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Abstract: As part of the Zero Pollution Action Plan of the Green Deal, the European Commission has
set the goal of reducing the number of premature deaths caused by fine particulate matter (PM2.5)
by at least 55% by 2030, compared to 2005 levels. To achieve this, the European Commission aims
to introduce stricter limits. In urban areas, road transport is a significant source of PM emissions.
Vehicle PM originates from engine exhaust and from tire, brake and road wear, as well as from
road dust resuspension. In recent decades, the application of stringent emission limits on vehicle
exhaust has led to the adoption of technologies capable of strongly reducing PM emissions at the
tailpipe. Further, the progressive electrification of vehicle fleets will lead to near-zero exhaust PM
emissions. On the other hand, non-exhaust PM emissions have increased in recent years following
the proliferation of sport utility vehicles (SUVs), whose numbers have jumped nearly tenfold globally,
and electric vehicles, as these vehicles tend to be heavier than corresponding conventional and older
internal combustion engine light-duty vehicles. This shift has resulted in a more modest reduction in
PM10 and PM2.5 emissions from the transport sector compared to other pollutants (−49% and −55%,
respectively, from 1990 to 2020). This report aims to provide an up-to-date overview of non-exhaust
PM characterization, drawing insights from the recent scientific literature to address this critical
environmental and public health challenge.

Keywords: particulate matter; non-exhaust emission; tire abrasion; brake abrasion; road dust
resuspension

1. Introduction

Air pollution is one of the main causes of premature deaths. One of the pollutants
causing significant concern is particulate matter, which is dangerous for both human health
and the environment. Particulate matter with a diameter less than 2.5 µm (PM2.5), known
as the respirable fraction of particulate matter, can penetrate deeply into the respiratory
system, causing serious health damage and, following long periods of exposure, can cause
cognitive decline and reduction in brain volume.

As part of the Zero Pollution Action Plan of the Green Deal, the European Commission
has set the goal of reducing the number of premature deaths caused by fine particulate
matter (PM2.5) by at least 55% by 2030, compared to 2005 levels. To achieve this, the Euro-
pean Commission aims to align air quality standards with the World Health Organization
(WHO) recommendations, which are stricter than the current European limits. Despite the
reduction in emissions from different sources, in 2021, 97% of the urban population of the
European Union was exposed to levels of fine particulate matter (PM2.5) exceeding the
WHO annual reference value of 5 µg/m3. Similarly, for PM10, the percentage of citizens
exposed to values exceeding the WHO annual limit of 15 µg/m3 was 71% [1].
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In urban areas, road transport is a significant source of PM emissions. Vehicle PM
originates from engine exhaust (resulting from incomplete fuel combustion and lubricant
volatilization) and from tire, brake and road wear, as well as from road dust resuspension.
In recent decades, the application of stringent emission limits on vehicle exhaust has led to
the adoption of technologies capable of almost completely reducing PM emissions at the
tailpipe (particulate filters, zero-emission vehicles such as battery electric vehicles (BEVs)
and hydrogen fuel cell vehicles). This resulted in a growing contribution of non-exhaust
particulate matter, known as non-exhaust PM. A non-negligible contribution is also made
by the spread of sport utility vehicles (SUVs) which, being heavier, lead to greater wear on
brakes and tires, resulting in an increase in PM emissions. Further, the exponential growth
of the electric car market in recent years has contributed to an increase in non-exhaust PM
emissions as a share of total road transport PM emissions [2]. Apart from the switch from
thermal engines to electric propulsion, thus zeroing exhaust emissions, electric vehicles
have higher weights due to the heavy traction batteries, resulting in increased tire abrasion
and therefore higher PM10 emissions into the atmosphere. On the other hand, the wider use
of regenerative braking systems, associated with BEVs, reduces the contribution of brake
wear to non-exhaust PM [3]. The increasing contribution of non-exhaust PM to atmospheric
emissions led to smaller reductions in PM10 and PM2.5 from the transport sector from 1990
to 2020, compared to other pollutant species (−49% and −55%, respectively).

Non-exhaust particulate emissions from road traffic consist of particles released into
the atmosphere due to brake wear, tire wear, road surface wear, and road dust resuspension
during vehicle use on roads. In the EU, non-exhaust particulate matter accounted for 54%w
of the “coarse” fraction (2.5 to 10 µm) and approximately 69%w of the “fine” fraction (0.2
to 2.5 µm) of particulate emissions from road transportation in 2020 [3]. These emissions
occur independently of vehicle technology and contribute to particulate air pollution.
Non-exhaust particulate matter is also a significant source of metal emissions into the
atmosphere, particularly copper (Cu) and zinc (Zn) emissions associated with brake and
tire wear, respectively. This last aspect adds a considerable toxicity value to the non-exhaust
particulate [4].

Unlike exhaust PM, European regulations do not include any limitations on non-
exhaust PM emissions from currently circulating vehicles. However, the entry into force of
the next Euro 7 standard will limit brake PM and tire PM. Non-exhaust PM emissions are
characterized by high uncertainty, as they are strongly influenced by brake type, tire type,
and road surface composition. Additionally, without a reference methodology, emissions
can vary significantly due to measurement environment (in laboratory or on road), sampling
system, and measurement system.

The non-exhaust contribution to PM10 atmospheric pollution is primarily related to
mechanical abrasion during vehicle acceleration and deceleration phases, between tires
and road surface, between brakes and discs integrated into wheels, and between motor
shafts and gearboxes. These mechanical fractions can be interpreted as collisional processes,
completely inelastic, generating energy losses, heat, and abrasions. Key measures to
reduce material loss due to abrasion include reducing vehicle weight, using advanced
materials, and using electromagnetic brakes and clutches. Additionally, the most effective
mitigation strategy for non-exhaust particulate matter involves reducing overall traffic
volume, lowering speeds on high-speed roads, and promoting driving behaviors that
minimize braking and high-speed turns [5]. Particle resuspension from road surfaces can
be reduced through street sweeping, washing, or controlling dust accumulation with dust
suppressants [6]. The following sections will separately analyze emissions from tire wear,
brake wear, and road dust resuspension.

The measurement of non-exhaust particulate matter remains an ongoing scientific
challenge due to the difficulties associated with sample collection in highly dynamic
and contamination-prone environments. Given the need to conduct tests directly on
vehicles to obtain emission values as close to real-world conditions as possible, accurately
distinguishing the source of non-exhaust particulate matter is complicated. This complexity
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arises from the proximity of the brake system to the tire and the difficulty of isolating
individual components without altering test conditions. Nevertheless, both regulations
and manufacturers require specific tests to identify particulate matter from tires and brakes.
Recently, the European Union proposed Euro 7 brake limits, based on Global Technical
Regulation 24 (GTR 24) [7]. GTR 24 standardized light-duty measurement procedures
for vehicles brake emissions, defining test cycle (WLTP-Brake) conditions using brake
dynamometers. For tires, an additional complication is that particulate production is highly
dependent on the interaction with asphalt, introducing further uncertainty. Consequently,
emission factors vary greatly even under seemingly similar operating conditions.

This paper aims to provide the state-of-the-art on the characterization of non-exhaust
PM. To this end, the most recent scientific articles available on the subject have been
consulted. For each non-exhaust PM source (brake, tire and resuspension), an overview of
the formation mechanism will be detailed, followed by a description of current sampling
methodologies and measured emission factors.

2. Brake Wear Particulate Matter Emissions
2.1. Brake Wear Particulate Composition

Braking of a vehicle occurs by friction between a brake pad and a rotating disc or
drum, achieved by applying pressure to the braking system. The friction process causes
abrasion of the pad and the surface of the disc or drum, causing the release of particles into
the atmosphere.

Wear of brake system components typically produces relatively coarse airborne parti-
cles, but the high temperatures associated with brake components generally contribute to
produce also ultrafine particles.

In the case of cast iron discs, optical emission spectrometry analysis [8] on the compo-
sition of the disc highlighted a prevalent content of Fe (93.6%) and C (3.4%) with a residue
of 3% for all other elements.

Otherwise, the brake pad coating material necessary to promote friction with the disc
typically includes five components: binder, reinforcement, filler, abrasive and lubricants.
Each component can be made up of a mix of materials, so the composition of the pads is
very variable [9].

Brake pads can be classified into three categories: low-metallic (LM), semi-metallic
(SM), and non-asbestos organic (NAO) [10]. NAO brake pads are more commonly used in
North America, Japan, and Korea; they are less prone to wear and have a relatively low
friction coefficient. LM pads are more commonly used in Europe: compared to NAO pads,
they have a higher friction coefficient and higher wear, and they exhibit good resistance to
high temperatures [11].

Worn brake pads are often replaced with cheaper aftermarket LM and SM pads. A
typical composition of the metal content in brake pads is often difficult to define, as it varies
depending on the manufacturer and application [12].

The metals most used as brake wear tracers are iron (Fe), copper (Cu), zinc (Zn), lead
(Pb), barium (Ba) and antimony (Sb). Barium and antimony are identified as the tracers
less influenced by the contribution of other sources [13].

2.2. Brake Wear Particulate Formation Mechanisms

The braking systems most used in automotive applications are disc or drum types.
The latter, less efficient but cheaper and less and less used, are often used on the rear
wheels in combination with disc systems to brake the front wheels. In both cases, the
operating principle is based on the interaction between a part integral with the wheel
(disc or drum) and a part integral with the car body (pads or shoes). The mechanism of
particulate formation emerging from braking systems is mainly due to the contact between
these two parts, which generate particles through physical abrasion, contact with surface
asperities and thermal mechanisms.
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In detail, during a braking event, the mechanical friction between the disc and the
pad combined with frictional heat induces wear of the pad lining and disc and leads to
the release of particles. Mechanical wear is predominant below 300 ◦C and involves a
combination of adhesive, abrasive, fatigue and oxidative wear; for temperatures above
300 ◦C, the thermally less stable compounds face oxidative phenomena through interaction
with the air or pyrolyze [14].

Furthermore, many of these components (particularly binders and reinforcements) can
have a high content of organic compounds, which begin to decompose at high temperatures.

If the pads contain organic compounds, a more complex particulate formation process
occurs, with the production of a particles layer deposited on the periphery of the disc. Over
time, these deposits promote the formation of secondary contact surfaces between pads
and disc, with different chemical-physical properties and a continuous evolution of the
accumulation layers, subject to continuous growth and destruction phenomena [15].

This leads to a high increase in the quantity of particle emissions, proportional to
the brake temperature. Such particles may be volatile in the nucleation mode, and their
numbers will depend on the composition, temperature and previous thermal cycles of
the brake pads. This results in high variability in emissions, even for the same braking
system, due to wear of the pads and disc over time. The emission of solid nanoparticles
is usually several orders of magnitude lower than that of volatile particles, and therefore
their measurement must be carried out with a dedicated system [16].

Therefore, the combined effect of all these mechanisms complicates the prediction of
the chemical composition, structure and size of wear debris produced during a braking
event [17].

Furthermore, although the main emissions of particles from the braking system are
generated during brake application, the aerodynamic flow around the brake calipers
leads to significant emissions of solid particles even after the braking event, during next
acceleration or even during driving at constant speed. This phenomenon is obviously
conditioned not only by the braking system but also by the geometry of vehicle’s underbody
and wheel arches, which affect the aerodynamic flow and, consequently, the release of
the particles produced during the braking event into the atmosphere. Therefore, brake
particulate emission measurements must be carried out during the complete driving cycle
and not be limited to individual braking events, and the emission factors must refer to the
mass or number of particles per kilometer.

2.3. Brake Particulate Sampling Methodologies

Brake particulate measurement systems can be classified based on their complexity:
the simplest involve measurements with pin-on-disc tribometers in which cylindrical pins
of the same material as the pads to be tested are placed in contact with rotating cast iron
discs; the wear of the sample is measured by gravimetric method by difference, before and
after each test, using a precision balance [18]. This system allows evaluating the effects
of contact pressure, sliding speed and continuity of sliding contact on the particle size
distribution and chemistry of the collected wear particles. On the other hand, these systems
cannot estimate the effects of pad and caliper shapes and the aerodynamics of the vehicle
on the emission of particles [19].

Sampling systems more adherent to the real case involve the use of dynamometers
coupled to the braking system with real-sized brake hardware and materials, which allow
reproduction of driving conditions similar to those of real urban or suburban driving [20].
Compared to pin-on-disc systems, brake particulate emission measurements on the dy-
namometer are influenced by the shapes of the pads and calipers, but they do not take into
account the aerodynamics of the vehicle and other phenomena such as regenerative braking.

Euro 7 standards will adopt GTR 24 standardized light-duty measurement procedures
for vehicle brake emissions based on brake dynamometers. The homologation refers to
the braking system, which can therefore be installed on different vehicle models [21]. The
tests are performed using the WLTP-Brake cycle, taking into account the worst possible
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load conditions compatible with the range of vehicles equipped with the tested braking
system. The braking system is connected to a brake dynamometer, and its control system
supplies kinetic energy to the brake under test, reproducing the vehicle mass and inertia.
The rotational speed is controlled to perform the WLTP-B cycle. The system is enclosed in a
casing with conditioned airflow, which controls ambient temperature and humidity. At the
exit of the brake casing, a sampling tunnel is dimensioned to stabilize the turbulent airflow
on the sampling plane, where the sampling probes allow for isokinetic measurement of
PN concentration and PM mass (PM2.5 and PM10) [22]. For M1 category vehicles, EURO 7
standards limit the PM mass concentration to 3 mg/km for BEVs and 7 mg/km for other
types of powertrains.

This measurement system does not allow the measurement of brake emissions of a
specific vehicle.

The use of the chassis dynamometer can overcome this problem; in fact, in this
case, the brake–vehicle interaction on particulate emissions is considered. Compared to
measurement systems limited to braking systems, they offer the advantage of controlling
environmental parameters. Additionally, they provide a better understanding of the vehicle-
level effects on particle emissions due to brake wear. In any case, it is impossible to exactly
reproduce on-road operating conditions: for example, temperatures are higher compared
to the real case, with a consequent overestimation of emissions. Furthermore, there is
potential contamination resulting from increased particulate emissions from tires due to
increased wear due to skidding on the roller. Finally, compared to other laboratory tests,
the risk of contamination with particles from other sources is higher [23].

Sampling during road tests using mobile units allows the evaluation of the effects of
all vehicle–brake and tire–road interaction phenomena influencing particulate emissions
from brakes [24]. However, these measurements are affected by greater variability due to
the poor reproducibility of test conditions and the greater difficulty of collecting the sample.

Sampling methodologies also can be classified in open, closed or semi-closed systems.
In the case of pin-on-disc type tests, closed systems are generally adopted; in the case of
dynamometers coupled to braking systems, it is possible to use open or closed systems. As
regards vehicle tests, open or semi-closed solutions can be employed.

Several cases are reported in the literature where such systems are developed and
tested on-road.

Figure 1 shows an example of a semi-closed sampling system [20]: during vehicle
driving, the air impacting the vehicle is compressed in the underbody and forced to exit
laterally towards the sides of the vehicle, generating an airflow from inside the wheel rims
outward, which cools the brakes. To preserve the direction of the airflow and promote
natural brake cooling, sampling is conducted outside the wheel rim using a conical collector
that fully covers the rim to create a semi-closed sampling system. To ensure stable airflow
conditions, the air flow of the system is controlled by a suction device at the end of the
sampling line.

The main limitations of semi-closed systems concern overheating of the brakes, con-
tamination with other non-exhaust (background) emissions, difficulties in maintaining
constant flow in the sampling tunnel and poor adaptability.

A typical open sampling system is shown in Figure 2 [25]. The system includes
two sampling lines for the simultaneous measurement of particles from brakes and tires.
Sampling is performed at the front wheel because the weight of the vehicle shifts forward
during braking; therefore, the front wheels are more stressed, and the friction is larger [26].
A third sampling line on the roof of the test vehicle is used for background particulate
measurements. The brake sampling probe is positioned 5 cm from the center of the wheel,
while the tire sampling inlet is installed 2.5 cm from the top of the wheel. The distance
between these two probes is 30 cm. Isokinetic sampling probes were utilized.
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Compared to semi-closed systems, open systems do not significantly impact aerody-
namics and air–brake heat exchange; therefore, they do not alter temperature conditions.
Similarly to recent developments in exhaust emission measurement, these systems could
be used during real driving to study the emissions under real conditions, as they could be
used outside of an automotive emission laboratory However, they are more sensitive to
contamination from particles emitted by other sources. For example, contamination from
tire emissions is probable, although the specific relative contribution cannot be estimated
without chemical analysis.

2.4. Brake Wear Particulate Matter Emission Factors

Emission factors are used as a tool to quantify the emission of a specific pollutant by a
single vehicle or vehicle fleets. They are functional relations that allow a rough estimate
of polluting emissions relative to traveled distance, spent energy or fuel consumption.
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Emission factors are typically distinguished by vehicle classes and depend on several
parameters, such as vehicle characteristics and emission control technologies, the type
of fuel used and environmental and operating conditions [26]. Brake particle emission
factors refer to particle mass or particle number, depending on the friction regime and the
measurement procedure. PN emissions have been found to be strongly influenced by the
type of brake pads and operating conditions such as brake test type and vehicle weight [27].

Table 1 shows the PM emission factors from brakes, reported in various scientific
publications. The type of test and the sampling system used are indicated together with
the experimental results.

Table 1. Brake wear particulate emission factors.

Reference Environment/Sampling
System Results

Woo et al., 2021 [28]

Sealed experimental chamber
for brake dyno

Gravimetric method
closed system

0.294 mg/km/brake per WLTC;
0.221 mg/km/brake per NEDC;

0.161 mg/km/brake per FTP;
0.251 mg/km/brake per 3h-LACT;
0.113 mg/km/brake per WLTP-B

Mathissen et al.,
2019 [23]

Chassis dyno
Semi-closed system

PN = 7 × 109 pt/km (EEPS w/o
catalytic stripper);

PN = 3 × 109 pt/km (CPC with
catalytic stripper)

Zum Hagen, 2019 [20] On road tests
Semi-closed system

1.8–2.1 mg/km/brake (cast iron disc);
1.4–1.7 mg/km/brake (cast iron disc

with WC-CoCr)

Seo et al., 2019 [29]
Sealed experimental chamber

for brake dyno
closed system

3.0 × 107–5.0 × 107 pt/cm3

(range 6 nm–10 µm)

Perricone et al.,
2019 [8]

Sealed experimental chamber
for brake dyno

PN = 1010 pt/block (cold)
PN = 108 pt/block (warm)

Lyu et al., 2020 [30] pin-on-disc system
closed system

0.75 mg/m3 (Cu-full);
0.9–1.2 mg/m3 (Cu-free)

Kim et al., 2021 [31]
Sealed experimental chamber

for brake dyno
closed system

4.37–14.41 mg/kg/vehicle

Oroumiyeh et al.,
2021 [25]

On road tests
open system

Heaviest vehicle:
950–8420 µg/m3 per PM10
520–4280 µg/m3 per PM2.5

Lightest vehicle:
430–3890 µg/m3 per PM10
250–2440 µg/m3 per PM2.5

Zhang et al., 2024 [32]

Sealed experimental chamber
for brake dyno

On-road acquisition of the
6-wheel forces, GPS,

accelerometer and brake
temperature

PM10: 61–72% in mass loss
2.66 mg/km PM2.5
11.65 mg/km PM10

Due to the high variability induced both by the numerous test parameters (pad
material, vehicle mass and inertia, driving style) and by the different sampling systems,
there is no uniformity in results reported in the literature. This is due to the difficulty of
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isolating brake particulate emissions from other sources as well as the absence of reference
standards for measurements.

The type of brake test has been found to influence emission factors. Woo et al. [28]
tested a braking system using a brake dynamometer on different driving cycles (WLTP,
NEDC, FTP, 3h-LACT and WLTP-Brake), finding a dependence of the maximum brake disc
temperature on the tested cycle and, consequently, of the brake particulate emission factor.
These results suggest a correlation between emissions and the parameters that characterize
the different tested cycles: temperature, frequency and duration of braking and the initial
speed of the braking event.

Numerous studies have highlighted critical temperature threshold values between
140 and 200 ◦C, above which emissions of ultrafine particles increase, compared to coarse
particles [20,23]. Zum Hagen et al. [20] found a constant reduction in the emission factor
with each repetition of the test cycle (PN equal to 2.4 × 1013 particles/km/brake on the
first test, 2.0 × 1012 particles/km/brake on the fifth) and a corresponding increase in the
critical brake temperature at which ultrafine particle emissions occur, from 140 to 170 ◦C.

Perricone et al. [8] investigated the effect of temperature on the volatile fraction of
brake particulates. The tests were performed on a disc brake test rig equipped with three
different sampling tools: a standard cascade impactor, a cascade impactor operating at high
temperature with a heated sampling line, and a standard cascade impactor with thermode-
nuder. Tests were carried out with a brake assembly representative of European passenger
vehicles. The results showed a several orders of magnitude decrease in concentration (in the
sub-200 nm size range) using the cascade impactor operating at 180 ◦C with the sampling
line heated to 200 ◦C. A further reduction in concentration of particles smaller than 200 nm
was measured using a standard cascade impactor with a thermodenuder heated to 300 ◦C.

Seo et al. [29] conducted a study on the effect of disc material on particle emission,
using a brake dynamometer, demonstrating that brake wear particulate matter is inversely
proportional to the thermal conductivity of the disc as nanoparticles emitted during brake
application are produced at higher temperatures.

The material of discs and pads has a significant influence on particulate emission.
Lyu et al. [30] conducted an experimental work to evaluate friction, wear, and airborne

particle emission from Cu-free commercial brake pads. The results showed that brakes
without copper have higher emission factors (0.9–1.2 mg/m3) than brakes containing
copper (0.5–0.75 mg/m3). Copper is used between brake pad components to improve
their thermal conductivity and to create a compact contact surface, reducing brake wear
emissions. However, due to its potential toxicity to aquatic species, copper is replaced by
metallic (mainly steel) and non-metallic (graphite, hemp fibers, rock fibers, natural fibers
and barite) materials.

Kim et al. [31] evaluated brake particle emissions using low-steel friction materials
with various abrasives and lubricants (graphite). Depending on the abrasives, emissions
due to brake wear were between 4.37 and 14.41 mg/km/vehicle. The authors observed
that harder abrasives (SiC > Al2O3 > ZrSiO4) increase particulate emissions.

Several studies have analyzed the effect of vehicle weight on non-exhaust emissions,
demonstrating that heavier vehicles generate higher brake particle emissions because they
require more energy to decelerate. Oroumiyeh et al. [25], for example, investigated the
effect of a vehicle mass and braking intensity on brake and tire particles measured in road
tests on three different types of vehicles in real driving conditions. A significant difference
in PM2.5 and PM10 concentrations from brakes and tires was observed between heavier
and lighter vehicles, indicating a correlation between vehicle mass and PM concentration
at brake and tire inlets.

Zhang et al. (2024) [32] developed a sampling method based on real driving conditions
to obtain information on emissions and to extract characteristic conditions for tire and
brake wear. By replicating these conditions in the laboratory using a dynamometer coupled
with the braking system, they conducted measurements of non-exhaust PM emissions.
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3. Tire PM Emissions
3.1. Tire Wear Particulate Composition and Road Contribution

While moving, the tire surface is constantly abraded by contact with the road surface,
with a continuous release of large quantities of rubber particles in a wide range of sizes.
Larger particles typically settle on the road surface, while those smaller than 10 µm disperse
into the air. Tire particles emitted into the atmosphere represent an important source of
emission of microplastics and metals (typically silicon (Si), zinc (Zn) and sulfur, S) into the
atmosphere [33].

The typical composition of tires includes polymers (40–50% by weight), reinforcing
agents (30–35% by weight), vulcanizing agents (2–5% by weight), and additives. The
polymers include natural rubber, butadiene rubber, and styrene-butadiene rubber. The
reinforcing agents can be carbon and silica (SiO2), while sulfur or zinc oxide are used as
vulcanizing agents. Therefore, over 70% of the tire material is composed of carbonaceous
material, of which 75% is organic carbon [34]. The friction between the tire surface and the
road surface also leads to abrasion of the road surface.

Guo et al. [35] highlighted another important characteristic regarding the acidity of
tire particulate matter. They demonstrated that PM2.5 from tire wear is acidic, unlike PM
from internal combustion engine exhaust, which tends to be alkaline. The aerosol acidity is
an important particle property concerning atmospheric chemical reactions and pollutant
conversion.

Tire wear particles can be chemically and physically affected by the road contribution,
becoming tire road wear particles (TRWPs). The evaluation of the road wear emission
contribution is difficult because of interference from various sources on the road pavement
(deposition from soil resuspension, construction activities). Moreover, major uncertainty
regarding RPWP emission factors is due to the scarcity of research activities carried out in
comparison with those on tire and brake wear [36]. A deeper insight into airborne particles
generated by road pavement is becoming fundamental since the global deployment of
asphalt pavements is considerable.

The most widely used road pavements globally are asphalt pavements. These are
composed of 90% mineral aggregates and 5% bitumen, and the remaining portion is made
up of mineral fillers [37]. The average road pavement abrasion rate ranges between 0.04
and 0.5 mm per year, depending on road, driving conditions and traffic volume [38,39].

A recent study employed an innovative tire abrasion simulator to classify collected
wear particles, distinguishing whether they were generated by pavements or tires using
pyrolysis gas chromatography chemical analysis. The results indicate that for particles
smaller than 200 nm, the tire wear content decreases as the particle size diminishes. Specifi-
cally, for particles smaller than 60 nm, the ratio between pavement wear and tire wear is
nearly 8:1 [38].

The chemical composition predominantly consists of Si, Ca, K, Fe, and Al; however,
the presence and quantity of these elements are highly dependent on the type of road
pavement [40]. Recent research has demonstrated that road wear contributes to nearly 27%
of Pb content in road dust. Pb is present in fly ash, which can be a component of asphalt
pavement [41]. Additionally, significant amounts of zinc (Zn) and chromium (Cr) were
found in road wear particles, with concentrations of 35 mg/kg and 34 mg/kg, respectively.

Due to the interaction with the pavement, the chemical characteristics of the particles
emitted by road tire abrasion are different from those of the original tread rubber [42]. A
significant difference lies in the density, averaging around 1.2 g/cm3 for the tread and
ranging from 1.5 to 2.2 g/cm3 for TRWPs.

In 2017, an ISO method was published (ISO/TS20593 [43]) to calculate the mass
concentration of TRWPs using as tracers polymers contained in tire rubber: butadiene
(BR), styrene-butadiene (SBR) and natural rubber (NR). The method quantifies the elas-
tomeric fraction of TRWPs contained in PM10 and PM2.5 through pyrolysis coupled to gas
chromatography with mass spectrometry (PyrGC–MS) of PM samples.
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3.2. Tire Wear Particulate Formation Mechanisms

The main causes of tire abrasion are shear and friction forces, originating from the
slippage of the tires relative to the road during the process of steering, braking and driving.
Furthermore, the friction of a vehicle on the road is also an important parameter for the
resuspension of particles from the road surface. The friction force on the surface is given
by the product of the mass of the vehicle, the rolling resistance coefficient (Cr) and the
gravitational acceleration constant. Cr values depend on the type of road surface and are
higher for “rougher” surfaces. The internal pressure of a tire also affects rolling resistance,
as lower-pressure tires have higher rolling resistance. Tire grip, which is fundamental for
the acceleration, braking and steering of a vehicle, is therefore an important aspect in the
generation of tire particles [44].

Emissions of PM (particulate matter) and PN (particle number) from tires are highly
dependent on speed; they increase as vehicle speed increases. Specifically, as the tempera-
ture of the tire tread surface increases, the concentration of PN increases exponentially. PM
emissions from tires also strongly depend on the aggressiveness of driving, i.e., sudden
acceleration, braking and steering. In these cases, tire abrasion can increase significantly
due to the high tangential forces on the tires [33].

Another important parameter for the formation of tire particles is temperature. Above
180 ◦C, the volatile components of the tread undergo the processes of evaporation and
condensation, with consequent release of particles into the atmosphere [45]. The number
concentration of tire nanoparticles increases with increasing temperature and heating rate.
The phenomenon of tire smoke nucleation begins at a reaction temperature above 160 ◦C,
leading to the formation of numerous ultrafine particles. It has been observed that even at
temperatures below 160 ◦C, locally on the tire, high temperatures can be reached due to
instantaneous heat flows, causing the evaporation of volatile tire contents. Woo et al. [46]
demonstrated that higher sulfur content in tires leads to the formation of more particles,
since the melting point of sulfur is 112 ◦C.

A study conducted by Yan et al. [47] suggests that the formation of tire particles
occurs through three repeating processes. The first is the wear of the tread tips, which
generates micrometric particles; the second is the formation of small cracks following the
high vibration frequency; and the third is linked to the widening of these cracks, which
wear away, generating coarse material (Figure 3).
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Tire wear particles are released following a trajectory dependent on their size and
wheel speed. The model used most to simulate this phenomenon is the Lagrangian
one [48,49].

3.3. Tire Wear Particulate Sampling Methodologies

Measurement systems for tire wear particulate matter are divided into vehicle and
wheel systems.



Energies 2024, 17, 4079 11 of 21

Vehicle systems are created for road or laboratory tests where the vehicle is placed
with the driving wheels on a dynamometer roller bench [50].

Tire sampling systems are laboratory systems that use a single tire and can simulate
tire load, torque, rotational speed, steering angle, temperature and humidity.

The tires are placed in contact with a roller (named Drum in Figure 4), which is
generally covered with sandpaper or mixtures of sand and resin to simulate the road
surface [51].
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A correct design of the tire particulate sampling system is crucial to reduce uncer-
tainties in the results and maximize the results’ repeatability. That is, the position of the
sampling system strongly affects the results. The sampling system inlet must be placed as
close as possible to the point of contact between the tire and the road surface to minimize
the influence of the external environment (air speed) [53].

Furthermore, the particulate collection efficiency represents another critical aspect
of this measurement due to particle deposition along the sampling tubes and the partial
collection of the emitted particulate matter. Carrying out isokinetic sampling is a way to
ensure uniformity of sampling and maximize the quantity of collected particulate matter.
To ensure isokinetic conditions, the inflow velocity into the sampling system should closely
match the overall flow velocity surrounding the collection system.

The sampling flow rate is another crucial parameter. as it determines the cooling
rate of tire fumes and, consequently, the formation and growth of nanoparticles. It has
been demonstrated that high sampling flow rates result in a particle distribution with
a greater contribution of ultrafine particles. When the sampling flow rate is high, tire
fumes are rapidly cooled, promoting nucleation and the formation of smaller particles.
Additionally, the high sampling flow rate prevents particle growth during the coagulation
and agglomeration process due to the low temperature [54].

3.4. Tire Wear Particulate Matter Emission Factors

Tires lose approximately 1.0–1.5 kg of weight during their lifetime [55]. Most of the
material is released as particles larger than 10 µm, so tire wear particles are present in all
environmental compartments (air, water, soil/sediment, and biota). Emission factors for
tire particulate matter (PM) are often correlated with the mass consumption of the source;
many scientific studies report measured PM10 and PM2.5 emissions as a percentage of
the total mass loss. However, the mass loss of a tire does not precisely correspond to the
emission into the atmosphere, as some particles formed are too large to disperse into the
atmosphere or adhere to the road asphalt.

An average loss of 20–40 mg/km per single tire has been estimated [56–58]. Specifically,
the tire mass loss by light vehicles ranges from approximately 30 mg/km to 117 mg/km,
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while for heavy vehicles, this can be up to 10 times higher [59]. However, PM10 and PM2.5
emissions do not appear to have a straightforward relationship with tire mass loss [60].

Table 2 summarizes the PM emission factors reported in various literature sources
from the “Tire” source. In addition to experimental results, the table also describes the test
environments and used sampling systems.

Table 2. Tire wear particulate emission factors.

Reference Environment/Sampling System Results

Charbouillot et al., 2023 [44] Track
Isokinetic sampling behind the driving
wheel with 3 vertically aligned nozzles

PM10: 1.1–4.1% (on mass loss)
PM2.5: 0.1–0.2% (on mass loss)

Zhang et al., 2024 [32] On-road acquisition of the 6 wheel forces,
laboratory reproduction with a wheel

dynamometer
Constant volume sampling at the

tire-ring contact point.
System enclosed in a semi-open chamber

0.21 mg/km PM2.5
1.27 mg/km PM10

Grigoratos et al., 2018 [60] Laboratory tests
Circular road simulator, cooled (max

speed 70 km/h)

Mass losses between 55 and
214 mg/km_veh

PM10 20–50 microg/m3 (50% PM2.5)

Guo et al., 2023 [35] On-road acquisition of speed and wheel
forces, laboratory reproduction with a

wheel dynamometer

Silicon: PM2.5 7%w
Zn: PM2.5 0.7%w

The main component is organic carbon,
followed by inorganic elements and

water-soluble ions. Pyrene is the
dominant polycyclic aromatic

Yan et al., 2021 [47] Laboratory tests. Wheel dyno. System
enclosed in a flow-controlled chamber

0:040–0.1040 mg/km

Tonegawa, Sasaki, 2021 [51] On-road tests Tire wear: 3.7 mg/km-veh (of which
3–4%w consists of PM10 and PM2.5)

PM10: 0.4–1.7 mg/km

Park et al., 2018 [45] Laboratory tests. Wheel dyno. System
enclosed in a flow-controlled chamber

PM10: 0.055–0.222 mg/km
PM2.5: 0.029–0.051 mg/km

Kim et al., 2018 [52] Laboratory tests. Wheel dyno. System
enclosed in a flow-controlled chamber

PM10: 0.0002–0.066 mg/km
PM2.5: 0.0001–0.036 mg/km

Pirjola et al., 2009 [50] On-road tests. Isokinetic sampling at
constant volume

PM10: 0.060–5.3 mg/m3

Woo et al., 2022 [46] Laboratory tests. Wheel dyno; On-road
tests. Isokinetic sampling at constant

volume

0.91–1.34 mg/vkm PM10
0.1–0.38 mg/vkm PM2.5
3.12–3.95 × 1013 pt/vkm

45–95 mg/km a 110 km/h on track
(resuspended particulates included)
2–4% of that is attributable to tires

(7–16 µg/m3 PM10
1.4–2.8 µg/m3 PM2.5)

It is evident that numerous studies have been conducted both in laboratory settings
and under real road driving conditions to investigate the chemical and physical characteris-
tics of particulate matter generated by tire wear. A common conclusion is the challenge in
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distinguishing wear particles from resuspended particles under real on-road conditions.
On the other hand, laboratory tests are limited by their inability to fully replicate tire wear
similar to that under real-world road conditions. Additionally, discrepancies in results
reported in the literature arise due to the lack of standardized methods and the use of
different instrumentation [46].

Tire durability is an important aspect currently not regulated in Europe. In the United
States, the National Highway Traffic Safety Administration (NHTSA) has established the
Uniform Tire Quality Grading Standards (UTQGS) to provide information about tire per-
formance for passenger vehicles regarding treadwear, traction, and temperature resistance
areas. According to the UTQGS methodology, tire manufacturers must indicate the ex-
pected durability on the tire sidewall using the Treadwear Rating (TWR), which accepts
numbers between 100 and about 700. The higher the treadwear grade, the longer it takes
for the tread to wear down, consequently reducing TWP (tire wear particle) emissions.
The treadwear grade is determined by the composition of the tread compound, where the
relative ratios between BR/SBR/NR polymers and filler materials (such as silicon, zinc,
sulfur) change. Using tires with a high treadwear grade reduces tread wear but potentially
increases the generation of fine particles, thereby increasing tire particulate emissions.
Therefore, to minimize the negative impact on the atmosphere and aquatic environment,
tire rubber materials (e.g., polymers and fillers) should be carefully selected considering
tread wear and tire particulate emissions.

Among the mobility restriction policies effective in reducing tire-derived PM, those
focused on promoting lighter vehicles with narrower tires are notable. This is particularly
relevant, as the current vehicle fleet is expanding towards increasingly environmentally
friendly powertrains but also towards larger tires. Additionally, for a drastic reduction in
PM10 pollution, street cleaning to further reduce the accumulation and resuspension of
particulate matter would be necessary. Furthermore, research aimed at the development of
new tire compounds with improved environmental parameters, as well as new chemical
technologies for road surface development, will be crucial.

4. Resuspended Road Dust PM Emissions

Resuspended road dust PM emissions are particles deposited on road surfaces and
resuspended into the atmosphere due to the passage of vehicular traffic.

Various sources contribute to the accumulation of dust on road surfaces; some of them
result from the dry and wet deposition of airborne particles, especially coarser particles
derived from soil. Additionally, vehicle abrasion products may deposit onto the road,
contributing to dust formation. A fraction of these deposited dust particles is smaller
than 10 µm; furthermore, tire action on surface dust can lead to grinding, creating smaller
particles from coarser dust.

Smaller particles (PM10, PM2.5) are quite easily suspended from road surfaces due to
shear forces on the tire–road contact surface, atmospheric turbulence generated by vehicle
passage, and high wind speeds. Estimating the contribution of road dust resuspension
is particularly challenging, as it depends on numerous factors such as meteorology, road
infrastructure maintenance, economic activities, traffic speed, and vehicle weight [61,62].

Meteorology, for instance, determines various sources of dust deposited on road sur-
faces. In countries with harsh climates, road dust primarily comes from the use of snow
tires and the application of salt and sand as anti-icing agents [63]. In Mediterranean coun-
tries with milder, drier climates, resuspended matter loads are prevalent due to Saharan
dust intrusions [64]. Additionally, in these regions, resuspension is greatly facilitated by
scarce rainfall.

Resuspended particulate matter acts as a carrier for various contaminants that have
harmful effects on human health [65], leading to increased mortality from respiratory and
cardiovascular diseases.
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4.1. Measurement Methodologies for Resuspended PM

Several measurement and sampling methodologies for resuspended particulate matter
are proposed in the literature.

The US Environmental Protection Agency (US-EPA) has provided a specific protocol
(USEPA AP-42) for collecting road dust, both on paved and unpaved roads, with a focus
on PM10 and PM2.5 [66]. The protocol first identifies the study area and the number of
representative road samples. Material is then collected from the road surface using a broom
and dustpan (minimum quantity 400 g) or, for cleaner roads, with a vacuum sampler with
weighed filter bags (minimum quantity 200 g). The collected dust sample is dried at 40 ◦C
and subsequently resuspended in the laboratory to measure the particle size distribution
using specific instruments and to separate PM10 and PM2.5 fractions.

After removing the larger debris (particles larger than 0.6 mm), the collected powders
pass through a mechanical sieve to separate the fraction of dust with a diameter below
75 µm, commonly referred to as ‘silt loading’ (sL). The US-EPA methodology proposes an
empirical equation to estimate fine particulate emissions through the resuspension of road
dust for an average fleet. It estimates PM10 emissions from resuspension based on the sL
value and the weight of vehicles passing on the road.

The results of this methodology are somewhat unrealistic, as they fail to account for
multiple parameters specific to different measurement sites. These include vehicle speed
and driving style, as well as the seasonality of the locations where this characterization is
being conducted.

One of the most used sampling methods for resuspended particulate matter involves
continuous mobile monitoring of atmospheric particulate concentrations as vehicles pass
on the road. For instance, the TRAKER system utilizes dual particulate monitoring, with
one sensor positioned behind the vehicle’s wheel and another in front of the vehicle (back-
ground value). The concentration of resuspended road dust, calculated as the difference
between the two measured concentrations, is related to the PM emission factor for resus-
pension. Specifically, the PM emission factor in g/km_veh is equal to an empirical constant
multiplied by the cubic root of the measured concentration. The SCAMPER system differs
from TRAKER in the positioning of the particulate sampling probes. In this case, they are
placed on a cart towed by the vehicle [67].

A method for direct sampling of resuspended dust was developed by Jancsek-Turoczi
et al. [68], allowing the collection of particles 0.5 cm above the road surface with a stainless-
steel hood. A leaf blower was used to induce turbulence inside the hood. PM10 in the
resuspended dust is collected in a cyclone separator, and PM1 on a filter.

A similar system was proposed by Amato et al. [69]. It involves the use of a mobile
suction device, direct resuspension in a chamber, and sampling of PM fractions on filters.
The sampled air flow, in fact, is conveyed directly towards a deposition/resuspension
chamber, where the lighter particles (PM10) can pass and be sampled (Figure 5).
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Another sampling method involves monitoring vertical profiles of PM concentrations.
This is done by exposing passive samplers (canisters) along road edges, typically used for
studying soil erosion. Generally, three groups of canisters are exposed for at least 250 h to
sample at least 1 mg of particulate matter (Figure 6).
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Figure 6. Vertical passive sampling system (redrawn from [54]).

The collected dust is washed from the containers with water, then undergoes gravi-
metric determination by sieving and collection on quartz filters. This procedure, of course,
results in the loss of the water-soluble mass of the suspended dust. Chemical character-
ization can be carried out, through inductively coupled mass spectrometry and optical
emission spectroscopy (ICP-MS and ICP-OES), on a quarter of a filter where the PM was
collected, once it has been acid-digested [70].

From the vertical deposition profile, emission factors for a vehicle fleet are estimated,
assuming that resuspension and deposition fluxes are balanced [71].

Another approach used to estimate particulate emissions from road resuspension
involves simultaneous measurement of NOx and PM10 at two measurement sites: one
heavily exposed to vehicular traffic, the other to assess background levels. Roadside
increases in PM10 and NOx are calculated by subtracting the background site concentration
from values observed roadside.

The particulate emission factor for individual vehicles or fleets is calculated solely
from the resuspension source, accounting for atmospheric dilution estimated by NOx
emission factors and measured NOx concentrations roadside [72–74]. This methodology
has the considerable advantage of requiring a limited number of measurement instruments
in stationary configurations.

4.2. Resuspended Road Dust Particulate Matter Emission Factors

Table 3 summarizes the emission factors of road dust resuspension PM, expressed in
mg/km per vehicle, reported in various literature works. In addition to the results, the table
outlines the main characteristics of the sampling method and emission factor estimation.

In terms of size distribution, the particle fractions of road dust with adverse health
effects on humans are the thoracic fraction PM10 and the respirable fraction PM2.5. Some
studies have shown that particles with a diameter of less than 10 µm represent a consider-
able percentage of the total number [75].

Many studies have also demonstrated that road dust is enriched with heavy metals
such as silver, cadmium, zinc, copper, and molybdenum. Many of these metals are emitted
by vehicles. The enrichment of road dust with metals decreases with increasing particle
size; it is highest in the PM1 fraction and lowest in the PM > 50 fraction. Increased traffic
intensity increases the metal content in the coarse fraction (PM > 50), reduces the content in
particles with diameters between 1 and 50 µm, and does not affect the metal concentration
in PM1 [76,77].
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Table 3. Re-suspended road dust particulate emission factors.

Reference Environment/Sampling
System

Measurement Method Results

Alves et al., 2020 [78] Northern Portugal city
Direct sampling and

resuspension of PM10

Empirical correlation by
Amato et al., 2011 [79]

Asphalt roads:
41.2 mg/km_veh
Roads paved with

cobblestones:
340 mg/km_veh

Amato et al., 2010 [73] Barcelona
3 mobile labs

Linear regression between
increases in traffic, PM10 and

NOx at two different sites

97 mg/km_veh

Padoan et al., 2018 [80] Turin, Barcelona
Direct sampling and

resuspension of PM10

Empirical correlation by
Amato et al., 2011 [79]

Turin: 27 mg/km_veh
Barcelona: 20 mg/km_veh

Mathissen et al., 2012 [81] Germany
Monitoring with

instrumented vehicle
and trailer

Measured concentration
multiplied by the section and
the vehicle speed and divided

by the distance

20–60 mg/km

Zhang et al., 2020 [82] Cina
Measurements in

urban tunnels

Source apportionment via
mass balance

33.8 mg/km_veh

Alshetty et Nagendra,
2022 [83]

India
Continuous sampling of PM10

and PM25
Road dust sampling

USEPA PM2.5: 23–556 mg/km_veh
PM10: 95–2299 mg/km_veh

Rienda et al., 2023 [84] Portugal
Direct sampling and

resuspension of PM10

Empirical correlation by
Amato et al., 2011 [79]

18.9–210.8 mg/km_veh

Among the most recurring components in urban road dust are minerals, primarily
aluminum, silicon, and calcium [85]. Si and Ca are indeed dominant in road surface
coatings [63].

The composition of road dust is linked to various pollution sources: vehicle emissions
(exhaust, fuels, lubricants, tire and brake wear), waste and biomass combustion, road wear,
and long-range transport of natural dust, such as intrusions from the Sahara Desert into
southern Europe [86].

Recently, microplastics resulting from tire tread wear and bitumen are also considered
possible sources of road dust [87]. Microplastics represent a wide range of heterogeneous
materials of various origins, primarily or secondarily, mostly fibrous and of varying sizes.

5. Conclusions

Non-exhaust particulate matter constitutes 66% by weight of the “coarse” fraction
(particles ranging from 2.5 to 10 µm) and approximately 29% by weight of the “fine” fraction
(particles ranging from 0.2 to 2.5 µm) of particulate concentrations in urban environments.
These emissions are not tied to specific vehicle technologies and significantly contribute to
air pollution from particulate matter.

Presently, global emission standards do not impose any regulations on non-exhaust
particulate matter emissions originating from vehicles in circulation. Although the entry
into force of the next Euro 7 standards will introduce limits on particulate emissions
from brake and tire wear, a reference methodology must be established for tire wear
emissions, while brake wear emissions methodology is limited to laboratory tests. Over the
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coming years, it is anticipated that new methodologies more representative of real-world
phenomena will be developed, taking into account variables such as brake and tire types, as
well as road surface composition. These parameters, combined with different measurement
environments (laboratory or road) and sampling and measurement systems, increase the
uncertainty of results.

This paper provided an overview on the characterization of non-exhaust PM for each
different source: brake, tire and resuspension, describing current sampling methodologies
and measured emission factors:

• Brake wear particle emissions have been found to be strongly influenced by the type
of brake pad and operating conditions, such as brake test type and vehicle weight, as
well as type of test and the sampling system;

• Tire wear particle Emission factors are often correlated with the mass consumption.
However, the mass loss of a tire does not precisely correspond to the emission into
the atmosphere. Resuspended particles affect on-road TWP measurements, while
laboratory tests are limited by their inability to fully replicate tire wear similar to that
of real-world road conditions;

• Emission factors for resuspended road dust particulate matter are less reliant on
measurement methodologies but are strongly influenced by meteorological conditions,
traffic patterns, road maintenance, and cleaning practices.

The measurement of non-exhaust particulate matter remains an ongoing scientific
challenge due to the difficulties associated with sample collection in highly dynamic and
contamination-prone environments. Both regulations and manufacturers require specific
tests to identify particulate matter from tires and brakes. Therefore, in the immediate
future, standardized methods in controlled environments will be adopted to provide clear
and unambiguous measurements. However, given the need to conduct tests directly
on vehicles to obtain emission values that closely reflect real-world conditions, more
complex measurement systems will be evaluated, isolating brakes and tires without altering
test conditions.
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