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ABSTRACT ARTICLE HISTORY
Tires have already been identified as a major source of microplastics and airborne particles, Received 12 August 2024
and with the increasing use of alternative powertrains and heavier vehicles, the importance Accepted 21 January 2025
of tire and road wear particles (TRWP) is growing. As part of this comprehensive study, a
new sampling system was developed to measure the particle number concentration (PNC)
of TRWP emissions from 4nm to 10 um. Airborne emissions were characterized on the chas-
sis dynamometer using an aerosol fast sizer, which revealed a bimodal size distribution with
a dominant ultrafine emission mode at approximately 10 nm and a larger mode at 270 nm.
Investigation of the collected particles using scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS) provided insight into two different formation mecha-
nisms for ultrafine particles including evaporation and condensation. The emission indices
of four driving cycles (WLTC Class 3, LA4, US06, and Grof3glockner) were determined on the
chassis dynamometer and compared with a real driving emission test. The influence of road
surface and lateral acceleration on the amount of TRWP and their size distribution was
investigated by mobile measurements on the test track and on the real road. Both the
choice of test cycle and the test environment have a significant influence on detected tire
emissions: The number of particles emitted per kilometer differs strongly between the driv-
ing cycles, while the test environment and cornering have an influence on the particle size
distribution.
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1. Introduction

Due to the ongoing electrification of road traffic, non-
exhaust emissions such as brake and tire wear and
road particle resuspension will account for a large
proportion of urban particulate matter pollution in
the future (Lin et al. 2022; Jandacka and Durcanska
2019). For brakes, the regulation of emissions based
on laboratory measurements has already been imple-
mented in the Euro 7 standards (UN 2023; EU 2024).
In addition, work is currently underway on a variety
of methods to reduce emissions from braking systems,
including coating brake disks (Aranke et al. 2019) or
filtering brake dust (Hascoét and Adamczak 2020).
Reducing tire and road wear particles (TRWP) is
more complex because the contact area between the
tire and the road is an open system and the emission
depends on numerous parameters. Critical research
gaps include the determination of tire emission fac-
tors, the study of surface-tire interaction, the influence
of weather and driving behavior as well as the devel-
opment of standardized measurement methods
(Gehrke et al. 2023; Dalmau et al. 2020).

The evaluation of tire wear and the comparison of
different tire types is primarily based on the total mass
loss of the tire in grams per kilometer driven, which is
an important parameter for estimating macro- (5 -
25mm) and microplastic (< 5 mm) emissions from tires
(Charbouillot et al. 2023; GRBP-78-17 2023). However,
to determine the full impact of TRWP on air quality,
airborne particle mass (PM10, PM2.5) should be accom-
panied by information on particle size (PSD) and par-
ticle number (PN). Whereas wear particles are typically
dominated by abrasion particles, studies of airborne tire
wear emissions show particle diameters ranging from 10
to 300nm (Kumar et al. 2013; Dahl et al. 2006; Park,
Kim, and Lee 2018), with a high proportion of particles
between 15 and 50nm (Fussell et al. 2022). Ultrafine
particles (UFP, d < 100nm) are particularly hazardous
because they occur in high numbers compared to larger
airborne particles, and their high surface-to-volume ratio
results in high chemical reactivity (Schraufnagel 2020).
As the chemical nature of the particles is still being
investigated (Johannessen et al. 2022), a toxicological
assessment is rather difficult. Particles in exhaust gas of
comparable size are known to penetrate the human
body, entering the circulatory system and cellular organ-
elles (Kwon, Ryu, and Carlsten 2020).

Component tests, such as road simulators (G. Kim
and Lee 2018; Grigoratos et al. 2018; Schlafle, Unrau,
and Gauterin 2023; Dahl et al. 2006), or customized
dynamometer test rigs (Chang et al. 2020; Tonegawa

and Sasaki 2021), are used to generate and study the
release of airborne tire wear particles, allowing a sys-
tematic investigation of various relevant parameters,
such as ambient temperature, vehicle weight, and tire
properties. However, real-world conditions, such as
the interaction between the tire and the road surface
or the driving behavior of the vehicle, cannot be com-
prehensively represented by those systems. For this
purpose, test vehicles are chosen as they allow air-
borne particle sampling while driving on a chassis
dynamometer (Li et al. 2023), test track (Mathissen
et al. 2011; Beji et al. 2021) or on the road (Lee et al.
2013; Feiflel et al. 2024; Beji et al. 2021). Previous
studies have used a range of different test vehicle set-
ups, from particle collection through a tube or line
near the wheel (Li et al. 2023; Lee et al. 2013;
Mathissen et al. 2011; Kwak et al. 2013; Beji et al.
2021) to more complex systems including a brake cap-
sule (Feiflel et al. 2024).

Testing a particle collector for tire particles under
laboratory and real-life conditions requires a great
deal of technical effort in order to mimic the relevant
properties. In addition, mobile measurements usually
require the use of non-laboratory test equipment due
to power and space constraints. However, these may
not allow a complete characterization and identifica-
tion of tire wear particles.

This study presents a novel on-vehicle sampling
setup using two separate ventilated brakes (Bondorf
et al. 2023) and tire housings to quantify and character-
ize airborne tire emissions from a battery electric test
vehicle under realistic conditions. Online particle meas-
urements between 4nm and 10 pm are performed on a
dynamometer, on a test site and on the road. In add-
ition, particles are collected for morphological and
chemical analysis using scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDS).
The investigations aim to determine the influence of
test conditions (test environment and test cycles) on
the TRWP. In addition to the quantification of emis-
sions, the characterization of size distribution and
morphology will provide the basis for a better under-
standing of the particle formation processes and the
interaction between tire and roller or road surface to
develop future methodology for tire emission testing.

2. Materials and methods
2.1. Experimental setup

2.1.1. Particle generation
A regular battery electric car, a BMW i3, was selected
and modified for this experiment. First registered in
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Figure 1. (a) Test setup on the vehicle with a tire enclosure and ventilation system. (b) Schematic representation of the measure-
ment setup, including isokinetic sampling and instrumentation. (c) Spatial integration of the measurement equipment during tests
on the chassis dynamometer (left) and for mobile measurements (right).

2015, it had a vehicle weight of 1228 kg and a battery
capacity of 60 Ah. The test vehicle was designed to
independently measure brake particle and TRWP
emission on-board. The particulate sampling setup
was installed on the left side of the vehicle’s rear axle.
The tested wheel is driven, not steered, and contains a
disk brake. Brake results, measured in the described
test setup, are already published (Bondorf et al. 2023).
New tires from the same batch as the standard tires of
the reference vehicle (Bridgestone Ecopia EP 500, 155/
70R 19 84 Q) were used in for the chassis dynamom-
eter tests and the mobile measurements respectively.

2.1.2. Particle collection

Figures la and b show the test setup for the tire emis-
sion study. It includes the tire casing, filtered air ven-
tilation, sampling probe, and multiple sensors. A
spacer plate separates the tire from the brake, allowing
each to be tested separately. The brake is a closed sys-
tem, while the tire casing is open to the road. A meas-
uring rim (WTT Dx, imc Test & Measurement
GmbH) on the left rear wheel measures its torque and
In addition, a GPS module (Racelogic
RLVBSS05) records vehicle velocity, slope and acceler-
ation during mobile measurements.

Preliminary tests showed that the use of more than
one fan (one before the particle generation point, one
after the particle generation point) was not beneficial
to a
Therefore, the air inlet was closed and the system was
operated with a single adjustable fan at the outlet
drawing air through the main tube. The negative pres-
sure of the fan draws air through the outlet at a flow
rate of 130m’/h. Integrated sensors monitor the air

velocity.

controlled, steady TRWP measurement.

mass flow and temperature of the ventilation system
(Bosch HFM 5, Type K, AMS 4712-1200-B).

Figure la shows an isokinetic in-line sampling of
the aerosol sample integrated into the duct behind the
outlet. The diameter of the sampling nozzle is
matched to the airflow in the system. Flow dividers
and carbonized tubing carry the collected air sample
to the particle analyzers inside of the car. Losses
within the sampling system were determined prior to
the experiment by salt (NaCl) particles generated by a
portable test aerosol generator (Model 3073, TSI) and
comparison of the inlet and outlet particle number
concentration and particle size distribution. The cor-
responding particle loss curve is shown in the online
supplementary information.

Since TRWP sampling occurs in an open system,
the sample air contains both tire particulate emissions
and particles already present in the ambient air.
Therefore, background monitoring is required to
quantify TRWP emissions. The background concen-
tration is sampled through a carbonized tube outside
the tire casing 4cm above the ground. Net particle
number concentrations are calculated by subtracting
the background concentration from the total particle
concentrations (main sample) at the outlet of the tire
casing.

2.1.3. Particle analysis

The instruments for measuring particle number con-
centration (PNC) and particle size distribution (PSD)
were selected due to their high time resolution (1 Hz)
and high response time. The selected combination of
particle measurement instruments covers a particle
size range from 4nm to 10pm. Two Condensation
Particle Counters (CPC, TSI 3752/TSI 3776) quantify
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Table 1. Overview of the test cycles used in this study including the test environment, time, distance, and average velocity.

Test Cycle Test Environment Time [s] Distance [km] Avg. Velocity [km/h] Figure No.
ZEDU Accelerate chassis dynamometer 390 8.12 75 2
WLTC Class 3b chassis dynamometer 1800 232 46.5 4
LA4 chassis dynamometer 1369 12.07 315 4
Uso6 chassis dynamometer 596 12.8 77.9 4
GroRglockner chassis dynamometer 1904 21.1 40 4
ZEDU A&B test track, chassis dynamometer 1115 7.04 22.7 56
ZEDU Cornering test track 227 0.96 15.2 7
ZEDU RDE on-road, chassis dynamometer 3619 47.4 47.2 8

PNC for diameters between 4nm/2.5nm and 3 pm.
An Engine Exhaust Particle Sizer (EEPS, TSI Model
3090) measures PSD between 5.6 and 560 nm in 32
channels. It should be noted that the EEPS is designed
for high PNC. Therefore, the noise is increased at
concentrations below 8 x 10° #/cm’. For this reason,
the CPCs were used as a quantification basis while the
EEPS delivers information on the size of the observed
particles. Fine and coarse particles from 300nm to
10pum are detected by two Optical Particle Sizers
(OPS, TSI Model 3330), which measures size-selective
in 16 channels.

Additional sampling with a low-pressure cascade
impactor (ELPI+, DEKATI) allows a size-selective
collection of particles with an aerodynamic diameter
between 15nm and 10pm on 14 sampling stages
with a sampling flow of 101/min. Particle collection
is performed without voltage in the charger or elec-
trodes. Particle deposition on aluminum and poly-
carbonate substrates is analyzed using scanning
electron microscopy (Ultra Plus, Carl Zeiss). The
elemental composition of the particles is determined
by an attached EDX detector (UltimMax 65mm?,
Oxford Instruments). Stationary tests on the dyna-
mometer are performed with the measurement
equipment outside the vehicle, while for mobile
measurements the instruments are integrated into
the car, as shown in Figure lc. In the latter case,
the instrumentation is powered by a 12.8V battery
(Victron Energy) with a 230V inverter independent
of the vehicle’s electrical system.

2.2. Test environment and conditions

The TRWP emissions were investigated in three test
scenarios: on a chassis dynamometer, on a test track,
and under real-road driving conditions.

The chassis dynamometer tests were conducted at
the DLR Institute of Vehicle Concepts in Stuttgart,
Germany, using four independently driven 48-inch
rollers with a maximum continuous power of
100 kW each. The roller coating material consists of
a CrNiMo adhesive layer and a top layer of FeCrB

with a technical roughness of Rz 114. In addition,
the chassis dynamometer is equipped with an air
conditioning and ventilation system with integrated
air filtration. A background particle concentration of
approx. 1*¥10° #/cm’ can be achieved within the test
cell.

A traffic training area in Asberg (Germany) was
selected as the test track for the mobile measurements.
The area was rented exclusively, with no other
vehicles on the track. On this test track, the vehicle
velocity is limited to 75km/h due to space constraints.
Real Driving Emissions (RDE) measurements were
conducted on a 47.4km route in and around
Stuttgart, Germany, including urban, rural and motor-
way sections, as described in Bondorf et al. (2023).
The test drives were conducted in the morning and
afternoon outside of peak traffic hours to avoid heavy
traffic and traffic jams.

TRWP emissions are measured and characterized
using in-house developed test cycles such as ZEDU'
Accelerate, as well as test cycles derived from driving
data on the test track (ZEDU A&B and ZEDU
Cornering) or on the road (ZEDU RDE). In addition,
the four standardized driving cycles WLTC Class 3b,
LA4, US06 and Grofiglockner are used. Table 1 pro-
vides an overview of the test cycles used in the three
different test environments and their key parameters
time, distance, and average velocity.

3. Results and discussion
3.1. Chassis dynamometer

The described setup was first operated on the chassis
dynamometer, where the low background concentra-
tions allow a precise and reproducible investigation of
even low tire wear emissions.

3.1.1. Normalization and particle size distribution
TRWP emissions were characterized using the short
“ZEDU Accelerate” test cycle shown in Figure 2a.

'ZEDU is the abbreviation for the project name “Zero Emission Drive
Unite Generation 1", within the framework of which the test cycles were
defined.
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Figure 2. (a) TRWP emissions during acceleration, constant velocity and braking on the chassis dynamometer: Total, background
and normalized PNC of fine particles from CPC measurements, as well as the total EEPS particle size distribution. (b) PSD for stand-
still, constant velocity and acceleration during the last section of the driving cycle (second 320-450) measured by the EEPS.

From bottom to top, the vehicle velocity, the particle
number concentration measured by CPCs, and the
particle size distribution measured with an EEPS are
displayed. The normalized particle concentration for
each OPS and CPC is calculated by subtracting the
background concentration outside the tire enclosure
from the PNC measured at the primary sampling
location inside the tire enclosure at 1 Hz.

The PNC is displayed by the total concentration
(red), the background concentration (light blue), and
the difference of both, called normalized concentra-
tion (dark blue). The background concentration is
only significant at low velocities as emphasized by the
normalized PNC. At 30km/h the background contri-
bution to the total emissions is around 20%, being
only a few percent at 60 km/h and less than 1% above
90 km/h, as visible in Figure 2a.

As shown in the normalized CPC data, tire par-
ticles are predominantly generated during vehicle
acceleration, but are also emitted at constant velocity.
For the latter, the average concentration increases
exponentially with 422 #/cm’ at 30km/h, 2242 #/cm’
at 60km/h, 16004 #/cm® at 90 km/h, and 60029 #/cm’
at the maximum velocity of 120km/h. This trend is
also visible in the EEPS measurements, revealing that
most of the particles emitted during acceleration or
constant velocity driving are in the 10 nm range.

A more detailed analysis of the PSD is shown in
Figure 2b, where the average size distribution meas-
ured with the EEPS for halt, acceleration and constant
velocity is plotted. Note that the size distribution has
not been normalized by a background measurement.

However, the standstill phase can be used as a refer-
ence where the emissions are in the range of 10’
#/cm’ with two modes being visible around 10 and
30 nm. During acceleration, the 10 nm mode increases
by two orders of magnitude while the 30 nm particles
remain constant. An additional mode becomes visible
in the fine particle range with a maximum of 270 nm.
At constant velocity, both the 10nm and 270nm
emissions also increase, with lower UFP emissions
than at acceleration, but higher fine particulate emis-
sions. Based on the differences between the size distri-
bution at halt and while driving, it can be concluded
that ultrafine particles with a diameter of about 10 nm
as well as fine tire particles at 270 nm are emitted.

Tire particulate emissions in the UFP range are in
good agreement with several road simulator tests
(Kim and Lee 2018; Grigoratos et al. 2018; Dahl et al.
2006; Foitzik et al. 2018). In the study by Foitzik et al.
an EEPS was used for the size determination, similar
to this present study, and a dominant emission mode
was also observed at 10.8nm (Foitzik et al. 2018).
Fine emissions between 100 and 300nm have also
been detected in other emission tests (Alves et al.
2020; Beji et al. 2021). However, these were not
reported in the EEPS measurements, on the road
simulator (Foitzik et al. 2018), or on the road
(Mathissen et al. 2011).

3.1.2. Morphological and chemical analysis

In order to get insights into particle morphology and
chemical composition, particles were collected on the
chassis dynamometer using a low-pressure impactor
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Figure 3. Micrograph of particles collected with a cascade impactor during measurements on the chassis dynamometer. The ELPI
stages 2, 4, 5 (upper row from left), 7, 8 and 10 (lower row from left) are depicted. The images were taken at a magnification of
20 kx and an EHT of 3kV. In addition, the samples were coated with a 10 nm thick layer of platinum.

and were investigated by SEM and EDS. In Figure 3
micrographs of six different impactor stages® are
shown, on which different types of particles are vis-
ible. In stage 2, particles from around 20nm to
200nm in diameter are present, and two different
types of particle morphology can be described. Both
types have soft edges with one type almost spherical
and the second one more irregularly shaped. The
spherical particles are mentioned in the literature as
well, where an origin from carbon black or ZnO/ZnS
inclusions is assumed (Dahl et al. 2006). However,
mainly carbon is detected with EDS at those particles.
Since the small particles are presumed to be volatile,
the spherical particles likely consist of volatile organic
compounds that are later condensed to solid spher-
ules. Uncoated samples showed rapid degradation of
these spherical particles when irradiated with the elec-
tron beam, indicating their volatile nature. In stage 4
similar particle shapes can be observed, with slightly
larger spherical ones around 50 to 300 nm in diameter
and irregular agglomerated shapes. Stage 5 includes
particles between 100 and 600 nm in diameter. Apart
from the aforementioned spherical particles, larger
shapes consisting of smaller grains that appear to be
fused, are visible. In addition, a third type of particle

The aerodynamic diameters, at which 50% of the incoming particles are
collected at each stage (called D50), as determined by the manufacturer’s
calibration, are 16 nm, 54 nm, 94 nm, 250 nm, 380 nm and 940 nm for the
respective stages 2, 4, 5, 7, 8 and 10.

with an elongated, cigar-shaped form appears. The
same particle shape can be seen in stage 7, where they
are somewhat larger. Similar elongated particles have
already been described in the literature (Park, Kim,
and Lee 2018) and can be attributed to tire wear pro-
duced mechanically by the rolling up of several thin
layers. EDS spectra show C, Fe and O as main ele-
ments, of which C originates from the tire tread and
iron (probably oxidized) from the surface of the dyna-
mometer drum.

Besides these elongated shapes, two more platelet-
like morphologies appear. The first of those (visible
on the left edge of the cigar-shaped particle) has a
smooth surface and seems to consist of different
layers. The second type (visible below the cigar-shaped
particle) is characterized by a slightly rougher surface
with some grooves that look like grinding marks. In
stage 8 similar particle shapes can be observed, with
the elongated shape as long as 5pum (not visible at the
high magnification depicted in Figure 3). The irregu-
larly shaped, most abundant particles are rich in Fe,
which originated from the dynamometers drum sur-
face. Furthermore, platelet-shaped particles are rich in
tungsten, an element that hints to the presence of
brake wear particles (as a coated disk was used during
the same campaign). In stage 10 the particle size
varies from roughly 500 nm to several pm in diameter,
with the predominant particle shape being platelet
shaped and encrusted by smaller grains.
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Figure 4. Velocity profile, wheel force and PNC measured by the CPC for the four driving cycles WLTC Class 3b, LA4, US06 and
GroBglockner. For PNC, the total concentration at the main sampling point, the background concentration before the enclosure,
and the difference between the two is the normalized PNC.

Table 2. Particulate emission indices for particles between 4nm and 3 um in diameter (CPC) emitted from the left rear tire of

the test vehicle.

Driving Cycle Avg. Velocity [km/h] Avg. Force [N] (Ultra-)fine particle emission index of the left rear tire [#/km] El / Elgpe
ZEDU RDE 47.2 316.6 1.72 x 10° 1
WLTC Class 3b 46.5 277.7 2.13 x 10° 1.24
LA4 315 235.9 1.15 x 10° 0.67
Uso6 77.9 487.1 2.75 x 10° 1.60
GroRglockner 400 505.1 1.79 x 10° 1.04

3.1.3. Driving cycles and emission indices

Four different driving cycles were measured on the
dynamometer, which were developed for the deter-
mination of combustion emissions and are commonly
used. WLTC Class 3b, LA4, and US06 involve a vel-
ocity change without a gradient, while the
Grossglockner cycle represents a gradient profile with
a constant velocity. In addition, the ZEDU RDE,
which is self-defined from a real drive, was tested and
is plotted in Figure 8.

Figure 4 shows the vehicle velocity and force on
the wheel measured by the dynamometer for the four
standard cycles. For the PNC measured by the CPC,
the total (red), the background (light blue), and the
normalized (dark blue) are depicted.

The emission indices (EI) for the left rear tire can
be calculated as the sum of the product of the nor-
malized particulate emissions and the known total vol-
ume flow for the entire driving cycle by Equation (1)

tend 3
XS cm
El = Z (PNCnorm. |:CF:| X Vtotal |:T:|> (1)

Lstart

All emission indices are in the range of 10° # as
shown in Table 2. The LA4 has the lowest value at
1.15 x 10° #/km, which is expected, as it also has the

lowest average velocity and average force on the
wheel. This is followed by the ZEDU RDE with
1.72 x 10° #/km, the Grossglockner with 1.79 x 10°
#/km and the WLTC Class 3 with 2.13 x 10° #/km.
The US06, which has the highest average velocity, has
the highest emissions per kilometer with 2.75 x 10°
#/km. Although the relationship between average vel-
ocity and the level of particulate emissions is linear to
a first approximation, the WLTC Class 3 produces
significantly higher emissions than the RDE, despite
its lower average velocity and average power. A com-
parison of the driving cycles designed to measure
combustion emissions with our RDE shows that only
LA4 underestimates TRWP emissions. For the other
three driving cycles, they are above the RDE.

3.2. Mobile measurements

In order to measure emissions on a real road surface
and with lateral acceleration, the on-vehicle test setup
was used on a test track and on the road. Vehicle vel-
ocity, acceleration and gradient were determined dur-
ing the tests, which were then repeated on the chassis
dynamometer, allowing a direct comparison of both
test environments.
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Figure 5. (a) Comparison of normalized particle emissions on the test track (blue) and on the chassis dynamometer (red) during
acceleration and braking measured by the CPC. (b) Particle size distribution for both test environments measured by the EEPS. The
total PSD is an average over the test cycle including acceleration, braking and standstill (elapsed time between 780 and 1097 s).

3.2.1. Acceleration and braking

The emissions for ten consecutive acceleration and
braking events conducted on the test track at 30 km/h,
50km/h, and 70km/h are shown in Figure 5 (left-
hand side). A more detailed view of the tests at
70 km/h is shown on the right-hand side. Vehicle vel-
ocity and longitudinal acceleration are displayed at the
bottom of the graph, in black and grey respectively.
As can be observed in the velocity data, acceleration
and deceleration occur in immediate succession.

Compared to the chassis dynamometer, the envir-
onmental background concentration is higher and
more variable, nevertheless, normalization has been
applied to the following results to determine TRWP
emissions. The normalized particle number concentra-
tion is represented in blue for ultrafine to fine par-
ticles (CPC) and in red for fine to coarse particles
(OPS). As a general trend, it can be observed that the
peak concentrations increase with increasing velocity
in both size ranges on the left part of the figure.
Despite the same environmental conditions and simi-
lar velocity curves, the emission peaks vary consider-
ably between the ten replicates, especially during the
first two velocities.

Exceptionally high emissions occur at the beginning
of each measurement segment after a short standstill
period (40s, 447 s). However, the size distribution of
the OPS shows that these are larger particles than
those detected during the test. This could indicate the
resuspension of deposited particles on the tires, the
road or in the sampling system, that are released

during the first acceleration. A more detailed repre-
sentation of the emissions in the 70km/h test range
(right-hand side) shows that the emission peaks have
two maxima. This indicates that they consist of two
superimposed emission events, which are acceleration
and braking.

In the contour diagrams for EEPS and OPS the size
of the particulate emissions can be assigned, whereby
it should be noted that the size distribution also con-
tains the background concentration at the test loca-
tion. There are two emission modes in the ultrafine
range at 10nm and about 60 nm. In addition, a third
mode in the fine particulate range is recorded by the
EEPS with a maximum diameter at 270 nm. The fine
particle mode is also recorded by the OPS measure-
ments, where most emissions are visible at the lower
detection limit between 300 and 450 nm. Therefore,
most particles recorded by the OPS are also detected
by the CPC, since they are within its size range of
4nm-3 pm.

A similar acceleration/brake test, based on the vel-
ocity profile and the recorded brake pressure, was
conducted on the chassis dynamometer. The direct
comparison of the measurement results is shown in
Figure 5a, with the dynamometer values in red and
the test site values in blue.

In both test environments, the peak height varies
greatly from event to event. In the case of the chassis
dynamometer, it ranges from 1.1 x 10* to 4.2 x 104,
which is on average 19% higher than the peak height
measured on the test track. Considering the total
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Figure 8. Comparison of TRWP emissions on the road (left) and on the chassis dynamometer (right) and the during a real driving

emission test cycle.

number of all emitted particles, which is determined
by the integral of all normalized emission curves,
emissions are 12% lower on the dynamometer.

Also, there are differences in the size distribution
as shown in Figure 5b. On the test track, additional
UFP emissions of particles between 40 and 80 nm are

measured, with a mode maximum at 60 nm. There are
also differences in the weighting of the emission
modes. While the 10nm dominates by an order of
magnitude on the chassis dynamometer, the 10nm
and 250nm modes are at a similar level on the test
track.
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3.2.2. Cornering

Lateral forces have a significant influence on TRWP
emissions, but cannot be investigated on the chassis
dynamometer and were therefore part of the driving
on the test track. Continuous cornering was tested in
the narrow traffic circle (25m diameter) at approxi-
mately 10, 20, and 30 km/h. Due to the tilted position
of the on-board instrumentation, only EEPS data can
be evaluated in this case. In Figure 6a the lower dia-
gram shows the velocity and lateral acceleration of the
vehicle in black and gray respectively. EEPS data is
displayed in the middle and upper diagram, as total
particle concentration and PSD. It should be noted
that the EEPS data includes the background concen-
tration on the test site. Nevertheless, a clear trend can
be identified; particulate emissions increase with
increasing velocity and increasing lateral acceleration
from 1x 10* #/cm>® at 10km/h, to 2 x 10* #/cm> at
20km/h, to peak concentrations in the range of 10’
#/cm’ at 30 km/h. The emitted particle size is in simi-
lar as observed in the previous test; about 10, 60 and
270 nm.

Figure 6b shows the size distribution during the
last section at 30km/h in the traffic circle, as well
as during braking and acceleration from Figure 7
(left-hand side). For both driving maneuvers, particles
are emitted in three different size ranges, but the rela-
tive amount is significantly different. During corner-
ing, all three size ranges are similar, whereas during
acceleration and braking on a straight road, emissions
are significantly lower at around 60 nm and fine par-
ticle emissions at 270 nm predominate.

3.2.3. Road drive
The experimental setup was also tested on real roads
to cover all driving scenarios, such as high velocities
and different road surfaces. Emission measurements at
the tire housing during mobile on-road measurements
are shown on the left side of Figure 8. The lower
graph shows the vehicle velocity in black. The upper
graph shows the CPC concentration during the pri-
mary sampling in light blue and the concentration
normalized by the secondary sampling measurements
in dark blue. While total emissions are very low dur-
ing urban driving, there are extremely high values for
both total particle number and normalized concentra-
tion at the beginning of interurban driving (1800s)
and during highway driving (3200s). These high val-
ues are dominated by a single emission mode from 6
to 25nm, with its maximum at 10 nm.

For comparison, the real drive was repeated on the
dynamometer using the recorded velocity and grade,

and the corresponding data is shown on the right in
Figure 8. Road measurements result in a normalized
PNC as high as 6 x 10° #/cm®, whereas the normal-
ized PNC on the dynamometer are more than an
order of magnitude lower at 3 x 10* #/cm>. There is a
correlation between velocity and normalized PNC on
the chassis dynamometer, which is not the case on the
road. Both differences indicate that background nor-
malization cannot be applied for road tests with traf-
fic, which is presumably due to fluctuating- and high
background concentrations. Consequently, the nor-
malized PNC does probably not correspond to the
real TRWP emissions for road driving.

4. Conclusion

A comprehensive study was conducted to measure
and characterize the tire and road wear particle
(TRWP) emissions from a new sampling system,
revealing a bimodal size distribution with dominant
ultrafine particles, and investigating various factors
such as driving cycles, road surface, and lateral accel-
eration on TRWP emissions.

The presented on-vehicle measurement setup facili-
tates data interpretation by eliminating direct brake
emissions due to the separate brake and tire enclo-
sures. By additional measurement of the local back-
ground concentration of particles, it is possible to
detect low concentrations of TRWP emissions and
relate emissions to vehicle and driving parameters.

Due to the climatic chamber of the chassis dyna-
mometer, background concentrations are well below
typical ambient air values, allowing emissions to be
normalized despite the open sampling system. The
emitted particles show size ranges of 10nm in the
ultrafine range and 270nm in the fine particle range
which are in good agreement with the results of previ-
ous component and dynamometer tests. Airborne par-
ticle number concentration is mainly covered by the
measurement range of the CPC (4nm to 3 um), as
OPS measurements indicate low PNCs between 3 um
and 10pum. SEM-EDX examinations show different
particle types, which indicate different processes of
particle formation. The chemical composition is domi-
nated by carbon, oxygen and iron, with the latter pre-
sumably originating from the drum surface.

The measurement of different driving cycles and
test profiles shows the large variance of the emission
indices from 1.15x10° #/km for the LA4 to
2.75 % 10° #/km for the US06. This underscores the
need to develop a representative driving cycle to study



TRWP emissions and the necessity of real-world driv-
ing emissions measurements.

Mobile measurements enable real-drive emission
characterization. On the test track same driving
behavior results in similar emission curves than on
the chassis dynamometer. However, the level of fine
and ultrafine particle emissions can vary. Comparing
the emission size ranges for cornering and straight
acceleration and deceleration on the test site indicates
that lateral acceleration results in additional UFP
emissions with a particle diameter of about 60nm.
The functionality of the test vehicle on a test track has
been successfully demonstrated, yet a larger test site is
required to quantify high velocity emissions.

For on-road tests, comparison with the dynamom-
eter helps to validate the real driving emission meas-
urements and also shows the limits of the sampling
system. In the case of high and rapidly fluctuating
background concentrations caused by other vehicles,
mainly internal combustion engines, normalization
by the second sampling of the background concen-
tration is not possible with the system presented.
Additional measurements in cleaner environments,
on cleaner test grounds, and away from emissions
from other traffic, would lead to further relevant
results.

A comparison of the size distributions on the
chassis dynamometer and on the test track shows
similarities - such as the 10nm mode - but also dif-
ferences in emission behavior. The need for real
measurements for the characterization of cornering
is particularly significant, as there is a clear differ-
ence in the size distribution between straight and
cornering on the test track, which indicates different
formation processes. Consequently, the chassis dyna-
mometer is a valuable tool for comparing the
TRWP of different cycles or tires, but for a compre-
hensive characterization of emissions, additional
mobile measurements on a test track are essential.
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