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ABSTRACT: This innovative project addresses the topic “Brake dust emissions measurement”; specifically, the further
investigation of non-exhaust emissions coming from the brake system during the novel WLTP cycle established by the PMP
group.
Road transport is one of the major sources of urban pollutant emissions. The trend towards vehicle electrification is increasing
non-exhaust emissions, with brake wear particles being the largest part of these emissions. Moreover, the negative effects on
health caused by PM must also be mitigated. Hence, the need to study brake dust emissions behaviour as well as standardize
a procedure and methodology to measure them has become paramount.
The main objectives of this project are, on the one hand, to establish a measurement protocol to measure brake particles
emissions during the novel WLTP cycle and, on the other hand, to understand brake wear particle behaviour (among PN and
PM concentration, the influence of speed and brake temperature on the measurements, the impact of brake pressure conditions
and pad materials on the results, etc.). Furthermore, emission measurements will be carried out under standardized technical
conditions to harmonize aspects of hardware, enhance the accuracy and definition of the measurement protocol.
According to the previous studies in this topic, a Sealed House for Emissions Determination (SHED) with a constant HEPA
filtered airflow and a defined extraction has been used to collect the dust coming from the brake system. In addition, a brake
dynamometer adapted to the aim of the project has been used, with different particle measurement equipment such as Horiba
OBS-ONE PN 23 nm, Dekati HR-ELPI+ size distributor and eFilter (PM measurements) or PEGASOR Particle Sensor.
During the different testing campaigns performed, interesting events have been found, for instance, the influence of the air
flow rate in the SHED system on the final PN and PM concentration results or the particles emitted while the brake system is
not acting (brake-off events).
In this paper, the most relevant results will be presented: the testing procedure defined for measuring brake dust emissions and
the main outcomes regarding particle behaviour.
KEY WORDS: Brake dust, non-exhaust emissions, particle emissions, ultra-fine particles, air quality, particle number,
number size distribution, particulate matter, PM10, PM2.5, WLTP novel cycle, innovation.

1. Introduction
There are many sources of traffic-related emissions, which are
usually mainly related to the fuel combustion exhaust. These
sources are a high contributor to the emission of PM to the
environment, and nowadays are well characterized and studied, as
well as controlled and restricted by current regulations.
However, there are other types of traffic-related emissions which
do not come from fuel combustion exhausts: these are known as
“non-exhaust” emissions, and include, in order of their contribution
from biggest to smallest, brakes (brake-related parts, including
during off-brake conditions), resuspension, tyres, road, abrasion or
corrosion of vehicle parts and other sources [1].
These non-exhaust emissions have a big impact on the generation
of PM10 and even PM2.5, and are now a topic of great interest in
the automotive industry. Brake particle emissions are the biggest
contributor to these non-exhaust emissions [2].
Moreover, recent research has demonstrated that brake systems
emit ultra-fine particles [3,4] directly affecting the air quality of
cities and human health.

Accordingly, brake dust has become an important topic to study in
order to start implementing measurement methodologies that might
lead to future test standardisation and brake component approval
regulations.
In 2014, the European Commission created the Particle
Measurement Programme (PMP) Informal Working Group (IWG)
to investigate this topic and provide enough data and knowledge to
establish future legislation. Hence, the main objective of the PMP
is to set up a commonly accepted methodology for measuring brake
wear particles. The roadmap of this group has two main activities:
task force (TF) 1, now completed and whose aim was to define a
standard brake emissions cycle, and TF2 which is in progress and
aims to define the measurement equipment, sampling conditions,
cooling conditions, etc. for measuring brake dust.
Furthermore, some European Union (EU) funded projects have
been working on this issue in order to contribute and complement
PMP group activities. Other markets are also involved in this topic,
such as Japan and the USA – mainly – and India, Korea and China.
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2. Methodology

o Pressure sensors to measure brake pressure applied in
each brake event.

IDIADA performed two different testing campaigns in order to
fulfil the main targets of the project. The methodology used in these
campaigns to measure brake dust emissions on a brake
dynamometer is presented in this section. Firstly, the brake
integration was done at IDIADA’s test facilities in the UK and the
emissions measurement systems were set up. Secondly, the testing
procedures to be followed and the friction material selected for the
tests performed was defined.

o Analogue sensor for measuring brake dyno speed.

2.1. Brake integration
In order to develop the brake particle measurement methodology,
a brake testing laboratory was conditioned and adapted according
to the state-of-the-art methods in this field:
•

Sealed House for Emissions Determination (SHED)
installation: Figure 1 shows the collection box installation
in the brake dyno, isolating the brake system and allowing
only clean air to come inside the box through a HEPA filter
(class EN1822_H14; highest flowrate of 4000 m³/h). In
addition, at the end of the collection box, an extraction
system was set up in order to have a defined sampling
location.

o Air flow measurement
intermittently.

both continuous and

2.2. Particle equipment
Particle Number (PN) and Particulate Matter (PM) measurement
systems were used in this project in order to measure brake dust
with different technologies:
•

On-board system – HORIBA PEMS PN23 nm, for
measuring second-by-second PN concentration with a size
cut-off of 23 nm.

•

PEGASOR Particle Sensor: real-time continuous detector
for PN and PM measurements, capable to detect particles
up to 3 µm.

•

Dekati HR-ELPI+ (High Resolution Electrical Power
Pressure Impactor) size distributor and PN measurements.
Size range from 6 nm to 10 µm.

•

Dekati eFilter for continuous PM measurement (sensitive
real-time PM detection). Size upper cut-point is 3 µm.

2.3. Test procedures
Two different testing campaigns were performed in the brake dyno
presented and with the emission measurement equipment described
in the previous sub-section. The procedures and protocols followed
during those tests were defined and are presented in the following
bullet points:
•

Set-up considerations
o The SHED system was periodically cleaned during
the testing campaign.
o The air flow rates defined were 1100 and 600 m³/h.
o The test facility air was not air conditioned.

Figure 1 SHED system layout in the brake dynamometer
•

Chamber conditioning: The brake dyno selected for the
emissions testing was adapted in order to ensure the air
coming into the SHED system was clean, avoiding high
values of background concentration in the measurements.

•

Cycles implementation: The WLTP novel cycle and other
cycles created were implemented in the brake dyno control.

•

Signals installation: Typical brake test analogue signals
were installed in the dyno in order to collect additional data
useful for the analysis of the results:
o Sliding thermocouples to measure surface brake disc
temperature continuously. They were the
thermocouples available at the moment of the testing.
It was located at the middle of the disc, as usual for
brake testing

2

o There was no cooling control system in the chamber;
temperature and humidity were ambient values.
o Particles sampling: A stainless steel 8 mm sample
probe was used with 4 x 2 mm orifices. Furthermore,
the sample point was located specifically and
according to the current exhaust legislation for
measuring particle emissions. The diameter of the
sample duct was 150 mm.
•

Test considerations
o A synchronization was done between emissions
measurement equipment and brake dyno currents
signals for the post-processing analysis.
o Test start condition: the brake temperature was used
for starting the test.
o The background concentration of the capture box was
checked at the beginning of the project and at
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different moments of the testing as well. The results
showed a concentration below 100 #/cm³, which is
the value used for ensuring the correct background
concentration in exhaust emissions testing with an
on-board system. It is important to mention that the
background checked was done with the PEMS PN23
nm device. This equipment measures solid particles
with a size threshold of 23 nm.
•

the cycle (without soak times) and the brake dyno speed were very
similar to the theoretical WLTP novel cycle defined by the PMP
[5]. Regarding the brake disc temperature, there were considerable
differences in the absolute values compared with the profile
defined in the PMP group [5] due to the dynamometer set-up
(cooling system, air flow, etc.), although the trend throughout the
cycle was the same as the theoretical cycle.

Cycles definition
o WLTP novel cycle: It was defined according to the
PMP group cycle definition [5] with some
adaptations to these specific campaigns.
o Development cycles: Various cycles were defined in
order to understand particle behaviour. The aim was
to look at the different parameters that can affect the
emissions results, for instance, speed and
temperature profile, flow rate, etc.

2.4. Friction material
During the testing campaigns of this research project, a segment C
vehicle, front left brake corner system was used. The components
(pads and disc) used at the beginning of the activities were
completely new parts, and the pads friction material was low steel
variant. A burnishing process of the pads was followed according
to the SAE J2522 (AK Master), section 6.2, before the
measurement cycles, in order to achieve the necessary stabilization
of the particle emissions and obtain robust and reliable results.

Figure 2 WLTP novel cycle brake disc temperature (front
left) as measured by sliding thermocouple. The
different trips are indicated together with the soak times
(ST) between them.

3. Results
3.1. WLTP novel cycle main results
In this section, the results of the WLTP novel cycle are presented
and analysed. Several tests were performed with different particle
measurement equipment, different flow rates, specific trips
performed separately (trip 1, 2 and 10), etc. The main focuses were,
on the one hand, the temperature and speed profiles of the whole
cycle, and on the other hand, the outcomes regarding the brake dust
emissions, such as where and why the dust was detected, which
were the most severe trips, size distribution of the particles emitted,
etc.

3.1.1. Temperature and speed profiles
The main considerations of the tests performed, which results are
shown in this sub-section, are:
•
•
•

Flow rate was set at 1100 m3/h.
Mean ambient temperature was 21.7 ºC and the relative
humidity (RH) 30%.
The WLTP novel cycle consists in 10 trips, with some
soaking time between each one for the brake temperature
cooling. The criteria for the soak time was that tests started
with the following trip if either the disc temperature
reached 30 ºC or the trip soak time elapsed.

The specific temperature and speed profiles reached during the
novel cycle are shown in Figure 2 and Figure 3. The total time of
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Figure 3 WLTP novel cycle speed profile implemented at
IDIADA's brake dynamometer.
3.1.2. Brake dust emissions outcomes
The main outcomes regarding particle emissions of the brake
system during the novel cycle are presented and explained in this
sub-section.
Different particle emissions spikes were found during the cycle in
various specific conditions. Typically, brake dust events occur
during a brake application in certain conditions of brake
dynamometer speed, brake temperature and pressure. In addition,
some spikes were also observed in acceleration and constant speed
trips that will be studied in the next section of the results section.
Various PN peaks during a brake event are shown in Figure 4 and
Figure 5. The charts correspond to two specific moments in the
course of trip 2. Furthermore, the flow rate was set at 1100 m3/h
and the devices used were both the PEGASOR Particle Sensor and
the HORIBA PEMS PN23 nm.
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by the brake system during the cycle studied are presented,
focusing on the most relevant trip.
The last trip of the cycle is the most severe part of the novel cycle
due to a higher speed profile and more aggressive brake events
which results in higher brake’s temperatures. The combination of
these factors makes this trip the most significant in terms of brake
dust emissions.

Figure 4 PN concentration during brake event. WLTP - trip
2, example 1
Figure 4 shows a 20-second brake event and the PN peak related to
that application. The graph shows how the brake dust generation is
directly related to the brake application.
Figure 5 also illustrates four different brake events, in this case
where the value of the PN spike depends essentially on the brake
disc temperature and the brake dyno speed. As Figure 5 shows, the
brake temperature increases from one event to the next. In the first
two brake applications, brake speed is rather constant and the PN
concentration increases as the brake temperature rises as well. The
last two brake events, the speed decreases and, as a result, the PN
concentration has a different behaviour than the first two events. A
further investigation must be done to see the brake particles
behaviour when different parameters are changing at the same time,
for instance, speed, temperature or brake background status.

The total PN (#/km) emissions for both the trip 10 and the whole
WLTP novel cycle measured with the HR-ELPI+ (DEKATI size
distributor) are shown in Table 1 (the flow rate during the cycle
was 1100 m3/h). It is important to mention the values shown are not
presented as emissions factor, but as specific values obtained in the
testing campaign. In addition, due to the air flow rates,
temperatures are higher than in the reality and this should be
considered for the PN and PM values obtained. However, the initial
temperature of each trip is about 30 ºC, which is the reference
temperature established by the PMP Group as well.

Table 1 Total PN emissions of WLTP novel cycle and the
specific trip 10, measured with HR-ELPI+.
Trip

Time
(s)

Distance
(km)

PN
(#/cm³)

Total PN
(#/trip)

Total PN
(#/km)

10

4515

63.42

1.16E+04

1.60E+13

2.52E+11

Total

14248

180.75

4.05E+03

1.76E+13

9.76E+10

Table 1 shows that total PN emissions emitted in trip 10 contribute
for 90% to the WLTP novel cycle’s total PN brake emissions. In
addition, the total particles per kilometre value of almost 1E+11
that one single front brake system emits is, at least, comparable
with the current PN emissions legislation limit coming from diesel
and gasoline engine vehicle equipped with particle filter. The same
occurs with the PM emissions (mg/km) shown in Table 2, where
the total value is 0.19 mg/km (measured with the DEKATI’s
eFilter).

Table 2 Total PM emissions of WLTP novel cycle and the
specific trip 10, measured with eFilter.

Figure 5 PN concentration during brake event. WLTP - trip
2, example 2
Looking at the absolute values of particles emissions emitted, the
analysis of the particle number and the particulate matter released
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Trip

PM
(µg/m³)

Total PM
(mg/trip)

Total PM
(mg/km)

10

20.28

27.98

0.44

Total

8.08

35.19

0.19

During trip 10, there were various important brake dust emissions
spikes, although the biggest was when the cycle speed was around
135 km/h. Together with the second-by-second PN (#/cm3, in green)
and PM (µg/m3, in red) data, the size distribution (in particles per
cm3) of two emissions events is shown in Figure 7.
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Figure 6 Comparison between PMP and IDIADA's brake-on PN results (in #/STOP)
It is shown that there was a significant impact in the size
distribution of the brake particles depending on the brake
conditions (speed, temperature, pressure applied, etc.). For
instance, the first PN peak investigated in Figure 7, around
second 1500, shows a size distribution where different sizes
have importance: 10nm (ultra-fine particles detected below
23nm), between 50 and 100nm and 1µm. This result can be
explained by different phenomena such as coagulation,
agglomeration or nucleation. The second size distribution
shown in this figure is related to the number of particles release
during the last constant speed section and, in this case, the main
particles are between 60 and 90 nm size. Hence, depending on
the different cycle conditions the size distribution of the
particles released by the brake system changed.

The second part of the results section focuses on the two main
outcomes observed during the different testing campaigns
performed at IDIADA: the air flow influence – both in the brake
temperature and the particle emissions – and the brake particles
emitted while the brake system is not acting (brake-off events).
Various tests were designed and defined for this purpose and the
WLTP novel cycle was also used.

3.2.1. Flow rate influence
The SHED system used at IDIADA in a brake dynamometer to
capture the brake dust emissions had a specific air flow when
the cycle was performed. Two different flow rates of 1100 and
600 m3/h were defined. As commonly found and known on
brake dyno related tests, an influence of the air flow rate was
found on the temperature of the disc and in the brake dust
emissions.
Differences within 20 ºC on the brake disc were shown in trip
10 according to Figure 8, maintaining this difference quite
constant along the trip. In addition, the soak time in the WLTP
novel cycle was significantly affected, increasing the total time
of the cycle from almost 7 hours to more than 9.5 hours.

Figure 7 WLTP – trip 10. PN&PM concentration and size
distribution of two different brake emissions spikes.
To conclude the WLTP novel cycle results outcomes, the brake
dust emissions per stop of various trips (1, 2 and 10) with
different equipment (PEGASOR, PEMS PN23 nm and HRELPI+ devices) were analysed. It is well known that brake
temperatures have a significant effect on brake particles number
emissions [6, 7, 8] and this specific effect is shown in Figure 6.
The results of different tests performed at IDIADA with
different equipment have a similar trend as the results presented
by the PMP group [5]. In both cases, there is a cut-off of 160 ºC
in terms of brake disc temperature, where above that
temperature particles emitted by the brake system start to
increase exponentially.

3.2. Brake dust analysis – investigation results
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Figure 8 Air flow rate's influence on the brake disc
temperature - WLTP’s trip 10
The brake dust emissions were also affected during the tests
performed by the air flow rate both looking at the different brake
emissions spikes and with the total concentration in PN and PM
emissions. Table 3 compares the WLTP novel cycle and the trip
10 total PN and PM emissions values with the two different air
flow rates (FR) used, 1100 m³/h, named as FR1, and 600m³/h as
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FR2. The results of two different test were used in this
evaluation, choosing the particles emitted per kilometre as the
most appropriate way to compare both tests, as the unit normally
used for exhaust emissions assessment. As per PM emissions,
mg/km was the choice used for the same reason.
The main conclusion extracted from these two tests is that, by
reducing the air flow rate to almost half the initial value, PN
emissions double and PM emissions increase between 3 to 4
times, respectively. Nevertheless, a deeper study with more tests
should be done to define a more accurate relation between the
air flow rate and the brake dust emissions.

Table 3 PN and PM emissions for different air flow rates
FR
Brake dust

FR1

FR2

FR2/FR1

Total PN (#/km)

9.76E+10

1.85E+11

1.90

Ph10 PN (#/km)

2.52E+11

5.17E+11

2.05

Total PM (mg/km)

0.19

0.63

3.32

Ph10 PM (mg/km)

0.44

1.73

3.93

The above-mentioned influence in a specific part of the novel
cycle (trip 4, with an air flow rate of both 1100 and 600 m3/h,
was selected) is shown in Figure 9. Two identical brake cycles
were performed, and different particle emissions outputs were
found, being more noticeable the peaks for a lower flow rate
extraction.

3.2.2. Brake-off phenomenon analysis
One of the most interesting events observed during the two
different testing campaigns performed at IDIADA was the
particles emitted while the brake system was not acting, from
now on called brake-off event. This event was shown, firstly,
with the various cycles defined to investigate the particles
behaviour and, secondly, during the WLTP novel cycle –
especially in the last trip where the brake dust emissions were
much bigger than the rest of the cycle. Furthermore, this
phenomenon was detected for all the particle measurement
equipment used. This sub-section is not focusing on absolute
values of brake dust emissions, but on the different situations
where the brake-off event was detected.

Figure 10 Investigation cycle with constant speed profile.
Brake temperature in red, speed profile in blue and
PM concentration in green.
Figure 10 shows the results of one of these cycles created to
investigate how the particles behave. It consisted of different
brake events after a 2 min constant speed of 100 km/h. Apart
from seeing the consequences of a brake application to decrease
the speed from 100 to 10 km/h, with its respective particle
emission (the more brake events the brake system had, the
higher were the particles emitted; in this case, PM concentration
is shown), brake-off events were detected during the cycle.
Brake dust emissions were emitted when brake dyno speed
changed from 10 to 100 km/h. This phenomenon is shown in
more detail in Figure 11, where a PM spike appeared while the
brake dynamometer was accelerating (no hydraulic brake
pressure present).

Figure 9 Top: Raw current values of HR-ELPI+ device
(flow rate of 1100 m³/h). Bottom: Idem as per air
flow rate of 600 m³/h. Velocity in blue (km/h) and
brake disc temperature in red (ºC).
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Figure 11 Brake-off event during acceleration – zoom of
Figure 9 –

1

Figure 12 Brake-off events during high constant speed in trip 10 - WLTP novel cycle. PN (in green) and PM (in red)
emissions are shown with different air flow rates. Brake disc temperature (in soft red) and brake dyno speed (in blue)
are also represent.
During the WLTP novel cycle, brake dust was also emitted
while the brake system was not acting. Essentially, it happened
in two events at the end of the trip when brake dyno speed was
constant and around 115 km/h and 135 km/h. In both cases, a
significant brake application and a huge acceleration preceded
these constant speed parts, as Figure 8 shows.
The PN and PM emissions in these two events are shown in
Figure 12 for each of the air flow rates used, 1100 and 600 m³/h,
and the influence of the air flow passing through the SHED
system where the brake system was located are clearly
demonstrated. Looking in more detail, especially in the first
brake-off event, brake disc temperature before starting the
constant speed was below 160 ºC for 1100 m³/h of flow rate
whereas it was above this temperature for a flow rate of 600 m³/h.
This fact had a direct effect on the particles emitted during the
brake-off event, both PN and PM emissions. In the second event
studied, even though in this case there was already a significant
number of particles emitted for both flow rates, the cycle
performed with a lower flow had much higher brake dust
emissions, particularly for PM emissions.
The effect described previously confirms again the influence of
the flow rate on the particle emissions when the brake system is
not acting, as occurs with the brake-on emission shown in Figure
6.

4. Conclusion
A brake dynamometer was adapted and conditioned in order to
perform brake dust emissions testing following the proposed
methodology by the Particle Measurement Programme (PMP)
group in their Working Group (WP) current activities [5]. The
testing protocols were defined, installing the SHED for
measuring brake emissions, defining the data acquisition
systems to be used and implementing the WLTP novel cycle into
the brake dyno. Moreover, various test cycles were designed and
implemented to investigate particle behaviour both in brake
events and when the brake system is not acting.
The main outcomes in terms of WLTP novel cycle results are:
•

The speed profile of the novel cycle can be reproduced
by the brake dyno at IDIADA’s facilities. In addition,
the temperature profile of the brake system will be
given by different parameters: the SHED box layout,
the soaking times defined and the air flow rate.

•

Particles emissions were detected in brake application
events, as expected.

•

Several PN and PM spikes were found during the
novel cycle, with trip 10 as the most significant in
terms of emissions, emitting around 90% of the total.

From the particle behaviour perspective, the main conclusions
inherent to the specific conditions of the tests performed are:
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•

Influence of the air flow rate and, consequently, the
temperature of the brake disc in the brake dust
emissions was observed. Indeed, more emissions
were detected for the lowest flow rate.

•

Brake-off events detected in different conditions that
had a relevant contribution to the total emissions (this
phenomenon should be considered as an important
topic to further investigate).

[7] M. Alemani, S. Gialanella, G. Straffelini, R. Ciudin,
U. Olofsson, G. Perricone, I. Metinoz, Dry sliding of
a low steel friction material against cast iron at
different loads: characterization of the friction layer
and wear debris, Wear 376–377 (2017) 1450–1459.
[8] Mattia Alemani, Particle emissions from car brakes:
the influence of contact conditions on the pad-to-rotor
interface. Doctoral thesis in Machine Design. KTH,
Stockholm, Sweden, 2017.

•

Different particles sizes appeared during the tests and
exact reasons should be investigated in more detail.
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•

Speed influence on brake dust. The higher was the
velocity, keeping the temperature constant, the more
particles were released.

•

Depending on the different cycle conditions, the size
distribution of the particles released by the brake
system changed.

All these outcomes should be further investigated in order to
have more accurate and reliable results.
Continuing with this project, the next steps will be focused on
contributing to the main objective of the PMP group, aiming
towards a commonly accepted methodology for measuring
brake wear particles. Furthermore, different friction materials
could be tested for chemical analysis by doing real PM
measurements with a filter.
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