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Abstract

Currently, brake particle emissions from traffic are considered one of the dominant sources
of particulate matter in the atmosphere. A recent question concerns the contribution to
brake particles of Battery Electric Vehicles (BEVs). The present work assesses brake particle
emissions by measurements of particle number (PN) and mass (PM) of three light-duty
BEVs. One front disc brake of each vehicle has been enclosed in a customized casing with
appropriate ventilation for forming the aerosol. All three BEVs have been measured on a
two-axis chassis dynamometer. The BEV relying more on electric braking (some 68% of the
braking energy was covered by electric braking) had the lowest brake PN emissions over the
(emissions) WLTC at 6.4 × 109 km−1 per front brake. This was less than half with respect
to the other BEV (where only 52% of the braking energy was electric). PM emissions of the
two vehicles were similar at 0.93 mg/km for PM < 12 µm and 0.65 mg/km for PM < 2.5 µm,
both for one front brake. However, one of the measured BEVs had extraordinarily high PN
emissions, some 23 times higher than the lowest-emitting BEV. The difference in PM was
not as high, but was some four times higher.

Keywords: brake PN; PM; Battery Electric Vehicles (BEVs); real vehicle use; chassis dynamometer

1. Introduction
Aerosol particles from traffic are a major pollution source in urban environments [1–4].

Particulate emissions from vehicles consist of exhaust particles, generated in the combustion
process, and non-exhaust particles, which are either generated by brake and tire wear or
already exist on the road surface and are resuspended by the vehicles [5]. All exhaust
emissions have drastically reduced in the last 30 years due to regulations, which improved
exhaust aftertreatment as well as the electrification of the transportation sector. Currently,
non-exhaust emissions are similar to or even higher than exhaust emissions.

Vehicle brakes contribute a significant share of traffic-related particle emissions. Stud-
ies report that brake wear particles (BWPs) can account for a share of up to 21% of the total
PM10 load emitted by vehicles in urban areas [6,7]. Based on published work (e.g., [8–11]),
some 35–55% is airborne, the remainder staying either on the brakes or depositing on
the road.

The composition of the emitted BWP is given by the brake material configura-
tion [12,13], the associated friction properties, the operating parameters and the friction
partners’ temperature [14,15]. Brake pads consist of different materials in generally undis-
closed proportions. Studies ascribe Fe, Zn, Cu, Sb, and Ba to the main BWP constituents
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and use those as tracers for identifying and quantifying brake particles in the ambient
air [16–18]. The increasing temperature of the friction partners in operation results in
evaporation of organic materials from the pads, resulting in hydrocarbon emissions [19,20].
Oxidation of metallic components results in metal oxide emissions [20]. The emitted or-
ganic components are the source of abundant particles smaller than 200 nm. Nanoparticles
smaller than 40 nm have also been identified [21]. Furthermore, high friction partner
temperatures initiate delamination on the brake pad surface, generating particles above
2.5 µm [22].

BWP quantification results are not easily comparable, since they have been obtained
with different methods. Reported results are not directly comparable, sometimes even
contrasting [23–25]. The different setups used until now include specific brake dynamome-
ters [22,25–28], Pin-on-Disc measurements [29–32], and chassis dynamometer measure-
ments involving an entire vehicle [21,23,33,34]. Furthermore, measurements based on
sampling directly in the vicinity of the brakes on the road [26] have also been reported.
The most widely used method, the brake dynamometer, is rather simple to use, offering
high control possibilities. Chassis dynamometer tests are significantly more complex and
time-consuming on the one hand; on the other, though, the results can be considered as
closer to real driving emissions.

The standardization of brake particle emission measurements is currently one of
the main items of the Working Group on Energy and Pollution (GRPE), a member of
the Particle Measurement Program Informal Working Group (PMP-IWG). The main aim
is the development of a global technical regulation (UN GTR No. 24) for reproducible
quantification of BWP emitted by light-duty vehicles weighing up to 3.5 tons [6,7]. The
setup for sampling, as well as for reproducible quantification of BWP [35–41] on a defined
brake test bench (without a vehicle), has been the focus. A further point has been the
definition of a cycle similar to the worldwide harmonized certification cycle for light-duty
vehicles (WLTC) on a brake test bench [36–38], under the name WLTP-Brake. Results
of international, interlaboratory comparable measurements (also on an identical vehicle
with identical brake components) have been published recently [39–41]. The WLTP-Brake
should not be confused with the WLTC cycle for determining vehicle exhaust emissions.
While the WLTP-Brake cycle involves the brakes on a specific dynamometer (without the
vehicle), for the WLTC emission cycle, the entire vehicle is on a chassis dynamometer,
which has to be adjusted in order to reproduce the vehicle’s resistance characteristics.

The present work has the goal of contributing to the assessment of the BWP of Battery
Electric Vehicles (BEVs). BEVs are heavier than their combustion engine counterparts
because of the weight of the battery. Therefore, increased BWP emission can be expected.
On the other hand, BEVs use the possibility of electric braking, recuperating energy in the
battery, thus reducing mechanical braking and associated BWP emissions. Each braking
event involves both types of braking [42]. Vehicle manufacturers rely on different dis-
tributions of the braking energy in the two braking modes based on their own criteria
for safe, reliable and comfortable vehicle decelerations. The distribution of the braking
energy in electric and mechanical braking is also crucial for evaluating the measurements
on a brake dynamometer for a BEV. Currently, there is an open discussion concerning
this distribution. More electric braking results in lower brake particle emissions; this is
clear. This distribution is also taken into account in extrapolating the results on a brake
dynamometer for obtaining the total brake particle vehicle emission.

Furthermore, vehicle manufacturers offer BEV drivers the option to choose among
different vehicle modes, resulting in more sporty, comfortable and/or ecological vehicle
behaviour. The present work addresses the question of whether these different vehicle
modes affect the brake particle emissions. In addition, the effect of the battery State of
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Charge, SoC, on the BWP emissions is investigated. A fully charged battery does not permit
any electric braking. A distance travelled with a fully charged battery may result in higher
BWP emissions with respect to starting it with a lower-charged battery. In parallel, battery
depletion is fast, resulting in the availability of electric braking. To our knowledge so far,
there have not been any reports of brake particle emissions of BEVs measured on a chassis
dynamometer, considering the different vehicle parameters mentioned above.

Therefore, three BEVs from different manufacturers have been equipped with specifi-
cally designed and realized parts (presented in detail in [21]) for extensive measurements
of the BWP emissions on the chassis dynamometer. The measurements allowed direct com-
parisons with a similar ICE and a hybrid electric vehicle measured with similar equipment
in the identical chassis dynamometer.

2. Experimental Setup
2.1. PN and PM Measurement Setup

The measurement setup was designed and realized in close accordance with the
Particle Measurement Program (PMP) protocol for the quantification of exhaust parti-
cles. Figure 1 shows the vehicle, as well as the instrumentation setup used for measuring
brake PN and PM emissions of light-duty Battery Electric Vehicles (BEVs) on the chas-
sis dynamometer in the present work. The identical setup was used for PN and PM
measurements of a gasoline, as well as of a hybrid electric vehicle [21].

 
Figure 1. Experimental setup on the chassis dynamometer with the instrumentation for measuring
brake particles.

For the aerosol necessary for carrying the brake particles, an ambient air compressor
with integrated drying was used. The air was adequately filtered, so that the brake housing
was supplied with clean and sufficient scavenging airflow of 220 kg/h. The scavenging air
flow was chosen such that the temperatures on the right (in the housing) and the left (not
modified) front brake of the vehicle were almost equal. Downstream the brake, the aerosol
was discharged with a suction blower in order to achieve a slight overpressure in the brake
housing towards the instruments for the assessment of particle number (PN) and particle
mass (PM). The measurement setup is shown with some further details in Figure 2. Further
details of the instruments used can be found in [21].
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Figure 2. Details of the experimental setup for the measurement of brake PN and PM emissions on
the chassis dynamometer (corresponding with the technical schematic of Figure 1).

2.2. Vehicle Modifications

The front right brake disc was enclosed in an in-house designed and manufactured
casing with a rolling mechanical seal. The space necessary for the brake housing in and
partly out of the wheel arches was gained by an extension added to the front axle, so the
distance between the two front wheels was slightly increased with respect to the on-road
vehicle. The brake housing (the lower half of it) is shown in Figure 3a. In the centre, the
extension can also be seen. The vehicle’s emergency wheel was mounted on the extender.
In Figure 3b, the enclosed brake is behind the emergency wheel. The outflow pipe can
also 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 for the
measurements. All parts required precision manufacturing for a good fit in each vehicle.

  
(a) (b) 

Figure 3. (a) Brake housing (only the lower half for the measurements, and the second half of the
housing was also mounted) and (b) measurement configuration with the emergency wheel (and the
entire housing and extender behind the emergency wheel).

The emergency wheels have a smaller diameter with respect to the original wheels.
Thus, for identical vehicle velocities, the emergency wheel and thus also the brakes have
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approx. 25% higher rotation. The brake particles with this assembly may be higher than
with the normal wheel. However, the diameter of the emergency wheel used is roughly
10% smaller than the smallest tire diameter approved for the measured vehicles.

The forces on the chassis dynamometer have been measured with the original wheels
as well as with the emergency wheels with the brake housing without any noticeable
differences. Deceleration forces and energy are identical regardless of the wheels used.
This was the fact for all three measured vehicles; thus, the measured results are directly
comparable. The brake particle emissions with the original wheels are expected to be
slightly lower.

In order to avoid complications with the brake housing in combination with the
emergency wheel, the last, extra high velocity (EH) part of the WLTC cycle was not part of
all measurements. All measurements of the different vehicles, as well as of the different
conditions of each vehicle, consisted of five repetitions of the WLTC cycle without the last,
extra high-velocity part, followed by two repetitions of the entire WLTC cycle (with the
extra high velocity part). Comparisons in the Results Section are always either without or
with the EH part. Reported emission factors use the results of measurements, including the
EH part.

A series of specific measurements has been performed to evaluate the experimental
setup. The main aims have been as follows:

• Assessment of the influence of the background particle concentrations;
• Determination of optimal scavenging flow;
• Assessment of particle transport efficiencies of the entire setup;
• Monitoring of the brake discs’ temperature (at the end of each cycle), assuring that no

significant temperature differences are present between the right, front, measured disc
(enclosed in the housing) and the left disc (in the regular vehicle configuration).

2.3. Meassured Battery Electric Vehicles (BEVs)

In this study, three medium-sized BEVs, typical for the European market of mid-sized
light-duty vehicles, have been chosen. The main characteristics of the vehicles related to
braking are summarized in Table 1, where we also include the characteristics of an ICE and
a hybrid electric vehicle used for the comparisons in Section 3.5. Further details of the ICE
and hybrid vehicle regarding brake particle emissions are in [21].

Table 1. Technical characteristics of the measured vehicles.

BEV1 BEV2 BEV3 ICE Hybrid

Front brake Discs Discs Discs Discs Discs
Rear brake Drums Discs Discs Discs Discs
Propulsion Rear wheel Four wheel Rear wheel Front wheel Front wheel

Curb
weight [kg] 1815 1899 2275 1820 1805

Model Year 2021 2023 2023 2015 2013

While the propulsion configuration should not be of any significance for the conven-
tional (ICE and hybrid) vehicles regarding the brake particle emissions, it may be important
for the BEVs, given that only the wheels connected to an electric motor can be used for
electric (recuperation) braking.

The vehicles used in this study had serial production friction partners (discs and brake
pads). The vehicles have been borrowed from their owners for the measurements, so the
friction partners have been used in everyday, regular driving prior to the measurements.
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Starting the measurement cycle with a fully charged battery (SoC = 100%) may result
in higher brake particle emissions, given the reduced electrical recuperation potential, at
least in the early parts of the cycle. Therefore, all cycles have been measured starting with
two different SoCs, 100% and 65%.

In general, BEVs offer their users several operating modes to choose from. Apart from
the “normal” operation mode, there is the possibility to select a more aggressive, “sporty
mode”, a mode for severe weather (snow, etc.), as well as an operation mode focusing
on “comfortable driving” relying, among other features, on a more balanced distribution
between electrical and mechanical braking. In the present work, we label the comfort-
oriented operation mode as “low recuperation” mode. The specific objectives and goals of
the vehicle manufacturers behind these operational modes are not known to us and, most
probably, differ from manufacturer to manufacturer, as the labelling of these modes also
differs. In the present work, the BEVs have been measured in the “normal” operation mode
as well as in the “low recuperation” mode, where we expect more mechanical braking and
thus also higher brake particle emissions.

2.4. Test Cycle

For the measurements, the current WLTC emission certification cycle for light-duty
vehicles was chosen. The emission WLTC driving cycle consists of four parts: low, medium,
high, and extra high velocity. The respective maximum velocities (vmax) of each sub-
cycle are as follows: low: vmax ≤ 60 km/h; medium: 60 km/h < vmax ≤ 80 km/h; high:
80 km/h < vmax ≤ 110 km/h; and extra high: vmax > 110 km/h. The time–velocity profile
of the cycle can be seen in Figure 4 and Figure 7 in the following section.

Figure 4. Comparison of the time histories of the different brake energies of BEV3, at normal operation
mode and 100% SoC at the test cycle start.

3. Results and Discussion
3.1. Brake Energy Distribution Patterns of the Measured Battery Electric Vehicles (BEVs)

All experiments have been performed on a two-axis chassis dynamometer, enabling
the measurement of the energy flow on both vehicle axes during acceleration as well
as braking over the WLTC cycle. The time histories of these energy flows are shown in
Figure 4, as measured for the BEV3. For this measurement, BEV3 was operated in normal
mode while the cycle was started with a fully charged battery (100% SoC). The biggest
part of the braking energy is achieved by the electric brake, recuperating energy to the
battery (green line). Significantly lower is the braking energy achieved by the mechanical
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brakes on the front wheels (light purple line), while the lowest braking energy accounts for
the mechanical brakes on the rear wheels (dark purple line). The sum of the total braking
energy is shown by the light blue line. As expected, it is clearly lower than the acceleration
energy (yellow line).

As seen in Figure 4, some two two-thirds of the braking energy is covered by the
electric brake, about one-third thereof by the front wheel mechanical brakes, while a very
small fraction is covered by the mechanical rear wheel brakes. This distribution of the
brake energy is shown in detail in Figure 5 for five repetitions. Moreover, the results are
shown separately for the four parts of the WLTC cycle. The results are almost identical for
the five repetitions, while the tendencies are very similar for all parts of the cycle.

Figure 5. Comparison of the brake energy distribution in electric and mechanical brakes (front and
rear axle) of BEV3, at normal operation mode and 100% SoC at the test cycle start (5 repetitions at
identical starting conditions).

There is some evidence in Figure 5 that in the last two WLTC parts with the highest
vehicle velocities, the mechanical brakes are used more than in the first two parts with the
lower velocities. It is likely that in the two highest velocity parts of the cycle, the necessary
braking power sometimes exceeds the maximal battery charging power, resulting in more
mechanical braking. The other two measured BEVs had more mechanical braking in the
last two parts of the WLTC cycle and less in the first two parts.

The general pattern for BEV3 is evident: Some 68% of the braking energy is electrical,
recuperating energy to the battery. Some 27% of the braking is mechanical by the front axis,
while the remaining 5% (also mechanical) is by the rear axis brakes. This pattern differed
significantly for the three measured BEVs (Table 2). The electric brakes have been used for
only 52% of the braking energy by BEV1, while BEV2 had 54% of the total brake energy
covered by electrical braking.

Table 2. Brake energy distribution of the 3 measured BEVs over the WLTC cycle.

BEV1 BEV2 BEV3

Electric brake
(recup.) 52% 54% 68%

Front mech. brake 33% 36% 27%
Rear mech. brake 15% 10% 5%
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Figure 6 shows the brake energy distribution of BEV3 when starting the WLTC at two
different State of Charges (SoCs) of the battery, as well as at normal driving mode and
the reduced recuperation driving mode. It is evident that the differences are very small.
Starting with a not fully charged battery (SoC = 65%) allows slightly more recuperation at
the beginning of the cycle. As soon as some of the battery charge is depleted, recuperation
is fully available, so that over the entire WLTC cycle, differences are small, however
discernible and plausible. The measurements with SoC = 65% at cycle beginning used
electric braking slightly more than those with SoC = 100% (and mechanical braking slightly
less). Please note that in Figure 6, most of the WLTC repetitions did not include the extra
high (EH) part. As can be seen, this affected the brake energy distribution by only a few
percentages. The “low recuperation” driving mode resulted in slightly higher electric
braking use.

Figure 6. Brake energy distribution of BEV3 at different vehicle parameter configurations.

In summary, the different driving modes, as well as the different SoCs at the start
of the cycle, do not affect the brake energy distribution among electrical and mechanical
braking much. This was similar for BEV1 and BEV2.

3.2. Brake Particle Number (PN) Emissions

The brake PN emission concentrations of BEV3 during five consecutive WLTC cycles
are shown in Figure 7; brake particles (PN) are released in discrete events with peaks of
differing heights. In each repetition, the emission events occur in almost identical time
instants; however, the emitted quantities differ. Mainly, two reasons have been identified
leading to these PN emission peaks; some of these peaks are clearly associated with braking
(decelerations), as can be seen in Figure 8 (framed in blue).

Some other peaks appear during accelerations (phases with no braking), after the
vehicle exceeds higher velocities (>60 km/h) (Figure 8 framed in red), clearly not associ-
ated with braking. These correspond to emissions of brake particles produced in earlier
braking events that remained on the friction partners. With increasing vehicle velocity, the
increasing aerodynamic forces drag these deposited particles off the friction partners. This
emission characteristic was very similar for all three measured BEVs, as well as for a hybrid
and a conventional ICE light-duty vehicle we have measured [21]. However, the emission
quantities differ strongly.
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Figure 7. PN emissions of BEV3 during 5 consecutive WLTC cycles (normal operation mode with
100% SoC of the battery at the beginning of the cycle).

Figure 8. PN emissions of BEV3 during 5 consecutive WLTC cycles, with excerpts from Figure 7
highlighting peaks caused by braking (blue frames) and by aerodynamic drag (red frames), stripping
brake particles off the friction partners at high vehicle velocities (red frames), (all normal operation
mode with 100% SoC of the battery at the beginning of the cycle).

Almost all discrete emission events occur at identical instants in all five repetitions.
With each repetition though, PN emission quantities decrease (lower peaks at each con-
secutive repetition) by more than a factor of two; however, after the third repetition, the
PN emissions stabilize. This effect has been observed and described in recent publica-
tions [21,38–40], as the so-called “bedding effect”. Wear particles from the pad and disc
aggregate to form a friction film mainly on the pad surface but also on the disc. This film
breaks down from time to time, in particular during brake events with high forces. Thus,
the brake particle emissions are strongly dependent on the history of the friction partners.
This “bedding effect” is described but poorly understood, and no reliable quantifications
exist, since it strongly differs from vehicle to vehicle. The current best practice advice is
prescribing 5 cycle repetitions while using only the last two cycles for obtaining reliable PN
emission results [40]. Characteristics of the bedding effect at the different measurements of
BEV3 are in the Supplementary Material. The measurement series of BEV3 showed a very
similar “bedding behavior” with BEV2. The “bedding effect” of PN measured with both
BEVs was also very similar to measurements of conventional ICE/hybrid vehicles [21].
In contrast, BEV1 did not show similar “bedding behavior”. The brake PN emissions of
BEV1 increased with each repetition, with only a modest tendency towards stabilization
after the fifth repetition (thus, having rather an inverse bedding effect). As can be seen in
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Section 3.4, BEV1 had exceptionally high brake PN emissions. The results presented in
Sections 3.4 and 3.5 evidence that the brake particles of BEV1 are smaller with respect to
those of BEVs 2 and 3. These allude to a high-emitting material combination of the pads
and/or the disc.

3.3. Brake Particle Mass (PM) Emissions

The absolute accumulated particle concentrations (mg/Nm3) on each foil (Stage 1–12)
of the impactor are shown in Figure 9, clearly evidencing that the overall brake PM emission
and, therefore, even more pronounced in each size class, is very low, however significantly
higher than the background. The particles with an aerodynamic diameter of roughly
0.309–7.88 µm account for the most brake wear PM. Ultrafine particles are also clearly
present. In our previous work [13], we have examined the morphology of brake particles.
The ultrafine particles are rather spherical, and we expressed the hypothesis that they
are a result of high temperatures of the friction partners, leading to evaporation and
recondensation of, at least a part, of the brake wear matter. As expected, the highest PM
emissions have been measured on the WLTC cycles, including the extra high (EH) velocities’
part. Interestingly, the “low recuperation” mode resulted in almost all size classes in much
higher PM emissions (for almost an order of magnitude) than the normal mode. That this
difference was not as high for the PN emissions, evidences that in “low recuperation” mode
brake particles are of large size (i.e., more mechanical braking at lower temperatures of the
friction partners). Currently, there is strong scientific evidence that particulate emissions
are related to the brake disc temperature [15,43].

Figure 9. PM concentrations of BEV3 over WLTC cycles starting with a different State of Charge
(SoC) of the battery, at two different operating modes, as well as with and without the extra high (EH)
velocity component of the WLTC cycle.

Interestingly, Figure 9 shows a clear shift in the modal distribution among the cycles
with the lowest friction partners temperatures (low EH, low recu. SoC 100) and the one
with the highest (with EH, SoC 100). While both are rather bimodal, the former has one
mode at approx. 4 µm and one at 0.6 µm, the latter one at 6 µm and one at 0.2 µm.
Mass size distributions are expected to be unimodal with the typical modes around 1 µm
and 6 µm [7,12,14]. In contrast, e.g., in [43] bi- or even multimodal particle number size
distributions are reported with at least one peak in the fine and/or ultrafine fraction and
an increased share of particle mass in the PM2.5 range.

The brake PM emissions of BEV1 have been significantly higher, some four times more.
The corresponding PM emissions of BEV2 were like those of BEV3; BEV2 had more in the
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bigger size classes and less in the smaller. However, BEV1 and BEV2 had rather unimodal
size distributions with the peak being at 4 µm and 2 µm, respectively.

3.4. Brake Particle Morphology (SEM Imaging)

The morphology of the brake particles differed significantly among the vehicles.
Biggerbrake particles from BEV1 were rather uniformly shaped (Figure 10A,B). Smaller
particles of BEV1 have less regular shapes and are inhomogeneous (Figure 10C,D). In
contrast, the bigger brake particles of BEV3 (Figure 10E,F) are very irregular, indicating a
mechanical abrasion origin. Smaller brake particles of BEV3 have more regular shapes and
appear to be homogeneous. For both vehicles, there are abundant brake particles around
100–400 nm.

 
Figure 10. SEM images of BEV1 (A–D) and BEV3 (E–H) at 20,000×, 30,000×, 100,000× and
200,000× magnifications.

3.5. Brake Particle PN and PM Emission Factors

In Figure 11, the average brake PN emissions of BEV3 are shown in [PN/km] cor-
responding to the measurements as of Figure 9. As an overall average, a rough value of
7 × 109 1/km can be kept in mind. Starting the cycle with a fully charged battery, 100%
SoC, results in slightly higher emissions than with 65% SoC. Furthermore, the low recu-
peration mode has clearly higher PN emissions with respect to the normal mode. On
the other hand, the higher PN emissions in the cycles with the extra high (EH) part (see
Figure 9) do not lead to higher emission factors, given that with the extra high part, the
distance (kilometres) increases disproportionately. This decrease in the PN emissions,
when including the EH WLTC cycle part, was not the case for all three examined BEVs;
including the PN emissions during the EH cycle part resulted in an increase in PN for
BEV2. Recently, an interlaboratory study on ICE light-duty vehicles involving 16 partic-
ipating labs and with five brake systems, with measurements on a brake dynamometer,
reported concentrations of 9.4 × 108–1.1 × 1010 1/km/brake [40]. So, BEV3 in this study,
with an average of 7 × 109 1/km/brake, lies somewhere in the lower quartile. Refer-
ence [15] reports average brake PN emissions of 4.9 × 1010 1/km/brake. Both [15,40]
used the WLTP-Brake cycle on a brake dynamometer. On the other hand, [44] reports
values 4.1 × 107–1.7 × 109 1/km/brake measured directly on a school bus in real-world
driving conditions.

Figure 12 shows the measured brake PN emissions for all three measured BEVs in
comparison to a similarly sized conventional ICE vehicle as well as to a hybrid vehicle. All
five vehicles have been measured under very similar conditions on a chassis dynamometer
as described in Sections 2.1 and 2.2, and with the exhaust emission certification WLTC.
BEV2 and BEV3 demonstrate the potential for reducing brake particle emissions with BEVs.
The brake PN emissions of BEV3 are nine times lower with respect to those of the ICE and
the hybrid vehicle. The brake PN emissions of BEV2 are almost three times lower. BEV1,
though, had significantly higher brake PN emissions.
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Figure 11. Average brake PN emission in [PN/km] of BEV3, starting the cycles with different State
of Charges (SoCs) of the battery, at two different operating modes (normal, not labelled, and low
recuperation) as well as without or with the extra high (EH) velocity part of the WLTC cycle, from
the measurements on one front disc brake (for each bar, 5 WLTC repetitions have been measured,
and the average is taken over the 3 last repetitions).

Figure 12. Average brake PN emissions of the measured three BEVs: one conventional ICE, and a
hybrid vehicle of comparable size, measured on one front disc brake. The results shown are derived
from the entire WLTC cycle (including the extra high velocities’ part). BEVs and the hybrid vehicle
with 100% SoC at the cycle start, all vehicles operated at normal mode.

This result is of particular interest, taking into account that BEV3 is the heaviest of all
measured vehicles (see Table 1). It demonstrates the potential in reducing brake particle
emissions with an appropriate layout of the brakes and the braking process.

These measurement results can be used for total PN emission factor estimations.
It is important to keep in mind that the measurements and the results shown in
Figures 11 and 12 have been performed on one of the front brakes. The numbers must be
doubled to obtain the emissions of both front wheels and brakes.

For BEV1, the total emission factor is given by the value in Figure 12 multiplied by a
factor of two, taking into account the rear drum brakes of the vehicle and assuming that
no brake particle emission can escape from those. Measurements of the brake particle
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emissions of drum brakes exist [39,40] on brake dynamometers. Drum brakes emit much
lower particles due to their enclosed nature; however, they are not zero. Our experimental
setup can be adapted for drum brakes, but with significant effort. We are not aware of
any measurements on vehicles on the chassis dynamometer. However, the brake particle
emissions of BEV1 are already very high; adding the contribution of the rear drum brakes
will not change the overall picture.

For BEV2 and BEV3, the values of Figure 12 are doubled to account for the emissions
from the second front brake, while the factors for approximating the contribution of the
rear axis brakes in the total PN emissions are taken based on the brake energy distribution
as measured and reported in Figures 5 and 6 and Table 2. A similar procedure was followed
for ICE1 and the hybrid vehicle.

The (PM) from a single WLTC cycle, given by the sum of the 13 stages of the impactor
(13 differential measurements), showed rather high variability, given the quite low values
from each individual measurement. Therefore, the cycles have been repeated three times,
leaving the foils in the impactor. Thus, the used loadings for the values reported below are
averaged over three consecutive WLTC cycles. The determined emission factors, shown in
Figure 13, result in an average value of some 0.5 mg/km for PM < 12 µm and 0.4 mg/km for
PM < 2.5 µm. The measurements, including the extra high part, result in higher values. The
impact of the battery State of Charge (SoC) in normal operation is not clear; the measured
values are, anyhow, very low. The “low recuperation” mode, on the other hand, leads
clearly to higher PM emissions. In this mode, starting the cycle with 100% SoC of the
battery results in higher PM emissions. Interestingly, the tendencies in Figure 11 are very
similar to those in Figure 13.

Figure 13. Average brake PM emission in [mg/km] of BEV3 starting the cycles with different State
of Charge (SoC) of the battery, at two different operating modes (normal, not labelled, and low
recuperation) as well as without or with the extra high (EH) velocities part of the WLTC cycle, as
from the measurements on one front disc brake.

Figure 14 shows the measured brake PM emission of the three BEVs in comparison to
the similarly sized conventional ICE and hybrid vehicles. PM emissions of BEV2 and BEV3
are about a third of those of the ICE and the BEV1 vehicle. The PM emissions of hybrid
vehicles were closer to those of the ICE and BEV1. Interestingly, the PM emissions of BEV2
are similar to those of BEV3. Since the PN emissions of BEV2 were more than double as
high as the corresponding ones of BEV3 (see Figure 12 and Table 3), it can be inferred that
the brake particles emitted by BEV2 are significantly smaller (and thus have with higher
environmental and health impact).
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Figure 14. Brake PM emissions of the measured two BEVs and one conventional ICE vehicle of
comparable dimensions, as measured with the identical equipment on one front disc brake. The
shown results are derived from the entire WLTC cycles (including the extra high velocities’ part).
BEVs with 100% SoC at the cycle beginning, all vehicles operated at normal mode.

Table 3. Estimated total brake PN emission factors over the WLTC cycle based on the measurement
results shown in Figure 12 and assuming that the second front brake has identical emissions, while
approximating the rear brake emissions based on the front–rear brake energy distribution.

ICE BEV1 BEV2 BEV3 Hybrid

Total brake
PN [1/km] 1.54 × 1011 3.0 × 1011 3.37 × 1010 1.31 × 1010 1.5 × 1011

The measured and shown values in Figure 14 are in the lower area of the reported
values. The measurements summarized in [39] conclude in PM2.5 and PM10 emissions that
varied between 0.8 and 4.0 mg/km and 2.2–9.5 mg/km per brake, respectively, depending
on the type of brake and the applied testing load. The test matrix covered a wide variety
of brake systems and configurations. Almost 37–45% of the emitted PM falls in the fine
particle size, with this fraction being higher for the drum brake. On the other hand, almost
50–65% of the total brake mass loss falls in particle sizes larger than 10 µm or escapes
quantification [39]. In a very similar order of magnitude are the PM emissions reported
in [15]. PM10 of 4.6 mg/km per wheel for an ICE vehicle is the conclusion. Ref. [45], on the
other hand, provides distinctive results for two different types of braking pads, low-steel
and non-steel pads. The former resulted in a PM10 emission of 3.9 mg/km per brake (per
1000 kg of vehicle mass); however, it had quite a high variability in the results. The latter
had a PM10 emission of 0.4 mg/km per brake.

Based on the measurements in the present work and with the results on the brake PM
emissions on one of the front wheels, as shown in Figure 14, the PM emissions factors have
been derived. The approach, therefore, has been described in the PN-related discussion.
The PM emission factors are shown in Table 4.

Table 4. Estimated total brake PM emission factors over the WLTC cycle based on the measurement
results shown in Figure 14 and assuming that the second front brake has identical emissions, while
approximating the rear brake emissions based on the front–rear brake energy distribution.

ICE BEV1 BEV2 BEV3 Hybrid

Total brake PM < 12 µm [mg/km] 8.16 5.84 1.91 1.93 6.93
Total brake PM < 2.5 µm [mg/km] 3.42 3.08 1.25 1.53 1.02
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4. Conclusions
Measurements of the brake particle PN and PM emissions have been performed on

three Battery Electric Vehicles (BEVs) on the chassis dynamometer. Therefore, one of
the front brakes of each vehicle has been enclosed in a custom-designed housing with
controlled ventilation. In parallel, the brake energy distribution among electric braking
(recuperation of electric energy in the battery) and mechanical braking in the front and rear
vehicle axes could be determined.

The three measured BEVs use the possibility of electric braking to different degrees.
The measurements show that BEV3 used electric brakes for some 68% of the braking energy
during the WLTC cycle. The other two BEVs measured used electric braking to a lesser
extent, around 50%. The largest part of the mechanical braking energy is accrued at the
front axis (>25% of the total braking energy), while the smallest part is at the rear axis
(>5%). Different State of Charges (SoCs) of the battery at the beginning of the cycle, as well
as different driving modes (selectable by the vehicle’s users), had only a minor influence
on the distribution of the brake energy.

Brake particle PN emission characteristics showed a very similar pattern for all vehicles
measured. Brake PN emissions occur at discrete events, associated either with

• Braking events;
• Higher vehicle velocities (>60 km/h), where aerodynamic forces strip brake PN off

the friction partners.

BEV3, the one relying more strongly on electric braking, had the lowest brake PN
emissions, less than half in respect to BEV2. PM emissions of the two vehicles were similar.
This shows that BEV2 emitted more small particles than BEV3. BEV3 had more than
eightfold lower PN emissions with respect to the ICE and the hybrid vehicles. However,
BEV1 had extraordinarily high PN emissions, some 23 times higher than BEV3. The
difference in PM was not as high; BEV1 emitted four times more PM than BEV3 (also
evidencing that BEV1 emitted more small particles).

Based on the measurements performed on a single front wheel, total emission factors
(for the entire vehicle) have been estimated. The results show the following:

• Total brake PN emission factors of the two low PN-emission BEVs are in the order of
2 × 1010 [1/km], thus being slightly lower, or similar to the exhaust PN of conventional
ICE vehicles equipped with the latest aftertreatment technologies.

• Total brake PN of the two low PN-emission BEVs is some five times lower than that of
a conventional ICE and a hybrid vehicle of comparable size.

• The third measured BEV had, in contrast, high brake PN emissions, an order of
magnitude higher than the other two measured BEVs, twice as high as the ICE and
the hybrid vehicle.

• Total brake PM emission factors of the two low-emission BEVs are in the order of
2.0 mg/km for particles smaller than 12 µm and 1.4 mg/km for particles smaller than
2.5 µm.

• The total brake PM of the two low-emission BEVs is roughly two times lower than
that of a conventional ICE.

• The third measured BEV had, in contrast, high brake PM emissions, almost an order
of magnitude higher than the other two measured BEVs, and three times as high as
the ICE.

The results demonstrate the potential of electric braking in reducing brake particle
emissions. The brake particle emissions of BEV3 are very low. Regulation should take into
account the effective portion of the electric braking of the vehicles in question. On the other
hand, the high-emitting BEV1 demonstrates clearly that regulatory limits are necessary in
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order to enhance efforts for the development of low-emission brake systems in combination
with the vehicles these are used in.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos17010059/s1, Figure S1. Total PN emissions of BEV3 at
5 consecutive WLTC cycles, (normal operation mode with 100% SoC of the battery at the beginning
of the cycle), Figure S2. PN emissions of BEV3 at 5 consecutive WLTC cycles starting the cycles
with different State of Charge (SoC) of the battery, at two different operating modes (normal, not
labelled, and low recuperation) as well as without or with the Extra High (EH) velocities part of the
WLTC cycle.
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Abbreviations
The following abbreviations are used in this manuscript:

BEV Battery electric vehicle (light-duty).
BWPs Brake wear particles.
EHs Extra high velocities—part of the WLTC cycle.
ICE Internal combustion engine-powered vehicle (light-duty).
Low recu. Vehicle use mode (selectable by the driver) for more comfortable vehicle behaviour.
PM Particle mass.

PMXX
Mass of particles with a diameter below XX µm, i.e., PM2.5 gives the mass of all
particles with a diameter below 2.5 µm.

PMP
Particle Measurement Program, established by UNECE (=United Nations Economic
Commission for Europe).

PN Particle number.
Rep. Indication of the repetition of a measurement under identical conditions.
SEM Scanning electron microscope.
SoC State of charge of the propulsion main battery of a BEV.
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