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Abstract: This paper deals with the pyrolysis conversion of synthetic waste materials into noble
fuels, i.e., heating oils, gasoline, diesel, and carbon. The following article presents the principle and
use of pyrolysis conversion of waste tires and plastics. The core of the paper is the determination
of energy properties of noble fuels obtained from pyrolysis conversion and the possibility of their
real use in industry. The aim of this paper is a technical-economic evaluation of the use of waste
pyrolysis in practice in the Slovak Republic. Unlike various methods of waste management, there
are also more efficient methods, which primarily have a positive effect on the ecology of our Earth
and at the same time can be effectively used for the production of alternative fuels. One of these
methods is the pyrolysis conversion of synthetic waste materials into noble fuels. It is an ecological,
waste-free, economical, and economical disposal of waste with a full recovery of its energy and
material components with reduced emissions, and therefore this direction of using synthetic waste for
the conversion of alternative fuels contributes to sustainable development. A significant advantage
of this waste management is considered to be the fact that only waste tires or chlorine-free plastics are
used as input materials without other necessary raw materials obtained by other economic activity.
Tires and plastics are generated daily as waste in every household.
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1. Introduction

In nature, no object ends as waste. For example, a tree uses nutrients contained in soil and sunlight
to grow. The leaves fall in the fall and the tree returns these nutrients and energy back to the soil
for other organisms to use. Such processes are called cycles because they simply take advantage of
the constant exchange of energy needed for growth [1]. On the other hand, humanity, through its
economic activity, continuously generates waste that adversely affects our planet. Naturally, this waste
cannot be converted into usable energy on its own. New technologies and processes are emerging
via intensive research, where the current worldwide energy production and consumption should be
changed. The high dependence on fossil fuels and rising consumption can cause depletion of these
resources with negative impact on the environment, e.g., global warming and pollution with harmful
matters like Sulphur dioxide (SO2), Nitrogen oxides (NOx), and Volatile organic compounds (VOCs).
Another rising issue is a solid waste disposal [2,3].

Most families in Slovakia currently own one to two cars that take them comfortably to work, on
trips, and the like. As the years of the car use pass, the number of kilometers driven also increases.
The tires wear out and the rubber ages and hardens on them. Every car needs every 4–6 years
a complete replacement of all four tires. Of course, their wear depends mainly on the number of
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kilometers driven and the way they drive. Then, the question is: What can be done with old tires?
Thus, more than 30,000 tons are generated annually in Slovakia. Tires are not municipal waste, so they
cannot be thrown into the container. In 1 January 2016, the Waste Act no. 79/2015 came into effect,
which defines responsibilities for used tires at the end of their service life. Worn tires can now be
handed over at any tire service, tire or car dealer and collection points designated by the municipality.
These entities are obliged to take care of their disposal, recycling or material or energy recovery. Any
such place marked as a “tire take-back point” is mandatory for all types of tires, regardless of the place
of purchase, make, or size.

The situation is similar with plastic products used in households. Packaging materials are
increasingly being used, resulting in more and more polymer waste. In accordance with Act 79/2015,
the goal of waste management in the field of packaging waste management in the Slovak Republic is
to achieve a recovery rate for individual packaging materials (waste streams) of at least 48% by weight
of plastic packaging waste and recycling rate for individual packaging materials (streams waste) at
least 45% by weight of plastic packaging waste.

There are effective methods of waste management which primarily have a positive effect on
the ecology of our Earth and at the same time can be effectively used for the production of alternative
fuels [4,5]. One of these methods is the pyrolysis conversion of synthetic waste materials into noble
fuels. It is an ecological, waste-free, and economical disposal of waste with a full recovery of its energy
and material component with reduced emissions, and therefore this direction of using synthetic waste
for the conversion of alternative fuels contributes to sustainable development. The fact that only
waste tires or chlorine-free plastics without other necessary raw materials obtained by other economic
activity are used as input raw materials should be also considered as the significant advantage of this
waste management.

Another technology available for recycling of plastics and their characteristics are: thermal
cracking (conventional pyrolysis—plasma pyrolysis, microwave-assisted pyrolysis), catalytic cracking,
hydrocracking, conventional gasification, plasma gasification, pyrolysis with in-line reforming [6].
An interesting technology is also catalytic fast pyrolysis of waste polymers. Pyrolysis, an efficient and
eco-friendly process, is a feasible alternative for the production of fuels, chemicals, and hydrogen from
biomasses and waste polymers. Pyrolysis methods can be divided into two major categories, i.e., slow
and fast pyrolysis. Slow pyrolysis involves a slow heating rates of 0.1–1 ◦C/s, a residence time varying
from minutes to hours and a temperature range of 400–600 ◦C. In contrast, fast pyrolysis rapidly heats
samples to 400–600 ◦C with a heating rate of 10–1000 ◦C/s in a non-oxidizing environment during
a short residence time (<2 s) and produced pyrolysis vapors are rapidly quenched [7].

Polymers, as materials that are used daily, contribute fundamentally in our daily waste production.
Daily use in vast applications in various sectors resulted into enormously increased global production
and disposal over the years [8]. Waste polymeric materials can be described as mixtures of different
polymer molecules, for example high density polyethylene (HDPE), low density polyethylene
(LDPE), polyethylene terephthalate (PET), polypropylene (PP), polystyrene (PS), polyamide(PA),
polyvinyl—chloride(PVC), polyacrylate (PAC), etc., [9,10]. One possible use of these materials, when
they are disposed, is the conversion via slow pyrolysis, where the final product includes syngas,
pyrolysis oil, and biochar [11]. Syngas or synthesis gas is a mixture of carbon monoxide, hydrogen,
carbon dioxide and other gas compounds with variable composition. Higher operating temperature,
long time residence heating rates with slow quenching of the waste enabled the production of syngas
with raised percentages of H2, CO, CO2, and light hydrocarbons in the gas phase [12]. Pyrolysis oil
comprises hydrocarbons, aromatic hydrocarbons, benzene derivatives and oxygenates [13]. Raw char
can be used only after pretreatment. Carbon enrichment is required and then, as black carbon, this
material can be used for the tires production or as an improved carbon material it can be used as
an absorber or catalyst [14].

This article was written on the basis of a newly emerging pyrolysis plant in the village of North
Slovakia. All the obtained information, values, and samples of input and output raw materials from



Energies 2020, 13, 4849 3 of 12

the plant helped to set up the overall operation process more efficiently through measurements,
analyzes and the final technical and economic evaluation of the pyrolysis plant.

2. Used Materials

From the synthetic waste materials suitable for pyrolysis, tires and plastics were chosen, given
that they are generated daily as waste in every household and they are the most extended polymer
materials in Slovakia.

2.1. Waste Tires

Tires are complex products, consisting of different materials and different properties [15]. Tires
can be described as complex engineered products, made of different components with a wide range of
desired properties. They consist from many dissimilar parts and form a very complex structure, which
should be able to operate under a wide range of conditions [16]. Their production is demanding in
terms of precision and technology. The role of the tires is to reliably transmit the driving and steering
forces to the road and also to absorb the shocks acting on the vehicle when driving on uneven surfaces.
It also significantly affects the safety and comfort of driving the vehicle. The tires work on the principle
of a pressure vessel, where the tire walls are formed by a flexible membrane. Based on the construction,
we divide them into tires with a tube and without a tube (so-called tubeless tires). The necessary raw
materials needed for the production of tires are natural or synthetic rubbers, so-called elastomers.
It is well known that the tire industry is the biggest market and consumer of natural and synthetic
rubbers [17,18]. In addition, rubber compounds, cords made of natural and chemical fibers, as well as
cords made of steel fibers are added to the mixture. In addition to these main raw materials, a steel
heel cable is also included.

Complete and accurate assembly is very demanding, as the mixture of tires is always different.
Specifically, we can say what the manufacturer, the different composition of the tire, so the final
composition of all rubber compounds is the secret of individual manufacturers. As a percentage,
the composition of the tires can be expressed as follows:

• Rubber: 38%
• Fillers (carbon black, silica, carbon): 30%
• Reinforcement material (steel, rayon, nylon): 16%
• Emollients (oils and resins): 10%
• Vulcanizing agents (sulfur, zinc oxide, various chemicals): 4%
• Antioxidants against material fatigue: 1%
• Mixed material: 1%

It is assumed that more than hundred different chemical agents can be added to the tire mixture
for specific trademark, for needed specific use [19,20]. Due to the tire heterogeneity, an alternative
treatment process for waste tires can only be used where the use of pyrolysis technology gives a feasible
alternative [21].

Radial tires of various sizes were used as input material, most of which were truck and tractor
tires. Waste tires were collected from local tire services and black dumps in the area around northern
Slovakia. The tires were crushed to a fraction size of up to 100 mm.

2.2. Waste Plastics

Plastics penetrate the daily lives of people in all industrialized countries during the 20th century.
Polymers are currently the most important segment of production and consumption by volume among
all technical materials. They are easy to process and have a low density and a favorable ratio between
performance and price. However, further development of polymeric materials is still ongoing. At
present, there are a number of plastics, different ways of their production and processing, which result
from the expanding field of their use [22].
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Plastics constitute the mixture of many substances, including macromolecular substances
(polymers) and different additives, such as pigments, plasticizers, fillers, and flame retardants,
because they are compounds built from a large number of atoms while their connection takes place
mainly by chemical bonds [23]. They are formed by macromolecular chains with repeating basic
structural units.

When heat and pressure are applied to the thermoplastic binder, the polymer chains begin to slide
around each other, giving the material plasticity. Resource recovery from plastics can be divided into
material recycling and energy recovery. The chosen process depends on the plastics type, the relative
difficulty in total or partial segregation from other waste materials, and the ecological and cost aspects
of the process [24].

The properties of plastics depend on their structure and the length of the chains composed of
macromolecules. Plastics are strong, rigid at normal temperatures, and are usually easy to shape,
machinable, and have good insulating properties. Their disadvantage is their low resistance to higher
temperatures. They are not subject to corrosion, which is an advantage in terms of the stability of
the products made from them, but a disadvantage in terms of the environment. Plastics as well as any
other material are subject to change. Due to various factors, they lose their original properties, age,
and degrade.

Plastic waste mix with of polystyrene waste, polyethylene waste, laminates, packaging waste and
solid plastic municipal waste was used during experiments in pyrolysis reactor. Waste plastics were
collected from local plastics distributors in the area around northern Slovakia. The plastic wastes were
crushed to a fraction size of up to 100 mm.

3. Used Pyrolysis Process

At present, pyrolysis is considered an attractive technology. It is also related to the fact that it
takes place at relatively low temperatures, which leads to a lower emission of potential pollutants
compared to the complete incineration of waste materials.

From the technological point of view, we can divide the pyrolysis processes according to
the achieved temperature into:

• Low temperature (below 500 ◦C)
• Medium temperature (500–800 ◦C)
• High temperature (above 800 ◦C)

Within these conditions, we can also assume, that pyrolysis products are varying not only
according to type of pyrolysis material. It seems valuable to obtain a database indicating the pyrolysis
product yields and quality for chosen plastics class. However, pyrolysis conditions, such as time
and material composition, also affect process itself. Among many operational conditions, pyrolysis
temperature seems to be one of the most important operating parameters affecting the final product
composition. Higher operating temperatures enable bond breaking and facilitate the production of
smaller molecules [25]. Gaseous products in reactor (C2–C4) increase and liquid products (C5–C9)
decrease with increase in working temperature [26]. Catalysts effect on the yields and structure of
products are less significant with increasing temperature [24,27]. The main purpose of this present
study is the comparison of the liquid product yields from PE, PET, PP, and PS under the same pyrolysis
conditions and the investigation of the pyrolysis temperature effect at this liquid product yields and
heat values. Also, the effect of plastic waste pre-washing process is investigated where the prewashing
removes impurities from the waste samples and the waste composition for pyrolysis is changing [22].

At present, most process pyrolysis is based on the thermal decomposition of waste in a rotary
kiln heated by the combustion of pyrolysis gases in a thermos reactor. Pyrolysis units are suitable for
incineration of waste that does not have too high a content of pollutants and does not tend to sinter.

The term pyrolysis means a thermochemical process in which materials without access to
atmospheric oxygen, i.e., anaerobically, are rapidly heated to a temperature of 200 ◦C to 1000 ◦C [23].
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It is a process of cleavage of macromolecular compounds into still low molecular weight products
and a solid residue. The plastics thermal degradation has a rising tendency as a material recycling
method with conversion to gas, liquid (oil) and solid products, where each by-product can be used as
energy source or chemical feedstock. Pyrolysis products composition and yield are related directly
to the reaction conditions (temperature, heating rate, pressure, presence of catalyst etc.), as well
as pyrolysis material structure [24,28]. The end results of the pyrolysis process are: pyrolysis gas
(containing mainly methane, hydrogen, carbon dioxide), solid residue (carbon, steel cords), and liquid
product (gasoline, diesel, pyrolysis oil).

There are several reactor types which can be used in the waste tires pyrolysis process, for example
reactor with fixed bed (batch), screw kiln, rotary kiln, fluidized, and vacuum-bed [29,30].

During present experiments was used fixed bed reactor. The waste material was put on to the bed
in batches before starting of the pyrolysis process like similar to the work [30].

The technology represents one of the new methods of waste-free recovery of tires and plastics.
This is recovery by pyrolysis at temperatures 200–240 ◦C. First, the dispenser is filled with synthetic
waste raw materials (in present study it was tires, various plastics and a mix of tires and plastics) and
the raw materials are transported to the reactor using a dosing device. The pyrolysis itself takes place
in a reactor, which is initially heated by wood. The process takes place without air access, so there is no
oxidation–combustion. Thermal decomposition produces pyrolysis carbon and a steam–gas mixture in
the reactor, which is sucked out and cooled from the reaction space. The resulting gas is returned to
combustion. After cooling, liquid hydrocarbons, which are similar in composition to oil, condense and
remain non-liquid in gaseous form as a pyrolysis gas, consisting mainly of methane and hydrogen,
which is removed by means of an excess gas line. The reactor is hermetically sealed, and none of
the pyrolysis products enter the environment. The chimney traps the wood flue gases, which pass
through the water labyrinth, further into the shower column and again through the water labyrinth,
thus cleaning the flue gases. When the pyrolysis process is complete, after cooling, the carbon is vented
from the reactor through the bottom orifice and the unburned wires are removed through the inlet.

4. Methods of Experiments

During experiments, various properties of waste tires, plastic waste, and products of pyrolysis
process were obtained.

4.1. Methodology for Determination of Hydrogen, Nitrogen, Carbon and Sulfur Content of Input and Output
Materials

To determine the content of hydrogen, nitrogen, carbon, used was the LECO CHN 628 instrument.
The average value from the measured values was always determined from three measurements for
each sample. The CHN 628 uses the principle of the Dumas combustion method [31], which is very
robust, accurate, fast, and not demanding on chemicals.

The analyzed sample is weighed into different types of capsules or the foil is inserted into
the sample feeder. From there, the sample falls into the cleaning intermediate chamber, where any
adverse effects of the surrounding atmosphere are removed. The sample then travels to the kiln, where
it is burned. The resulting gases are then entrained in a stream of oxygen into the secondary combustion
tube for better oxidation and removal of unwanted particles. The gas mixture is accumulated in
the so-called a ballast vessel where the gases are stabilized and homogenized. Only an aliquot
containing a representative sample is transferred to the so-called an aliquot separator into the detection
system. Each element has a separate IR detection cell for the detection of C, H and S and a TC cell for
the detection of N, which speeds up the analysis time. An optional sulfur detection plug-in can be
connected to all N,C/N, and C/H/N combinations and is used to analyze the sulfur of a wide range of
organic materials such as coal, coke, heating oils, as well as inorganic materials such as soil, limestone,
etc. [32].
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The CHN 628 has flexible and easy-to-use software running in a Windows® environment.
Practically unlimited capacity for data storage and measured results, or export to LINS systems.
The software contains a full manual and operating instructions, which provide the operator with
the necessary information without leaving the device. The software also meets the requirements of
Food and Drug Administration (FDA) 21 CFR Part 11 regulations for a closed analytical system.

4.2. Methodology for Determination of Calorific Value of Input and Output Materials

The heat of combustion was measured using a calorimeter. Combustion heat is the amount of
heat that is released by the perfect combustion of a unit amount of fuel.

Calorific value is the heat of combustion reduced by the heat of vaporization of the water released
from the fuel during the combustion time. The value of combustion heat is always greater than or at
least equal to the value of calorific value.

A calorimeter is an instrument for measuring the specific heat of substances or the heat quantity
converted in chemical and physical processes. A mixing calorimeter is used as the simplest type to
measure heat capacity. The calorimeter works on the principle that a certain amount of heat is supplied
(removed) to a test substance of a certain weight, and the temperature changes that occur are measured.

The measurement of combustion heat is based on the law of conservation of energy (1). The heat
transferred by the test substance must be equal to the heat received by the water received by
the calorimeter.

Qk = Qv + QK (1)

where Qk denotes the heat transferred by the test substance, Qv the heat received by water, and QK

the heat received by the calorimeter
The calorific value is calculated on the basis of the measured heat of combustion on the calorimeter

and the measured humidity on the drying balance.
The calorific value is given by:

Qi = Qs − 2.453. (w + 9 H2) (2)

where Qi is the calorific value (MJ/kg), Qs the heat of combustion (MJ/kg), w the humidity (kg/kg), and
H2 the hydrogen content (kg/kg).

4.3. Methodology for Determining the Content of Ash, Volatile Substances and Solid Carbon of Materials

LECO TGA 701 was used as instrument (thermogravimetric analyzer for organic, inorganic, and
synthetic samples) to determine the content of ash, volatile substances, and solid carbon of the input
raw materials [33]. Volatile content was determined in nitrogen atmosphere with gas flow 10 L/min
without oxygen access at temperature 900 ◦C for 7 min. Ash content and also solid carbon content
was determined in oxygen atmosphere with gas flow 10 l/min at temperature 815 ◦C until a constant
weight was reached which took approximately 180 min.

5. Results and Discussion

Pyrolysis of polymer wastes takes place in a pyrolysis reactor. The following process conditions
were in the reactor:

• Absence of oxygen.
• Temperature range between 200 and 240 ◦C.
• Mixing to speed up heat exchange.

In the pyrolysis process, the polymer waste was not incinerated, but had been divided into
finished end products—pyrolysis oil and pyrolysis gas. The machines required for pyrolysis of waste
plastics were the same as for pyrolysis of tires, but their maintenance was more difficult both for



Energies 2020, 13, 4849 7 of 12

operation and for the cleaning of the machine itself. Compared to a tire, plastic waste offered even
more disadvantages, such as:

• large differences in the specification of raw materials,
• content of unpredictable amounts of moisture and metal or non-plastic parts,
• in the reactor, plastic tends to stick to coke, which leads to a reduction in heat exchange, and
• a faster rate of pyrolysis reaction requires careful reactor design.

5.1. The Results of the Input Material Properties

The following chapter presents an analysis of input waste materials and their approximate mass
balance. Various types of tires (tires from cars and trucks) were used as input raw materials, from
plastic waste it was insulation—polystyrene, which is used in the insulation of buildings. The resulting
contents of carbon, nitrogen, hydrogen and sulfur, volatiles, fixed carbon, and ash were determined.
From the measured and averaged values of combustion heat the calorific value was calculated from
the input raw materials. These average values of waste materials parameters are in the Table 1.
Waste tires had different properties in comparison with waste plastics mix. Major differences were
noted in volatile content—plastics had higher volatile content in comparison with waste tires but it
was markedly lower in comparison with traditional plastics like Polyethylene Terephthalate (PET)
with 86.75 ÷ 91.75% volatile content in the articles [34–36], Polyethylene (PE) with 98.87% volatile
content [37] and polystyrene (PS) with 99.5 ÷ 99.78% volatile content in the works [36,38,39]. This is
related to the ash content in these waste plastics (4.59%) in comparison with traditional plastics—PET,
PE and PS have fixed carbon about 0 ÷ 0.99% [34,35,37,38]. Our experiments confirmed that waste tires
contain more than 80% of Carbon (C), 7.78% of Hydrogen (H), 1.29% of Nitrogen and 1.11% of Sulphur
similar to at work [40]. Mix of waste plastics contain more than 78% of Carbon, 9.32% of Hydrogen,
4.93% of Nitrogen and 0.13% of Sulphur what is similar to results of other works [34,41]. Polymer
materials have significantly higher energy content than standard fuels like wood and coal. Calorific
value of waste tires was 34.16 MJ/kg and calorific value of waste plastics mix was approximately
29 MJ/kg what is similar to results of other works [2,24,42–44].

Table 1. Input waste materials parameters.

Parameter Unit Waste Tires Waste Plastics

Volatile content wt. %dry 72.25 88.12
Fixed carbon content wt. %dry 19.92 7.29

Ash wt. %dry 6.87 4.59
C content wt. %dry 80.69 78.65
H content wt. %dry 7.78 9.32
N content wt. %dry 1.29 4.93
S content wt. %dry 1.11 0.13

Combustion heat MJ/kg 36.18 31.01
Calorific value MJ/kg 34.16 28.95

5.2. The Results of the Final Products Properties

During pyrolysis of the waste tires was created approximately wt. 45% of liquid products (gasoline,
diesel, pyrolysis oil), wt. 30% of pyrolysis carbon, wt. 10% pyrolysis gas (containing mainly methane,
hydrogen, carbon dioxide) and wt. 15 % of solid residue (steel cords). These results are similar to
other works [2,45]. During pyrolysis of the waste plastics were created approximately wt. 90% of
liquid products (gasoline, diesel, pyrolysis oil), and wt. 10% pyrolysis gas (containing mainly methane,
hydrogen, carbon dioxide). These results are similar to other works [20,44]. Approximately 450 kg
of pyrolysis carbon, a total of approximately 400 L of liquid pyrolysis products and approximately
100 kg of steel cords were obtained from 1 ton of waste tires after the process. Approximately a total
of approximately 900 L of liquid pyrolysis products were obtained from 1 ton of waste plastics after
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the process. The parameters of the final products from pyrolysis of waste tires are in Table 2. Liquid
pyrolysis products were divided into pyrolysis oil, diesel and gasoline during process and they
are similar to properties of pyrolysis oils in other works [45–47]. Produced pyrolysis oil is close to
the properties of kerosene and also has a calorific value almost the same as kerosene. It could be
widely used as an industrial fuel that can replace heating oil or industrial diesel. Heating with oil fuel
boilers is currently one of the ecological and energy-saving methods of heating. However, it is not very
widespread in Slovakia. It is different abroad, especially in western and southern countries, where
every third household uses oil heating. Heating oil boilers are similar to gas boilers and they can also
be combined with other heat sources. Produced diesel from pyrolysis of waste tires had very similar
parameters like standard diesel from petrol station and it was experimentally smoothly used in diesel
engine in tractor. Similarly, gasoline from pyrolysis of waste tires had very similar parameters like
standard gasoline from petrol station. Produced carbon from pyrolysis had very similar properties like
black coal but it was in the form of powder. It could be used in fluid bed boilers or after compaction
into pellets or briquettes. Approximately 15 % of final products were steel cords that can be sold for
scrap iron.

Table 2. Final products of waste tires pyrolysis parameters.

Parameter Unit Pyrolysis Oil Diesel Gasoline Pyrolysis
Carbon

Character -
light brown to

dark brown
viscous liquid

light brown
liquid

dark brown
liquid black powder

C content wt. %dry 83.27 60.37 63.55 64.43

H content wt. %dry 10.97 8.07 8.92 4.08

N content wt. %dry 4.57 2.28 3.56 2.86

S content wt. %dry 0.75 0.62 1.91 1.75

Ash wt. %dry <0.005 <0.005 <0.005 29.84

Calorific value MJ/kg 40.85 41.61 41.99 23.73

Certification of pyrolysis products was not realized due to the low production and use of
manufactured products by the manufacturer. Various methods of purifying should be used for
obtained gases like applying of membranes and amino techniques. Solid particles, tars and water
must be removed from the gas after pyrolysis for further use. Membrane gas separation is based on
the selective permeability of organic vapors as they pass through the membrane. Pyrolysis gas from
experiments was not modified and it was burned for pyrolysis reactor heating.

The solid pyrolysis product can be physically and chemically modified. Types of modifications
can be divided into groups into: mechanical (grinding), chemical—gas or vapor activation, application
of acid catalysts (e.g., sulfuric or citric acid), basic catalyst (e.g., potassium hydroxide) or by adding
metal salts [48], oxidation and reduction, physical (sonication), and combinations of these species [49].
Pyrolysis carbon from experiments was not modified.

The parameters of the final products from pyrolysis of waste plastics are in Table 3. During
pyrolysis process of plastic waste were created only liquid products–pyrolysis oil, diesel, and gasoline.
Pyrolysis oil produced from plastics had no similar properties like pyrolysis oil from waste tires because
it had lower Carbon, Hydrogen, Nitrogen, and Sulphur content which led to a lower calorific value.
This value of calorific value is significantly lower than produced pyrolysis oils in other works [22,50,51].
Produced diesel from pyrolysis of waste plastics had very similar parameters like standard diesel
from petrol station and it was also experimentally smoothly used in diesel engine in tractor. Similarly,
gasoline from pyrolysis of waste tires had very similar parameters like standard gasoline from a petrol
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station. The calorific value of standard gasoline is 42 ÷ 47.3 MJ/kg [50,52–54]. During the pyrolysis of
waste plastics, there was minimal production of solid carbon.

Table 3. Final products of waste plastics pyrolysis parameters.

Parameter Unit Pyrolysis Oil Diesel Gasoline

Character - light brown to dark
brown viscous liquid light brown liquid dark brown liquid

C content wt. %dry 60.84 62.81 61.89
H content wt. %dry 7.97 8.34 8.79
N content wt. %dry 2.01 2.45 3.61
S content wt. %dry 0.35 0.46 0.64

Ash wt. %dry <0.005 <0.005 <0.005
Calorific value MJ/kg 26.29 42.56 42.34

6. Conclusions

Today’s world generates millions of tons of plastic waste and tires every month that are not
environmentally acceptable waste. If we look only at the market of the Slovak Republic, the potential
of these waste tires and waste plastics is currently estimated at approximately 100,000 tons. Given
the expected development of motoring in particular, but also transport in general and the development
of car production, and with the increasing use of packaging and plastic materials, even larger amounts
of waste suitable for pyrolysis can be considered in the future. Pyrolysis of plastics and tires can turn
this waste into billions of euros worth of energy. Compared to full combustion, lower emissions of
potential pollutants have been reported during pyrolysis. In the pyrolysis process, treating waste tires
and chlorine-free plastics, the amount of liquid product reaches 45%–60% and this leads to a further
reduction in the total volume of exhales. It follows that pyrolysis processes produce about a tenth
of the volume in terms of exhaust fumes compared to complete combustion. This technology not
only solves the serious environmental problem of disposing used tires and plastics, which many
technologically advanced countries are trying to solve, but the process itself is a source of products
that can be used in other industries. These are carbon, pyrolysis oil, pyrolysis gas and steel wire-cords.

Pyrolysis oil can be used in its crude state as an energy carrier, with other chemical and physical
processes, e.g., hydrogenation, fractional distillation or cracking, it is possible to obtain individual
components from this oil in pure or enriched state and use them in other chemical processes, syntheses,
or simple burning processes.

The residual gas is partially recycled to the pyrolysis process itself, thereby consuming the hydrogen
and CO produced. In such a process, the total volume of gases at the outlet will contain negligible
concentrations of CO and will not contain thermal oxides of nitrogen. The rest of the energy from
the combustion of the gas, which is not used to heat the inserted waste, is further used. Furthermore,
the pyrolysis gas can be used directly as a chemical raw material or as a heating gas in cogeneration units
for the production of electrical energy for heating the reactor and at the same time for the production
of heat.

Pyrolysis carbon can further be reused in tires, as an additive to plant pellets, or as an additive to
building materials, whereby the thermal insulation properties of these materials can be improved.

Polymer waste pyrolysis is an upcoming industry that will drive tomorrow’s growth and protect
the environment by cleaning landfills from waste tires as well as chlorine-free plastics.
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53. Vitázek, I.; Klúčik, J.; Jablonický, J.; Vereš, P. Ideal cycle of combustion engine with natural gas as a fuel.
Res. Agric. Eng. 2016, 62, 14–20. [CrossRef]

54. Mishra, P.C.; Gupta, A.; Kumar, A.; Bose, A. Methanol and petrol blended alternate fuel for future sustainable
engine: A performance and emission analysis. Measurement 2020, 155, 107519. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/ie030115m
http://dx.doi.org/10.1007/s10653-015-9736-6
http://dx.doi.org/10.1016/j.ijhydene.2017.07.014
http://dx.doi.org/10.1016/j.jaap.2019.03.010
http://dx.doi.org/10.1051/epjconf/20122501068
http://dx.doi.org/10.17221/35/2016-RAE
http://dx.doi.org/10.1016/j.measurement.2020.107519
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Used Materials 
	Waste Tires 
	Waste Plastics 

	Used Pyrolysis Process 
	Methods of Experiments 
	Methodology for Determination of Hydrogen, Nitrogen, Carbon and Sulfur Content of Input and Output Materials 
	Methodology for Determination of Calorific Value of Input and Output Materials 
	Methodology for Determining the Content of Ash, Volatile Substances and Solid Carbon of Materials 

	Results and Discussion 
	The Results of the Input Material Properties 
	The Results of the Final Products Properties 

	Conclusions 
	References

