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ABSTRACT

Many railway tracks have been electrified, thus eliminating exhaust emissions. However, railways still emit particles due to abrasion and wear. The
main such particle sources are brakes, wheel-rail contact, and pantographs and contact wire. However, information on the quantities of such
particles is rare. Estimations in published data are quite heterogeneous, with PM10 emission levels varying by a factor of ten. In an attempt to
improve the database and to reduce uncertainties, a series of test bench tests was conducted on pantograph-catenary contact. In order to study the
impact of specific parameters, i.e. of train speed, contact force and current intensity, on the emitted particle mass and size distribution, parameter
levels were varied across the tests. A chemical analysis of emitted particles provided information on the respective contributions of contact strip and
contact wire. PM10 emission factors were found to lie in the range of 0.14-0.62 g/km.

1. Introduction

Exhaust emissions in rail transport are gradually being eliminated as more and more railway lines become electrified. This applies
specifically to the European Union where on average 57% of the railway tracks are electrified. Nevertheless, this number varies greatly
between the individual member states. While 61% of German railway tracks are electrified the highest electrification rates within the
European Union can be found in Luxembourg (91%) and Belgium (88%) (Allianz pro Schiene e.V., 2022). Railways have been a key
factor in Switzerland’s transport strategy for several decades. The result is an impressive 100% electrification rate. However, due to
abrasion and wear effects railways still emit a significant number of particles. This includes particles of fractions PM10, PM2.5 and
PM1, as well as ultrafine particles in the range of 5-100 nm. (Heldestab, 2002) put the share of rail transport in total PM10 emissions in
Switzerland at 11% (2800 to/a). This underlines the importance of railway emissions in air quality. Growing awareness of this issue
has led some researchers to investigate the non-exhaust particle emissions from railways (e.g., Abbasi et al., 2013, 2011; Abbasi et al.,
2012a, 2012b; Olofsson et al., 2013). Different methods were used for this purpose. The most simple approach is an analytical one,
taking the material loss and replacement cycles of railway components as an indicator (Burkhardt et al., 2008; Heldestab, 2002;
Heldestab and Kljun, 2007). However, this simple mass balance does not provide any information about the size of the particles, their
distribution in the environment, and their relevance to health. Alternative methods are found in experimental studies that include field
measurements (Fridell et al., 2010), (Sturm et al., 2022), on-board measurements (Cha et al., 2018), and measurements on test benches
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(Anders Soderberg et al., 2008). While the analytical approach provides an averaged emission factor, experimental studies cover
different driving situations. The different boundary conditions and methodical approaches employed in the tests led to a wide range of
emission factors for railways. As shown in Table 1 the emission factors vary by a factor of ten.

The consequences for humans have been investigated by (Mohsen et al., 2018) who highlighted the emitted particles with respect
to their impact on respiratory problems, cardiovascular problems and carcinogenic effects. In this context, the chemical composition of
particles is of great importance. Obviously, in railway transport the heavy metal content is assumed to be high. Chemical analysis of the
emitted particles shows that iron (Fe), silicon (Si), magnesium (Mg), copper (Cu), manganese (Mn), silver (Ag) and carbon (TC) are the
most prominent elements within the emissions from railways (Fridell et al., 2011; Abbasi et al., 2012a, 2012b; Fruhwirt et al., 2021).
Materials from pantograph and contact wire were also identified in these studies. Basically, four different types of contact wires are in
use on European railway tracks (Siemens Mobility Global, 2021).

e Pure copper (Cu-ETP)

e Copper — Tin (Cu-Sn)

e Copper - Silver (Cu-Ag)

e Copper — Magnesium (Cu-Mg)

Which type of contact wire is used depends strongly on the electrical and mechanical requirements of the train operators. Current
collector strips are often made of steel, copper alloy, pure carbon and metal impregnated carbon. All these have different abrasion
properties in interaction with the contact wire (Jigin, 2018).

In recent years, there has been an increasing interest in the dispersion of abrasion emissions in the environment, especially in water
bodies and soil. Therefore, various studies investigated the exposure of heavy metals from railways into the environment. (Samarska
et al., 2020) reported the contamination of track ballast by heavy metals in the concentration sequence of Fe > Mn > Cu > Cr > Ni >
Zn > Pb > As. Similar results were found by (Zingelmann et al., 2022), in Germany, where an increased heavy metal concentration, i.e.
copper and iron, was measured in soil and seepage water samples along railway tracks. A decrease in concentration was found with
increasing distance to the tracks. As main source for copper emission, the abrasion from contact-wires was identified and emissions of
6480 g/wire-km were determined (Burkhardt et al., 2008).

Anthropogenic heavy metal emissions are mostly bound at humic matter or organomineral surfaces in soil. The mobility of heavy
metals in soil is influenced by different soil properties, in particular the pH value (Landesamt fiir Bergbau, Energie und Geologie,
2021). A low pH value promotes the mobility, and thus the discharge into the groundwater, of heavy metals. (Landesamt fiir Bergbau,
Energie und Geologie, 2012). Copper accumulates in the environment and eventually reaches hazardous concentrations, which can be
toxic for microorganisms (Knauer et al., 1997; Landesamt fiir Bergbau, Energie und Geologie, 2021; Nirel and Pasquini, 2021).

Several researchers have studied the wear behaviour of both contact strips and contact wires. In (Bucca and Collina, 2015) three
different wear mechanisms of contact wire and contact strip were identified: a mechanical contribution due to friction, an electrical
contribution due to the Joule effect, and a contribution due to the electrical arc generation which causes particles to be torn out of the
material matrix. In order to predict the total wear rate (Bucca and Collina, 2015) developed an analytical model. The aim of this model
is to predict the total service life of contact strips and contact wires. Hence, using the model to translate from wear rate to particle
emissions is only possible to a limited extent. (Irsigler, 2014) conducted several experiments in order to determine the influence of
contact force and current intensity on the wear rate for different types of contact wires. According to Irsigler, a contact wire of pure
copper is subject to the highest wear rate, while copper-silver and copper-magnesium contact wires are characterized by a higher
mechanical strength. The share of the driving wire pantograph contact in the total abrasion emissions was estimated at approx. 1%
(Heldestab, 2002).

Owing to the many uncertainties regarding the total non-exhaust PM emissions from railways and the limited information available
in the literature, the current research project (DZSF, 2022) quantifies the abrasion emissions from railroads and the relevance for
humans and the environment. This article gives an overview of the first experimental work on contact between pantograph and
overhead contact line.

2. Measurement systems and setup

Several tests were carried out in July 2022 on the current collection test bench (CCTB) at Politecnico di Milano (PoliMi). This test
bench is able to reproduce the electromechanical contact between a pantograph strip and contact wire, and is as close to real world
conditions as possible. One key aspect here is the possibility of generating the relative movement of contact wire and contact strip. In
order to generate this movement, the CCTB makes use of a rotating disk (4 m diameter), at which the contact wire is mounted

Table 1
Non-exhaust PM10 emission factors for railways taken from literature.
Publication Methodology PM10 emissions factor [g/km]
(Richter et al., 2012) Analytical — mass loss 3.10-23.10
(Fridell et al., 2010) Experimental — tunnel measurements 0.24-2.90
(Sturm et al., 2022) Experimental — tunnel measurements 0.10-2.05
(Fruhwirt et al., 2021) Experimental — tunnel measurements 0.12-2.00
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elastically. In addition, the contact strip is fixed on a sliding bracket that generates a transversal movement to reproduce stagger (zig-
zag motion). A hydraulic system additionally enables a vertical movement of the contact strip in order to allow for control of the
contact force. This contact force is monitored by an arrangement of load cells. Furthermore, the CCTB is equipped with a supply air/
exhaust air system in order to simulate the cooling effect of the airstream and to catch the emitted particles. The technical specifi-
cations of the CCTB allow for a variation of driving speed up to 220 km/h. The power supply is optionally provided via 1000 A (DC),
500 A (AC) at 16 2/3 Hz, or 350 A (AC) at 50 Hz. Depending on the test dynamics the voltage level was only in the range of 5-500 V.
However, the decisive factor for wear in the contact wire — current collector contact is the amperage (Bucca and Collina, 2009). For this
reason, the test bench allows for a control of amperage only. Fig. 1 shows the a basic view on the test bench, as well as a detailed view of
the bracket and contact strip. In addition, Fig. 2 shows a schematic picture of.

The emitted particle mass of fractions PM10, PM2.5 and PM1, and the particle number concentration in the range of 5.6 nm to 35
um, were continuously monitored during the tests. In addition, filter sampling was applied so as to allow chemical analysis of the
particles. Due to the high range of parameters to be recorded (e.g., size range of the particles) different particle analysers were
employed. The GRIMM Aerosol Technik EDM180 particle analyser was employed to monitor the particle mass concentration as well as
the number concentration in the range of 0.25 to 35 um. This device uses a light scattering technique to count particles. An internal
algorithm ultimately transforms the particle numbers of 32 size fractions into a mass concentration for PM10, PM2.5 and PM1. Due to
the fact that light scattering does not account for particle density, the calculated particle mass needs to be corrected. Thus, a gravi-
metric reference measurement system served for the correction of particle mass concentrations. The applied system was a PartisolPlus
2025i sequential air sampler provided by ThermoFisher. In order to enable direct comparison with the EDM180 measurement, the
PartisolPlus was equipped with a PM10 separator. In addition, the filter samples from the PartisolPlus sampler were taken for purposes
of chemical analysis of the particle composition. Quartz filters were employed, as they enable the chemical analysis of carbon and
copper. An engine exhaust particle sizer (EEPS 3090) provided by TSI GmbH served for monitoring the particle number concentrations
in the 5.6 to 560 nm range. The EEPS uses sensitive electrometers in combination with three proprietary data inversion matrices in
order to count particles in 32 size channels (16 per order of ten) with a time resolution of 1 s. To determine the mass loss of contact wire
and contact strip (total suspended particles - TSP), the volume of the contact wire was scanned before and after the test series. The
information on the lost volume was used to determine the lost mass by simple multiplication of the volume by the copper density (8.96
g/cm®). In contrast, mass removal from the contact strip was determined by weighing after each test.

The different particle analysers use sample flows in a range of 1.2 to 16.67 L/min. However, the air velocity in the return air duct
reached values up to 61 m/s depending on the simulated train speed. This represents quite a big challenge, as isokinetic sampling is
required in order to achieve high accuracy (Kykal et al., 2017). Thus, a system had to be designed which met proper sampling re-
quirements. This sampling system comprised a sample tube, a flexible, antistatic transition piece, a cross-section extension, some
fittings, and a horizontal air duct. An image of this set-up is depicted in Fig. 3. The diameter of the sampling tube was 7 cm in order to
achieve isokinetic extraction from the return air duct. The opening of this pipe was oriented against the return airflow direction in
order to capture a representative sample flow. The subsequent widening of the cross-section (0.25 m diameter) caused a reduction in
the flow velocity down to 4.8-5.2 m/s, thus allowing isokinetic sampling with the particle analyser characterized by the lowest sample
flow (GRIMM EDM180 - 1.2 L/min; (8) in Fig. 3). In contrast, hyperkinetic sampling, which is assumed less critical in terms of
sampling errors, was achieved for the other particle analysers. The sample inlets of the analysers were arranged within a horizontal
duct at intervals of roughly 80 cm.

Fig. 1. The current collection test bench (CCTB) at Politecnico di Milano; left: general layout (source: (Politecnico di Milano, 2023)), right — bracket
with current collector (1 - rotational disk, 2 — return air duct, 3 — bracket, 4 — contact strip, 5 — load cells, 6 — supply air duct, 7 — hydraulic system).
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Fig. 2. Scheme of the current collection test bench (CCTB); (1 - rotational disc, 2 — return air duct, 3-5 — bracket with current collector, 6 — supply
air duct).

Fig. 3. Sampling route at the PoliMi CCTB including the employed particle analysers. (1 — return air duct, 2 — sampling tube, 3 — cross section
expansion, 4 — horizontal duct, 5 - radial fan, 6 — PartisolPlus 2025i (Thermo Fisher Scientific Inc, 2021), 7 — EEPS 3090 (Incorporated, 2022), 8 —
EDM180 (Aersol Technik, 2022)).

Table 2

Mechanical and electrical properties of the contact strip.
Bulk density 2.2-2.4 [g/cm’]
Resistivity 500-700 [pQ cm]
Flexural strength 90-110 [MPa]
Shore hardness 60-90
Impregnation Cu 20-25 [%]
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3. Experimental carrier and test matrix

As already mentioned in section 1, different types of contact wires and contact strips are available on the market and are in use
along European railway tracks. Hence, a decision had to be made whether to test the most representative or the worst components in
terms of wear behaviour. After some deliberation, the decision was made to use a contact wire of pure copper (Cu-ETP) with a cross-
section of 100 mm?, and an impregnated carbon strip with a width of 60 mm. Both test carriers are widely used in European railway
systems. The main specifications of the contact strip are presented in Table 2. Both the contact wire as well as the contact strip were
used in the course of the test preparation in order to allow for realistic test conditions. The surface condition of both elements at the
beginning of the tests is illustrated in Fig. 4.

Under real driving conditions, the actual emissions from contact between contact wire and contact strip depend on many pa-
rameters, e.g., train speed, current intensity, dew or ice formation, etc. The latter could not be simulated in the tests. However, in order
to cover a large number of real driving situations, a test matrix comprising 13 tests was defined. These tests were characterized by
variations in train speeds, contact forces and current intensity. The train speed was varied in four steps from 60 km/h to a maximum of
220 km/h. A distinction was also made between freight and passenger trains. Three different train speed levels (60 — 80 — 100 km/h)
were applied for freight trains and train speeds of 100 km/h, 160 km/h, 200 km/h and 220 km/h were applied in simulating passenger
trains. The overlap of train speeds at 100 km/h allowed for a deeper investigation of the impact of contact force, as this parameter was
set at 50 N in the freight train test scenarios and at 90 N for passenger train tests. Two different levels of current intensity (500 A and
800 A per strip) were applied on each combination of train speed and contact force. All these variations resulted in the test config-
urations A to M (see Table 3). The driving distance (50 km) was kept constant for all tests, thus, resulting in a decreasing test duration
with increasing train speed.

4. Results

The analysis of particle emissions included observation of particle mass, particle size distribution, and chemical analysis of particle
composition. The following sections describe the main findings on these parameters.

4.1. Particle mass

Particle emission from contact between contact wire and contact strip is mainly caused by two different mechanisms. According to
(Derosa et al., 2020), these are mechanical friction and electric arcs. In order to determine the influence of these mechanisms and to
enable statements to be made concerning the reproducibility of results, most of the tests listed in Table 3 were performed at least twice.

Based on the sum of the mass removal from the contact strip and contact wire, emission factors in [g/km] were obtained by dividing
the total mass collected by the driving distance (50 km). The derived emission factors are related to total suspended particles, as the
mass loss was determined by weighing the contact strip and laser scanning of the contact wire. In this context, it has to be highlighted
that only an average mass loss of all tests could be determined for the contact wire. This is due to the extended scan time that only
allowed for a scan before and after the test series. Since the TSP emission factors took into account the average mass loss of the contact
wire, a direct comparison with the PM emission factors in Table 4 (weighing of the filter samples after each test) is not possible. Fig. 5
shows these emission factors as a function of train speed. The different colours and symbols indicate the levels of contact force and
current intensity, respectively. The TSP emissions for abrasion of contact wire and contact strip ranged from 0.04 to 0.28 g/km. The
results differ significantly depending on the test configuration employed. In particular, low contact forces in combination with high
train speed favours contact loss and the occurrence of electric arcs. However, the low speed test configuration B (60 km/h|50 N|800 A)

Fig. 4. Condition of the test carriers before the tests.
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Table 3
Test matrix covering 12 test scenarios.
Train type Denotation Speed Current intensity Contact force F; Driving distance Test duration
[km/h] [A] [N] [km] [min]
Freight A 60 500 50 50 50.0
B 800 50 50.0
C 80 500 50 50 37.5
D 800 50 37.5
E 100 500 50 50 30.0
F 800 50 30.0
Passenger G 100 500 90 50 30.0
H 800 50 30.0
I 160 500 90 50 18.8
J 800 50 18.8
K 200 500 920 50 15.0
L 800 50 15.0
M 220 500 90 50 13.6
Table 4
PM10, PM2.5 and PM1 emission factors dependent on the test configuration.
Test PM10 [g/km] PM2.5 [g/km] PM1 [g/km]
A 0.2 0.17 0.14
B 0.45 0.4 0.34
C 0.3 0.26 0.22
D 0.27 0.24 0.21
E 0.27 0.22 0.17
F 0.3 0.26 0.21
G 0.14 0.12 0.10
H 0.31 0.27 0.21
I 0.26 0.22 0.19
J 0.32 0.28 0.24
K 0.57 0.51 0.44
L 0.54 0.48 0.42
M 0.62 0.53 0.46

caused the highest particle emissions. This is probably triggered by the high level of current intensity and low contact force. Hence,
electric arcs and a high level of power dissipation due to the Joule effect caused the temperature of the contact strip to increase, and the
low train speed did not provide sufficient cooling effect. The increased temperature on the contact strip resulted in poor emission
behaviour.

As observed in the tests, mechanical friction is always present. This type of emission behaviour is continuous. In contrast, electric
arcs represent single events, normally of short duration, and thus lead to recurring or periodic emissions. The results depicted in Fig. 5
indicate an increase of mechanical friction with increasing train speed and an enhanced contribution of electric arcs for low contact
forces and high current intensity.

However, in order to study the impact of train speed, contact force and current intensity in more detail, further analysis was
performed. For this deeper analysis, the emission factors of tests with the same test configuration were averaged to enable a better
illustration of results. To clarify the specific impact of the parameter under investigation, the others were kept constant. Thus, the
analysis had to be done separately for freight trains and passenger trains, as the test configurations were characterized by different
contact forces. The result of this analysis can be expressed as shown in Fig. 6, in which the impact of the train speed on the emission
factor is depicted. With increasing train speed, quadratic growth in the TSP emission factor was demonstrated for both train types. This
confirmed expectations, based on earlier results (Bucca and Collina, 2009), relating to dependency on mechanical friction. According
to the test bench, results analysed here, the TSP emission factor for freight trains increases by roughly 33% when the train speed
increases from 60 km/h to 100 km/h. In comparison, increasing the speed of passenger trains from 100 km/h to 220 km/h causes TSP
emissions to increase by a factor of four. In addition, the offset of the tests at 100 km/h is caused by the deviation of the contact force.
Although the effects of arcing had less influence in these tests, the combination of electrical and mechanical influences is still decisive
for the emission behaviour. Hence, considering mechanical friction alone will result in a different amount of emitted particles. A
similar analysis was performed to determine the impact of contact force and current intensity. The results of these analyses are
depicted in Fig. 7 and Fig. 8.

To enable again a single parameter dependency, only emission factors for tests with a train speed of 100 km/h are illustrated in
Fig. 7. In addition, the emission factors are depicted separately for low, i.e. 500 A (triangles) and high current intensity, i.e. 800 A
(squares). In both cases, the emissions decrease with increasing contact force, as higher contact forces cause less contact losses. Thus,
the impact of electric arcs is reduced, although it is still present.

This can be observed by a comparison of the emission factors in test configurations 50 N | 500 A and 90 N| 800 A. As can be seen,



D. Fruhwirt et al. Transportation Research Part D 117 (2023) 103667

ATestA ATestC ATestE OTestG OTest | OTestK OTest M
03 X TestB X TestD X TestF OTestH OTest) OTestL
X
0.25
. X
£
3 02 o o
5 x Py
b [0}
BC ¥
S 015
2 [0}
e X
N B
0.1 g
& (o]
8 °
0.05 A 8
o
0
0 50 100 150 200 250

Train speed [km/h]

Fig. 5. TSP emission factors plotted against the train speed, as dependent on test configuration (triangles — 50 N|500 A; circles — 90 N|500 A; crosses
— 50 N|800 A; squares — 90 N|800 A).
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Fig. 6. Impact of train speed on the TSP emission factor.



D. Fruhwirt et al. Transportation Research Part D 117 (2023) 103667

A500A / 100km/h  C1800A / 100km/h

0.18
0.16 ]
0.14
£on2
=
=
5]
5 0.10
R o
c
o
@ 0.08 A
E
w
0.06
A
0.04
0.02
0.00
0 10 20 30 40 50 60 70 80 90 100
Contact force [N]
Fig. 7. Impact of contact force on TSP emission factors.
A 50N / 60km/h ASON /80km/h A 50N /100km/h
Q90N / 100km/h Q90N / 160 km/h @90N / 200km/h
0.30
0.25 A
£
=
2020 ®
8
@ [
]
< &
2 015
2
b
o]
0.10
o (0]
A
A
0.05 O
0.00
450 500 550 600 650 700 750 800 850

Current intensity [A]

Fig. 8. Impact of current intensity on TSP emission factors.



D. Fruhwirt et al. Transportation Research Part D 117 (2023) 103667

the latter configuration causes roughly 40% lower emissions than the former. The influence of current intensity on TSP emissions also
depends on contact behaviour. The effect of an arc is even stronger at high amperage than at a lower amperage.

This is confirmed by the results shown in Fig. 8. Here, higher amperage always leads to higher emissions, regardless of the train
speed and the contact force. However, in the quantification of the increased emissions, the combination of train speed and contact force
needs to be taken into account. In this context, the increase of current intensity in scenarios with high contact force (circles in Fig. 8)
caused an increase of TSP emissions in the range of 0.025-0.045 g/km. In contrast, in the low contact force scenarios (triangles in
Fig. 8) this increase was 0.08-0.19 g/km. The strongest impact of an increased amperage level was observed for a combination of low
train speed and low contact force.

Considering the consequences on human health, smaller particles are of special concern as they can penetrate deeply into an or-
ganism. In this context, the particle mass emissions are usually determined for fractions PM10, PM2.5, and PM1. Therefore, emission
factors for these fractions were also derived in the present study. In order to do this, the PM10 mass in the filter samples taken by the
PartisolPlus sequential air sampler was determined by weighing the filters before and after the tests. The employed EDM180 particle
analyser provided information on the proportions of PM2.5 and PM1 in the PM10 fraction. In order to determine the entire particle
mass emission, the recorded particle mass-concentration was related to the return air volume flow, which can be simply calculated as
the product of return air velocity (equal to train speed) and the duct cross sectional area (0.08375 m?). One aspect to be mentioned is
the capture of the entire particle emission in the return air duct that could not be guaranteed. However, due to the high return air
speed, losses of particles for particles smaller than 10 um are considered to be low. The derived emission factors of all PM fractions as a
function of the applied test configuration are shown in Table 4. As can be seen, the PM10 emission factor is in the range of 0.14 to 0.62
g/km. On average, the respective proportions of PM2.5 and PM1 were found to be 87% and 73%.

4.2. Particle size distribution

4.2.1. Particles smaller than 560 nm

Particle size is an essential parameter in assessing the impact on human health. Ultra-fine particles, in particular, can penetrate
deeply into the lungs or even into the bloodstream. However, as such particles do not account for a significant particle mass; they are
usually presented in terms of particle number or particle number concentration. Thus, for two selected test cases, particle number
concentrations in the range of 5.6 to 560 nm are explained in more detail. The test selection was made with a view to explaining the
basic correlations between wear mechanism and particle size distribution.

The particle size distribution was monitored with a 1 Hz resolution, resulting in a certain data pool depending on the test duration.
From this, the median value as well as 10th- and 90th-percentile values were calculate. The particle size distribution found in test
configuration M (220 km/h|90 N|500A) is shown in Fig. 9. As explained in section 4, emission activity here was dominated by me-
chanical friction. In addition, this test was performed at the highest speed level, thus resulting in the highest particle number con-
centration within the group of tests with high contact force and low current intensity. The peak concentration was found to be approx.
16.5 million particles per cubic centimetre (90th percentile value) for a particle size of 10 nm. Starting from this peak, the particle
number concentration declines by a factor of ten, both as particle diameter falls to 6 nm, as well as when it increases to 40 nm. A
comparison with the particle number concentration during a background measurement showed that the peak concentration also
occurred at a particle diameter of approx. 10 nm. However, the peak number concentration in test M was higher by three powers of ten.
A comparison of the median value, the 10th percentile and the 90th percentile values shows just a moderate amount of scatter, thus
confirming the dominance of mechanical friction in the wear process.

In comparison, Fig. 10 shows the particle size distribution of ultrafine particles for test configuration B (60 km/h|50 N|800A). Due
to the low contact force, this test run was subject to the impact of mechanical and electric effects. The high current intensified the effect
of the electric arcs and the energy dissipation due to the Joule effect. The increased electric contribution is evident by the presence of a
second peak at a particle size of 25-40 nm, where the particle number concentration is similar to that of the first peak. The comparison
of the median and percentile values shows a heterogeneous size distribution and significant scattering, caused by recurring electrical
events with high particle emissions, and intermediate dominance of mechanical friction with lower emissions. However, due to the
significantly lower driving speed compared to test M, the particle number concentration is lower throughout the entire size range.

4.2.2. Particles in the size range 250 nm to 35 ym

Particles of larger fractions than those in the ultrafine range are generally referred to as fine dust. The fractions referred to as fine
particles in this section include particles with a diameter of 0.25 to 35 um. Compared to ultrafine particles, these are present in
significantly smaller numbers or are emitted in significantly smaller quantities. However, they are decisive in relation to the emitted
mass. Therefore, despite their reduced ability to penetrate deeply into the respiratory tract, these particles are of particular importance.

The particle size distribution was monitored with a 1/6 Hz resolution, resulting in a certain data pool depending on the test
duration. From this, the median value as well as 10th- and 90th-percentile values were calculate. Fig. 11 shows the size distribution of
the fine particles during test M (220 km/h|90 N|500A). In this test, a well-pronounced peak in the range of 0.3 um could be observed.
Nevertheless, the particle number concentration of roughly 820,000 1/1 is significantly lower compared to the peaks in the ultrafine
particle range. The comparison of the median and the 90th percentile value again shows good agreement, so that one can again speak
of a homogeneous particle size distribution. In comparison, the 10th percentile values are at a significantly lower level (approx.
200,000 1/1). Most of the fine particles are found in the size fraction PM1. The number of particles within the size range of 1 to 10 um
was found to be 2,000 1/1 (median).

In contrast, Fig. 12 shows the size distribution of fine particles during test B (60 km/h|50 N|800A). In analogy to the size
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Fig. 9. Particle size distribution of ultrafine particles during a test with test configuration M.
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Fig. 10. Particle size distribution of ultrafine particles during a test with test configuration B.
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Fig. 11. Particle size distribution of fine particles during a test with test configuration M.
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Fig. 12. Particle size distribution of fine particles during a test with test configuration B.
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distribution in the ultrafine range (see Fig. 10), the comparison of the median and the percentile values shows large deviations; thus,
one can speak of a ‘heterogeneous curve’. While the 10th percentile value shows a peak of approx. 223,000 1/1 at 0.3 um, the 90th
percentile value in this size range is 525,000 1/1. The number of particles in the size range 1-10 pym was determined to be 886 1/1
(median).

4.3. Chemical analysis of particle composition

A chemical analysis of a few selected filter samples provided qualitative information on the contribution of contact wire and contact
strip to the total particle emissions. A contact wire made of pure copper (Cu-ETP) and a contact strip made of (20-25%) copper
impregnated carbon were used for the CCTB tests. Thus, the chemical analysis was performed for the elements copper (Cu), elemental
carbon (EC) and organic carbon (OC). Chemical analysis was carried out for eight selected filter samples. The results from these are
presented in Table 5.

On average, a copper content of 40.7% of the total mass was determined. However, a closer look reveals differences depending on
the test configuration and on the contribution of the wear mechanisms. While the copper content is relatively constant, in the range of
35.9 to 39.9% for high contact pressure and low contact pressure in combination with low current intensity, the two tests with low
contact pressure and high current intensity (Test B and Test F) have to be highlighted owing to their copper content of 47.6 to 51.2%.
This indicates that electrical arcs cause particles to be emitted from both the contact strip and the contact wire.

5. Conclusions

A series of tests was conducted using the CCTB at the Politecnico di Milano. These tests enabled unique quantification of particle
emissions and improved upon existing estimations based only on mass loss and replacement cycles. The experimental study entailed
observation of emitted particle mass, particle size distribution in the range of 5.6 nm to 35 pm, and chemical analysis of particle
composition. The information gained was used to derive emission factors for the fractions PM10, PM2.5 and PM1. TSP emission factors
were determined on the basis of the mass loss monitored after every test run. Based on the TSP emission factors a parameter study was
performed in order to determine the influence of train speed, contact force and current intensity on the particle emissions resulting
from wear. The chemical analysis of selected filter samples provided information on the respective emission contributions from contact
wire and contact strip to total particle emissions. The main findings from this experimental study are as follows:

e The emissions from the contact between contact wire and contact strip are based on three wear mechanisms. These are mechanical
friction, electric arcs and the wear due to the Joule effect.

The influence of mechanical friction dominates at high contact forces between contact wire and contact strip.

Emissions due to mechanical friction increase exponentially with increasing train speed.

Emissions due to electric contributions are favoured by low contact forces and high current intensity.

Higher contact forces cause lower PM emissions than lower contact forces.

An increased current intensity increases the emissions due to electric arcs.

The PM10 emissions range from 0.14 to 0.61 g/km (mean value 0.35 g/km) depending on train speed, contact force and current
intensity.

The shares of the fractions PM2.5 and PM1 in the PM10 emissions are on average 87% and 72.5% respectively.

The influence of mechanical friction and electric arcs can be determined via the particle diameter characteristics of the wear
mechanism.

Mechanical friction primarily causes particle emissions in the size range of 6-25 nm.

In comparison, electric arcs cause larger particles (25-90 nm).

While particles are emitted continuously due to mechanical friction (as evidenced by the similar level of percentile and median
values), electric arcs represent individual events (with a large scattering of the particle number concentration).

The respective mass fractions of the emissions from contact wire and contact strip due to mechanical friction can be roughly stated
as 1/4 contact wire and 3/4 contact strip.

Table 5

Results of the chemical analysis for selected filter samples. (OC — organic carbon, EC - elemental carbon, TC - total carbon, Cu - copper).
Test oC EC TC Cu

[mass-%] [mass-%] [mass-%] [mass-%]

A 21.1 41.7 62.8 37.2
B 4.8 44.0 48.8 51.2
E 0.4 62.0 62.4 37.6
F 0.5 51.9 52.4 47.6
G 4.9 57.2 62.1 37.9
H 1.5 58.6 60.2 39.9
K 3.3 60.9 64.1 35.9
L 3.4 57.9 61.3 38.7
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o In the case of electric arcs, 37-41% of the emitted particle mass can be attributed to the contact wire, and 59 — 63% to the contact
strip. (Note: large difference in the density of copper and carbon).

Finally, it needs to be noted that the influence of wet conditions and ice formation were not investigated. Additionally, a transfer of
results to other metal pairings of contact wires and contact strips is only possible to a limited degree.

To provide additional information on the particulate emissions of abrasion in rail transport further investigations at test-benches
(wheel-rail, brakes) and field measurements are planned.
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