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Abstract: Brake particle emissions number (PN) and mass (PM) of a light-duty hybrid-electric vehicle
have been assessed under realistic driving patterns on a chassis dynamometer. Therefore, the front-
right disc brake was enclosed in a specifically designed casing featuring controlled high scavenging
air ventilation. The WLTC cycle was chosen for most measurements. Different scavenging flow rates
have been tested assessing their influence on the measured particles as well as on the temperature of
the braking friction partners. Particle transport efficiencies have been assessed revealing scavenging
flow rates with losses below 10%. During the performed cycle, most brake particle emissions
occurred during braking. There were also isolated emission peaks during periods with no brakes in
use, especially during vehicle accelerations. Sequential WLTC cycles showed a continuous decrease
in the measured PN and PM emissions; however, size-number and size-mass distributions have been
very similar. The measured PN emission factors (>23 nm) at the right front wheel over the WLTC
cycle lie at 5.0 × 1010 1/km, whereas the PM emission factor lies at 3.71 mg/km for PM < 12 µm
and 1.58 mg/km for PM < 2.5 µm. These values need to roughly triple in order to obtain the brake
particle emission of all four brakes and wheels of the entire vehicle. Thus, the brake PN emissions
factors have been in the same order of magnitude as the tailpipe PN of a Euro 6 light-duty vehicle
equipped with a particle filter. Finally, differences between brake particle emissions in hybrid and
all-electric operating modes have been assessed by a series of specific measurements, demonstrating
the potential of all-electric vehicle operation in reducing brake particles by a factor of two.

Keywords: brake PN; PM particles; real vehicle use; chassis dynamometer; hybrid-electric and
all-electric vehicle operation mode

1. Introduction

Particulate matter emissions caused by the transportation sector remain of particular
concern for the environment and human health, especially in urban areas [1,2]. Several
toxicological and epidemiological studies reveal a correlation between traffic pollutants
and adverse health effects such as an increased risk for lung cancer, coronary atheroscle-
rosis, and skin diseases [3–6]. Particulate emissions from road traffic consist of exhaust
particles, generated by incomplete combustion of fuels or by evaporation of lubricating
oil components, and non-exhaust particles, which are either generated by the vehicles or
already exist in the environment and are stirred up by the vehicles and resuspended into
the air [7].

While exhaust-related emissions continue to decrease due to improved exhaust af-
tertreatment and electrification of the transportation sector, non-exhaust emissions arising
from brake discs and pads, as well as tires, move into focus. Vehicle brakes contribute
a significant share of traffic-related particle emissions. Studies report that brake wear
particles can account for a share of up to 21% of the total PM10 load emitted by vehicles in
urban areas [8,9]. Based on published work (e.g., [10–13]), a fraction of ca. 35–55% becomes
airborne, whereas the remaining fraction deposits either on the brake assembly partners or
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on the road surface. While exhaust-related PM has been extensively studied, brake wear
particles have been identified as an increasingly important source of pollution only recently
and are expected to gain even more importance over the upcoming years [14]. A more
comprehensive study including the trajectories of brake and tire wear particles in urban
environments is in [15]. Hence, there is a common understanding that future regulations
should aim in limiting brake particle emissions.

In modern disc brake system configurations, flat brake pads are pushed against a
rotating metal disc. The brake pad is composed of different components such as binders,
fillers, frictional additives, reinforcing fibers, and lubricants, whereas the brake disc is
usually made of grey cast iron with additional performance-improving coatings. Moreover,
an estimated proportion of ca. 70% of the total braking power is provided by the front
brakes [9].

The chemical composition of the induced brake abrasion largely depends on the
specific brake material configuration and its associated brake friction parameters as well
as the operating conditions (speed, deceleration, pressure, torque) and the temperature
developed during braking [16–19]. Despite variations in brake material, Fe, Cu, Zn, Ba, and
Sb have been ascribed to the brake operation and thus used as tracers for brake wear [20–27].
Moreover, the gasification of resins participating in the composition of the pads can lead to
hydrocarbon particle generation [16,17], and metal oxides may form by the oxidation of
metals [28]. Mass size distributions of brake wear particulate matter have been typically
reported to be unimodal with the peak varying between 1 µm and 6 µm [9,17,18,20,29]. In
contrast, many researchers (e.g., [3–28]) report bi- or even multimodal particle number size
distributions with at least one peak in the fine and/or ultrafine fraction and an increased
share of particle mass in the PM2.5 range. It is proposed that these particles are formed
through evaporation, condensation, and subsequent aggregation of primary particles and
are thus associated with high braking forces and high rotor temperatures [29].

According to [9], brake wear emission factors (EF) have been reported to lie in the
range of 2.0–8.0 mg/km (PM10, [9]) per light-duty vehicle (LDV), which is close to the
exhaust emissions of Euro 5/6 diesel vehicles, [9]. Recently updated EFs demonstrate
similar values [14]. Hagino et al. [29] performed a laboratory experiment on a brake
dynamometer using urban city driving cycles and observed airborne brake particle EFs
of 0.04–1.4 mg/km/vehicle for PM10 and 0.04–1.2 mg/km/vehicle for PM2.5. Mean-
while, Hagen et al. evaluated brake wear emission factors on a brake dynamometer
setup [30] and during on-road driving with a specialized semi-enclosed brake measure-
ment setup [31] following a 3 h subsection of the Los Angeles City Traffic (LACT) cycle.
The resulting PM10 emission factors lie at 4.6 mg/km/brake for the dynamometer setup
and 1.4–2.1 mg/km/brake for the on-road evaluation. Moreover, a particle number EF of
ca. 4.9 × 1010 1/km/brake is estimated for realistic vehicle brake temperatures [30].

The few studies in this field are hardly comparable, as there are no standardized mea-
surement methods. The obtained results are in many cases inconsistent or even contrasting
as a consequence of the wide range of different experimental setups [31–33]. The deter-
mined emission factors highly depend, among others, on the testing methodology, the used
duty cycle, and the measurement technique. Therefore, the Particle Measurement Program
(PMP) group has been developing a harmonized, commonly accepted test procedure for
sampling and measuring brake particle emissions [34] based on measurements on a specific
brake test bench involving only the friction partners (without the vehicle). Furthermore, a
standardized braking cycle in the form of the worldwide harmonized type certification test
for light-duty vehicles (WLTC) has been defined, also for the brake test bench [35–37]. Only
very recently have the results of an interlaboratory comparison been published involving
brake particle measurements on specific brake components test benches [38–40]. The two
cycles, although both labeled WLTC, are different. While the WLTC brake cycle involves
only the brakes in a specific dynamometer for the WLTC emission cycle, the entire vehicle
is used on a chassis dynamometer, which has to be adjusted in order to reflect the vehicle’s
resistance characteristics.
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The present study focuses on the quantification of brake particle emissions of a hybrid
light-duty vehicle on the chassis dynamometer in driving conditions that closely resemble
real driving characteristics. Therefore, the right front wheel brake of the vehicle has been
enclosed in a customized arrangement that allows for the measurement of the brake particle
number (PN) and its mass (PM). Moreover, the vehicle was tested in all-electric and hybrid
modes to evaluate the impact of the brake recuperation on the emitted particles. To our
knowledge so far, the present study is one of the very few, evaluating brake particle
emissions in realistic driving conditions. The reported emission values and factors have
the potential to be a widely used reference. However, it has to be kept in mind that the
present study involves only one vehicle with one standard brake configuration. All vehicle
manufacturers rely on a number of brake component suppliers. The presented results are of
importance but cannot be considered representative. So, a further aim of the present study
is to demonstrate the potential of the measuring technique and to encourage repetition
with various vehicles and braking components. Apart from that, it can pave the way for
further brake wear assessments with improved compatibility.

2. Experimental Setup
2.1. PN Measurement Setup

The measurement setup is designed in close accordance with the Particle Measurement
Program (PMP) protocol for the quantification of combustion particles. A comprehensive
study of measurement setups for brake and exhaust PN/PM can be found in [41]. Figure 1
depicts an overview of the conceptual setup used for evaluating the brake wear of the
light-duty vehicle on the chassis dynamometer.
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Figure 1. Experimental setup for the measurement of brake particles (PN and PM) on a chassis
dynamometer.

For the measurement of the brake particles, the front right brake disc is enclosed
in a customized housing with a rolling mechanical seal. To create enough space for the
brake encapsulation, an extender is added to the front axle with the narrower emergency
wheel mounted to it. The brake housing is shown in Figure 2a. The vehicle’s emergency
wheel was then mounted on the extender. In Figure 2b, the enclosed brake is behind the
emergency wheel, only the outflow pipe can be seen in the lower left corner. This assembly
was chosen in order to have minimal changes to the vehicle geometry and accommodate
the additional components. The different parts had to be designed and manufactured at
high precision in order to allow the required good fitting.



Atmosphere 2023, 14, 784 4 of 16

Atmosphere 2023, 14, x FOR PEER REVIEW 4 of 17 
 

 

was chosen in order to have minimal changes to the vehicle geometry and accommodate 
the additional components. The different parts had to be designed and manufactured at 
high precision in order to allow the required good fitting. 

 
Figure 2. (a) Brake housing, (b) Extended axle with the emergency wheel. 

The emergency wheel has a diameter of 620 mm, whereas the diameter of the original 
wheel is 820 mm. Thus, for identical vehicle velocities (regardless of whether the chassis 
is on the dynamometer or in the street), the emergency wheel and the disc brake have a 
30% higher rotational velocity. The brake particles with this assembly will be higher than 
with the normal wheel. However, the emergency wheel diameter is only 10% smaller than 
the smallest tire diameter allowed for this vehicle. 

The forces on the chassis dynamometer have been measured with the original wheels 
as well as with the emergency wheel and the brake casing assembly. No significant 
differences have been found. Thus, also no differences are expected for deceleration 
energies. 

In order to avoid complications with this particular wheel casing in combination with 
the emergency wheel at the highest velocities of the WLTC cycle, it was decided to 
measure always the five repetitions of the cycle without the last, extra high-velocity WLTC 
part. Only the following two repetitions included the entire WLTC with the high-velocity 
part. 

For creating the aerosol carrying the brake particles a compressor of ambient air with 
integrated drying was used. The air was fed to an activated carbon absorber and a particle 
filter to supply the encapsulation with sufficient scavenging airflow of 220 kg/h. 
Downstream the brake the aerosol is discharged to the measurement devices used for the 
assessment of particle number (PN) and particle mass distribution (PM), see Figures 1 and 3. 

 

Figure 2. (a) Brake housing, (b) Extended axle with the emergency wheel.

The emergency wheel has a diameter of 620 mm, whereas the diameter of the original
wheel is 820 mm. Thus, for identical vehicle velocities (regardless of whether the chassis is
on the dynamometer or in the street), the emergency wheel and the disc brake have a 30%
higher rotational velocity. The brake particles with this assembly will be higher than with
the normal wheel. However, the emergency wheel diameter is only 10% smaller than the
smallest tire diameter allowed for this vehicle.

The forces on the chassis dynamometer have been measured with the original wheels
as well as with the emergency wheel and the brake casing assembly. No significant differ-
ences have been found. Thus, also no differences are expected for deceleration energies.

In order to avoid complications with this particular wheel casing in combination with
the emergency wheel at the highest velocities of the WLTC cycle, it was decided to measure
always the five repetitions of the cycle without the last, extra high-velocity WLTC part.
Only the following two repetitions included the entire WLTC with the high-velocity part.

For creating the aerosol carrying the brake particles a compressor of ambient air
with integrated drying was used. The air was fed to an activated carbon absorber and a
particle filter to supply the encapsulation with sufficient scavenging airflow of 220 kg/h.
Downstream the brake the aerosol is discharged to the measurement devices used for the as-
sessment of particle number (PN) and particle mass distribution (PM), see Figures 1 and 3.
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While PN emissions are investigated through a PMP compliant particle sampler
equipped with a volatile particle remover (VPR) and a particle counter (TSI 3010, with 50%
cut off at 23 nm), counting all particles above 23 nm. PM emissions are assessed through an
impactor that is discussed in the following section.

2.2. PM Measurements

A 13-stage Dekati low-pressure impactor (DLPI) is used to determine the gravimetric
mass-size distribution of the emitted brake particles. The subdivision is based on the
equivalent aerodyne diameter (Di) of the particles leading to a particle spectrum of 13 size
classes ranging from 30 nm to 12.06 µm based on the assumption that the particles are
spherical and have a density of 1 g/cm3. Polycarbonate foils are used as particle carriers
for the measurement of mass-size distributions and electron microscopy studies. For the
last stage of the impactor (stage 0), a backup filter is used (Teflon-coated glass fiber filter,
TX 40), which collects the particles remaining from the former stages which are smaller
than 30 nm. In order to prevent electrostatic influences due to possibly charged films, the
films were electrically neutralized with a high-voltage electrical ionizer before weighing.

2.3. Driving Cycle

To assess brake particle emissions for a variety of different driving characteristics, on
the chassis dynamometer, the current WLTC emission certification cycle for light duty was
chosen (Figure 4). This cycle should not be confused with the specific WLTC braking cycle
which is defined only for a brake dynamometer (without a vehicle). The WLTC driving
cycle consists of four parts: low, medium, high, and extra high speed. The respective
maximum speed (vmax) of each sub-cycle is defined as follows:

• Low: vmax ≤ 60 km/h;
• Medium: 60 km/h < vmax ≤ 80 km/h;
• High: 80 km/h < vmax ≤ 110 km/h;
• Extra high: vmax > 110 km/h.

Atmosphere 2023, 14, x FOR PEER REVIEW 5 of 17 
 

 

Figure 3. Measurement setup on the chassis dynamometer. 

While PN emissions are investigated through a PMP compliant particle sampler 
equipped with a volatile particle remover (VPR) and a particle counter (TSI 3010, with 
50% cut off at 23 nm), counting all particles above 23 nm. PM emissions are assessed 
through an impactor that is discussed in the following section. 

2.2. PM Measurements 
A 13-stage Dekati low-pressure impactor (DLPI) is used to determine the gravimetric 

mass-size distribution of the emitted brake particles. The subdivision is based on the 
equivalent aerodyne diameter (Di) of the particles leading to a particle spectrum of 13 size 
classes ranging from 30 nm to 12.06 µm based on the assumption that the particles are 
spherical and have a density of 1 g/cm3. Polycarbonate foils are used as particle carriers 
for the measurement of mass-size distributions and electron microscopy studies. For the 
last stage of the impactor (stage 0), a backup filter is used (Teflon-coated glass fiber filter, 
TX 40), which collects the particles remaining from the former stages which are smaller 
than 30 nm. In order to prevent electrostatic influences due to possibly charged films, the 
films were electrically neutralized with a high-voltage electrical ionizer before weighing. 

2.3. Driving Cycle 
To assess brake particle emissions for a variety of different driving characteristics, on 

the chassis dynamometer, the current WLTC emission certification cycle for light duty 
was chosen (Figure 4). This cycle should not be confused with the specific WLTC braking 
cycle which is defined only for a brake dynamometer (without a vehicle). The WLTC 
driving cycle consists of four parts: low, medium, high, and extra high speed. The 
respective maximum speed (vmax) of each sub-cycle is defined as follows: 
• Low: vmax ≤ 60 km/h; 
• Medium: 60 km/h < vmax ≤ 80 km/h; 
• High: 80 km/h < vmax ≤ 110 km/h; 
• Extra high: vmax > 110 km/h. 

 
Figure 4. The driving profile (km/h) of the WLTC with its sub-cycles: low, medium, high, and extra 
high. 

2.4. Test Vehicle 
The vehicle used for the brake particle tests is a gasoline hybrid passenger car, a VW 

Jetta 1.4 TSI hybrid. It is powered by a 1.4 L, 110 kW gasoline engine and a 20 kW electrical 
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extra high.

2.4. Test Vehicle

The vehicle used for the brake particle tests is a gasoline hybrid passenger car, a VW
Jetta 1.4 TSI hybrid. It is powered by a 1.4 L, 110 kW gasoline engine and a 20 kW electrical
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unit with 1.1 kWh Li-ion battery. The hybrid drive is designed according to the following
key points:

• The vehicle can reach a maximum velocity of 45 km/h in all-electric mode;
• The maximum distance that can be driven in all-electric mode lies at 2 km;
• In the remaining operating range, the combustion engine is always active (with or

without electrical support).

The vehicle was commissioned in 2014 and had a mileage of 71,000 km at the time the
measurements reported in this work were performed.

The brake partners are serial production parts. The disc brakes were original, and
the pads (ECE) were replaced at around 60,000 km. Thus, the pads have been used for
approx. 11,000 km under every day normal driving prior to the measurements reported in
this study.

2.5. Evaluation of the Measurement Setup

To characterize the experimental setup, several measurements were performed before
studying brake wear particle emissions.

2.5.1. Background

In order to examine the background noise present in the brake particle measurements,
the PN particle concentration was measured for one hour with non-rotating, non-braking
wheels and a constant purge airflow of 220 kg/h. Figure 5 shows a time-resolved graph of
the measured PN concentration (1/cm3).
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Figure 5. Time-resolved background measurement of the PN-concentration (1/cm3).

The graph illustrates that the concentration remained stable at very low levels of
0.09–0.10 1/cm3 throughout the testing.

2.5.2. Brake Disc Temperature and Scavenging Air Flow

In order to evaluate the influence of the experimental setup on brake cooling, the
temperatures of the enclosed right front brake disc and the left front brake disc (in normal
vehicle configuration) have been measured and compared at the end of each of five consec-
utively performed WLTC cycles (without extra high). The temperatures were measured at
a standstill, directly after the brake piston (in the direction of rotation).

Figure 6 indicates that temperatures of the right, enclosed brake, and the left, unhoused
brake only differ minimally (ca. 5 ◦C, apart from the fifth repetition, where the difference
was 18.5 ◦C). Hence, the selected scavenging airflow of 220 kg/h is sufficient to avoid
excessive heat accumulation within the brake housing.
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Figure 6. Measured temperatures of the right enclosed (blue) and left (red) brake disc after each of
the five performed WLTC cycles (without extra high).

2.5.3. Particle Transport Efficiency of the Transfer Line

To reduce the airspeed and, hence, the particle losses over the transfer line, the dis-
charge pipe incorporates a 7◦ opening angle. For an estimation of the particle transport
efficiency over the whole piping, diffusion, inertial, and gravimetric losses from the brake
housing outlet to the 13-stage DLPI are considered. Diffusion losses are estimated accord-
ing to Holman [40] and Friedlander [41], inertial losses according to Piu et al. [42], and
gravimetric losses according to Fuchs [43] and Thomas [44]. The graph in Figure 7 depicts
the estimated transport efficiency for the chosen purge air flow of 220 kg/h as a function of
the particle diameter (dp) assuming particle densities of 0.7, 1.0, and 2.0 kg/dm3.

Atmosphere 2023, 14, x FOR PEER REVIEW 7 of 17 
 

 

 
Figure 6. Measured temperatures of the right enclosed (blue) and left (red) brake disc after each of 
the five performed WLTC cycles (without extra high). 

2.5.3. Particle Transport Efficiency of the Transfer Line 
To reduce the airspeed and, hence, the particle losses over the transfer line, the 

discharge pipe incorporates a 7° opening angle. For an estimation of the particle transport 
efficiency over the whole piping, diffusion, inertial, and gravimetric losses from the brake 
housing outlet to the 13-stage DLPI are considered. Diffusion losses are estimated 
according to Holman [40] and Friedlander [41], inertial losses according to Piu et al. [42], 
and gravimetric losses according to Fuchs [43] and Thomas [44]. The graph in Figure 7 
depicts the estimated transport efficiency for the chosen purge air flow of 220 kg/h as a 
function of the particle diameter (dp) assuming particle densities of 0.7, 1.0, and 2.0 
kg/dm3. 

 
Figure 7. Particle transport efficiency over the particle diameter (dp) for different particle densities. 

The plot indicates that lighter particles show a superior efficiency at particle 
diameters above 2 µm. Meanwhile, higher-density particles (2 kg/dm3) show a significant 
decrease in transport efficiency (<90%) from a diameter of 5 µm and onwards. 

Moreover, the influence of the purging airflow on the measurement setup has been 
assessed by calculating the transport efficiency for air flows of 170 kg/h and 270 kg/h in 
addition to the chosen flow of 220 kg/h. The obtained results indicate that the airspeed 
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The plot indicates that lighter particles show a superior efficiency at particle diameters
above 2 µm. Meanwhile, higher-density particles (2 kg/dm3) show a significant decrease
in transport efficiency (<90%) from a diameter of 5 µm and onwards.

Moreover, the influence of the purging airflow on the measurement setup has been
assessed by calculating the transport efficiency for air flows of 170 kg/h and 270 kg/h in
addition to the chosen flow of 220 kg/h. The obtained results indicate that the airspeed has
no impact on the particle transport efficiency for assumed particle densities of 1 kg/dm3

and aerodynamic diameters of 0.01–10 µm.
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3. Results and Discussion
3.1. Brake PN Emissions
3.1.1. Brake PN Emissions during the WLTC Cycle

For measuring the brake PN emissions over time, the WLTC cycle was chosen and re-
peated seven times. Figure 8a shows the measured brake PN emissions (PN > 23 nm (1/cm3))
of two repetitions of the entire WLTC.
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Figure 8. Measured brake PN emissions over the WLTC cycle, (a) full cycle, and (b) expanded view
of the blue part from (a) for a more detailed insight into the occurrence of PN emission peaks.

The measured PN are very consistent underlining the good repeatability of the results
and the capabilities of the developed and used measurement setup. Brake PN emissions
occur almost simultaneously in both repetitions; however, differences in magnitude are
obvious. As could be expected, the highest peaks in brake PN emissions occur during
the extra high phase featuring the highest decelerations. Moreover, Figure 8b shows that
brake particles are mainly, but not only, emitted during braking phases indicated through
pink bars, as identified by the forces on the chassis dynamometer. Some emission peaks
have been measured during non-braking phases, as indicated exemplarily through the red
outline in Figure 8b. These have to be particles that have been generated during previous
braking events, remain loosely on the friction partners, and are emitted in a later instant. In
the red outline, for instance, the vehicle velocity exceeds 80 km/h for the first time since
the test began. In addition, the air flowing around the friction partners is reaching the
highest velocities for the first time after the initial, slow part of the WLTC cycle. Thus, it
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can be assumed that increased aerodynamic drag is responsible for this peak not directly
associated to a brake event.

3.1.2. Repeatability of the Measured PN

Five WLTC cycles (without the extra-high part) have been subsequently performed in
order to assess the repeatability of the brake events and the measurements. Figure 9a shows
the time history of the dynamometer force (F-Dyno [N]) for the five cycles (1–5). For clarity,
only a part of the WLTC cycle is shown in Figure 9, ranging from 750 s to 1000 s. Very
good reproducibility of the applied dynamometer forces, over the five WLTC repetitions
is apparent. Figure 9b shows the corresponding measured PN-emissions. Similar to
Figure 8, emission peaks mainly occur during braking phases indicated through blue
bars. Additionally, the red frame in Figure 9b shows that even weak brake events can
lead to abruptly higher PN concentrations. While the temporal occurrence of the peaks is
identical over all consecutive repetitions, the magnitude of the peaks is decreasing after
each repetition. The cause can be linked to the necessary running-in of the friction partners,
often described in the literature as “bedding” [45].
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Figure 10 shows the cumulated brake PN emissions for each sub-cycle of the five
consecutively repeated WLTC cycles, Figure 10a indicates that most brake particulate
matter is emitted during the high-speed part of the cycle, less during the medium speed,
and even less during the low-speed portion. Moreover, the bars suggest that the “bedding”
effect influences PN emissions at all three cycle phases (low, medium, and high) similarly. It
is of interest, that this “bedding” effect was evident although the friction partners have been
used for a sufficient time and mileage on the vehicle (see Section 2.4). Furthermore, these
identical friction partners have been used in all preparatory measurements as described
in Section 2.5. Figure 10b further illustrates the PN emission decrease (in %) for each
repetition compared to the first. The results indicate that the rate of PN emission decrease
is comparable for all parts of the WLTC cycle.
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3.1.3. PN Emission Factors

Based on the measured PN, and the distances traveled during the WLTC parts, the
derivation of emission factors is straightforward. In Figure 11, the emission factors of the
five consecutive WLTC cycles together with the mean values are shown. The resulting
average value of 5.49 × 1010 1/km agrees well with the findings of zum Hagen et al. [30,31],
who reported an average brake particle emission factor of 4.9 × 1010 1/km. it should be
kept in mind that [30] used a different driving cycle (LACT) and different particle counting
equipment (EEPS with 5~560 nm). In general, the conducted measurements show that
over the WLTC cycle, the brake PN emission factors are on the order of 5 × 1010 1/km.
Emission factors have been derived also for the two subsequently performed full WLTC
cycles (including the extra high part). The resulting value of 5 × 1010 1/km lies slightly
below the average value for the reduced WLTC cycles, possibly due to the “bedding” effect.
The two full WLTC cycles have been measured following the five repetitions of the WLTC
without the extra high part.

The “bedding” effect is also reflected in Figure 11. The largest difference in emission
factors occurs between repetitions 1 and 2 (25.4%); thereafter, the values slowly start to
stabilize the reduction in the next two repetition decreases to 11.4% and 6.2%, respectively.
However, the fifth repetition shows a decrease of 20% in PN.

The PN emission factors were derived from the measurements performed, where all
sampling took place on the right front wheel. Thus, the emission factors can be doubled to
obtain the corresponding emission factors from both front wheels. In order to determine
the total brake particle emissions, the emissions from the rear axle must also be included.
In real vehicle operation, the braking forces on the rear axle are lower than on the front
axle but are corrected accordingly depending on the axle load. In a first approximation,
the PN emission factors listed can be tripled to estimate the total brake particle emissions
from all wheels, thus the estimated brake particle emission factor for the entire vehicle over
the WLTC cycle lies approx. at 1.5 × 1011 1/km. This is on the same order of magnitude
as the exhaust PN emission factors of modern diesel vehicles equipped with a particulate
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filter (DPF), [46]. This approximation does not take into account the possible brake particle
reduction due to the hybridization given the fact that recuperative braking does not make
use of the mechanical brakes. Nevertheless, the hybridization of the vehicle is a light
one, relying on a small-size battery (see Section 2.4). A preliminary assessment of the
hybridization impact on the brake particle emissions is provided in Section 3.3.
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3.2. Brake PM Emissions
Brake PM Emissions in 13 Size Classes

In parallel to PN measurements, the particle mass distribution was measured during
the two full WLTC cycles through the Dekati low-pressure impactor (DLPI). The absolute
accumulated particle concentration (mg/Nm3) on each foil is shown in Figure 12. The mass
distribution is background compensated and diameter weighted assuming a lognormal
particle distribution on the carrier foils.
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Figure 12 illustrates that particles with an aerodynamic diameter of 1–10 µm account
for the most brake wear mass from brake pads and discs during the driving cycle. The
total particulate mass from one cycle, consisting of the sum of the 13 stages of the impactor
(13 differential measurements), was subject to relatively large measurement uncertainty.
Therefore, the emission factors were determined from foil loadings of three consecutive
WLTC cycles (without extra high) that sum up to a total of 11 km. The determined emission
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factors result in an average value of 3.71 mg/km for PM < 12 µm and 1.58 mg/km for
PM < 2.5 µm. Once again, these values are derived from the measurements at the one front
wheel and have to be roughly tripled for deriving the brake particle PM emissions of the
entire vehicle. Thus, the entire PM emission is estimated at 11.13 mg/km for PM < 12 µm
and 4.74 mg/km for PM < 2.5 µm. These values are similar to those of zum Hagen et al. [31].
They report a PM10 of 4.6 mg/km per wheel.

3.3. Differences of Brake PN-Emissions between All-Electric and Hybrid-Electric Vehicle
Operation Modes

In both hybrid and all-electric operating modes, the braking process consists of a
combination of mechanical and recuperative (electrical) braking. It can be assumed, that
at the very beginning of braking, the mechanical brake is active because it engages more
quickly. Moreover, as the speed difference between the friction partners of the brake
decreases, the effect of the electric brake decreases considerably. Thus, towards the end of a
braking process (especially if towards a standstill), only the mechanical brake is active [47].
However, it can be assumed that recuperative braking is used more in all-electric vehicle
operation than in hybrid mode. In order to provide a preliminary assessment of the impact
of the driving modes on PN emission, different experiments have been performed.

3.3.1. Comparison over the Initial Part of the WLTC Cycle

In all-electric mode, the tested vehicle reached a velocity of 70 km/h (providing
a high state of charge of the battery). Moreover, it was only possible to perform all-
electric driving during the first 285 s of the WLTC cycle, thereafter the vehicle switched
to hybrid mode. The relatively low speeds also resulted in low emissions during braking.
Hence, the filter loadings of the impactor were too low for a reliable measurement of
PM emissions. Therefore, the comparison of the operating modes is solely based on PN
emissions. Figure 13 shows the resulting PN-emissions of six successive WLTC initial phase
repetitions in e-mode (green) and hybrid (blue).
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Figure 13. PN-emissions of six successively repeated WLTC initial phases (first 285 s) in all-electric
(green) and hybrid (blue) vehicle operation mode.

Figure 13 shows, that the differences in the measured total brake particle numbers
between hybrid and all-electric operations are small. Surprisingly, the all-electric operation
mode of the vehicle did not always lead to lower brake particle emissions.

3.3.2. Comparison over Brake Force

A further comparison of brake particle PN emissions between all-electric and hybrid
operation mode of the vehicle was attempted with a series of experiments braking to
a standstill from different initial vehicle velocities keeping the brake force at a constant
level during each experiment. The all-electric operation of the vehicle is limited to below
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70 km/h. In this velocity domain, constant force braking could only be achieved at lower
braking forces (<500 N). In contrast, the hybrid mode allowed for a larger range of initial
velocities and thus a larger range assessed with constant braking forces for each experiment,
as indicated in Figure 14.
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Figure 14. Total particle number (Σ) and peak values (peak) of PN-emissions as a function of the
braking force (red and dark blue for hybrid mode, yellow and light blue for all-electric mode).
Experiments performed by braking to standstill from an initial velocity with constant braking force.

Figure 14 shows the resulting emissions obtained during each braking process plotted
against the applied, constant over each experiment, braking force (FB). The total emissions
(sum Σ, red in hybrid mode, yellow in all-electric mode) and the peak values (dark blue in
hybrid mode and light blue in all-electric mode) are compared.

The correlation of brake PN and brake force is good. The brake force accounts for some
85% of the brake PN in hybrid mode and over 95% in all-electric mode. The correlation holds
also for the peaks in the PN. The slope of the emitted PN in hybrid mode is significantly
higher than in all-electric mode.

Figure 14 demonstrates the potential of electric braking for lowering brake particle
emissions. Assuming that similar electric braking patterns can be achieved with vehicles
that allow full-electric driving at higher velocities, that is, assuming that an extrapolation
of fully electric operation towards higher braking forces is eligible, a lowering of brake
particle emissions by at least a factor of 2 can be expected.

4. Conclusions

In this study we propose a novel method for measuring brake particle emissions of a
light-duty vehicle on the chassis dynamometer at conditions representative for real vehicle
use. A customized housing was designed, manufactured, and used for enclosing the right
front disc brake of a test vehicle. The experimental setup has been evaluated in regard to
background noise, realistic brake disc temperatures, particle transport losses, and related,
optimal scavenging airflow, as well as repeatability of brake events.

With this experimental setup, brake PN emissions of a hybrid light-duty vehicle have
been measured during the WLTC cycle. Evaluation of the measurement results has shown:

• Reproducible brake PN emissions, occurring mostly in discrete events during deceler-
ation phases, that is, braking, as indicated by the forces on the wheels determined by
the chassis dynamometer;

• Occasional discrete brake PN emission events not associated with decelerations but
with releases of accumulated brake PN matter from the friction partners;

• Highest PN emission peaks during decelerations in the last WLTC part associated
with the highest vehicle velocities and strongest decelerations;

• Decreasing PN emissions at each measurement repetition, the so-called “bedding”
effect, with stabilization tendencies after the fifth repetition;
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• The determined brake PN emission factor from the measurements at the one front
wheel lies at 5 × 1010 1/km;

• The brake emission factor for the entire vehicle is estimated at 1.5 × 1011 1/km being
in the same order of magnitude as exhaust PN of modern diesel and gasoline engines
equipped with particulate filters (PF);

• Entire PM emissions are estimated at 11.13 mg/km for PM < 12 µm and 4.74 mg/km
for PM < 2.5µm.

Finally, measurements have been performed in order to assess the influence of full
electric vehicle operation on brake particle emissions. The appraisal hints at a brake PN
reduction potential of at least a factor of 2. The limited all-electric operation domain
of the used hybrid-electric vehicle did not allow direct measurement comparisons. The
correlations obtained with the measured braking forces hint at a brake PN reduction
potential of at least a factor of 2 of the full-electric mode. Given the light hybridization
concept of the vehicle used, allowing electric operation only at a very limited low-velocity
domain, the impact on the total brake particle emissions is expected to be rather modest.
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