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The article presents the problem of particulate matter and heavy metal emissions from the tribological systems

(road abrasion, brake and tyre wear) road of cars equipped with internal combustion engines (ICEs), battery
electric vehicles (BEVs), hybrids and plug-in vehicles (PHEVs). The results of mathematical modelling carried
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out for obtaining of the emissions of particulate matter and heavy metals, such as As, Cd, Cr, Cu, Ni, Pb, Se and
Zn, resulting from road abrasion, brakes and tyre wear, are presented. Emissions are shown depending on the
average speed and type of traffic (traffic in the city (urban), outside the city (rural) and on the highway) and the
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1. Introduction

According to the source, the particles emitted due to the
automobile's operation can be divided into spent traffic-
related particles and unused traffic-related particles emitted
due to the incomplete combustion of fuel and lubricants
during combustion. trial. They are either generated from
unused traffic-related sources or exist as materials already
deposited in the environment, only to be disturbed again by
traffic-induced turbulence. Particulate matter emissions
have been well studied and characterized, and technological
improvements have led to significant emission reductions
[4, 5, 17]. On the other hand, decommissioning processes
are still insufficiently studied and several questions remain
unanswered regarding the physicochemical properties,
emission factors and harmful health effects of wear parti-
cles [4, 5, 17]. The most important wear processes leading
to direct particulate matter (PM) and heavy metals emis-
sions are tire, brake, clutch and road wear. Other potential
causes include engine wear, worn wheel bearings, corrosion
of other vehicle parts, street furniture and fences [4, 5, 17].

Airborne particles are generated when the tyres of a car
interact with the road and when the brakes are used to re-
duce the speed. The main factor responsible for this is the
shear forces created by the friction between the surfaces.
Additionally, when the surfaces become hot due to contact,
the evaporation of material from the surfaces can also con-
tribute to particle production [13].

Tyre wear

Vehicle tyres carry the load of the vehicle and passen-
gers, provide traction and steering, and absorb changes in
the road surface, improving the ride quality. The tyre con-
sists of a complex rubber mixture, though the precise ingre-
dients used in commercially available tyres are usually not
made publicly available for commercial reasons. According
to a study by Camatini et al. [2], the typical composition of
passenger car tyres is 75% styrene butadiene rubber, 15%
natural rubber, and 10% polybutadiene. Different types of
elements are blended into the mixture to achieve the desired
characteristics during the manufacturing process and to

ensure the expected road conditions. One of the most im-
portant additives is zinc oxide (ZnQO), which acts as a vul-
canizer. According to Smolders and Degryse [16], the typi-
cal concentration of ZnO in the tyre tread ranges from 1.2%
(passenger cars) to 2.1% (trucks) [13].

The friction created between the tyre tread and the road
surface is the source of complex physical and chemical
process that affect the wear of the tyre. As a result, the
particles released from the tyre and those on the road sur-
face are connected, and wear particles on the road surface
are inextricably linked [13].

The amount your tyres wear down is based on a various
parameter like what type of tyres you have, where they're
located, what they're made of, their condition and age, the
weight of your vehicle and its frame, the way of driving
(speeding, starting and stopping, taking corners), what the
road surface type is like, and meteorological conditions,
mainly the air temperature and moisture. The way you drive
affects how quickly your car wears down. Even when the
car is going at a steady speed, the tyre still has a tiny
amount of slipping on the road — this is what gives it a grip.
As the driving dynamics increase (cornering, braking, ac-
celeration) in response to greater forces generated at the
surface-tyre interface, slippage occurs, which may cause
additional wear of both the tyre and the road surface. There-
fore, ‘smooth’ driving extends the life of the tyre and vice
versa. The tyre’s lifetime decreases as the intensity of in-
tense or transient vehicle operation increases [13].

Brake wear

Currently, two brake system designs are being em-
ployed: disc brakes, in which flat brake pads press against
a spinning metal disc, and drum brakes, in which curved
pads press against the interior of a spinning cylinder. Disc
brakes are typically installed in more diminutive vehicles
(passenger cars and motorcycles) as well as the front
wheels of light trucks. Drum brakes, which have been in
use for a longer period of time, are more common in larger
vehicles, though disc brakes are becoming more prevalent
in newer heavy-duty vehicles.
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Currently are used the two main brake system configu-
rations: disc brakes, where flat brake pads are pressed
against a rotating metal disc, and drum brakes, where
curved pads are pressed against the inside surface of a rotat-
ing cylinder. Disc brakes are typically used on smaller
vehicles (cars and motorcycles) and the front wheels of
light trucks. Traditionally, the drum brakes are used on
heavier vehicles, although disc brakes are increasingly used
on newer heavy-duty vehicles [3, 13].

The components of brake linings consist of binders, fi-
bers, fillers, and friction modifiers which can all be ther-
moresistant. The binders are modified phenol-formaldehyde
resins and the fibers come in metallic, mineral, ceramic, and
aramid varieties like steel, copper, brass, potassium titanate,
glass, ashestos, organic material, or Kevlar. Fillers are usual-
ly inexpensive materials such as barium and antimony sul-
phate, kaolinite clays, magnesium and chromium oxides, or
metal powders. Friction modifiers can be organic, inorganic,
or metallic and graphite is the most commonly used modifier,
but cashew dust, ground rubber, and soot are also used. As-
bestos fibers were once used in brake pads, but have been
completely banned in the European fleet [14].

The brake wear material's chemical composition de-
pends on the manufacturer, the application used (car, truck,
etc.), and the targeted properties of the brake pads. Studies
from Legret and Pagotto [11] and Hildemann et al. [7]
suggest the pads are generally composed of primarily met-
als coupled with silicon composites. Iron typically contrib-
utes up to 46%, copper up to 14%, organic material around
13%, and then a few other metals such as lead (~4%), zinc
(~2%), calcium, and barium [15].

The abrasion of tyres and brakes leads to the emission
of particulate matter (PM) and heavy metals, such as arse-
nic (As), cadmium (Cd), chromium (Cr), copper (Cu), nick-
el (Ni), lead (Pb), selenium (Sn) and zinc (Zn). This article,
in particular, focuses on the air quality assessment of par-
ticulate matter, lead, arsenic, cadmium and nickel, since
there are national regulations and EU directives that set
limits for such substances to ensure human and plant health
is protected.
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Fig. 1. Percentage of emissions from tyre and brake wear (as a sum) and
exhaust system

For road traffic, it is expected to assume that most pri-
mary particulates are emitted from exhaust gases and that
most coarse particles originate from sources other than
exhaust gases. This is not accurate, as there is much evi-
dence to suggest that non-exhaust particles contribute to

both fine and coarse PM10. While there are a number of
studies that report that the contribution of exhaust and non-
exhaust sources to total traffic-related PM10 emissions is
roughly equal, it is expected that the contribution of non-
exhaust sources will increase in the future due to continued
reductions in emissions [4, 5, 17]. The National Centre for
Emissions Management (KOBIZE) [12] has estimated that
the emission of particulate matter and heavy metals from
abrasion in 2021 was greater than that from exhaust sys-
tems, which is illustrated in Fig. 1.

2. Materials and methods

For modelling purposes, COPERT software was used
for implementing the Tier 3 methodology [13]. COPERT is
a software tool, coordinated by the EEA, and widely used
for the mathematical modelling of air pollutant emissions
from mobile sources.

The COPERT model was utilized for the mathematical
air emissions estimation by employing the EMEP Guide-
book [13] recommendations. This general equation was
used for separate calculations of the emissions from tyre
wear and brake wear:

Te= z Nj x Mj x EFrgps j X f5,i X Ss(V) (1)
i

where: Tg — the total amount of emissions released within
a certain time period and geographical area [g], N; — the
number of cars in category j within the specified region, M;
— the distance in kilometres that each vehicle of category j
travelled during the pre-designated time frame, EFtsps; —
the mass emission factor for total suspended particulates
(TSP) for vehicles in category j [g/km], Fs; — mass fraction
of TSP that can be attributed to particle size class i, Ss(V) —
the adjustment needed for an average vehicle travelling at
speed V.

The index j is associated with the type of vehicle, while
the index s indicates where the particulate matter (PM)
originated from, either tyre (T) or brake (B) wear. The
particle size classes i include TSP, PM10, PM2.5, PM1 and
PMO.1.

For their math modelling, the authors employed the
COPERT software to calculate emissions. They followed
the directions in the EMEP Guidebook 2019 [13] which is
a standard of air pollutant emission inventories.

Based on the applied methodology, driving is split into
three types due to the most frequent driving conditions:
urban, rural, and highway.

In this section, the authors used COPERT (Computer
Programme to Calculate Emissions from Road Traffic),
a complex modelling software tool for calculating air pollu-
tant emissions from road transport. The applied methodolo-
gy followed d the EMEP (European Monitoring and Evalu-
ation Programme) Guidebook 2019 [13] guidelines.

Using the COPERT model made estimating emissions
following international and EU law requirements possible.
Road transport emissions estimates were based on the fol-
lowing:
fuel consumption
engine size
number of vehicles per category
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— vehicle weight

— emissions control technology

— mileage per vehicle class

— share per road class (urban, rural, and highway)

— average speed per vehicle type and per road class

— monthly temperature (minimum and maximum)

— fuel characteristics.

In the case of the simulation presented in the article, the
most important input data are the vehicle mass, mileage per
vehicle class, share per road class (urban, rural, and high-
way); average speed per vehicle type and road class.

The mathematical approach included in the COPERT
software is classified as a “Tier 3” approach for quantitative
emissions assessment. It should be emphasized that all of
the emissions factors included in the COPERT model were
determined based on laboratory testing under the WLTP
driving cycle [13, 20].

The estimations were conducted based on the following
basic assumptions: the estimates were made assuming that
one vehicle travelled 10,000 km. Equal shares of vehicle
traffic in the urban, rural and highway were assumed. It was
also assumed that cars drive at average speeds type of traf-
fic: urban, rural and highway of 31.5 km/h, 70 km/h and
120 km/h, respectively.

Based on the mathematical modelling, the authors want
to check the following dependencies:

— the influence of the type of vehicles on tyre and brake
wear particulate matter and heavy metals emissions; to
simulation only passenger cars were used for the simu-
lation (internal combustion engines (ICE) with various
types of fuel, hybrid, plug-in (PHEV) and battery elec-
tric vehicles (BEV)) on emissions

— the influence of the type of traffic (urban, rural and
highway) on the on tyre and brake wear particulate mat-
ter and heavy metals emission

— the influence of the average velocity on tyre and brake
wear particulate matter and heavy metals emissions.
Simulations were carried out for two types of emissions:

brake wear and tyre wear.

3. Results

This method enabled the simulations depicted in Fig. 2
through 9, which demonstrate the effect of the vehicle type
on tyre and brake wear emissions. In the simulations, only
passenger cars such as internal combustion engine, hybrid,
plug-in, and battery electric vehicles were utilized for tyre
and brake wear emissions.
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Fig. 2. The influence of vehicle type on tyre wear heavy metals (arsenic,
cadmium, chromium, nickel and selenium) emissions

0.025

0.020
0.005
0.000

Hybrid PHEV

Emisson [g]
o =)
(=] (=]
= =
(=} v

Cu mPh

Fig. 3. The influence of vehicle type on tyre wear heavy metals (copper,
lead) emissions
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Fig. 5. The influence of vehicle type on tyre wear particulate matter
emissions

The Fig. 2-5 shows that the emission of heavy metals
particulate matter from tyre wear, the emission from BEV
is the highest, and in the case of ICEV — the lowest. There
is a slight difference in emissions from Hybrid and PHEV
for the heavy metals emission simulated. The weight of the
vehicles most likely causes this relationship; BEVs are the
heaviest of the vehicles tested.
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Fig. 6. The influence of vehicle brake wear on tyre wear heavy metals
(arsenic, cadmium, selenium) emissions
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Fig. 7. The influence of vehicle brake wear on tyre wear heavy metals
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Cu WZn

Fig. 8. The influence of vehicle brake wear on tyre wear heavy metals
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Fig. 9. The influence of vehicle brake wear on tyre wear heavy metals
(lead) emissions
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In contrary to the case of emissions from tyre abrasion,
emissions from brake abrasion are the highest for ICE cars
and the lowest for BEVs. There is also a noticeable differ-
ence in particulate matter and heavy metal emissions for
hybrid and PHEV, with lower emissions for PHEV. The
lower emissions for BEV, PHEV and hybrid than for ICEv
are due to the use of regenerative braking in electric and
hybrid vehicles (Fig. 6-9).

The particulate matter emissions from tyre wear shown
in Fig. 5 are higher for BEVs, with significantly lower
emissions for ICE cars. In the case of heavy metals (Fig. 2
and 9), there is no significant difference in tyre abrasion
emissions, but there is a noticeable relationship that these
emissions are higher for BEV.

On the other hand, the relationship is reversed in the
case of brake wear. For BEV, attrition emissions for all
pollutants tested are lower than for ICE, hybrid and plug-in
(Fig. 6-9).

Figures 10 to 18 show the influence of the type of traffic
(urban, rural and highway) on the tyre and brake wear
emission.
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Fig. 10. The influence of the type of traffic (urban, rural and highway) on
the tyre wear heavy metals (arsenic, cadmium) emission
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Fig. 11. The influence of the type of traffic (urban, rural and highway) on
the tyre wear heavy metals (chromium, nickel, selenium) emission
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Fig. 12. The influence of the type of traffic (urban, rural and highway) on
the tyre wear heavy metals (copper, lead) emission
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Fig. 13. The influence of the type of traffic (urban, rural and highway) on
the tyre wear heavy metals (zinc) emission
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Fig. 14. The influence of the type of traffic (urban, rural and highway) on
the tyre wear particulate matter emission
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There is a visible dependency that emissions from tyre
abrasion are highest in cities, where vehicles constantly
brake while driving in traffic congestion, which causes
higher abrasion.
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Fig. 15. The influence of the type of traffic (urban, rural and highway) on
the brake wear heavy metals (arsenic, cadmium, selenium) emission
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Fig. 16. The influence of the type of traffic (urban, rural and highway) on
the brake wear heavy metals (chromium, nickel) and particulate matter
emission
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Fig. 17. The influence of the type of traffic (urban, rural and highway) on
the brake wear heavy metals (copper, zinc) emission
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Fig. 18. The influence of the type of traffic (urban, rural and highway) on
the brake wear heavy metals (lead) emission

Figures 10 to 18 show a noticeable relationship between
higher emissions from abrasion of tyres and brake wear in
urban areas and significantly lower highway emissions. In
the case of this simulation, there also occurs a dependency
between higher emissions from tyre wear for BEV com-

pared to other types of drive and lower emissions from
brake wear for this type of vehicle.

Figures 19 to 22 show the influence of the average ve-
locity on the tyre and brake wear emissions.
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Fig. 19. The influence of the average velocity on the tyre heavy metals
(arsenic, cadmium, chromium, nickel, selenium) emissions

= 0.01
)
= 0.008
=
2
-2 0.006
£
<
= 0.004
&
=
8- 0.002 1
=
(&)

o]

0 20 40 60 80 100 120 140 160
vAV [km/h]
Cu Pb =———PM

Fig. 20. The influence of the average velocity on the tyre heavy metals
(chromium, lead) and particulate matter emissions
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Fig. 21. The influence of the average velocity on the tyre heavy metals
(zinc) emissions
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Fig. 22. The influence of the average velocity on the break wear heavy
metals (arsenic, cadmium, chromium, copper, nickel, lead, selenium and
zinc) and particulate matter emissions

Similarly, to the simulations presented in Fig. 10 to 18,
and in Fig. 19 to 22, it can be seen that the higher the speed,
the lower the emission of heavy metals and particulate
matter from tyre and brake abrasion.
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4. Discussion

The weight of a BEV is greater than that of an ICE vehi-
cle, resulting in an impact on tyre wear. Figures 2 to 9 illus-
trate that BEVs, hybrids, and plug-ins all have higher emis-
sions for all pollutants. This finding is supported by other
studies, such as by Timmers and Achten [19], which found
that electric vehicles are 24% heavier than their non-electric
counterparts, weighing an additional 280 kg.

Beddows and Harrison [1] recently conducted a study
that compared battery electric and combustion engine vehi-
cles based on power output. On average, electric cars had
a weight increase of 258 kg and 314 kg in comparison to
petrol and diesel cars, resulting in an increase of 7-10% for
PM10 and PM2.5 emissions from tyre wear.

The studies by Beddows & Harrison [1], and by Liu et
al. [11] both indicated a similar rise in tyre wear. The study
[11] also revealed the differences between small, medium
and large internal combustion engine vehicles, with an
average of 10-20% variation between the segments. Woo et
al. [21] analysed that a 20% increase in vehicle weight
would lead to a 15-20% growth in tyre wear emissions.
Tests conducted by the Emissions Analytics in real-world
conditions demonstrated that for a 500kg increase in vehi-
cle weight, tyre wear emissions increased by 21%. Lastly,
Oroumiyeh and Zhu [14] measured the tyre wear of small,
medium and large vehicles, finding that the tyre wear was
proportional to the vehicle weight.

It has been observed that the correlation between tyre
abrasion and emissions is not observable for emissions
from brake wear. This has been corroborated in various
studies, including by Beddows & Harrison [1], which
demonstrated that a heavier vehicle weight in electric vehi-
cles leads to a 10-15% increase in brake wear, and conse-
quently, non-exhaust emissions.

The research [20] resulted in the same conclusion about
the influence of body mass on brake wear emissions. They
discovered that a 20% rise in the weight of a vehicle caused
a 15-20% increase in emissions. The research resulted in
the same conclusion about the influence of body mass on

brake wear emissions. Moreover, they discovered that
a 20% rise in the mass of a vehicle caused a 15-20% in-
crease in emissions.

The findings showed that there was a 9-17% reduction
in the emission rates of PM10 and PM2.5 from brakes when
the weight of the battery electric vehicle was increased. It is
also worth noticing that electric vehicles typically come
with regenerative braking which is a system that takes the
energy from braking and turns it into electricity, which can
then be used to power the vehicle and aid in acceleration.

More research is necessary to understand the emission
reduction potential of brakes [12]. However, preliminary
measurements by Hagino et al. [6], Stanard et al. [18], and
Koupal et al. [8] suggest that the brakes can reduce emis-
sions significantly.

5. Conclusion

It is expected that vehicles will brake more frequently in
congested areas, leading to higher emissions from abrasion.
This fact is supported by mathematical modelling, which is
illustrated in Fig. 10 to 18. Emissions from tyres and brake
wear in urban areas are significantly higher than on the
highways.

As demonstrated by Fig. 19 to 22, the faster average
driving speed, the less the tyre wear, likely due to the fact
that city driving usually involves more braking and turning
than highway driving does.

It is anticipated that decarbonizing and advocating for
BEV will result in the elimination of emissions from ex-
haust systems. However, this may create further issues with
particulate matter and heavy metal emissions due to tyre
and brake abrasion. This may lead to people inhaling heavy
metal dust, which can result in future severe health conse-
quences.
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Nomenclature

As  arsenic

BEV battery electric vehicle

Cd  cadmium

Cr chrome

Cu  copper

ICE internal combustion engine

Ni nickel
Pb lead
PHEV plug-in

PM  particulate matter
Se selenium
Zn zinc
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