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EXECUTIVE SUMMARY 

Policy Problem 

Non-exhaust emissions (NEE) from brake wear, tyre wear, road wear, and resuspension of dust have become 
a significant source of particulate matter (PM10 and PM2.5) emissions from road transport in the UK and other 
countries. However, there are still large gaps in our understanding of the factors affecting NEE. 

With the increase in traffic volumes on the road and growth rate in the uptake of electric vehicles, NEE and 
their contribution to particulate matter in the atmosphere has received more attention in recent years. The new 
Euro 7 emissions standard includes, for the first time, limits for brake and tyre wear PM10 emissions. 

Although the focus for NEE has primarily been on particulate mass, particle number is also important to 
consider. Euro 7 will include exhaust particle number (PN) emissions standards for solid particles greater than 
10 nm diameter (PN10), and this is also to be controlled in the future for brake emissions.  

Client and Motivation 

The Department for Transport (DfT) commissioned this research to fill these gaps and potentially inform policy 
on reducing brake and tyre wear. Ricardo, in collaboration with ARUP AECOM, was tasked with investigating 
the variables affecting particle emissions from brake and tyre wear. 

Research Questions 

In the first phase of this project Ricardo successfully developed a system and methodology for measuring and 
characterising particles emitted from brake and tyre wear, under real driving conditions. For Phase 2, the 
systems were optimised, and the following research questions were addressed: 

1. What variables affect particle emissions from brake and tyre wear? 
2. How do different brake and tyre components influence emissions? 
3. What is the impact of regenerative braking and particle reduction devices on NEE? 

Importance of the Work 

Non-exhaust emissions are now a dominant source of particulate matter emissions from road transport. 
Understanding and mitigating these emissions is crucial for improving air quality and public health. This study 
aims to provide insights that could lead to effective policy measures to reduce NEE. 

Key Findings 

• Brake Wear Emissions: Low dust and ceramic pads showed the lowest particle mass (PM2.5) and 
particle number (PN10) emissions. No significant differences were found between budget and 
premium brake discs. PN10 and PM2.5 emissions increased when the vehicle test mass was increased 
during the real drive emission (RDE) tests on the chassis dynamometer. 

• Brake Technology Effects: Regenerative braking in PHEV and EV vehicles significantly reduced 
PM2.5 emissions compared to ICE vehicles, but minimal impact was observed on PN10. 

• Tyre Wear Emissions: Larger tyres (18”) had higher wear rates, but no significant effect on PM2.5 and 
PN emissions. Tyre emissions were dominated by volatile particles. 

• Particle Reduction Technologies: The TAMIC system reduced PM2.5 emissions from brake wear by 
over 40%. The Tyre Collective device captured large particles from the tyre but had no significant 
effect on smaller PM2.5 emissions. 
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Approach 

Tests on different brake pads and tyres were conducted on a chassis dynamometer, on-road, and on test 
tracks. Various instruments were used to measure particulate matter and particle number concentrations. The 
brake pads tested included budget, premium, organic, and low metallic pads, and a set of aged pads. The 
tested tyres varied by supplier/composition, design, size and age. To study the effect of regenerative braking 
on brake wear emissions, tests were also performed on three different vehicles, a VW Caddy (internal 
combustion engine), VW Golf GTE (Plug in hybrid) and VW eGolf (electric). 

Summary of Findings 

• Certain brake pad compositions can result in lower particle emissions, but higher cost does not 
necessarily mean lower emissions. 

• Regenerative braking technology significantly reduces PM2.5 emissions. 
• Tyre mass emissions are dominated by particles larger than 2.5 µm, with little difference observed 

between different tyre sizes, costs, or ages. 

Recommendations 

• Implement policies promoting the use of low dust and ceramic brake pads. 
• Encourage the use of vehicles with regenerative braking technologies in areas where PM2.5 control is 

critical. 
• Further research on particle reduction devices to enhance their effectiveness in capturing smaller 

PM2.5 emissions 

This study provides valuable insights into the variables affecting NEE and offers potential solutions to reduce 
these emissions, contributing to better air quality and public health. 
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2. During Phase 1 testing, maintaining a constant flow was difficult, which was traced to leakage from 
the dilution boxes caused by pressure buildup ahead of the brake enclosure restriction, heat generated 
from the equipment also had an influence on maintaining constant flow. 

3. The axial fans that provided airflow to the filters and sampling system had open inlets located relatively 
close to the rear doors of the vehicle when installed in the caddy. To prevent airflow restriction, the 
rear doors had to remain open, creating issues during testing in wet conditions. 

4. Heat buildup in the dilution tunnel, caused by the significant heat generated by two high-powered 
vacuum pumps attached to the ELPI devices, along with the downstream vacuum pump and eFilter 
pump, resulted in substantial warming of the rear enclosure. This issue was partially resolved by 
keeping the rear doors open but underscored the concern mentioned in point 3. 

5. The bulky nature and high-power demand of the installed equipment posed challenges for the duration 
of testing. 

3.1.1 Improvements / evolution from Phase 1 

Having identified the areas for improvement outlined above, the following actions were undertaken on the 
Phase 1 initial system in preparation for Phase 2 testing, with consideration given to the particle counting 
systems identified. Figure 3-1 illustrates the optimized sampling setup. Starting at the furthest point upstream, 
a blower directs air through a gate valve and into the high efficiency particulate air (HEPA) grade filter boxes, 
the air is then passed through micron grade filters to a blowby meter and then into the top of the brake 
enclosure. At the bottom of the brake enclosure is an outlet which is connected to a variable area (VA) 
flowmeter and then to the sample tunnel, from which each analyser sub-samples. A second blower, sucks 
against the sample tunnel (via a second gate valve) and exhausts the air outside the vehicle. 

3.1.1.1 System Flow optimisation. 

The most significant challenge in optimising the setup from Phase 1 was to improve the airflow without 
increasing power demand or requiring more space. Several alternative air delivery systems were considered 
to meet these requirements, and the final choice was to use high-powered leaf blowers. These blowers can 
generate high-velocity air flows with enough pressure to overcome the restrictions caused by the small ports 
in and out of the brake enclosure. Two units were selected: a Makita blower rated at 4.1 m³ min-1 to blow into 
the filter boxes, and a KATSU blower rated at 3.2 m³ min-1 downstream of the sampling tunnel to provide 
suction from the brake enclosure. Together, they had a combined power rating of 1150 W, split across two 
EcoFlow power packs. with no peak load startup. 

These blowers had a similar power demand to the original axial fans but offered an additional advantage. The 
downstream leaf blower replaced the larger Gast vacuum pump, which had a power rating of 800 W and a 
peak load exceeding 1000 W, often causing the EcoFlow power pack to shut down if not connected to mains 
power before testing began. The Gast pump was the largest power consumer, limiting the duration and number 
of tests that could be completed in a single day. Replacing it with a more efficient, lower-powered air delivery 
unit improved both the testing duration and the number of tests that could be completed. 

3.1.1.2 Filter Air handling. 

Optimizing the air delivery presented a new challenge. The HEPA filter box housings were not designed to 
operate under high inlet pressures. As a result, the increased flow from the blowers caused the filter boxes to 
expand slightly, which in turn led to the filter seals detaching and allowing unfiltered air to pass through. 

To resolve this issue, a bead of silicone sealant was applied around the edge of the seal contact between the 
filter and the filter box to secure the filters in place. Additionally, a brace was installed around the filter box to 
minimize ballooning under high pressure. 

A secondary set of 10-inch, 0.1 µm grade filters was added downstream of the filter boxes to mitigate the risk 
of particle entrainment in the event of filter failure or breaches. The addition of these filters did not result in any 
noticeable changes in airflow downstream of the filter boxes and could function as a standalone filter pack. 
This setup would allow for increased flow into the brake enclosure when the particle distribution of interest is 
above 0.1 µm. 
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Another key consideration was the power demand of the system and its ability to maintain consistent flow over 
prolonged project testing. This assessment aimed to establish the stability of the blowers and ensure flow 
consistency during extended measurement periods. 

3.1.2.1 Flow Evaluation 

The blowers specified in Section 3.1.1.1 were installed and evaluated within the sampling system. Flow 
measurements were conducted simultaneously upstream of the brake enclosure and downstream of the 
sample tunnel. 

The flow from the positive blower into the sampling enclosure was measured using an AVL 442 Blowby Airflow 
Meter, with a full-scale range of up to 600 l min-1. This meter was positioned downstream of the filters and 
immediately before the brake enclosure, ensuring that any flow restrictions in the system were accounted for. 
The maximum flow into the enclosure was measured at 630 l min-1. The flow exiting the sampling tunnel was 
measured using an inline mass flow meter (Model VA420). To ensure accuracy, the VA420 was calibrated 
against the AVL 442 Blowby Airflow Meter within the same setup. A calibration factor (slope) of 0.9045 was 
applied to align the readings. The maximum flow rate measured at the tunnel outlet was approximately 
430 l min-1. 

To achieve an excess flow into the brake enclosure 10% greater than the flow drawn out, a gate valve installed 
at the blower inlet to the brake enclosure was adjusted to restrict the flow to approximately 475 l/min. 

3.1.2.2 Battery Generator Capacity Evaluation 

The EcoFlow battery generators used in the system have a maximum capacity of 2 kWh when fully charged. 
During Phase 1, the pumps supplying flow for the sampling system represented the highest power demand. 
As a result, the measurement campaigns were limited to less than one hour of testing before the generators 
required recharging. 

To evaluate the power draw and determine the maximum measurement duration achievable with the new 
installation, the batteries were fully charged to 100%. Each blower was connected to its own individual EcoFlow 
battery generator. The sampling system was then activated and allowed to run continuously until the first 
battery reached 40% charge, at which point the test was stopped. 

Based on the data collected, the maximum runtime was calculated for a full battery discharge from 100% to 
5% capacity. For the blower installed in the sample tunnel, which had the highest power draw, the estimated 
maximum runtime was approximately 180 minutes. This represents a 120-minute increase compared to the 
original setup, significantly extending the testing time available per charge. However, this estimate excludes 
any additional power demands that may arise from other components in the installation. 

3.1.2.3 Background Zero Evaluation 

To validate the significant changes and optimizations made to the setup, the quality of the filtration and the 
integrity of the system were assessed through leak checks. This was achieved by comparing the ambient air 
to the air within the sample tunnel using a Scanning Mobility Particle Sizer (SMPS) system (TSI 3782 coupled 
with a TSI 3750 CPC) and a TSI Aerodynamic Particle Sizer (APS 3021). These instruments provided 
measurements across particle size ranges from 7 to 300 nm (SMPS) and from 0.5 to 20 µm (APS), 
respectively. The results of both scans were combined and are presented in Figure 3-3. 
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Figure 3-2: Particle concentrations measured by an SMPS and APS over a particle size range from 7 to 20 µm. 
The dark blue line represents ambient concentrations and the light blue line the concentrations once the air 
has passed through the filters and sample system. The left chart shows the concentrations for all size ranges, 
and the right chart shows a zoom-in of the concentrations for size ranges from 0.1 to 19 μm. 

The system flows were configured as described in Section 3.1.2.1. A reduced particle concentration in the 
sample tunnel compared to ambient air indicated the absence of leaks in the system and confirmed that the 
filters were effectively reducing background particle concentrations. This result validated the filtration efficiency 
and ensured the integrity of the sampling setup. 

3.1.3 Final system 

3.1.3.1 Trolley installation – Brake measurements 

To allow the easy in-lab use of all the equipment that had been mounted inside the Caddy for brake 
measurements, a 3-tiered trolley was procured. This allowed easy removal to and from the test facility as well 
as rapid connection to the test vehicle.  

The sample tunnel was mounted on the shelf closest to the ground to allow the shortest possible 25 mm ID 
electrically conducting silicone pipes to be used to and from the vehicle brake enclosure. Both the hot and cold 
MPEC’s were also located on the same shelf next to the sample tunnel, helping to keep sample lines short 
and the trolley’s centre of gravity low. Other sampling instrumentation (Cambustion DMS500 and AVL APC+ 
PN10) were located on the floor near to the trolley, with suitably short connections to sample tunnel. On the 
next level a large HEPA filter and secondary filter were located. These were to remove any ambient particles 
from the air supplied to the brake enclosure. 

The brake enclosure was not perfectly sealed. To increase the flow through the brake enclosure and to 
minimise the loss of material venting out, an additional vacuum pump was attached to the outlet of the sample 
tunnel. The flow through the sample tunnel from the brake enclosure and the flow of HEPA air to the brake 
enclosure was adjusted to give a venting flow loss of approximately 10% i.e. flow into the enclosure was 10% 
higher than the flow out of the enclosure. 

Additionally, a 2kWh uninterruptible power supply (UPS) was located on the top shelf. When necessary, this 
allowed the instrumentation to be warmed up off-line and then moved into position, allowing more rapid set-up 
and efficient use of the test facility. 

Further information on the brake measurement trolley can be found in Section 9.1.1. 

3.1.3.2 Trolley installation – Tyre measurements 

A wooden trolley was constructed to mount a large centrifugal “snail fan” fitted with an orifice and Mass Air 
Flow (MAF) sensor. This fan was the primary air mover to draw the sample, via a flexible pipe, from the tyre 
dust collector and past the emissions sample probe section. This trolley also housed any additional power 
supplies need by the instrumentation. 

Both the hot and cold MPEC and the PN4 instrumentation was located on a floor-standing shelf unit next to 
the sample section. Other sampling instrumentation (Cambustion DMS500 and AVL APC+ PN10) were located 
on the ground with their connections attached to the sample section. 

Further information on the tyre emissions measurement trolley can be found in Section 3.1.1. 
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3.1.4 Enclosures used with the three test vehicles 

In Phase 1 three designs of brake enclosure were tested. The three enclosure designs used in phase 1 are 
described in more detail and illustrated in Section 5.1 of the phase 1 report2. In the first design, the outer face 
of the wheel was sealed, and a static rear (inner) plate fixed in place of the stone-guard enclosed the rear of 
the wheel and the brake. In the second, a bowl-shaped enclosure was fitted over the brake and attached to a 
similar rear plate as the first design, an opening around the wheel hub allowed the enclosure to remain static 
while the wheel rotated. In the third design, a similar bowl-shaped enclosure as in the second design was fitted 
to the hub (trapped between wheel and hub) so that it rotated, with the inner plate static as in the first design. 
None of the designs were completely sealed, although the location of the gap between the rotating and static 
components differs. The airflow into the enclosure is deliberately slightly higher than the sample flow out to 
ensure the sample is not contaminated with external particles. The tests suggested there was no significant 
difference between the three enclosures although the use of the wheel as the enclosure has slightly worse 
heat rejection, and there was some evidence that the static enclosure saw lower PN measurements thought 
to be due to less effective air mixing within the enclosure.  

In this phase (2), the brake testing was carried out across three vehicles, although all three shared common 
brake components (which were moved from vehicle to vehicle) and instrumentation. The first enclosure design 
was chosen since the use of the wheel as the outer part of the enclosure facilitated the easy removal and 
refitting of the brakes from vehicle to vehicle. The wheel with the sealed face and the matching static inner 
plate were carried over from Phase 1 and were transferred between test vehicles along with the brake 
components and instrumentation, so all three vehicles used the same brake and enclosure components. The 
arrangement of the enclosure is shown in Figure 3-3 along with a picture of the sealed wheel fitted to one of 
the test vehicles. 

Figure 3-3: Brake enclosure for brake testing. 

 
2 Measurement of Emissions from Brake and Tyre Wear. Final Report - Phase 1 (2022)

https://www.gov.uk/government/publications/measurement-of-emissions-from-brake-and-tyre-wear
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3.2 TYRES 
The development of an updated sampling system for measuring tyre particle emissions is described in this 
section. 

3.2.1 Improvements / evolution from Phase 1 

Review of phase 1 – smoke tests 

In phase 1, a tyre particle sampling duct had been developed that enabled on-road testing. The requirement 
for the equipment to be on-board the vehicle and for the sample duct to be suitable for on-road use led to 
several constraints on the sampling system: 

1. The space and power available on-board the vehicle limited the size of the sample tunnel and the 
pump used to draw air through the sample tunnel, limiting the flowrate of the sample tunnel. 

2. To ensure a reasonable velocity of the sampled air past the tyre and into the sample inlet was 
achieved, the area of the sample duct opening was restricted by the available sample flowrate. Since 
the duct opening spanned the width of the tyre, this meant it had a narrow opening of limited height. 

3. The sample duct was fitted to a front (driven and steering) wheel since they have the greatest wear 
rate. To enable the sample duct to be positioned close to the tyre and capture particles while turning, 
it was mounted via a bracket to the rear of the wheel hub/brake assembly. The duct could then move 
with the wheel in the horizontal plane when turning.  

4. The steering geometry meant the lateral movement of the sample duct was accompanied by vertical 
movement, swinging up and out on left-hand steering and down and inwards on right-hand steering. 
This vertical movement, along with the need for the duct to clear uneven road surfaces (potholes and 
speed bumps included) and to not contact the underside of the vehicle body as that moved vertically 
(relative to the wheel) on the suspension, meant the vertical positioning of the duct was limited to a 
very narrow window.  

In the conclusions of Phase 1 it was noted that this sampling arrangement could not collect the total particle 
emissions of the tyre, and its sampling efficiency was estimated as between 1:10 and 1:150 but could not be 
quantified. It was also noted that on-road emissions measured were relatively small compared to the 
background, but that vehicle dynamometer testing showed good repeatability. To develop an approach to tyre 
particle sampling for Phase 2 a qualitative assessment of the particle flows relative to the Phase 1 tyre sample 
duct was carried out using smoke. This used a smoke generator which produced particles from heated oil, the 
particles were ducted in front of the tyre (not blown) during both static and dynamic (on a vehicle dynamometer 
at 10kph and 50kph tests), and the result recorded as digital video. The test arrangement and a still from a 
video of a 10kph test are shown in Figure 3-4. 
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Figure 3-4: Set up for the tyre sampling duct smoke tests in the chassis dynamometer. 

The smoke test provided some valuable insights: 

• The sample draw of the duct was weak – smoke particles were drawn in only if their path entered the 
duct and were not diverted in. 

• Air movement around the tyre was turbulent – particles may be carried out to the sides of the wheel.  
• With the dyno pit extraction fan in use, a significant proportion of the smoke particles were drawn away 

through the gap between the dynamometer drum and floor. With the dynamometer pit extract switched 
off this was significantly reduced.  

• At low speeds a thin layer of smoke particles was drawn around the wheel, close to the tyre, up into 
the wheelarch. This effect reduced as speeds increased and was limited by 50kph. 

3.2.2 Tyre particle sampling design selection for Phase 2 

A range of tyre particle sampling systems are observed in literature of other studies considering tyre abrasion 
and particle emissions. A selection of possible systems that may be applied to a tyre fitted to a vehicle is 
described below and summarised in the infographic in Figure 3-5. These range from a complex full enclosure 
which is more suited to laboratory tests, to sample probes which are more practical for testing on road. 

• A full enclosure surrounds the tyre to capture all of the particles. This could be used as a reference 
design, however it is complex and requires modification to the vehicle, such as extending the axle. 
This type of enclosure is impractical for on road use. A wheel dynamometer is probably a better choice 
if the aim is for all particles to be captured, however this is not representative of real-world 
measurements. 
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• A particle enclosure surrounds the rear of the tyre. This is simpler to implement and can be fixed close 
to the contact point between the tyre and surface. It is expected that a large proportion of the particles 
can be collected with this type of enclosure. However, there may be unknown losses, and it is not 
suitable for on road use. This enclosure also requires a high flow rate for sampling. 

• An underbody sample duct can be fixed to the underside of the vehicle and is simple to implement. 
This type of system can allow for testing on the road, however, for safety reasons it will need to be 
located further from the contact point between the tyre and road, which will likely result in unknown 
losses of particles and possible sampling of non-tyre material. A high flow rate is needed for sampling. 

• A close mount sample duct sits behind the wheel and can move with the steering, therefore it can be 
used for on road tests. As for the underbody sample duct, this system will also result in losses of 
particles and contamination from non-tyre material. A medium to high flow is needed for the sampling.  

• A sample probe is the simplest design and consist of one or more sampling inlets located behind the 
tyre. A low flow rate can be used, however only a small sub-sample of the particles emitted from the 
tyre will be sampled. 

Figure 3-5: Range of potential tyre sampling approaches. 

The system applied in Phase 1 could be classed as a close-mounted sample duct with greater coverage than 
individual probes but still able to be used on-road, but as noted its sample efficiency was low. Experience in 
Phase 1 showed that fitting a larger sample duct for road use is impractical unless it is fitted to the vehicle 
body. However, the inlet would then be located further from the tyre-road contact patch resulting in a lower 
particle capture efficiency. A full enclosure would in theory capture all emissions from the tyre and eliminate 
outside sources, making it an ideal reference for particle emissions measurement. However, the gap between 
tyre and wheel arch is insufficient to enclose a tyre on a vehicle so the axle may be extended to bring the 
wheel beyond the body and able to be enclosed, this changes the suspension geometry and weight 
distribution, which may affect the way the tyre behaves. For a study considering the real-world emissions of 
tyres, this approach was considered too far removed from road use. Also, no such system can be completely 
enclosed, and the smoke tests had shown the gap between the dynamometer drum and floor could allow 
particles to escape, so a full enclosure may be better represented by a tyre rig test.  

After consideration of the potential approaches and discussion with Officials, the partial enclosure concept was 
selected for Phase 2. This is suited to vehicle dynamometer use as it is floor mounted and wraps around the 
rear of the tyre as illustrated in Figure 3-6. The duct height is constrained by the underbody of the vehicle, 
which can move on the vehicle suspension during dyno test accelerations and braking, although it is still able 
to be far larger than the close-coupled sample duct used in Phase 1.  
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Figure 8-44: Brake pad thickness loss rates (μm/km) with distance driven. 

Figure 8-45: Aggregated brake pad thickness loss rates in μm/km. 
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Figure 8-46: Brake pad thickness loss rates, P1 – P10A in μm/km, for mileages > 750km. 

8.5 BRAKE WEAR EMISSIONS DISCUSSIONS/SUMMARY 
It should be noted that testing was performed on a two-wheel drive dynamometer, so braking forces on the 
measured pad and disc combination would be 50% on each front wheel, rather than approximately 35% on 
each front wheel, since braking forces are split ~70% front and 30% rear during 4-wheel braking. As a 
consequence, emissions factors for a single front wheel could be potentially 30% lower than quoted here. 

8.5.1 Disc variants and high mileage pad, P10A 

a) Real-time particle emissions corresponded to, and aligned with, instantaneous braking events 
b) There were no substantial indications of outgassing of volatiles during braking events 
c) Occasional spikes of emissions were observed that were not aligned with brake pressure events. 

These could be due to brake stiction and release. Potentially these could lead to over-estimates of PN 
emissions in a ISC or certification test, and so should be prevented from occurring, as far as possible. 

d) It appears that aged brake pads have lower PM and PN emissions than lower mileage pads, 
suggesting an evolutionary mechanism during their lifetime 

e) There does not seem to be any substantial difference in PM and PN emissions between a low-cost 
brake disc (D1) and a premium brake disc (D2). However, it should be noted that a brake system 
aimed at low emissions would likely comprise a sympathetic pad and disc pair, and this might deliver 
more benefits than a random pairing of pad and disc. 

f) Brake discs may need an elevated mileage break-in process in order to produce stable PN emissions, 
especially volatile PN10 emissions. 

• From the experiments comparing the disc types and aged and unaged pads, PN10 
(APC10) emissions from the PG42 cycle were ~2x109#/km, with gravimetric PM2.5 
emissions in the range 1.5 to 2.5 mg/km. Hot MPEC and cold MPEC emissions reported 
as ~10x and ~20x those of the APC10, due to multiple charging effects on particles larger 
than ~1µm. Real-time eFilter results were consistent with those of the gravimetric PM. 
The DMS500 reported similar size distributions from all pad and disc combinations, but 
occasionally significant differences in magnitude between tests that were not supported 
by the results of other instruments. 
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• On dyno RDE tests at 1900 kg and 2100 kg test masses indicated similar magnitudes of 
emissions and results trends to those observed from the PG42. Emissions from the 2100 
kg tests appeared to be higher than from the 1900 kg test (see Section 8.5.3d) below) 

g) On-road short RDE tests using MPECs and eFilter (real-time and gravimetric) supported the 
comparative results seen on the chassis dynamometer: there was little discrimination in emissions due 
to higher temperatures observed in the enclosure between D1 and D2 and from the pad-to-pad 
comparisons, and lowest emissions were seen from P10A. 

8.5.2 Comparison of pad variants, all tested with D1 

a) Consideration of triplicate PG42 cycles’ particle number emissions results from the APC10, cold MPEC 
and hot MPEC indicates that the enclosure-based sampling and measurement approach is able to 
discriminate between pads variants for PN, with average APC10 coefficient of variance (CoV) at 11%, 
cold MPEC CoV at 17% and hot MPEC CoV at 13%. 

b) From APC10 and the MPECs, highest PN emissions results were consistently seen from P7, P1, P6 
and P5, while lowest emissions results were seen from P8, P4, P9 and P2. Pads 8 and 9 are nominally 
“low dust”, Pad 4 was “low metallic” which would seem to align with lower PN emissions. P2 is a budget 
pad, but this does indicate that inexpensive low emissions pads do exist on the market  

c) APC10 results indicated that across the range of results the highest PN emissions pad, P5, had 2.5x 
higher emissions (~2.5x109 #/km) than the lowest pad, P8 (~1x109 #/km).  

d) The range of results from the cold MPEC indicated a higher differential between lowest and highest 
emitting pads than the APC10 and hot MPEC. This likely indicates that the levels of volatile materials 
emitted by the pads vary. The volatile constituents influence the APC10 results least, as it has the 
greatest ability to eliminate volatiles, the hot MPEC next and the cold MPEC most. 

e) The comparative gravimetric PM2.5 and eFilter real-time results showed similar effects to PN, with 
highest emissions from P5, P6, P7 and P1 and lowest emissions from P8, P2 and P9. The high to low 
range of PM2.5 emissions was from ~1 mg/km (P8) to ~3.5 mg/km (P1). 

f) A comparison of the lowest emitting pad P8 and a high emitting pad P5, showed that even if the 
enclosure temperature of P8 tests was higher, PN and PM emissions were lower. P8 also heated and 
cooled more quickly than P5 during testing. This is indicative of the different thermo-physical properties 
of P8, which was a ceramic pad. It is likely that P8 also either contains less volatile material or much 
lower volatility materials than P5. 

8.5.3 Pad variants – dyno RDE tests at 1900 kg and 2100 kg; on road RDE at 1900 kg 

a) From both 1900 kg and 2100 kg chassis dynamometer RDE tests, the pads with lowest PN emissions 
measured with the APC10 and both MPECs were, as observed with the PG42 tests, P8, P9, P4 and 
P2, while P7, P5 and P1 remained amongst the highest emitters. PN emissions ranged from ~1x109 
to 2x109 #/km. 

b) P8, P9 and P2 showed the lowest PM2.5 emissions, while P4 was also lower than the other 5 pad 
variants. PM ranged from ~0.5 mg/km to ~2.5 mg/km. 

c) From on-road RDE tests it is apparent that across the instruments and metrics used, the lowest 
emitting pads were P8 and P9, with P4 emissions also relatively low, while highest emissions were 
seen from P1.  

d) There was a consistent increase in both PN10 and PM2.5 emissions when test mass was increased 
from 1900 kg to 2100 kg during on-dyno RDE tests. PN emissions as measured by APC10, hot MPEC 
and cold MPEC were ~9%, 13% and 11.5% respectively, higher at 2100 kg test mass than at 1900 kg 
test mass. 

e) Gravimetric and eFilter real-time PM emissions also showed emissions to be higher with the extra 200 
kg test mass: gravimetric PM2.5 emissions increased by ~12.5% and eFilter real-time results by ~14%.  

8.5.4 Average emissions across all pads, discs and cycles 

a) PN emissions from the APC10 used only during chassis dynamometer tests, produced emissions 
levels that were similar across the PG42 and both RDE cycles with an average emissions rate of 
~1.6x109 #/km 
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b) Mean gravimetric PM2.5 emissions were consistent across RDE cycles, including both road and 
chassis dyno, in the range 1.43 to 1.52 mg/km, while PG42 cycle emissions were substantially higher, 
giving an average of 2.27 mg/km 

8.5.5 Findings of drive-by site investigations of gentle, moderate and dynamic braking 

a) PN and PM emissions were highest from dynamic braking and lowest from gentle braking. 
b) Considering emissions from different disc types and from the aged pads (P10A), through using MPEC’ 

and eFilter measurements, PN and PM emissions were lowest from P10A, higher from P1D1 and 
highest from P1D2. This is broadly in-line with observations from chassis dyno cycles. Exponential fits 
were the best options for temperature v emissions curves, providing a reasonable fit for P1D2, better 
for P1D1 data, and an excellent fit for P10A data. Potentially the “curing” of the disc and pad with age 
stabilises the volatile emissions characteristics of the disc and pad combination, which would suggest 
that both pads and discs are important influences on both volatile and solid particle emissions. 

c) The exponential fits to eFilter and MPEC emissions versus temperature curves for the 9 pad variants 
and disc 1, indicate that P5 (organic composition) clearly has the highest particle number emissions 
while low dust pads P8 and P9 have the lowest particle number emissions. These observations agree 
with PG42, dyno RDE and on-road RDE findings. Other pads seem to be grouped together, although 
P1 (premium pad) is at the top of this group. Notably P9 emissions are similar to or lower than P8 in 
cold MPEC and eFilter data (where volatile materials are measured) but emissions are higher than P8 
in the hot MPEC data. This may indicate a higher volatile fraction in the emissions of P8 than from P9, 
or the emissions of some larger particles carrying a high charge level. The emissions seen at the high 
temperatures reached in the dynamic braking exercises reveal that lower emissions are achieved 
under all types of braking (likely to be encountered in normal use) with the low dust formulations 
present in P8 and P9. 

d) Due to higher disc temperatures observed in the enclosure than for the unenclosed disc, reported PM 
and PN emissions may be higher from this study than in the real-world. However, the differential is not 
anticipated to be large, since the effect of temperature on emissions in the typical drive cycle 
temperature regime would be less than a factor of two at the highest temperatures, and this would 
only be for a fraction of the cycle duration. 

8.5.6 Test track braking from ~48kph to ~128kph 

a) During test track braking exercises, where temperatures were permitted to stabilise between individual 
braking events, measurements were made with eFilter and MPECs. For moderate braking, results 
showed a roughly linear increase in emissions, for unit/km and also unit/s emissions, with road speed 
between 48kph and 128kph, and that emissions were repeatable when 80 kph and 128 kph were 
revisited at the end of the measurement set. For dynamic braking the emissions increase was better 
represented by a quadratic fit. 

b) On an emissions per km basis, for moderate braking between 48kph and 128kph, eFilter mass 
emissions increased by a factor of ~70, from ~0.35 mg/km to 23.8 mg/km. With the cold MPEC the 
increase factor was similar, from ~2.75x109 #/km to ~1.9x1011 #/km and slightly higher for the hot 
MPEC (factor ~85) from ~1.37x109 #/km to ~1.2x1011 #/km. These increases in emissions were 
associated with increases in the enclosed disc temperature from ~ 60°C to ~150°C. 

c) Between 48 kph and 128 kph, for dynamic braking, mass emissions per kilometre increased 
significantly across all instruments. For the eFilter, emissions rose by a factor of approximately 100, 
from around 0.27 mg/km to 27.9 mg/km. The cold MPEC showed a slightly smaller increase, with 
emissions growing by a factor of about 87, from approximately 3.52×109 #/km to 3.06×1011 #/km. The 
hot MPEC displayed the lowest increase, with emissions rising by a factor of roughly 45, from around 
3.61×109 #/km to 1.64×1011 #/km. This suggests a higher level of volatile material being released 
under dynamic braking than under moderate braking, despite the enclosed disc temperature increase 
from ~ 60°C to ~150°C being essentially the same as that observed from the moderate braking. 
Potentially this suggests higher short-term local temperatures with dynamic braking than moderate 
braking that don’t translate to higher bulk disc temperatures. 
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spikes of PN emissions related to both acceleration and braking events earlier in the cycle, but these are very 
small compared to the event at the end of the cycle. 

Figure 10-26: PN4 emissions from a PG42 test showing data from all wheels and tyres. 

Figure 10-27: Tyre temperature during the PG42 cycle. 



Ricardo  Issue 2  03/09/2025  Page | 150 

Figure 10-28: PN4 emissions from a PG42 test with W20. 

Total PN10 emissions are shown from the cold MPEC in Figure 10-29. While this does indicate the presence 
of the same major particle production event beyond 2200s, the magnitude relative to the rest of the cycle is 
much diminished, and the data are generally less clean, showing many spikes of electrical interference. The 
sensitivity of the PN4 device which runs without dilution and uses a CPC to count each particle individually at 
low levels (up to ~10000#/cm3) and in photometric mode at higher concentrations, is much greater than the 
cold MPEC which relies on charging the particles and counting the total charges using an electrometer. 

Nevertheless Figure 10-30 clearly shows the presence of the peak at the end of the cycle from the test on 
W20. 

Like the PN4 system, the APC10 also relies on a CPC to count the particles. However, it also features a volatile 
particle remover, including a catalyst, to eliminate volatiles and includes a dilution step of ~100x. Together 
these hugely reduce the concentration of particles that reach the CPC. As shown in Figure 10-31, this impacts 
sensitivity and the ability to discriminate between tyre emission and background levels, but the dominant 
emissions peak at the end of the cycle can still be observed (Figure 10-32). 
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Figure 10-29: Cold MPEC emissions from a PG42 test showing data from all wheels and tyres. 

Figure 10-30: Cold MPEC emissions from a PG42 test with W20. 
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Figure 10-31: APC10 emissions from a PG42 test showing data from all wheels and tyres. 

Figure 10-32: APC10 emissions from a PG42 test with W20. 






