Badenerstrasse 19 37 1.2 4.2 25.7 3.0 21.6 21.3
Hardbriicke 45 16 1.2 3.7 21.1 2.4 17.4 20.9
Hohlstrasse 17 59 1.3 4.5 23.7 3.2 19.2 24.9
Kanonengasse 22 37 1.1 2.8 12.8 1.7 10.0 18.7
Kaserne 1 123 1.1 25 111 1.4 8.6 18.8
other roads 16 909 1.2 3.5 18.6 2.3 15.1 20.6
Pfingstweidstrasse 23 42 1.2 3.1 15.4 1.9 12.3 21.2
Weststrasse 14 143 1.2 3.2 13.3 1.9 10.1 23.1
Average 1.2 3.4 17.7 2.2 14.3 21.2
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Fig. 5.5.7: Box plot of APS particle number (left) and volume (right) concentrations for individual road sections along the
test run route. A few extreme outliers have been removed to improve the appearance of the graphics.

141



PM10 emission factors of abrasion particles from road traffic (APART) 5.5 Mobile Measurements

Zurich 2007-06-13 afternoon Zurich 2007-06-13 afternoon
—— Badenerstrasse —— Badenerstrasse
—— Hardbriicke —— Hardbriicke
A — Hohlstrasse 2.0 4 — Hohistrasse
40 - 7 —— Kanonengasse F’)\ —— Kanonengasse
—— Kaserne = —— Kaserne
—— other roads (=) —— other roads
Pfingstweidstrasse B Pfingstweidstrasse
— Weststrasse = 15 Weststrasse
? 30 2
IS c
o o
- =
o ©
2 =
8 20 S
E c
z 3
hel
()
10 - §
35
>
O _
T T T T T T
0 10 o o o =
o o i N o 8
Diameter (pum) Diameter (um)

Fig. 5.5.8: APS particle number (left) and volume (right) concentration distributions for individual road sections in Zurich,
13 June 2007 afternoon.

5.5.4 14 June 2007, 0713-1044 UTC

This Mosquita run experienced the lowest PM1-PMO0.5 volume concentrations, but was otherwise
comparable to the other runs in the size ranges larger than PM2.5-PM0.5 (Table 5.5.3). This time,
Badenerstrasse was the street with twice to three times as much PM as the other roads, while Kaserne was
the least polluted site (except for PM1-PMO0.5). There was construction work ongoing along Badenerstrasse,
and the tendency towards larger particles supports the evidence that the measured particles were mainly
dust.

Table 5.5.3: Mean APS particle mass concentrations (ug m'3) in different size ranges, assuming unit density, as well as
the integrated number concentration (last column).

2007-06-14 morning 07:13 - 10:44 UTC

Diameter ( um) Number conc
Street Speed (kmh ™) | # Samples [ 55_1 0525 |05-10 1-25 55.10 | €m?)
Badenerstrasse 26 8 0.8 6.0 43.1 5.2 37.1 17.8
Hardbticke 42 14 1.0 4.6 28.3 3.6 23.7 24.2
Hohlstrasse 22 28 0.8 3.8 20.4 3.1 16.6 16.5
Kanonengasse 19 32 0.6 2.4 15.9 1.8 13.6 11.8
Kaserne 1 153 0.6 2.0 10.3 1.4 8.3 10.5
other roads 17 711 0.7 2.9 15.9 2.2 13.0 13.1
Pfingstweidstrasse 28 30 0.8 3.7 19.6 2.9 15.9 17.3
Weststrasse 12 119 0.8 3.0 12.0 2.1 9.1 16.5
Average 0.8 35 20.7 2.8 17.2 16.0

This day again identified Badenerstrasse, Hardbriicke and Hohlstrasse as more polluted than the other
roads, and Weststrasse was once more mainly polluted with PM1. The high values for PM10-PMO0.5 and
PM20-PMO0.5 were identified as being caused by individual particles. The conversion of particle number
concentration to volume concentration gives them particularly much weight, but also some arbitrariness.
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The spatial distribution of PM was demonstrated with the Mosquita test runs. Figure 5.5.9 shows the number
concentration of particles with diameters 2.5 — 10 um. It is evident that the largest concentrations were found

in the western part of the route: Badenerstrasse, Hohlstrasse and Hardbriicke. This gross feature could be
found in all particle size classes down to PM1-PMO.5.

MOSQUITA ZURICH: 14.06.2007 07:13:27—-10:44:47 [UTC]

250 w777 AL F 20
el S 18
z : 16
249
? 14
' -
|
. 5
12 S
= &L
= <<
X 248 10 o
a
| 8 é
I >
| o
|
\/ 6
247
w 4
2
246 ; ol
679 680 681 682 683

W] <——-= X (KM) -—---> [g]
FILTERED APS/GPS DATA

Fig. 5.5.9: Mosquita test run on 14 June 2007 0713-1045 UTC, showing number concentrations for particles with
diameters 2.5 — 10 um.
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Fig. 5.5.11: APS particle number (left) and volume (right) concentration distributions for individual road sections in

Zurich, 14 June 2007.
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Fig. 5.5.10: Boxplot of APS particle number (left) and volume (right) concentrations for individual road sections along the
test run route. The average spectra in Figure 5.5.11 exhibit a large amount of particles >10 um (not shown).
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5.5.5 Discussion

Particles originating from abrasion or resuspension processes are typically larger than 1 um in diameter,
hence an APS is a well-suited instrument to measure size spectra. During APART an APS was installed in
PSI's mobile laboratory and several test runs were made with this platform. Despite a serious technical
problem with the APS, its measured data agree reasonably well with data from the NABEL station Kaserne
that they can be used at least qualitatively. The data were grouped into size classes and stratified according
to selected road sections for statistical analysis. Individual results were discussed in the preceding sections.
Here the common features to all trips shall be discussed and general conclusions shall be drawn.

The APS measurements reveal that:

« PM1-PMO0.5 often behaves differently from the larger size fractions. Its geographic distribution seems
more homogeneous within a considered road section than for the larger particle sizes and seems
more correlated to traffic density. For PM1-PMO0.5 Kaserne is at most times the cleanest site.

e The best visible tendencies for areas with consistently high concentrations (e.g. street sections)
occur for the coarse size range, mainly 2.5 — 10 um. In this size range, the area around the
Letzigrund sport stadium often shows high number concentrations. Hardbriicke and the section from
Hardplatz to Albisriederplatz as well as Hohlstrasse often exhibit maximum or at least elevated
concentrations.

« The vicinity of Bullingerplatz shows consistently the lowest particle number concentrations. This is
also valid for Eichbuhlstrasse (with the exception of 13 June morning).

* The spatial distribution of particles was extremely homogeneous on the morning of 13 June.

e Itis not so easy to relate the largest particles to traffic characteristics (traffic density, vehicle mix).
Thus, the spatial variation of the coarse mode is likely not only influenced by traffic, but also by other
sources (e.g. construction sites).

e The three case studies discussed cannot be easily related to weather characteristics.
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5.6 Mass Balance and Emission Factors for Abrasion Sources

5.6.1 Introduction

For the identification and quantification of the different pollutant sources contributing to the measured PM10
mass concentrations at the individual locations, positive matrix factorization (PMF) was applied (Paatero
1995; Paatero and Tapper 1993). This statistical procedure represents a state-of-the-art method widely used
in atmospheric chemistry and physics. The input to the model is a set of time series for individual PM10
constituents, along with an uncertainty value for every individual data point. While tracer species (in our case
trace elements) help for the source identification, the mass dominant PM10 constituents (usually secondary
aerosols etc.) contribute to a complete mass balance. The source separation capacity of the PMF method
relies on the different temporal evolution of the tracer species, which allows for the distinction of an individual
source. The main model assumption of PMF is that the chemical composition of the identified sources
remains constant throughout time. The input species are considered to be independent, and the number of
relevant sources (factors) is not determined by the model, but has to be estimated by the user. The output of
the model is a set of factor profiles (source composition) and factor contribution (source time series) for every
individual source, which is illustrated in Figure 5.6.1. In cases where the sum of measured input species add
up to the full PM10 mass concentration at the considered location, the PMF source contributions allow for a
full PM10 mass balance.

The mathematical base for PMF is a factor analysis which uses non-negativity constraints. The formal
expression for the mass balance:

p
X;j :zgik fy +ey
k=1

Where X; is the observation of species j at time i, f,; the factor profile of factor k for species j and g, the

factor contribution of factor k a time i. &; is the residual concentration for each observation. For each

observation X;; ,

minimized by PMF using weighted least-squares fitting:

an uncertainty S is introduced, and the following function of the residual and uncertainty is

P
2w | X 2%k
k=1

Q=22

il j-1 Sij

Choosing the best modeled number of factors for a dataset is the most critical decision to the interpretation
of the PMF results. Several mathematical metrics have been used to aid determination of this value. An
important criterion is the Q-value, the total sum of the squares of the scaled residuals. If all points in the

matrix are fit to within their expected error, then abs (eij /Sij ) is ~1 and the expected Q (Qexp) equals the

degrees of freedom of the fitted data = mn-p(m+n) (Paatero and Hopke 2002). If the assumptions of the
bilinear model are appropriate for the problem and the estimation of the errors in the input data is accurate,
solutions with numbers of factors that give Q/Qexp near 1 should be obtained. Values of Q/Qexp >>1 indicate
underestimation of the errors or variability in the factor profiles that cannot be simply modeled as the sum of
the given number of components. If Q/Qexp <<1, the errors of the input data have been overestimated. As
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additional factors are considered, Q is expected to decrease, as each additional factor introduces more
degrees of freedom that should allow more of the data to be fit. A large decrease in Q with the addition of
another factor implies that the additional factor has explained significantly more of the variation in the data
and has also been used as a metric for choosing a solution (Ulbrich et al. 2009).

i Species 1 _[Species 2_|..... [Species x Positive Source 1 |Sou|ce 2\ |Source X
01012006 00:00 ] 01.01.2006 00:00
01.01.200601:00 Matrix 01.01.2006 01:00
01.01 2006 02:00 Factorization — Jsource 1|source 2] 01.01.2006 02:00
01.01 2006 03:00 MEASURED VAL UES p Soedes? MODEL VALLES 01.01.2006 03:00
01.01 2006 04:00 — 01.01.2006 04:00 MODEL VALUES
01.01.2006 05:00 Species X 01.01.2006 05:00
01012006 0600 01.01.2006 06:00
31.12.2006 23.00 31.12.2006 2300
Factor Profiles Factor contribution
Input Data (= Source Composition) (= Source time series)

Fig. 5.6.1: Schematic illustration of PMF.

In ambient air, the temporal dynamics and the emission characteristics of most pollution sources occur within
a few hours. For the trace element measurements performed within APART, the time resolution of one hour
as well as the size-segregation represent a strong benefit for the source identification by PMF. The
measured species covered only a fraction of total PM10. The sources identified by the PMF analysis had to
be empirically extrapolated to their full mass contributions.

5.6.2 Input parameters

Table 5.6.1 lists the species included in the PMF analysis, while Table 5.6.2 presents an overview on the
size of the data sets used for PMF analysis. The summed mass concentration of the detected species
covered on average 15% of the total PM10 mass concentrations, which is a value found in earlier studies
involving RDI-SR-XRF trace elements measurements. The input uncertainty for the individual data points
were calculated based on the technical uncertainty resulting from the aerosol sampling and the uncertainty
resulting from spectrometric analysis (see Tables 5.6.3, 5.6.14 and Bukowiecki et al. (2008); Bukowiecki et
al. (2009b).

Table 5.6.1: Species used for PMF analysis.

Elements, Species
Si, P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Cu, Zn, Sr, Zr, Mo, Sn, Sb, Ba, Pb, BC(PM1)

Table 5.6.2: PMF data set dimensions.

Campaign Time of year 2007 Number of values
Weststrasse*/** February/March 314 (1-h intervals)
Kaserne* February/March 459 (1-h intervals)
Reiden October/November 452 (2-h intervals)

* simultaneous measurements
** reduced number of values due to missing BC(PM1) values.
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According to common practice in PMF analysis (Ulbrich et al. 2009), the analysis of every individual data set
included the specification of model solutions with 1 — 10 sources. Every model run was performed with 11
different starting values (fpeak = -2.5 — 2.5). To estimate the actual number of relevant sources, all model
solutions were inspected and confirmed or rejected based on both model statistics evidence and chemical
plausibility of the results (see following Sections).

5.6.3 PMF analysis procedure for Zurich-Weststrasse / Zurich-Kaserne

The following PMF analysis strategy was followed to obtain a robust and reliable PM10 source
apportionment:

Goal: Mass balance for the traffic related PM10 fraction, including contributions for the individual abrasion
sources. The traffic related PM10 fraction was considered to be the mass concentration difference between
Zurich-Weststrasse and Zirich-Kaserne.

PMF boundary conditions for input data: A PMF analysis of the trace element mass concentration
differences was not performed in the first place, since non-traffic related trace elements resulted in negative
concentration differences during some time periods. While negative input values are per se allowed in PMF,
the model solution is biased for these time periods. Since the non-traffic related trace elements were
important for the source separation process, they were not generally omitted from the analysis. Furthermore,
the size-segregated mass concentrations for the individual elements could not be treated as independent
PMF parameters by default.

Data exploration model runs: Individual PMF model runs were performed for the following data sets, which
fulfilled the input boundary conditions and thus were suitable for exploratory PMF analysis:

Zurich-Weststrasse: ~ Coarse mode particles (2.5-10 um)
e Zirich-Weststrasse: Intermediate mode particles (1-2.5 ym)

e Zirich-Weststrasse: ~ Submicron mode particles (0.1-1 pm)

e Zirich-Kaserne: Coarse mode particles (2.5-10 um)
e Zlrich-Kaserne: Intermediate mode particles (1-2.5 ym)
e Zirich-Kaserne: Submicron mode particles (0.1-1 ym)

The exploratory PMF analysis allowed for a reliable identification and investigation of individual traffic and
background related sources, and indicated time periods with elevated background source contributions at
Zurich-Kaserne. The analysis of the coarse and intermediate particle size range yielded virtually identical
sources, while the analysis of the submicron identified other sources. This agrees with hypotheses made in
earlier studies, which assigned abrasion and resuspension particles to particles larger than 1 ym and
combustion related particles to particles smaller than 1 uym. Consequently, the elemental mass
concentrations in the submicron and supermicron size range were considered as sufficiently independent
parameters for a combined PMF analysis.

Refined model Runs: For a refined PMF analysis including all size ranges within the same model run, the
mass concentrations in the coarse and intermediate size range were therefore consolidated into one PMF
input parameter. In addition to the trace elements, black carbon within the PM1 size fraction was included
into the PMF analysis for a more complete mass balance. Refined PMF runs were performed separately for
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Weststrasse and Kaserne. Additionally, a PMF analysis with the elemental mass concentration differences
between Weststrasse and Kaserne was performed to obtain a mass balance of the local PM10 contribution
in Zurich-Weststrasse. Time periods biased by negative concentration differences were identified and taken
into account during the model result interpretation. The separate PMF runs for Weststrasse, Kaserne and the
concentration difference allowed for a reliable identification and separation of traffic related sources and
urban background sources.

Table 5.6.3: Experimental uncertainty for the individual PMF input parameters, calculated based on the technical
uncertainty resulting from the aerosol sampling and the uncertainty resulting from spectrometric analysis (Bukowiecki et
al. 2009a; Bukowiecki et al. 2008). For the PMF runs, an additional value-proportional uncertainty was applied (20% for
the individual runs for Weststrasse and Kaserne, 40% for the run with the concentration differences between the two
sites).

Parameter Technical / spectrometric uncertainty | pgrameter Technical / spectrometric uncertainty

Weststrasse, Weststrasse,

Kaserne Difference Kaserne Difference

ngm* ngm?> ng m? ng m?
Si 1-10 uym 1.515 2.162 Cu1-10um |0.867 1.228
Si <1 um 1.054 1.496 Cu<1pum 0.595 0.838
P 1-10 ym 0.866 1.237 Zn 1-10 ym 0.706 0.976
P <1pm 0.733 1.033 Zn <1 ym 0.492 0.692
S 1-10 ym 0.754 1.066 Sr1-10 ym 0.200 0.269
S <1pum 0.519 0.734 Sr <1 um 0.020 0.024
Cl 1-10 ym 0.534 0.756 Zr 1-10 pm 0.205 0.282
Cl <1 ym 0.367 0.519 Zr <1 ym 0.120 0.155
K 1-10 ym 0.259 0.366 Mo 1-10 ym | 0.172 0.241
K<1pym 0.178 0.252 Mo <1 pm 0.111 0.151
Ca 1-10 pym 0.175 0.247 Sn1-10 ym | 0.089 0.114
Ca<1pum 0.120 0.170 Sn <1 pum 0.063 0.087
Ti1-10 ym 0.064 0.091 Sb1-10 ym | 0.083 0.108
Ti<1pum 0.044 0.063 Sb <1 uym 0.056 0.077
Cr1-10 ym 0.025 0.036 Ba1-10 um |0.225 0.316
Cr<1pum 0.017 0.025 Ba <1 um 0.140 0.189
Mn 1-10 ym 0.021 0.030 Pb 1-10 um | 0.083 0.108
Mn <1 pm 0.015 0.021 Pb <1 ym 0.056 0.077
Fe 1-10 ym 1.747 2.470 BC <1 ym 10.0 14.1
Fe <1 um 1.200 1.697

5.6.4 PMF analysis procedure for Reiden (LU)

The PMF analysis of the trace element time series measured in Reiden was performed with the same input
data structure as for Zurich-Weststrasse (Section 5.6.3). The input data matrix included all size ranges within
the same model run. The mass concentrations in the coarse and intermediate size range were consolidated
into one PMF input parameter, and black carbon within the PM1 size fraction was included into the PMF
analysis for a more complete mass balance. PMF runs were performed separately for the measuring sites at
both sides of the freeway. Since the definition of the upwind and downwind site depends on the prevailing
wind direction, the absolute concentration difference between the two stations did not automatically
correspond to the traffic related PM10 contribution. Therefore no PMF analysis with the elemental mass
concentration differences could be performed, as it was performed with the concentration difference between
Weststrasse and Kaserne.
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To estimate the directional origin of the identified sources, a conditional probability function (CPF) was
calculated for each individual source. The CPF represents a mathematical concept using wind speed and
direction information, to estimate the probability of a given source contribution from a specific wind direction
(Kim and Hopke 2004):

m>75%9 X
CPF, = %X

ntot,&,x

where M_,5 ,», is the number of 2-h values of source x in wind sector 6 exceeding the 75% percentile of

source X, and N the total number of 2-h values with wind direction from sector 8. Calm winds (< 1m/s)

tot,d,x
were excluded from the analysis due to the isotropic behavior of wind vanes under calm conditions. The
calculated CPF probabilities are plotted in a wind rose.

Table 5.6.4: Experimental uncertainty for the individual PMF input parameters, calculated based on the technical
uncertainty resulting from the aerosol sampling and the uncertainty resulting from spectrometric analysis. For the PMF
runs, an additional value-proportional uncertainty of 25% was applied.

Parameter Technical / spectrometric uncertainty | pgrameter Technical / spectrometric uncertainty
Reiden Reiden
ng m* ngm?

Si 1-10 ym 1.775 Cu 1-10 ym 1.055

Si<1pum 1.229 Cu <1 pum 0.731

P 1-10 um 1.200 Zn 1-10 pm 0.885

P <1 um 0.849 Zn <1 um 0.611

S 1-10 ym 0.867 Sr 1-10 ym 0.097

S <1 pum 0.601 Sr <1 pym 0.101

Cl1-10 ym 0.614 Zr 1-10 ym 0.248

Cl <1 uym 0.393 Zr <1 um 0.119

K 1-10 pm 0.298 Mo 1-10 pm 0.186

K<1pm 0.206 Mo <1 uym 0.128

Ca 1-10 um |0.202 Sn 1-10 ym 0.112

Ca<1pum 0.140 Sn <1 um 0.077

Ti 1-10 pm 0.074 Sb 1-10 ym 0.105

Ti<1pum 0.051 Sb <1 pm 0.074

Cr1-10 ym 0.029 Ba 1-10 ym 0.248

Cr<1pum 0.020 Ba <1 pm 0.167

Mn 1-10 um | 0.024 Pb 1-10 um 0.083

Mn <1 pm 0.017 Pb <1 pm 0.056

Fe 1-10 ym |2.113 BC <1 ym 10.0

Fe <1 uym 1.458
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5.6.5 PMF Results Zirich-Weststrasse / Zirich-Kaserne

5.6.5.1 Overview of identified sources

5.6 Mass Balance and Emission Factors

Tables 5.6.5 and 5.6.6 shows the composition, the identification quality and the interpretability of the sources
identified by PMF. For black carbon (BC) a high relative contribution compared to the trace elements was
found for most of the sources. This was caused by the highly dominating BC mass concentrations in the
PMF input data. Based on the PMF model uncertainty (unsharpness), very low amounts of BC were
attributed to most sources, which were in a similar absolute mass concentration range as the trace element
contributions. As it will be shown in Section 5.6.5.3, BC was however predominantly attributed to traffic and
local background. Not the total PMF source mass concentration itself will be used to extrapolate the total
mass concentration for the source, but rather the absolute mass concentration of individual source tracers
(see Section 5.6.6.2). Therefore the bias contributions from BC will not affect the source mass balancing.

Table 5.6.5: Statistical key parameters of the selected PMF model solutions (explanation see Section 5.6.1).

Location Value-proportional Number of Factors Q/Qexp Fpeak value
input error (%)
Weststrasse 20 7 1.3 0
Kaserne 20 5 21 0
Difference 40 3 25 0
Table 5.6.6: Overview of sources identified by PMF analysis.
Location | Source Dominant Particle | Dominant Tracers/minor Identification | Interpretability
Size range contributors* | contributors** by PMF
Road traffic Coarse, Fe, BC (PM1) | Cu, Zn, Zr, Mo, Sn, | Very clear High
intermediate, Sb, Ba (brake wear
- (submicron) tracers)
g Local Coarse, S, Ca, Fe Si, K, Ti, Cr, Mn and | Clear Medium-high
o resuspension intermediate brake wear tracers
(%2}
E
@ Nighttime source (Coarse), S Cr, Mn, Ca, K (wood | Clear Low
3 submicron combustion
= signature)
° Aged traffic Coarse S, K, Ca, Fe Brake wear tracers Very clear Medium
c
3 >
SIS
Resuspended Coarse Cl Si, P, S, K, Ca, Fe Very clear High
road salt
Local mineral | Coarse, Si, S, Ca, Fe K Clear Medium
background intermediate
Secondary Submicron S Si, P, K (possibly | Very clear High
g inorganic aerosol introduced by PMF)
g
° Source with wood | Submicron S, Ca, K Si, Mn, Zn, Cu Clear Medium
£ combustion
m signature

* within the analyzed species. PMF factor score >0.1
** PMF factor score < 0.1
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5.6.5.2 Description of sources

Weststrasse only (Local sources):

e Traffic: A traffic source representing brake wear emissions and submicron black carbon emissions
(exhaust) was identified at Zurich Weststrasse with a high degree of distinction. This source was
clearly related to the traffic pattern found at Ziurich-Weststrasse. While the PMF analysis of the mass
concentration difference between the two sites was able to separate tailpipe related black carbon
and brake wear, the PMF analysis of the total mass concentrations at Weststrasse was not able to
separate the two sources, likely due to the high temporal synchrony of tailpipe and brake wear
emissions, which could not be resolved separately against all other sources. Both analyses delivered
very similar source contributions, which provided an enhanced reliability of the subsequent source
extrapolation (Section 5.6.6). In the separate PMF analysis of the submicron mode the characteristic
brake wear pattern was found, but direct brake wear emissions in this size range are negligible on a
mass basis (see Section 5.1) and thus do not appear in the PMF analysis of the entire PM10 range.
Elements that point to combustion related fuel additive emissions (Ca, S, Zn and P) were not found
in significant contributions in the submicron mode of this source, indicating that the submicron
emissions of these elements are more dominant from other sources.
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Fig. 5.6.2: Traffic: Source composition and contribution. Stars (*) indicate periods with unstable model results for
the PMF analysis of the mass concentration difference Weststrasse-Kaserne.
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Factor Score

ngm’

Local Resuspension: Beside direct traffic emissions, a resuspension source was identified. The
daytime peaking of this source is rather regular, but there is no direct correlation to traffic
frequencies (see also Section 5.1). This suggests that this source represents locally resuspended
road dust at Zurich-Weststrasse. The compositional pattern agrees reasonably well with the pattern
found in the road dust sampling experiments performed in Zurich one year later (Section 5.6.6.2).
Again, all PMF runs delivered similar source contributions, although the agreement is less clear than

for the direct traffic source.

L L o e B L L B R S B B B B e
Source Composition: Local Road Dust Resuspension

[ PMF Analysis Weststrasse
[ PMF Analysis Difference

—=— PMF Analysis Weststrasse
4000 = PMF Analysis Difference

ngm
w
S
o
IS)
3

c 1g88 —=— PMF Analysis Weststrasse
2 600 = PMF Analysis Difference

@ 600 —=— PMF Analysis Weststrasse

= PMF Analysis Difference

Fig. 5.6.3: Local resuspension: Source composition and contribution. Stars (*) indicate periods with unstable
model results for the PMF analysis of the mass concentration difference Weststrasse-Kaserne.

Minor local source: This source is clearly identified by PMF, but its mass contribution is one order
of magnitude lower compared to local traffic and local resuspension. Its temporal evolution is
irregular but the elevated contributions of this source occurred predominantly during nighttime. The
source composition shows remarkable contributions of submicron mode tracers. The interpretation of
this source remained diffuse. Since the mass contribution of this source is very low, it was omitted
from further mass balance considerations (see Section 5.6.6).
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Factor Score

ngm?®

T

T

5.6 Mass Balance and Emission Factors

T

T

TTT T T T T T T rrrrT

T

T

{T‘T‘T{T{T{T{T{T‘T‘T‘T{T{T
Il PMF Analysis Difference

TT T

T

Source Composition: Minor Local Source

0.1 [ PMF Analysis Weststrasse
0.01
1E-3 1
E E E E E E E E E E E E E E E E E E E E E E E E E E E E E E E E E E E E E E E
=3 = =5 =3 3 =5 =3 3 =5 =3 3 =5 3 =5 =5 =3 =5 =5 = =5 =3 = =5 =5 3 3 =5 =5 =5 =3 3 =5 =3 = 3 3 3 =5 =3
AN A A ANANANANNRNRNANANANAAAMANAANVVY VYV VVVVVVVVYVYVYVVVYVYV
50 P0x8FSSL23&NEEREEPEP?PT*¥FFSSELEITAN2G882E 8
800 .
700 Source Contribution: Minor LocaI Source
600 —=— PMF Analysis Difference
500 —=— PMF Analysis Weststrasse
400 [V\
. >
Ao o, R
w MW ) i,
108 UUJ \\wm i !
N T I N I I 1 T T 1T T 1T T T 1 1
Q Q QA Q Q Q Q Q Q Q QA Q Q QA QA QA QA
N Qo N N ® ® ® ® ® ® N ® N & ® N $
v v v v v v v N N N N v oV oV oV oV o
SO NN G R SR SR R R R S S ®
> N S N R N P & @ N N LU QP I )

Fig. 5.6.4: Minor local source: Source composition and contribution. Stars (*) indicate periods with unstable
model results for the PMF analysis of the mass concentration difference Weststrasse-Kaserne.

Kaserne only:

e Aged traffic: This source identified at Kaserne includes the (comparably very low) mass
concentrations of brake wear related elements observed at Kaserne. The composition shows
some similarity with the resuspension source found at Weststrasse, the temporal evolution is
however much more diffuse.
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Fig. 5.6.5: Aged traffic: Source composition and contribution.
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Weststrasse and Kaserne:

The temporal evolution and the characteristic source compositions of the following sources were similar
for both locations. They were not identified in the PMF analysis of the concentration difference between
Weststrasse and Kaserne, therefore they are considered as urban background sources. Although the
temporal evolution of the individual background sources was similar for Weststrasse and Kaserne, there
were distinct differences in the absolute source contributions.

e Road salt resuspension: This is a very characteristic coarse mode chlorine dominated source
with a strongly irregular temporal pattern, depending on the road salting activities. Road salting
episodes led to massive contributions also at Kaserne, where only minor de-icing activities
occurred in direct proximity to the measuring containers. The drying process of resuspended salt
droplets is on the order of several hours and occurs simultaneously with the meteorological
dispersion of the droplets. As a result, the dried road salt aerosol particles rather represent a
background source than a road-specific emission source.
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Fig. 5.6.6: Road salt resuspension: Source composition and contribution.

e Secondary inorganic aerosol: A very distinct source of submicron sulfur, with a characteristic
and irregular temporal evolution. Submicron sulfur is attributed to ammonium sulfate, which is a
dominant PM contributor formed by conversion of SO, to sulfate via either heterogeneous
reactions in droplets (with ozone, NO,, H,0,) or photochemically via OH radicals. This source is
expected to have a high spatial homogeneity, which is however not reflected in the time series.
A likely explanation for this discrepancy is the different contributions of BC, which will result in a
bias of the absolute source mass concentrations as discussed in Section 5.6.5.1.
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Fig. 5.6.7: Secondary inorganic aerosol: Source composition and contribution.

e Local mineral background: The composition of this source shows strong contributions of
mineral elements, and the temporal evolution is rather irregular, indicating that this source is not
traffic related and mainly influenced by meteorology. This source was identified in all size ranges
and at both locations, but within the individual size ranges there are considerable variations
within the composition.
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Fig. 5.6.8: Local mineral background: Source composition and contribution.
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e Wood burning signature source: This source, including a clear wood combustion signature
(submicron S, Ca, K, Zn), shows high contributions during time periods with massive total PM10
concentration (> 50 ug m'3). Like the local mineral background, this source seemed mainly
influenced by meteorology.
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Fig. 5.6.9: Wood burning signature source: Source composition and contribution.

5.6.5.3 Attribution of trace elements to individual sources:

Table 5.6.7 and Figures 5.6.10a-c show the attribution of the measured trace elements to the sources
identified via PMF at Zirich-Weststrasse.

Table 5.6.7: Major sources for a selection of trace elements detected at Ziirich-Weststrasse

Parameter Major sources

BC(PM1) Traffic > Wood signature source > Local resuspension

Sb (1-10 um) Traffic > Local resuspension

Zn (1-10 ym) Traffic > Local Resuspension = Secondary inorganic aerosol = Wood signature
source

Fe (1-10 um) Traffic > Local resuspension > Local mineral background

Si (1-10 ym) Local mineral background >> Local resuspension = Wood signature source

Ca (1-10 ym) Local mineral background >> Wood signature source

K (1-10 ym) Local mineral background >> Local resuspension

S (1-10 pm) Local mineral background > Road Salt

K <1 um Secondary inorganic aerosol > Wood signature source

S <1um Secondary inorganic aerosol > Wood signature source

Zn <1 um Wood signature source >> Local mineral background

157



PM10 emission factors of abrasion particles from road traffic (APART)

8000 | | | | | | | | | | |
. . . —»— Traffic
Source Attribution: Black carbon in PM1  —._Road salt Resuspension
6000 —| —o— Wood Combustion Signature

— = — Secondary Inorganic Aerosol
—=— Local Resuspension

@ —»— Local Mineral Background
€ 4000 - Residential
o
c
2000 —
0 —
{L@“
NG
N 5 P P
3000 L L
: . . : —»— Traffic
Source Attribution: Calcium > 1 pm  «_ Road Salt Resuspension
—o— Wood Combustion Signature
2000 — — = — Secondary Inorganic Aerosol
- — =— Local Resuspension
E —»— Local Mineral Background
=] Residential
{=
1000 —
0 —
@6\
g
N
400 1 |
S Attribution: P . > 1 —=— Traffic
ource Attribution: Potassium um ——Road Salt Resuspension
300 4 —o— Wood Combustion Signature
— = — Secondary Inorganic Aerosol
— = — Local Resuspension
e — = — Local Mineral Background
o 200 —| Residential
(=
100 —
04
Q Q Q Q A A A A A A A A
’):"QQ ’):"QQ 'L{LQQ 'L{LQQ o o w’-‘bg K
N S J J d! o o S (N S S N
’\b‘ ’\6 N N ’\% ,\Q' '19 Q% QQ '\Q '\\ '{1’
400 | | | | | I | | |
. . . —=— Traffic
30+ Source Attribution: Potassium < 1 um —+— Road Salt Resuspension
—o— Wood Combustion Signature
— = — Secondary Inorganic Aerosol
o Local Resuspension
e — = — Local Mineral Background
o Residential
c

Fig. 5.6.10a: Attribution of trace elements to individual sources.
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Fig. 5.6.10b: Attribution of trace elements to individual sources.
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Fig. 5.6.10c: Attribution of trace elements to individual sources.

5.6.6 Zilrich-Weststrasse: Source extrapolation and mass balance

5.6.6.1 Unexplained mass contributions:

Two categories of unexplained mass contributions were considered for mass balance calculations:

Not measured: The measured species (considered trace elements plus black carbon) only
explained ~25% (median) of the total PM10 at Weststrasse (Figure 5.6.11). In the concentration
difference the explained mass fraction increased to ~50% (median), indicating the dominant
contribution of black carbon. The non-measured PM10 fraction was assigned to organics,
nitrates and the sum of other compounds. Since a comprehensive chemical mass balance for
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PM10 was beyond scope due to the study-specific selection of measured trace elements, trace
elements were not calculated as oxides to obtain the above number.

Measured but not modeled by PMF: A residual fraction of the measured species were not
modeled and explained by the identified sources (Figure 5.6.12). The unexplained residual was
generally low but showed relevant peaks during individual episodes.
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Fig. 5.6.11: Total mass contribution of the measured species (trace elements plus black carbon in PM1) at

ZUrich-Weststrasse.
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Fig. 5.6.12: Mass contribution of the measured species (trace elements plus black carbon in PM1) within the

mass concentration difference Weststrasse - Kaserne.

5.6.6.2 Traffic related sources at Ziirich-Weststrasse

For Zirich-Weststrasse, the following relevant traffic related sources were identified by PMF analysis of the

measured species and used for mass balancing:
e Brake wear (directly traffic related emissions)
o Traffic related black carbon in PM1 (directly traffic related emissions)

¢ Vehicle induced resuspension of road dust (indirectly traffic related emissions)

Due to the absence of unique tracer species, separate contributions from road wear and tire wear were not

identified by PMF.
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For a complete mass balance, these sources were extrapolated to their full mass contributions using
compositional information obtained from complementary measurements performed during APART or from
literature. To establish a reliable total source contribution, more than one extrapolation hypothesis was
applied where possible.

Brake Wear:

The elemental pattern for brake wear has been found to be very stable in Zirich (see Section 5.1). Table
5.6.8 presents the applied extrapolation hypotheses and Figure 5.6.13 shows the extrapolated source
contribution.

Table 5.6.8 Extrapolation of brake wear.

Hypothesis Basis

Mass fraction of Sb in brake dust: 1 £ 0.2%* e Section 5.1, review of published brake dust
compositions (Furuta et al. 2005; Grieshop et al.
2005; Hjortenkrans et al. 2007; lijima et al. 2008;
Johansson 2008; Sternbeck et al. 2002; von Uexkull
et al. 2005)

Mass fraction of Cu in brake dust: 5 + 2%*

Extrapolation of Fe to Fe;Oz provides a e  Other relevant mass contributions are not expected.
largely complete brake dust mass balance.

*Cu/Sb ratio for brake wear related Sb and Cu at Zirich-Weststrasse: 6.2 (see Section 5.1).
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Fig.5.6.13: Brake wear: Extrapolated source contribution at Zirich-Weststrasse. The average of the three individual
extrapolation scenarios is shown. The error bars show the propagated uncertainty resulting from the PMF analysis and
the extrapolation.
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Traffic related total carbon (exhaust):

5.6 Mass Balance and Emission Factors

The extrapolation from black carbon to total traffic related carbon was performed using empirical conversion
factors which were gained from a) mobile measurements in Zlrich and b) stationary measurements in Zirich
and Dlbendorf, at locations similar but not identical to Weststrasse (Table 5.6.9).

Table 5.6.9: Extrapolation for black carbon

(BC: Black carbon, HOA: Hydrocarbon like traffic related organic aerosol, EC:

Elemental carbon, TC: Total carbon, MAAP: Multiangle absorption photometer.

Hypothesis

Basis

TChossile = ECrossile,eusaar2t HOA(ossile

EC according EUSAAR2 protocol (Cavalli et al. 2009)

HOA/BCrossile maap = 0.7

Mobile measurements in Zirich (Winter 2007/2008),
see Mohr et al. (2009)

ECrossile usaar2/BCrossile, maap = 0.75

NABEL Station Bern Bollwerk

*a
BCfossile,MAAP/BCfossile,Aethanmeter ~1

NABEL Station Diibendorf ®

~ *a
BCfossiIe,Aethalometer = BCAethalometer,PW

APART

TCrossile = 'Exhaust’ = = (1.45+0.1)*B Caethalometer,Pm1

@ BC from Aethalometer measurements

at 880 nm wavelength, standard calibration.
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Fig. 5.6.14: Total Carbon in PM1: Extrapolated source contribution at Zlrich-Weststrasse. The error bars show the

propagated uncertainty resulting from the PMF analysis and the extrapolation.

Resuspension:

The road dust analysis performe

d during APART (Section 5.3) provided compositional information on

resuspended PM10 in Zirich. Since the road dust investigations took place one year later than the stationary
measurements in Zirich, a direct use of the road dust composition for the quantitative extrapolation of the
PMF resuspension source introduces a considerable uncertainty. Figure 5.6.15 shows that the compositional
pattern of the road dust and the PMF resuspension source is similar, but that there are large differences in
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the absolute contribution of the individual elements. A relatively good agreement was found for calcium, for
which the road dust analysis provided a consistent value at all stations investigated (see Section 5.3).
Therefore Ca was used to estimate a quantitative contribution of resuspension. Table 5.6.10 presents the
applied extrapolation hypotheses and Figure 5.6.16 shows the extrapolated source contribution. The source
contribution will not be used for a quantitative calculation of emission factors for resuspension, as it will be

explained in Section 5.6.6.4.

Table 5.6.10: Extrapolation of local resuspension

Hypothesis

Basis

Mass fraction of Ca in deposited PM10: 10.1 £ 3.7%

Road dust sampling in Zirich (Section 5.3): Value
Weststrasse, uncertainty based on all roadside locations.

100 5

10

Composition (Mass %)

0.1

0.01
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I Road Dust
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Fig. 5.6.15: Comparison of the composition of road dust (average composition of 7 locations in Zirich, see Section 5.3)
and resuspended road dust in Zirich-Weststrasse (PMF analysis, see Section 5.6.5.2). The best agreement was found

for Ca and thus used for extrapolation.
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Fig. 5.6.16: Local resuspension: Extrapolated source contribution at Zlrich-Weststrasse. The average of the three
individual extrapolation scenarios is shown (plus standard deviation). The error bars show the propagated uncertainty

resulting from the PMF analysis and the extrapolation.
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5.6.6.3 Mass balance

Figure 5.6.17 shows the mass balance for the traffic related PM10 sources at Zirich-Weststrasse. During
most time periods, the three considered traffic contributions (brake wear, exhaust related carbon and local
resuspension) explained a major fraction of the measured PM10 difference. Two episodes with large
unexplained contributions were observed, which were characterized by rainfall or a total PM10 mass
concentration larger than 50 pg m™ both at Weststrasse and Kaserne, respectively. During the rainfall period,
the observed difference may have been caused by humidity effects. The second period represented an
exceptionally high-pollution episode with possibly strong local contributions of secondary organic aerosols
and ammonium nitrate.

Figure 5.6.18 shows the diurnal variation of the identified sources, along with the total traffic frequency. Also
in these plots the strong correlation of brake wear and traffic related total carbon is clearly seen, while the
diurnal pattern of vehicle induced resuspension is less correlated due to the reservoir effect of the street
canyon and characterized by a larger statistical variation (see Section 5.3). Figure 5.6.19 shows the
fractional contribution for the traffic related PM10 sources at Zirich-Weststrasse. The statistical variation
indicated in the Figure represents the temporal variation of the source contributions during the considered
time period in February 2007 and do not include the methodological uncertainty of the individual source
quantifications.

The presented mass balance shows that with the applied source quantification for brake wear, exhaust
emissions and resuspension, a considerable fraction of the traffic related PM10 remained unexplained. With
the applied statistical methodology for source identification and the estimates made for the quantitative
extrapolations for the source mass contributions, only approximately 60% of the experimentally measured
PM10 difference was directly explained by the identified traffic related sources. While the estimates for brake
wear and exhaust emissions can be considered as robust estimates, it is likely that the contribution of
resuspension was underestimated using the applied assumptions for extrapolation (see above). However, for
emission factor calculations the quantitative contribution of resusupension will be calculated independently.

40 T T T T T [ L B T
Explained PM10 Difference Weststrasse - Kaserne:
I Local Resuspension

35 I Brake Wear b
Traffic Related Total Carbon

PM10 Weststrasse

30 and Kaserne Unexplained PM10 Difference: -
>80ugm Measured but not attributable during
) source apportionment (>95% Black Carbon)
25 | I Not covered by measured species ]

20 +

\
)
?
7

PM10 Difference Weststrasse - Kaserne (ug m*)

Fig. 5.6.17: Source apportionment for local PM10 at Zlrich-Weststrasse (background corrected).
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Fig. 5.6.18: Diurnal variation of the traffic related PM10 sources at Zirich-Weststrasse.
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Fig. 5.6.19: Source apportionment for local (background corrected) PM10 at Zurich-Weststrasse. The statistical variation
represents the temporal variability. Brake wear was quantified assuming a brake dust antimony content of 1% and a
copper content of 5%. Total carbon was estimated from black carbon using an empirical conversion factor of 1.45,
obtained from experimental data. Local resuspension was quantified assuming a calcium content of 10%, based on road
dust analysis. (Box: First to third quartile range, plus median line. Error bars: 5-95% percentile. o: Average. x: 1-99%
percentile, -: Maximum/minimum).
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5.6.6.4 Source Emission Factors

The absolute mass contributions of the identified and quantified emission sources were used to calculate

source emission factors for light duty vehicles (EF , ), heavy duty vehicles (EF,, ), as well as the

average traffic fleet ( EF,,, ). The same linear regression method as used for the elemental emission factors

(Section 5.1) was applied, using NOx to correct for atmospheric dilution. Only hourly data from dry periods
and ANOx > 20 ug m™ were considered. The data set was checked and corrected for obvious outlier values.
The following list provides conceptual information on the calculations.

Average fleet emission factors: To estimate and evaluate the total PM10 mass balance, average fleet
emission factors were calculated from the experimental data for brake wear, total carbon (exhaust),
resuspension and total PM10:

c, -d
EF, et = ——

x,Fleet
ntot

where C, is the measured mass concentration (ug m'3) assigned to the considered source or emission

process x, N . the total vehicle frequency (vehicles h'1) and d the atmospheric dilution, determined via NO,.

tot

For brake wear, exhaust and resuspension, C, represents the extrapolated PMF source contributions, while

for PM10 C, = Ac (Weststrasse — Kaserne). The fleet emission factor depends on the average traffic

composition (6.7% HDV for the selected hourly data, 10% HDV during the entire campaign) and represents
an average value for a considered time period. For PM10, the fleet emission factor includes the contribution
from resuspended dust. The calculated standard deviation of the average calculated with this equation
reflects the temporal variability of the traffic composition. While the quantification of brake wear and exhaust
emissions was considered to be significantly robust (see Section 5.6.5.2), it is likely that the contribution of
resuspension was underestimated using the applied assumptions for extrapolation.

Table 5.6.11: Experimentally determined fleet emission factors

Source Fleet EF (6.7% HDV)
mg/km™

Brake Wear 12

Total Carbon (Exhaust) 23

Resuspension 9

PM10 inkl. Resuspension 55

LDV and HDV emission factors for brake wear and traffic related carbon: The following multilinear
regression model was used to calculate vehicle specific emission factors:

C, = EF, oy .(”L;V j+ EF, o0 .(”HdDV j+c

where C,is the measured mass concentration (ug m'3) assigned to the considered source or emission

process x, N, and N, are the vehicle frequencies (vehicles h™"), d the atmospheric dilution, determined

via NO, and C the fitting constant. Both sources, identified by PMF and extrapolated to their full mass
contributions, delivered statistically relevant results (r2 = 0.52, related to 148 data points) and yielded a very
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low fitting constant (unexplained fraction less than + 2%). Thus, the LDV and HDV emission factors for brake
wear and traffic related carbon were reasonably estimated by the multilinear regression model.

Table 5.6.12: Multilinear fit parameters

EF LDV | EF HDV C Average difference Unexplained
Source (mg/km) | (mg/km) (g m'3) R2 (Mg M™) fraction (%)
Brake wear 78+09 |80.7+11.1 -0.03+0.12 0.52 1.37 -2
Traffic related carbon | 14.9 +1.7 | 154.9+21.3 |-0.06 £ 0.24 0.52 242 -2

LDV and HDV emission factors for PM10 and resuspension: Resuspension is not directly related to

vehicle

frequencies; therefore a straightforward calculation for LDV and HDV emission factors using the

above model is not possible and does not provide meaningful fitting results. Since resuspension substantially
contributed to the average PM10 fleet emissions, this also applies to PM10. Two alternative calculation
procedures were therefore applied to estimate vehicle specific emission factors:

Qualitative multilinear regression: To account for the observed autocorrelational behavior of the
pollutant time series in the Zlrich-Weststrasse street canyon (due to accumulation of resuspended
dust and fresh pollutants), an autoregressive term was included in the fit model (model description
see also Section 5.1):

Cyizo = EFX,LDV '(nl—%j*' EFX,HDV (nH%j + f “Cyia +C

where C ., is the measured source mass concentration at a considered hour,C_; the mass

concentration measured one hour earlier and f the respective fractional coefficient (obtained by the

multilinear fit). The selected time lag interval of one hour directly influences the fit results and was
arbitrarily selected because it represents the maximal time resolution of the measurements. As a
result, the fit results cannot be considered to be fully quantitative but nevertheless provide qualitative
information on the relative ratio between LDV and HDV emission factors.

For PM10, the fits yielded a highly negative fitting constant (C, represents non vehicle related PM10
contributions), which was explained by events with negative PM10 concentration differences
(Weststrasse minus Kaserne) with simultaneous ANOx > 20 ug m. The autocorrelation coefficient
of the fit was 37%. For comparison, the fits were also performed without the autocorrelation term.
Due to the bias inferred by the high fitting constant C the results from these multilinear fits were not
used for PM10.

The fit of the resuspension source, yielding a good fitting quality (r2=0.7), attributed approx. 70% of
the source to the autocorrelation term, indicating a strong accumulation of pollutants within the street
canyon. The fit provided a very low emission factor for individual LDV (~1 mg/km/veh), while the
respective value for HDV was >100 mg/km/veh. The absolute numbers themselves are biased by the
model definition and the large negative fitting constant (-18% contribution to the average mass
contribution). Nevertheless, the clear differentiation between LDV and HDV does not represent a
model bias caused by the autoregression term and thus can be used as semiquantitative information
for mass balancing purposes. Explanations of the strongly different LDV and HDV emission factors
will be given in the following Sections.
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Table 5.6.13: Multilinear fit parameters
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Average
EF LDV EF HDV C difference | Unexplained
Source (mg/km) | (mg/km) f (g m) R2 |(ug m?® fraction (%)
PM10 23.0+59 [9182+749 0.00+0.00 |-3.04+0.83 |0.56 |6.10 -50
PM10 16.0+54 |614.1 £83.9 0.37+£0.06 |-2.53+0.75 |0.65 [6.10 -41
Resuspension |0.9+1.7 55.0£21.5 0.68+0.05 |-0.18+0.23 |0.70 [1.02 -18

Mass balancing: LDV and HDV emission factors for PM10 and resuspension were alternatively
estimated according the following assumptions:

EF(PM10,,) oy = Z EF _, (brake wear,total carbon, resuspension)

As shown above, the multilinear fit for resuspension provided a very low emission factor for individual
LDV (~1 mg/km/veh). For mass balancing this value was used, flagged with a high uncertainty due to
its semiquantitative nature.

EF (Resuspension),,, =1+5mg/km/veh

Thus (see Tables 5.6.12 and 5.6.13):
EF(PM10,,).oy = > EF , (7.8+14.9+1)=23.7 mg/km/veh

Because a reliable PM10 fleet emission factor EF (PM10,, ) - Was obtained (see Table 5.6.11),

EF(PM10,,) oy could be calculated as follows:

EF(PM 1Otot)FIeet - (1_ X) ) EF (PM 10t0t)LDV
X

EF (PM 10tot ) HDV —

where x is the heavy duty vehicle fraction (6.7% for the selected set of hourly data) and
EF(PM10,,) e the corresponding experimental fleet emission factor for total PM10 (55

mg/km/veh).

Table 5.6.14 and Figure 5.6.20 present an overview of the calculated emission factors. Fleet emission
factors for the Ziurich-Weststrasse long-term average HDV fraction (10%, winter 2007/2008) were calculated
from the respective HDV and LDV emission factors.
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Table 5.6.14: Emission factors for the individual sources contributing to traffic related PM10, valid for Zurich-Weststrasse
(urban street canyon). LDV: Light duty vehicles (including 9% delivery vans), HDV: Heavy duty vehicles (including motor
coaches). Values are based on 12 days of measurements in February an March 2007, dry time periods only) and are
based on NO, emission factors estimated for Ziirich-Weststrasse (Year: 2007, EFnox(LDV) = 286.8 mg km™", EFnox(HDV)
= 10559 mg km™', NO, calculated as NO,, (INFRAS 2004)). Colors: Mulfilinear regression (good model performance),
Multilinear regression (bad model performance), Estimated values (mass balance). The indicated uncertainties represent
the propagated uncertainty from PMF analysis and source quantification (net uncertainties: brake wear 46%, exhaust
41%, resuspension 54%) and from multilinear regression (values see above). Note: The set of data used for the emission
factor calculations is not completely identical to the data set used for the mass balance presented in Figure 5.6.19, which
leads to slightly different fractional source contributions.

Source Quantification | Vehicle Fleet LDV HDV
Experimental | Calculated from LDV,HDV
value
6.7% HDV" | 6.7% HDV™ | 10% HDV™
mg/km mg/km mg/km

Brake Wear PMF 12 13 15

Total Carbon

(Exhaust) PMF 23 24 29

Resuspension PMF

(modeled) 9 4 6 09+£1.8 55.0 £ 36.6

. Measured:
g'z\aﬂslt?slggrll.sion APM10
(modeled) (Weststrasse- | 55 55 76 16.0 + 5.4 614.1 £ 83.9
Kaserne)
. Sum of brake
PM10 without
Resuspension wear and 35 37 44 227+7.3 2357+ 77.4
TC(exhaust)

PM10 incl.

Resuspension Estimated 55 55 71 23.7+7.5 497.4 + 85.7

(refined estimate)

Resuspension Estimated

(refined estimate) 18 18 27 1.0+ 11 261.8 £ 115.0

" selected time period

2 entire campaign (winter 2007/2008)
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PM10 Emission Factors Zurich-Weststrasse (February/March 2007)

38%

I Brake Wear

Vehicle Fleet (10% HDV) 417 B Exhaust
PM10: 71 mg/km/veh I Resuspension
21%
63% 53%
4% 31%

33%

Light Duty Vehicles (LDV)
PM10: 24 mg/km/veh

Fig. 5.6.20: PM10 emission factors determined for Zlrich-Weststrasse.

16%

Heavy Duty Vehicles (HDV)
PM10: 498 mg/km/veh

The PM10 emission factors for Zirich-Weststrasse show the following characteristics:

The calculated PM10 emission factors for Zurich-Weststrasse show the following characteristics:

Vehicle Fleet at Zurich-Weststrasse: The average PM10 emission factor, related to a HDV fraction of
10%, was mainly caused by exhaust emissions (41%) and vehicle induced resuspension of road
dust (38%), followed by brake wear (21%).

Light duty vehicles: Exhaust (63%) and brake wear (33%) were the dominant PM10 emissions.
Compared to these contributions, the emissions from resuspension of road dust as well as minor
contributions from road wear and tire wear, were estimated to be totally less than 5% at Zurich-
Weststrasse.

Heavy duty vehicles: Compared to light duty vehicles, the absolute emission factors for heavy duty
vehicles were 15 times higher for total PM10 and 10 times higher for brake wear and the exhaust
emissions. In contrast to light duty vehicles, the road dust resuspension capability of an individual
heavy duty vehicle was estimated to be substantial. For Zirich-Weststrasse, more than half of the
PM10 emissions of an individual heavy duty vehicle were attributed to road dust resuspension and
minor contributions of road wear and tire wear.

Comment to resuspension: Emission factors for road traffic are generally expressed as mass per km
per vehicle. This concept is adequate if the emitted species are directly produced on-site by the
traffic as is the case for exhaust emissions as well as for freshly produced abrasion particles from
brakes, tires and road surfaces. However, resuspension is the remobilisation of previously deposited
material from different sources. While the process of resuspension itself is caused by the traffic
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induced turbulence, thus depending on intensity and speed of the circulating local traffic, the amount
of resuspendable dust is limited by the local deposition of dust from different sources (atmospheric
deposition, dust introduced by dirty wheels or losses from truck loadings, debris from plants etc.)
onto the road surface. In addition other removal processes than resuspension are possible, like
wash-off by rain and wind blow-off. It is therefore a simplifying approach to describe the
resuspension process just in terms of "mg/km/vehicle". For traffic situations with low traffic and
plenty of resuspendable dust on the road surface this mass unit may be appropriate. However, in
streets with high traffic frequencies the emissions from resuspension might be limited by the amount
of resuspendable dust. This is likely to be the case for Weststrasse. Here the available dust on the
surface seems to be resuspended and kept in suspended state mainly by the turbulence induced by
the HDV, leaving only small amounts of dust to be resuspended by the LDV. This does not imply that
e.g. in a small street in a residential area with little or no HDV resuspension by LDV has not to be
considered. The experiments with the mobile load simulators clearly indicate the potential also of
LDV to resuspend particles. This is also confirmed by pure visual evidence from LDV driving on dirty
roads. As mentioned already above, the very complex processes relevant for resuspension
obviously cannot always be adequately described just in term of "mg/km/vehicle". In cases where
resuspension is limited by the available deposited dust on the surface an indication in terms of
"mg/m2/h" might be more appropriate. In addition this parameter is extremely susceptible to the
highly variable dirt load on road surfaces.

e Comment to road wear and tire wear: Due to the absence of unique tracer species, separate
contributions from tire wear and road wear were not identified by PMF from the roadside
measurements. The controlled experiments with a road wear simulator showed that direct abrasion
wear from the road surface is of minor importance for pavements in good condition. In the PMF
analysis, any potential trace element contributions from these sources were likely to be mixed into
the other traffic related sources due to the temporal emission synchrony. Reliable information for
PM10 emissions from tire wear can hardly be found in literature. Some older works report
contributions up to 10% to urban PM10 concentrations. However, none of the applied methods was
specific enough to be convincing. A new, still unpublished study at two urban traffic sites in Germany
for the first time uses a method that seems to be really specific (analysis of pyrolysis products of tire
rubber) and find a mean contribution of tire wear of 0.5% to PM10. The same work shows that the
earlier assumed contribution of up to 10% tire wear assumed earlier really exists, but in particle
fractions >10um and not in PM10. This was also qualitatively confirmed by microscopic evidence. In
agreement with these findings, the tire wear emissions for the simulator experiments were found to
be negligible, although these emissions were considered to be only partially representative for real-
world situations. Overall, there is only a low probability that the presented source apportionment is
significantly biased by undetermined contributions of tire wear.
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5.6.7 PMF Results for Reiden

5.6.7.1 Local wind situation

Reiden is located in a shallow river valley (Wigger river) and exhibited a regular diurnal wind direction pattern
during the campaign (see Figure 5.6.21). During daytime, wind from NE was most frequent, while night time
wind directions were mainly along the freeway (and valley) axes. Accordingly, time periods with highest
traffic frequencies were mainly dominated by winds from NW (midday) and along the valley and freeway axis
(rush hour). As a result, most distinct pollutant concentration differences were observed during midday, with
the east station serving as upwind station (background) and the west station as downwind station
(background and local traffic contribution).
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Fig. 5.6.21: Upper panel: Wind direction as a function of daytime, for the time periods considered for PMF analysis (03-
12.09.07, 27.09-23.10.07 and 26.11.07-04.12.07). Lower panel: Average Traffic frequencies).
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5.6.7.2 Overview of identified sources in Reiden

Tables 5.6.15 and 5.6.16 provide an overview of the sources identified with PMF. These sources were
virtually identical for both the east and west stations. Differences in source strength and composition will be
discussed in the subsequent Sections. For black carbon (BC) a high relative contribution compared to the
trace elements was found for most of the sources. This was caused by the highly dominating BC mass
concentrations in the PMF input data. Based on the PMF model uncertainty (unsharpness), very low
amounts of BC were attributed to most sources, which were in a similar absolute mass concentration range
as the trace element contributions. As it will be shown in Section 5.6.7.5, BC was however predominantly
attributed to traffic and local background. Not the total PMF source mass concentration itself will be used to
extrapolate the total mass concentration for the source, but rather the absolute mass concentration of
individual source tracers (see Section 5.6.8). Therefore the bias contributions from BC will not affect the
source mass balancing.

Table 5.6.15: Overview of sources identified by PMF analysis.

Source Location Dominant Dominant Tracers/minor Identification | Interpretability
Particle Size contributors* contributors** by PMF
range
Road traffic West and east | > 1um Ca, Fe, Cu, Zn, Zr, MO, Very clear high
BC(PM1) Sn, Sb, Ba (brake
wear tracers) + Si,
Ca, K
(resuspension
tracers)
Local mineral West and east > 1um Si, S, K, Ca, Fe | Tracers see left Very clear high
background
Secondary Westand east | <1um S Si, P, K Very clear high
inorganic
aerosol
Resuspended Westand east | > 1um Cl S,P, S, K, Ca, Fe | Very clear high
road salt
Source with West and east | 0.1-10 um S, Ca, Fe, K Si, Mn, Zn, Cu Clear medium
wood
combustion
signature
Local industry West and east | > 1um S, K, Ca, Fe P, Mn, Cu, Zn Clear difficult

* within the analyzed species. Score (relative mass contribution) >0.1
** score (relative mass contribution)< 0.1

Table 5.6.16: Statistical key parameters of the selected PMF model solutions ((Ulbrich et al. 2009), explanations see

Section 5.6.1).

Location Value-proportional Number of Factors Q/Qexp Fpeak value
input error (%)

Reiden East 25 6 1.1 0

Reiden West 25 6 1.1 0
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5.6.7.3 Wind dependent traffic contribution

Figure 5.6.22 shows an extract of the time series for the traffic sources identified at both stations. As
expected from the temporal dependence of the wind direction, the traffic source at the west station peaked
during daytime due to the prevailing winds from NE. In contrast, the east station peaked during morning and
evening rush hours, when winds from SE were more frequent (beside the frequent occurrence of axial
winds). NO, shows an almost identical behavior (see Figure 5.6.23), which is a confirmation for the traffic
source identification by the PMF analysis.
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Fig. 5.6.22: Extract of time series for the traffic sources identified by PMF at both stations in Reiden.

NOx Reiden
250 i i i i i — T T ] T T i T I
’ —=— Reiden West ‘

‘\
200 | —+— Reiden East 1 |
\
|
|
\

ppb

Fig. 5.6.23: Extract of time series for NOy at both stations in Reiden.

175



PM10 emission factors of abrasion particles from road traffic (APART)

5.6.7.4 Description of sources

o Traffic: A traffic source representing brake wear emissions, submicron black carbon emissions
(exhaust) and additional contribution from mineral elements pointing to resuspension was identified
at Reiden with a high degree of distinction. This source was clearly related to the traffic pattern and
to the wind direction dependence observed for Reiden. The estimated direction of origin points

5.6 Mass Balance and Emission Factors

towards the freeway for both stations, confirming the source identification.
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Local mineral background: The composition of this source shows strong contributions of
mineral elements, and the temporal evolution is rather irregular, indicating that this source is not
traffic related and mainly influenced by meteorology. Accordingly, the source origin was virtually

identical for both stations.

5.6 Mass Balance and Emission Factors
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Factor Score

5.6 Mass Balance and Emission Factors

Secondary inorganic aerosol: A very distinct source of submicron sulfur, with a characteristic

and irregular temporal evolution. Submicron sulfur is attributed to ammonium sulfate, which is a
dominant PM contributor formed by conversion of SO, to sulfate. This source is expected to
have a high spatial homogeneity, which is however not reflected in the time series and the
direction of origin. A likely explanation for this discrepancy is the different contributions of BC,
which will result in a bias of the absolute source mass concentrations as discussed in Section
5.6.7.2.
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e Road salt resuspension: This is a very characteristic coarse mode chlorine dominated source
with a strongly irregular temporal pattern, depending on the road salting activities. The drying
process of resuspended salt droplets is on the order of several hours and occurs simultaneously
with the meteorological dispersion of the droplets. As a result, the dried road salt aerosol
particles rather represent a background source than a road-specific emission source. This
hypothesis is supported by the similar source origin for both stations, as it is the case for the
local mineral background aerosol. The source was peaking mainly end of October and beginning
of December. The non-zero contributions in September were unlikely to result from road salting
and could not be coherently explained.
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Fig. 5.6.30: Road salt resuspension: Source composition and contribution. Factor Score: Relative mass contribution to

the source.
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e Wood burning signature source: This source, including a clear wood combustion signature
(submicron S, Ca, K, Zn), shows elevated contributions in the colder months of the year. Like the
local mineral background, this source seemed mainly influenced by meteorology. The time
series and the source origin suggest that the two locations were individually influenced by close-

by wood burning sources (farms, town).
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e Local industrial source: This source was clearly separated by PMF, but shows a very weak
contribution and is difficult to interpret. The rather regular time series, the elemental pattern as
well as the source origin hint to emissions from a close-by industrial area, which possibly
contribute to the measured mass concentrations of the considered trace elements.

1 ‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\
Source Composition: Local Industry?

0.1 [ Station West
I Station East

0.01

Factor Score

1E-3

1000 —
Source Contribution: Local Industry? —»— Station West
— = — Station East

ngm?®

0

Fig. 5.6.34: Industrial source: Source composition and contribution. Factor Score: Relative mass contribution to the
source.
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5.6.7.5 Attribution of species to individual sources

Table 5.6.17 and Figures 5.6.36a-c show the attribution of the measured trace elements to the sources
identified via PMF at Reiden.

Table 5.6.17: Major sources for a selection of trace elements detected at Reiden (LU)

Parameter Major sources

BC(PM1) Traffic > Wood signature source >> Local mineral background
Sb (1-10 ym) Traffic

Zn (1-10 ym) Traffic > Local mineral background = Wood signature source = Local industry
Fe (1-10 um) Traffic > Local mineral background

Si (1-10 ym) Local mineral background >> Traffic

Ca (1-10 ym) Local mineral background >> Traffic > Wood signature source
K (1-10 ym) Local mineral background >> Local Industry

S (1-10 ym) Local mineral background > Secondary inorganic aerosol

K <1 um Secondary inorganic aerosol > Wood signature source

S <1um Secondary inorganic aerosol

Zn <1 pum Wood signature source >> Local mineral background
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Fig. 5.6.36a: Attribution of trace elements to individual sources.
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Fig. 5.6.36b: Attribution of trace elements to individual sources.
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5.6.8 Reiden: Source extrapolation and mass balance

5.6.8.1 Unexplained mass contributions

A residual fraction of the measured species were not modeled and explained by the identified sources
(Figure 5.6.37). The unexplained residual was generally low (<10%) and was dominated by black carbon.
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Fig. 5.6.37: Summed mass concentration of all measured species and all PMF sources.

5.6.8.2 Traffic related sources in Reiden

For Reiden, the traffic related sources identified by PMF (brake wear and traffic related black carbon) were
extrapolated to their full mass contributions using the same conversion factors as for Zurich-Weststrasse
(see Section 5.6.6.2). For brake wear, the brake dust composition in Reiden and Zirich-Weststrasse was
assumed to be plausibly identical. Also for traffic related black carbon in PM1 (directly traffic related
emissions) the same empirical conversion factor to total traffic related carbon in PM10 as for Zirich-
Weststrasse was applied (factor = 1.45), because no improved estimates could be obtained for Reiden (see
Section 5.6.6.2). This conversion represents an empiric estimation based on BC and traffic related organic
matter (obtained by mobile measurements with an aerosol mass spectrometer from Zirich). A more detailed
determination of individual conversion factors for each of the two sites was difficult.
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5.6.8.3 Mass balance

For Reiden, the following traffic related PM10 sources were identified and extrapolated to their full mass
contributions:

o Brake wear. Brake wear was characterized by a specific pattern of Fe, Cu, Zn, Zr, Mo, Sn, Sb and
Ba. These elements are widely used constituents of brake linings and are likely to be oxidized during
the brake abrasion process.

e Exhaust emissions: The exhaust emissions were predominantly composed of by carbon species.
Trace elements originating from fuel additives were not specifically identified from the road side
measurements, indicating that other emission sources of these elements are more relevant on a
mass base.

e Contributions of mineral elements to traffic emissions were identified, pointing to road dust
resuspension. A specific quantification for resuspension was however not possible due to the lack of
representative road dust samples for Reiden.

Figure 5.6.38 shows the fractional contribution for the traffic related PM10 sources at the freeway site in
Reiden. For the considered time period, the sum of the two identified traffic sources explained only
approximately 36% of the measured PM10 difference. The remaining 64% included the non-identified
contributions of road dust resuspension, road wear, tire wear. The statistical variation indicated in Figure
5.6.38 represents the temporal variability of the source contributions during the considered time period in
autumn 2007. A continuous time series of the source contributions could not be obtained, since only time
periods with well-defined upwind/downwind conditions were considered for the mass balance.
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i Average PM10 Difference: 8.2 ug m*® i
80 [ Brake Wear (Average: 0.3 ug m>, 3 %) |
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Fig. 5.6.38: Source apportionment for locally produced (background corrected) PM10 at the freeway site in Reiden (LU).
The statistical variation represents the temporal variability. Brake wear was quantified assuming a brake dust antimony
content of 1% and a copper content of 5%. Total carbon was estimated from black carbon using an empirical conversion
factor of 1.45, obtained from experimental data. (Box: First to third quartile range, plus median line. Error bars: 5-95%
percentile. o: Average. x: 1-99% percentile, -: Maximum/minimum).
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5.6.8.4 Source emission factors

The absolute mass contributions of the identified and quantified emission sources were used to calculate

source emission factors for light duty vehicles (EF , ), heavy duty vehicles (EF,, ), as well as the

average traffic fleet ( EF,,, ). The same linear regression method as used for the elemental emission factors

(Section 5.1) was applied, using NO, to correct for atmospheric dilution. Only hourly data from dry periods
and ANO, > 20 pg m™ were considered (downwind minus upwind). The prevailing wind direction during
traffic-rich daytime periods was from NE (see Section 5.6.7.1), therefore the traffic sources identified with
PMF at the west side (downwind) station showed a stronger statistical overall correlation to traffic
frequencies than at the east side (upwind) station. Consecutively, more reliable emission factors were
obtained for the west side station using the multilinear regression model. The data set was checked and
corrected for obvious outlier values. In contrast to Zlrich-Weststrasse, the resulting amount of data was
reduced, since only hours with perpendicular winds as described above were used. The following list
provides conceptual information on the calculations.

Average fleet emission factors: Average fleet emission factors were calculated from the experimental data
for brake wear, total carbon and total PM10:

er ., -9d

X, Fleet
ntot

where C,is the measured mass concentration (ug m'3) assigned to the considered source or emission

process X, N, the total vehicle frequency (vehicles h‘1) and d the atmospheric dilution, determined via NO,.

The fleet emission factor depends on the average traffic composition (13.7% HDV for the selected hourly
data, 15% HDV during the entire campaign) and represents an average value for a considered time period.
For PM10, the fleet emission factor includes the contribution from resuspended dust. The calculated
standard deviation of the average calculated with this equation reflects the temporal variability of the traffic
composition.

Table 5.6.18: Experimentally determined fleet emission factors

Fleet EF (6.7% HDV)
Source mg/km
Brake Wear 3
Total Carbon (Exhaust) 35
PM10 88
Unexplained (resuspension) | 50

LDV and HDV emission factors for brake wear and traffic related carbon and PM10: The following
multilinear regression model was used to calculate vehicle specific emission factors:

¢, =EF, oy .(”:lw j+ EF, 1ov .(”:{;V j

where C, is the measured mass concentration (ug m'3) assigned to the considered source or emission
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process x, N, and N, are the vehicle frequencies (vehicles h™") and d the atmospheric dilution,

determined via NOx.

Brake wear and ftraffic related carbon were considered to be implicitly traffic related, thus their full source
contributions were assumed to be caused by LDV and HDV emissions. As a consequence, the model did not
include an autorcorrelation term, which is used to describe non-vehicle related source contributions. The
multilinear fit quality was limited due to weak sample statistics (93 hourly values, compared to 209 for Zirich-
Weststrassse). To reduce the number of fit parameters, the fitting constant (unexplained contribution) was
omitted. This was based on the assumption that due to the upwind/downwind concept the entire
concentration difference is entirely traffic emission related. As shown in Section 5.6.7.4, both brake wear and
total traffic related carbon were extrapolated from the same PMF source related to net traffic. As a
consequence, the multilinear fit quality is identical for both sources.

Table 5.6.19: Multilinear fit parameters

Source EF LDV (mg/km) EF HDV (mg/km) R2 Average Difference (ug/m?)

Brake wear 1.6+0.3 9.3+1.8| 0.81 0.22
Total traffic related carbon 204 4.0 118.8 £22.7| 0.81 2.75
PM10 50.0+12.6 288.0+71.9| 0.71 6.9
BC(PM1) 10.6+£1.8 101.6+10.1| 0.91 1.8

Table 5.6.20: Emission factors for the individual sources contributing to traffic related PM10, valid for the freeway site
Reiden (national freeway A2). LDV: Light duty vehicles (including 15% delivery vans), HDV: Heavy duty vehicles
(including motor coaches). Values are based on 4 days of measurements in October and November 2007, dry time
periods only) and are based on NOy emission factors estimated for Reiden (Year: 2007, EFnox(LDV) = 448 mg km™,
EFnox(HDV) = 5421 mg km™, NO, calculated as NO, (INFRAS 2004)). Colors: Multilineéar regression’(good model
performance), Multilinear regression (bad model performance), Estimated values (mass balance). The indicated
uncertainties represent the propagated uncertainty from PMF analysis and source quantification (net uncertainties: brake
wear 70%, exhaust 26%) and from multilinear regression (values see above). Note: The set of data used for the emission
factor calculations is not completely identical to the data set used for the mass balance presented in Figure 5.6.38, which
leads to slightly different fractional source contributions.

Source Quantification Vehicle Fleet LDV HDV
Experimental | Calculated from LDV,HDV
value
13.7% HDV™" | 13.7% HDV™" | 15% HDV™
mg/km mg/km mg/km
Brake Wear PMF 3 3 3
Total Carbon
(Exhaust) PMF 35 34 35
Measured:
APM10
PM10 (Downwind- 88 83 86
Upwind)
Unexplained Estimated from
(resuspension) mass balance 50 46 48 28+14.3 160 + 81.8

" selected time period

2 entire campaign (winter 2007/2008)
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PM10 Emission Factors Reiden (LU)

55.8%
I Brake Wear
Vehicle Fleet (15% HDV) [ Total Carbon (Exhaust)
PM10: 86 mg/km/veh I Resuspension + Rest
.29
41% 3.2%
56% 55.6%
.20 .20

40.8% >2% 41.2% 3.2%
Light Duty Vehicles (LDV) Heavy Duty Vehicles (HDV)
PM10: 50 mg/km/veh PM10: 288 mg/km/veh

Fig. 5.6.39: PM10 emission factors determined for Reiden.

The calculated PM10 emission factors for Reiden show the following characteristics:

Vehicle fleet at Reiden: The average PM10 emission factor for Reiden (15% HDV fraction during the
entire campaign) was caused by exhaust emissions (41%) and very low contributions from brake
wear emissions (3%). The remaining 56% of the traffic emissions were not directly identified, but
probably represented contributions from road dust resuspension (and minor contributions from tire
wear and road wear).

LDV and HDV emission factors: The total HDV emission factor was 5.8 times higher than the total
LDV emission factor. Because the mass contributions of both brake wear and traffic related carbon
were extrapolated from one single net traffic source identified by PMF, the resulting LDV and HDV
emission factors showed virtually identical source contributions. Accordingly, also the vehicle fleet
emission factor exhibits the same source composition. An alternative calculation of LDV and HDV
emission factors for brake wear and exhaust directly from measured concentration differences of
specific marker species (Sb, BC) did not lead to statistically significant results. In contrast to Zirich-
Weststrasse, the resuspended dust was removed laterally due to the perpendicular winds
(upwind/downwind concept), rather than being kept in suspended state by the turbulence induced by
heavy duty vehicles. Therefore a part of the resuspended road dust was also attributed to light duty
vehicles.
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