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Abstract: Recycling of end-of-life passenger vehicles is a well-known topic, and there are many literary reports in this
regard. However, little information is available on the recycling of bulky vehicles, which determines the authors' intention
to present this issue. The article describes the recycling methods for selected components (tires, windows, catalytic
converters, polymer and metal materials, operating fluids), with an indication of the differences between heavy goods
vehicles and passenger cars. Examples of large corporations producing vehicles, whose activities facilitate the recycling
and segregation of materials used in bulky vehicles, are presented. These corporations meet the changes taking place,
and implement the principles of the circular economy, in the field of recycling large-size vehicles. It has been shown that
there are still many challenges in the field of vehicle recycling, in particular, with regard to composite materials, and for
some recycling technologies, there is still a lack of adequate infrastructure in Poland.

Keywords: recycling, truck, road tractor

Streszczenie: Recykling pojazdow osobowych wycofanych z eksploatacji jest tematem znanym i w tym zakresie mozna
znalez¢ wiele doniesien literaturowych. Natomiast niewiele informagji jest dostepnych na temat recyklingu pojazdéw
wielkogabarytowych, dlatego intencjg autoréw byto przedstawienie tego zagadnienia. W artykule opisano metody recy-
klingu wybranych komponentéw (opon, szyb, reaktoréw katalitycznych, materiatéw polimerowych i metalowych, ptynéw
eksploatacyjnych) ze wskazaniem réznic miedzy samochodami cigzarowymi a samochodami osobowymi. Przedstawiono
przykfady duzych korporacji produkujacych pojazdy, ktérych dziatania utatwiaja recykling i segregacje materiatow uzy-
wanych w pojazdach wielkogabarytowych. Korporacje te wychodza naprzeciw zachodzacym zmianom i wdrazaja zasady
gospodarki o obiegu zamknietym w zakresie recyklingu pojazdow wielkogabarytowych. Wykazano, ze wciaz istnieje wiele
wyzwan w zakresie recyklingu pojazdéw, w szczeg6lnosci w odniesieniu do materiatéw kompozytowych, a dla niektérych
technologii recyklingu w Polsce wciaz brakuje odpowiedniej infrastruktury.

Stowa kluczowe: recykling, pojazd ciezarowy, ciagnik drogowy
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Introduction

Every year, a significant number of vehicles
move on our roads transporting various
types of cargo. These include, among oth-
ers, delivery vehicles, trucks, tractor units,
ballast tractors. These vehicles, just like
passenger cars, are considered waste after
decommissioning. Handling of end-of-life
vehicles is governed by the relevant EU Di-
rective (Directive 2000/53/EC) and the na-
tional Act on the recycling of end-of-life
vehicles (Act 2005). After the 2007 amend-
ments (Directive 2007/46/EC), these acts
have not been updated and thus only apply
to passenger cars and vehicles for the trans-
port of goods, whose maximum weight does
not exceed 3.5 tonnes. Unfortunately, they
do not include bulky vehicles (trucks, buses).
However, it is thought that in the near fu-
ture this group of vehicles will also be recy-
cled due to the new trend of the pursuit of
a circular economy. Large-size vehicles are
subject to the same recycling methods as
passenger vehicles, i.e. product, material and
energy recycling. However, due to the size
and general construction other than passen-
ger cars, the dismantling of these vehicles is
somewhat and the share of individual con-
struction materials in the mass of the vehicle
is slightly different. The recycling of bulky
vehicles can be carried out by specialized
companies, but some manufacturers have
separated departments in their companies
responsible for the end-of-life recycling of
their own brands cars.

In the article constituting the first part,
the authors discussed the forms of recycling
large-size vehicles, design changes and
their impact on recycling, and presented
examples of concerns producing vehicles
that disassemble and reuse elements from
end-of-life vehicles. This article, which is
the second part, will present the recycling
of selected elements of bulky vehicles.

1. Trends in vehicle construction materials

The purpose of vehicle recycling is primarily
to recover materials used for their construc-
tion. This recovery is becoming increasingly

difficult due to the increasing tendency to
participate in the construction of the ve-
hicle composite materials. The purpose of
using composites is primarily to reduce the
curb weight of vehicles (reducing fuel con-
sumption and thereby reducing carbon di-
oxide emissions (Stopka et al. 2018, 129) by
replacing elements previously made of iron
and steel. Their share in the construction
is slowly increasing due to the high cost of
these materials, production difficulties and
significant problems with their recycling.
Other materials used to reduce weight are
magnesium, aluminum, copper, carbon fi-
bres and high-strength steel (Fentahun and
Savas 2018; Mayyas, Mayyas and Omar
2016).

Many manufacturers of bulky vehicles are
increasingly introducing composite mate-
rials or materials made of plastic (Miller et
al. 2014) to not only reduce weight, but also
improve the functionality and aesthetics of
vehicles. At the same time, they also ensure
that new materials do not significantly affect
vehicle costs. In terms of costs, steel falls out
better than magnesium, aluminium or rein-
forced composites, but is heavier. Although
the work carried out in recent years on im-
proving steel has increased the strength of
this material tenfold. As a result, thinner
components could be used and, for example,
Volvo Trucks incorporates manufactures
cabs in their vehicles with high-strength
steel while ensuring the safety of drivers
(Wartgow 2020).

This trend of reducing the weight of ve-
hicles applies to both trucks and passen-
ger cars. Figure 1 shows how the structure
of materials used in vehicle construction
changed in the years. Lighter construction
materials such as plastics, composite mate-
rials or light metals are increasingly being
chosen by vehicle designers (Todor and Kiss
2016). Carbon fiber reinforced composites
are very popular because they are very light
and characterized by high yield strength.
Unfortunately, their disadvantage is the
price — they are among the most expensive
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Figure 1. Average materials content in the vehicle in historical terms (Mayyas, Mayyas and Omar

2016)

materials in the automotive industry (Fenta-
hun and Savas 2018).

Vehicle manufacturers take into account
several criteria when choosing materials
(Fentahun and Savas 2018; Wilhelm 1993;
Synak et al. 2019, 41):

+  costreduction — both materials should
be relatively cheap and their manufac-
turing processes;

+ low weight — lower vehicle weight
translates into lower fuel consump-
tion and thus lower emissions to the
atmosphere, which is a very impor-
tant criterion in the context of modern
requirements;

« the possibility of recycling elements
made of these materials, the cost of
recycling and environmental impacts
(Life Cycle Assessment),

»  mechanical properties including those
affecting safety such as the ability of
material to absorb impact energy.

However, it is worth paying attention to
the fact that despite the use of ever lighter
materials, the weight of vehicles currently
built is similar to those of the 1970s. This
is clearly seen in Figure 2. It follows that in
1975-2020 the average fuel economy and
horsepower for new light-duty vehicles in-
crease, while weight remains constant. This
was due to the fact that the dimensions of
the vehicles increased, their range (more

powerful engines, larger fuel tanks), and
equipment that increased driver comfort (air
conditioning, audio players, video, naviga-
tion systems). In addition, factors related to
safety and environmental requirements (side
guards preventing people from getting into
the zone between the wheels, anti-skid sys-
tems (ABS), catalytic converters) influenced
the increase in vehicle weight.

2. Recycling of selected elements

Recycling of individual elements of over-
sized cars is similar to that for passenger
cars. After draining all operating fluids, dis-
assembling batteries, easily removable parts
(wheels, mirrors, windows), vehicle assem-
blies and components (engine, drive system)
and selected body components (doors, en-
gine covers), the remaining wreck is shred-
ded. In the case of passenger vehicles, it is
possible to fragment the whole vehicle, while
in the case of trucks such a vehicle must be
pre-stratified. Some manufacturers of bulky
vehicles (e.g. Scania) issue guidebooks on
how to disassemble vehicles and indicate in
them, e.g. the type of plastic used to manu-
facture them, or components made of cop-
per (Scania 2013; Scania 2017).

Materials used in the construction of ve-
hicles that are harder to recycle include, for
example, rubbers, such as tires, seals, trans-
mission belts, rubber joints. The largest
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(EPA 2020)

amount of rubber waste comes from tires
whose functional properties, such as resist-
ance to weather conditions and mechanical
resistance, make them difficult to handle.
Tires are a composite material and consist
of many different materials. The proportion
of individual materials and the design of the
tires and their mass depend on the size and
purpose of the tires. Table 1 presents exam-
ples of tire composition depending on their
type. The average tire weight for passenger
cars is from 6.5 kg to 9 kg, while for long-
haul trucks from 55 kg to 8o kg (Basel Con-
vention 2002). However, the world’s largest
tire for very big truck (Belaz 75710 — truck
used in open-cast mines.) with a very high
payload capacity (450 tonnes) can weigh
about 5800 kg (one tire) and measure over
4 meters in height (Banach 2017).

The difference between truck and passen-
ger tires is not just size. In truck tires the
carcass and belts are made of steel but in
tires for passenger car of the carcass con-
sist of several layers of textile cord. In truck
tires, the rubber on the tread is thicker, so
that these tires can be regenerated not used
in passenger car tires, namely to regrooving.
This operation involves cutting tread pattern
deeper than the original. The regrooving is
performed with a special cutting tool (gouge)
equipped with an electrically heated blade
(Prometeon 2020). This operation enables to

prolong tire’s useful life by about 25% and is
included in product recycling.

Other tire recycling methods are analogous
to those for passenger vehicles. These
include upcycling, which is considered one
of the forms of material recycling. It involves
the use of tires for other purposes, where
their shape, ability to damp vibrations and
noise, or resistance to weather conditions
are used. The tires can be used whole, after
cutting or pressing. They can be used e.g. as
insulation material for building foundations,
as road base material, protection of river
banks, quays and breakwaters, protective
barriers, elements of playgrounds,
flowerbeds, etc. (Néjé 2020; Sybilski 2009).
Retreading is also included in the product
recycling of tires. It involves removing the
old, worn tread to reveal the body (carcass)
and applying a new one in the vulcanization
process. This operation allows you to reuse
80% of the original material (Gronowicz and
Kubiak 2007; Adamczyk et al. 2019).

Material recycling of tires is associated
with their fragmentation, granulate prepa-
ration and metal recovery (Tomasiak,
Kotosowski, and Malinowski 2018). This is
an energy consuming process. Depending on
the particle size, material is obtained in the
form of pulp, fines, granules, chips or shreds.
Abrasive, fine coal and granules are used as
a filler for various composites or as building
material (in addition to playground surfaces,
asphalt, sports equipment, car mats). Shreds
and chips are most often filler in elements of
building structures — e.g. in the construction
of tunnels, underground passages, embank-
ments, as a material for repairing landslides
(Oikonomou and Mavridou 2009).

Raw material recycling of tires involves
thermal decomposition of pieces or whole
tires in a pyrolysis or gasification process.
The final product is post-process gases,
pyrolysis oil, so-called carbonizate (solid
product) and steel from cord and wire. The
post-process gas contains light hydrocar-
bons (mainly methane), hydrogen, hydrogen
sulphide and carbon monoxide and can be
used as a combustible gas, e.g. for heating
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Table 1. Material compositions of passenger car and truck tires

in the European Union (Basel Convention 2002) [in percents]

Material Passenger car Truck
Rubber/elastomers 47 45
Carbon black 21.5 22
Metal 16.5 25
Textile 5.5 -
Zinc oxide 1 2
Sulphur 1 1
Additives 7.5 5

a reactor. Pyrolytic oil contains a mixture
of aliphatic and aromatic hydrocarbons
and can be further processed — e.g. by dis-
tilling and further processing of chemical
compounds, or it can be used as heating oil.
In the solid phase, which is in addition to
steel and soot, there are zinc oxides and sul-
phides, silica and the remains of used cata-
lysts (Ryms et al. 2013).

In the case of energy recycling, entire
tires, as well as products from material and
raw material recycling can be subjected to
him. Due to the high sulphur content and
the high content of aromatic and polyaro-
matic hydrocarbons, these materials can
be burned in installations adapted to them
(Czajczyniska and Krzyzynska 2016).

Glass waste obtained from car recycling
consists mainly of glued, tempered glass
and, to a lesser extent, headlight and mirror
panes. These elements are usually made of
float glass. This glass has an almost perfectly
flat surface, there are no distortions or
optical defects. Toughened glass is obtained
as a result of heating to high temperatures of
float glass and its rapid cooling. This results
in a change in the glass structure — a regular
network of silica microcrystals separated by
an amorphous phase is created. Toughened
glass breaks into small pieces with blurred
edges. Tempered glass is most often used
for side and rear windows of vehicles. On
the other hand, laminated glass is used as
windshields (but also increasingly more
often as side windows) and they are the
biggest problem when recycling automotive
glass. They consist of two layers of glass,
joined together by one or several layers of

plastic, most often PVB (polyvinyl butyral)
film. The process of recycling them is
expensive and consists of the following
stages: 1) storing glass in the open air to
reduce the adhesion between the film and
the glass, 2) crushing the glass, 3) separating
the glass from the film and 4) screening. The
recovered glass is directed to the smelter,
and the main waste from the processing line
is contaminated PVB film — it accounts for
about 30% of the charge (Swain et al. 2015).
Its recycling is problematic and requires
specialized processes due to pollution
with fine glass and glass dust, which can
constitute about 7% by weight in plastic
waste (Maderski and Gawdzik 2016). Most
often, such foil is subject to storage. There
are installations around the world enabling
good separation of glass from PVB film. One
of the methods used is crushing and then
grinding such laminated glass to the dust
fraction. The polymer is separated from the
glass by flotation. The separated materials
are drained and dried. However, glass dust
management in smelters requires special
technologies, which is a problem in Poland.

Disassembly stations for end-of-life
vehicles are obliged to remove from it
elements and harmful substances, which
include operating fluids such as: fuel, brake
fluid, washer fluid, coolant fluid, engine
oil, transmission oil. These fluids are
collected according to the waste code and
then transferred to specialized enterprises
for their disposal. Brake fluids are used in
smaller vehicles, e.g. delivery vans equipped
with hydraulic brakes. Air-powered air
brakes are used on large trucks and buses.
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Brake and cooling fluids have similar
composition (most often based on glycols
or polyglycols) and they are subject to
similar recycling — after decoupling they are
forwarded for regeneration or distillation.

Lubricating oils are especially dangerous
for the environment and people, they con-
tain various harmful chemical compounds,
including carcinogenic and toxic ones. Due
to the fact that hydrocarbons have a sig-
nificant share in the composition of the oil,
such oils can be utilized by combustion or
recycled through regeneration / distillation.
Such processes are carried out in refiner-
ies equipped with appropriate technologi-
cal lines. An alternative to them is filtration
used more and more often, then solvent ex-
traction and adsorption. Those processes
are very effective (Osman, Attia and Taman
2018).

Windscreen and headlight washer fluids
mainly consist of a solution of ethyl and
/ or isopropyl alcohol with washing, anti-
foaming, bactericidal, fragrance and dye
additives. These compounds are well soluble
in water and therefore pose a great threat to
the environment. Their recycling consists
mainly in distilling off alcohol and reusing it.

Lead-acid batteries are an environmentally
hazardous element of vehicles. They are
widely used as starting batteries in both
heavy goods vehicles and passenger cars.
The battery consists of various material
fractions, including: electrolyte, lead paste,
metallic fraction and plastic fraction —
Figure 3 (Zhang 2013). Unfortunately, due to
the acid present in the electrolyte and lead
(classified as heavy metal), which is part of
the paste and the cells in the cells, batteries
are classified as hazardous waste. Their
recycling is done by specialized companies.

Recycling lead-acid batteries can be
accomplished in two ways:

+  the first consists in melting the bat-
tery together with the fuses (or after
removing the acid from it) in a shaft
furnace. As a result of this process, an-
timony lead, silicate slag and lead-iron

stone are obtained, which is a raw ma-
terial for lead smelters;

+ the second way is to remove the elec-
trolyte from the batteries and grind
them, e.g. in hammer crushers and
separate individual fractions: me-
tallic, sulphated lead paste, polypro-
pylene and non-recyclable materials
(glass, bakelite, paper, other materials)
that are waste. In some cases, entire
batteries (including electrolyte) are
shredded. Recovered lead and poly-
propylene are reused in the produc-
tion of batteries. It is estimated that
typical new lead—acid batteries can
contain 60-80% recycled materials
(Govindan, Sasikumar and Devika
2010).

Batteries are just one element of the
electrical system in vehicles. It also includes
lamps, alternator, wire harnesses, connectors,
screws, etc. Electrical installations of motor
vehicles are increasingly expanded due
to the growing number of devices that
are powered by them (Kieracinska and
Piérkowski 2016, 47). These are not only
lighting, starting circuit, fuel pump and
radio, but also a computer with data buses,
navigation, telephone, as well as comfort
and safety elements. It is estimated that
a scrap vehicle has an average of about 25 kg
of wiring, of which about 50-55% is copper
and the rest is insulation (Jankowski and
Wasowicz 2018). Depending on the purpose
of the cable and its working conditions, its
construction can be more complex. It may
contain one or several copper wires and, in
addition to external insulation, also have
internal insulation or a braid (shield). Cable
recycling involves the simultaneous crushing
and cutting, which allows you to remove
insulation and recover copper. Due to the
small diameter of the cables used in vehicle
wiring harnesses, the most commonly used
devices for grinding and removing insulation
are devices called granulators. More
extensive machines can be used to recycle
aluminium cables, cables with a more
complex structure (containing steel wire,
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lead tires, Teflon or cotton insulation) and
at the same time to process coolers, such as
the Entryline line for recycling Stokkermill
cables (Figure 4).

Increasingly stringent emission standards
on the one hand lead to a reduction in
the emission of toxic compounds to the
atmosphere, and on the other to an increase
in the complexity of exhaust gas treatment
systems. This forced the use of almost all
groups of vehicles, including trucks, catalytic
reactors SCR (Selective Catalytic Reduction)
reducing nitrogen oxides. Some trucks also
have DOC (Diesel Oxidation Catalyst)
catalytic converters installed in the exhaust
systems of compression-ignition engines.
Combustion of incomplete combustion
products such as carbon monoxide and
hydrocarbons takes place in these reactors.
Particulate organic fractions are also partially
fired up. In order to reduce the amount of
particulate matter emitted to the atmosphere,
DPF (Diesel Particulate Filter) is installed.
To improve the efficiency of exhaust gas
purification, catalytic converters and filters
are combined into one system. An example
is the CRT (Continuous Regeneration Trap)
system used in trucks. It combines the
operation of an oxidizing catalytic converter
and a particulate filter. The catalytic reactor
consists of a honeycomb ceramic or metal
monolith. A very thin active layer composed
of precious metals belonging to platinum
(platinum, palladium and rhodium or

ruthenium) is applied to the monolith. The
content of platinum group metals in the
automotive catalytic converters can be up
to 2000 g per ton and it is much higher than
in fossil ores — on average below 10 g per ton
(Hageltiken 2012). It causes that the recycling
of catalytic converters is very attractive from
an economic point of view.

Catalyst reactors after disassembly
are stripped of their housing and sorted
according to the content of platinum. The
ceramic inserts are ground in ball mills
and a thorough analysis of the samples of
ground catalysts is carried out. Then the
ground and examined material is sent to
metallurgical and metallurgical concerns,
where the precious metal recovery process is
carried out. In Poland, reprocessing of spent
catalytic converters is practically not carried
out. The reactors are bought by enterprises
and then sent to countries where there are
companies specializing in the recovery
of platinum metals from catalysts, e.g. to
Germany or Great Britain (Trebacz and
Michno 2017).

Plastics and polymer composites are com-
monly used in the automotive industry for
the production of over a thousand differ-
ent types of vehicle construction elements.
They have found application in virtually
most of the vehicle’s external and internal
components. Polymer materials are pro-
duced, among others seats, switchboards,
upholstery, bumpers, mirror housings, body
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Figure 4. Stokkermill Entryline line for processing copper and aluminium cables and coolers

(Stokkermill 2020)

components (Friedrich and Almajid 2013). In
the construction of trucks, polymers belong-
ing to two groups are used: thermoplastics
(meltable) and thermosets (non-meltable),
among which the dominant materials are:
polypropylene, polyethylene, polyurethanes,
polyamides, polyvinyl chloride, acryloni-
trile-butadiene-styrene and polycarbonates.
Figure 5 shows examples of the use of these
groups of plastics in the construction of
a Scania truck.

Plastics dismantled from vehicles and
sorted are subject to the same recycling
methods as plastics from other industries.
They can be subjected to depolymerization,
material, raw material, energy recycling or
storage.

On average, automotive vehicles contain
about 70% of metals and their alloys. These
materials are easily subject to material re-
covery in traditional metallurgical processes
and retain all their natural properties when
reused. The dominant technology for pre-
paring car scrap for recycling is shredding
combined with magnetic separation (ferrous
metals), air separation (light fractions), us-
ing eddy currents (metals-non-metals). In
the case of separating steel from unsorted
waste or from elements containing other
materials (e.g. rubber, plastics), the waste
incineration method is used. Then the metal
is recovered from the ash by magnetic meth-
ods. This method is not applicable to tin and

Parts made of thermoplastic

Parts made of thermosets

Figure 5. Examples of the use of plastics in the
construction of a Scania truck (Scania 2012)

aluminium. After removing ferromagnetic
fragments with magnets, non-magnetic met-
als are separated using density differences
(air separation) and eddy currents (Ligus
2012).

In the case of small companies dealing
with the dismantling of end-of-life vehi-
cles, it is expedient to pre-select groups of
materials. This selection can be carried out
using small grinding equipment (ball mills),
followed by magnetic and eddy-current sep-
arators. As a result of these activities, it is
possible to obtain valuable commercial raw
materials such as zurik and zorba. Zorba it
is a shredded nonferrous scrap that is pre-
dominantly aluminium and zurik it is a sen-
sor-sorted shredded nonferrous scrap that
is predominantly stainless steel. These raw
materials can be resold to large-scale mate-
rial recycling companies, which further seg-
regate these materials and transfer them to
steel mills.
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Conclusion

The number of used heavy goods vehicles
is increasing every year and generates an
increasing number of end-of-life vehicles.
Withdrawn vehicles are treated as waste.
While in the case of passenger vehicles there
is an obligation to recycle them, there is no
such obligation for large-size vehicles.

Large-size car designs are different from
passenger cars, but the construction materi-
als used are similar, only the share of individ-
ual types of materials may be different. The
automotive industry uses various materials,
e.g. different types of steel, aluminium, cop-
per, magnesium, glass, plastics, composites
and carbon fibres. The choice of material
is determined by many factors, including
thermal, mechanical and chemical resist-
ance, durability, the ability to absorb energy,
ease of production, and costs. In the auto-
motive industry, there is a growing interest
in the use of lightweight materials with good
mechanical properties, which results from
limiting the weight of vehicles and translates
into less fuel consumption and lower emis-
sions. Hence, the increased share of com-
posite materials, aluminium, magnesium
and high-strength steel in the construction
of vehicles. Increasing the strength of truck
components has resulted in cost-effective
recovery, which is carried out by some con-
cerns. This recovery and sorting of materials
are to be facilitated by guides issued by vehi-
cle manufacturers on how to carry out disas-
sembly and the construction materials used.

For end-of-life vehicles with large dimen-
sions, analogous recycling methods are used
as for passenger vehicles, i.e. product, mate-
rial and energy recycling. Some differences
may result from the size of the elements
themselves. For example, in the case of over-
sized cars, it is not possible to enter the en-
tire vehicle wreck into the shredder, which
can be implemented in the case of passenger
cars. Another example is the regeneration of
truck tires by regrooving, which is not used
in passenger car tires due to the low thick-
ness of the rubber on the tread.

Recycling technologies for many vehicle
components, due to their material compo-
sition, are already well known and imple-
mented. This applies to some polymeric
materials or elements made of steel. How-
ever, there are still many challenges ahead.
Some multi-component materials (com-
posites) or some plastics pose a problem.
Burning them is an irreversible waste of raw
materials. For some recycling technologies
there is a lack of adequate infrastructure in
Poland. An example is the recycling of lam-
inated car windows by crushing and then
grinding to the dust fraction. This method
allows very good separation of PVB film
from glass, however, the management of
glass dust in smelters requires special tech-
nologies, which is a problem in Poland. An-
other example is the recycling of catalytic
converters. The monolith of the reactor is
covered with a thin active layer, composed
of precious metals belonging to the platinum
group (platinum, palladium and rhodium
or ruthenium). The recovery of these met-
als is the main premise for their recycling,
however, it is practically not implemented
in Poland. The reactors are only bought by
enterprises and then sent to countries where
there are companies specializing in the re-
covery of platinum metals.
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