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The object of this study is a hybrid ener-
gy system that integrates the processes of
recycling used tires with the use of alterna-
tive energy sources to design a sustainable
and environmentally safe power genera-
tion system.

The problem addressed in this study
is to find effective methods for recycling
waste tires for electricity generation, as
traditional recycling methods are ener-
gy-intensive and lead to the loss of valu-
able resources.

Three methods of tire processing have
been considered: pyrolysis, thermal degra-
dation, and mechanical grinding. The me-
thod of electricity generation using pyro-
lysis has demonstrated high environ-
mental performance due to a significant
reduction in greenhouse gas emissions and
a high rate of renewable energy (80 %).
According to the results of the study, the
use of 5 MW pyrolysis furnaces in com-
bination with 500 kW solar panels pro-
vides a reduction in dependence on fos-
sil sources, reducing CO; emissions to
50.0 kg/year. The method has high capital
costs (NPC USD 4.2 million), but the cost of
energy production (COE USD 0.18/kWh)
makes this method competitive in the long
run. Thermal degradation provides a balan-
ced approach in terms of energy efficien-
cy (75 %) and environmental performance.
Although its CO; emissions are higher than
in pyrolysis, the method makes it pos-
sible to obtain additional products that
could be used in other industries, thereby
increasing economic efficiency. Mechanical
shredding has the lowest average energy
costs (USD 0.12/kWh) and the lowest CO»
emissions (30.0 kg/year), making it ideal
Jor cost-conscious businesses.

The study confirms the possibility of
effective integration of renewable sources
with tire recycling methods.

The practical use of the research results
is possible during the implementation of
grant projects for the recycling of used
tires, and in the work of relevant govern-
ment structures for devising a policy for the
disposal of used tires
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1. Introduction

of car tires are produced every year in the world, which after

The growing number of used tires is becoming a serious
problem for the environment and society as a whole. Millions

the end of their service life become a heavy burden on ecosys-
tems. Conventional disposal methods, such as landfilling or
incineration, not only negatively affect ecosystems but also




contribute to the loss of valuable resources. Waste processing
could be a solution to the problem [1].

However, waste processing is an energy-intensive indus-
try that requires significant resources and technological inno-
vation to improve efficiency and reduce energy consumption.

In a situation where there is a shortage of electricity, it
creates serious challenges for the economy and the livelihood
of the population. Reducing dependence on external energy
sources becomes a priority task. Failures in the supply of
electricity not only stop production processes but also en-
danger the operation of critically important facilities. Under
such conditions, the work of processing enterprises should be
carried out exclusively autonomously. It is expedient to find
a technological solution when production processes are re-
configured for additional electricity generation, which could
significantly increase the energy security of the country. This
approach would ensure the stability of energy supply and
reduce vulnerability to external challenges.

One of the most promising directions in this context is
the process of recycling tires with the production of energy
from them. The use of tires to generate electricity has great
potential, as it could not only help reduce the burden on the
ecosystem but also provide valuable energy resources. The
introduction of innovative technologies in the field of tire
recycling could become the key to sustainable development
of the country [2].

In this regard, the use of used tires as a source of energy
is seen as a promising alternative to conventional methods
of electricity production. Owing to this integration, it is
possible to create a closed loop where waste is transformed
into a resource, providing the energy needs of the country
without additional burden on the environment.

Under today’s conditions, issues of sustainable develop-
ment are gaining special relevance, which increases the im-
portance of scientific research in the field of waste processing.
The issue of recycling car tires is one of the most complex
and urgent environmental challenges today [3]. Solving this
problem requires the use of innovative approaches that will
make it possible not only to reduce the negative impact on
the environment but also to ensure economic efficiency and
energy security of the country [4, 5].

Of the total number of tires in the world, only about 23 %
are recyclable, the majority of which is used to obtain energy
through incineration or other thermal processing methods
such as pyrolysis [6]. Other methods of processing, for example,
mechanical grinding, make it possible to further use of used
tires in road construction.

The issue of tire recycling is becoming even more urgent
against the background of a constant increase in the amount
of plastic and rubber waste [7, 8]. According to numerous sci-
entific studies, polymer waste and used tires are considered
the most dangerous waste [9, 10]. However, the huge volu-
mes of these wastes, accumulated over decades, represent
a significant energy potential [11]. They can be converted
into energy by processing using pyrolysis methods or thermal
degradation, which also makes it possible to reduce the bur-
den on the environment.

According to estimates, the expected potential of obtaining
fuel from waste tires ranges from 67.5 thousand tons/year [12]
to 180 thousand tons/year [13].

The level of recycling and use of used tires in the world
varies in a very wide range [14]: from 92 % in Japan to
45 % in the USA, and in the countries of Western Europe it
reaches 50 % [15].

From the point of view of energy potential, methods of
recycling used tires show different levels of efficiency. Me-
chanical grinding, although it is the most attractive from the
point of view of obtaining high-quality secondary raw mate-
rials, has limited potential in the field of energy due to the
lack of energy production [16]. However, the obtained rub-
ber crumb can be used as a raw material for energy-efficient
processes, for example, in the production of rubber asphalt or
other construction materials [17].

Used tires, like plastic waste, have a significant potential
for use in energy production due to their high resistance to
corrosion in environmental conditions [18, 19]. This makes
them attractive for processing in energy processes, in parti-
cular through pyrolysis and thermal degradation. In addition
to the possibility of reducing the burden on the environment,
these technologies make it possible to create alternative
sources of energy [20, 21].

The results of such research have the potential for wide-
spread implementation in practice because they could signifi-
cantly reduce the vulnerability of the national economy to
external challenges, ensure the stability of the functioning of
critically important objects, and reduce the negative impact
on ecosystems. In particular, when there is an urgent need to
transition to renewable energy sources, the process of recy-
cling tires to generate electricity could become a key element
of an energy security strategy. The integration of methods
will not only ensure the stability of energy supply but will
also make it possible to create an economically profitable and
environmentally safe cycle of resource use.

Scientific research aimed at devising technologies for
processing used tires for energy generation is relevant and in
demand both from the point of view of ecology and energy.
It could not only contribute to sustainable development
but also make it possible to solve important socio-economic
problems, ensuring the stability and independence of the
country’s energy system.

2. Literature review and problem statement

There are numerous studies that consider the possibility
of obtaining energy during the recycling of tires. In particu-
lar, work [22] reports the results of studies on the technical
evaluation of gasification of used tires as an alternative tech-
nology for electricity generation. It is shown that a promising
solution is the use of gas obtained as a result of gasification of
tires in gas engines and turbines. The study proved that the
combined use of a Bubbling Fluidized Bed Gasifier (BFBG),
internal combustion engines, and gas turbines could be effec-
tive in producing both electrical and thermal energy. It has
been investigated that the use of gas obtained as a result
of gasification of tires when using an internal combustion
engine (ICE-G) is more efficient in electricity production
compared to the use of a gas turbine (GT-G). At the same
time, it has been proven that a greater thermal effect occurs
when using GT-G.

However, issues related to the efficiency and economic
feasibility of these technologies under real operating condi-
tions remained unresolved in the work. The reason for this
are the difficulties associated with the need for high initial
investments for the creation of the appropriate infrastructure
and preparation of raw materials (shredding of tires, removal
of metal, etc.). In addition, questions remain regarding the
long-term stability of gasification systems and the impact



on the environment due to emissions of harmful substances

during the process.

An option to overcome related difficulties may be to con-
duct additional research on the optimization of gasification pro-
cesses and the use of alternative gas purification technologies.
It is also advisable to consider the construction of an economic
model that would provide for the gradual introduction of such
systems on an industrial scale, taking into account subsidies or
state support to reduce the financial burden at the initial stage.

Study [23] considers the burning of used tires in a coge-
neration plant using a circulating fluidized bed for electricity
generation. The use of waste tires as fuel has been shown to
increase boiler efficiency and lower electricity production
costs compared to conventional fuels such as heavy fuel and
coal. During peak hours, waste tire burning was found to
generate 27.5 % more electricity per ton of fuel than heavy
fuel and 42.3 % more than coal.

But the issues related to the high costs of implementing
this technology, as well as the significant energy consumption
of the tire burning process, remained unresolved. Utilization
of a large amount of limestone for desulfurization of high-sul-
fur rubber fuel makes relevant research economically burden-
some. In addition, the high cost of electricity produced from
used tires under the conditions of fluctuations in the interna-
tional fuel market may become another obstacle to the large-
scale implementation of this technology. An option to over-
come related difficulties may be the use of alternative energy
sources, which would reduce costs and increase efficiency.

Work [24] reports the results of research on the energy
utilization of used tires by gasification in modified reactors.
It is shown that the gasification of used tires in modified re-
actors makes it possible to efficiently produce electricity and
thermal energy. According to the authors, this could solve the
problem of tire disposal in Brazil, reduce the negative impact
on the environment, and contribute to the creation of new jobs.

However, questions related to the high costs of imple-
menting gasification technology, especially at the initial sta-
ges of implementation, as well as the possibility of reducing
the efficiency of gasification due to the formation of resins in
the gasification process, remained open. In addition, the high
energy consumption of the process and the cost of the elec-
tricity obtained in this way could become serious obstacles
to the widespread adoption of this technology. The reason
for this may be objective difficulties associated with the need
to design and implement effective gas purification systems,
which makes relevant research expensive and difficult.

It is possible to improve the structures of gasifiers to re-
duce the formation of resins in the gasification process and to
optimize the gas purification processes, which would make it
possible to reduce the energy consumption of the process and
the cost of the received electricity.

An example of research at the local level is paper [25],
which reports the results of research on the possibility of us-
ing used tires for electricity generation under the conditions
of small islands, such as Puerto Rico. It is shown that pyroly-
sis is the most recommended technology for processing used
tires, which makes it possible to obtain energy and simulta-
neously solve the problem of tire disposal. The study models
the potential for energy production based on tire pyrolysis
and suggests that the technology could provide about 7 % of
Puerto Rico’s total generating capacity.

However, issues related to the high initial costs of imple-
menting pyrolysis technology, as well as the energy consump-
tion of the process, which may complicate the economic feasi-

bility of such projects, remain unresolved. A possible solution
to these problems is the construction of a network of small
pyrolysis plants that would work on used tires in combination
with alternative energy sources. This could help reduce costs
and increase the competitiveness of the generated electricity.
This approach could be an important step towards the sustain-
able development of the energy system of small areas, which
would contribute to reducing dependence on fossil fuels.

Similar is study [26], which reports the results from pro-
cessing used tires by the pyrolysis method in order to obtain
energy in Palestine. It is shown that the pyrolysis of used tires
makes it possible to obtain such products as pyrolysis oil,
pyrolysis carbon, and pyrolysis gas, which have high energy
characteristics. In particular, pyrolysis oil can serve as a sub-
stitute for conventional liquid fuel, and pyrolysis gas can be
used to meet the energy needs of the pyrolysis process itself.

However, the paper does not address issues related to the
need to clean pyrolysis gas from hydrogen sulfide before burn-
ing it, which reduces the efficiency of the process and increases
costs. In addition, a significant amount of chlorine and sulfur
in pyrolysis carbon can cause environmental problems when
it is used as a fuel. The reason for this may be technological
limitations and the difficulty of cleaning pyrolysis products,
which makes the process expensive and technically difficult.

Options for solving this tasks are the use of combined
processing technologies and the application of heat recovery
systems to increase energy efficiency. It is also advisable to
consider the introduction of catalysts to reduce the reaction
temperature and the modernization of filtration systems.
These approaches could significantly improve the efficiency
and cost-effectiveness of waste tire energy production, while
reducing environmental risks and costs.

Paper [27] reports the results of research on the thermo-
chemical processing of used tires for the purpose of obtaining
energy. The authors investigated the processes of pyrolysis,
combustion, and gasification of used tires, using thermogravi-
metric analysis together with mass spectrometry to deter-
mine the composition of the released gases.

Tire pyrolysis is shown to occur in two stages, with tem-
perature ranges of approximately 250 to 500 °C for truck tires
and 280 to 530 °C for passenger tires. The pyrolysis process
leads to the release of hydrogen, methane, carbon oxides,
and aromatic hydrocarbons. In particular, truck tires show
a slightly higher calorific value of gases than passenger tires. The
paper highlights the technical aspects of the processing methods;
however, the issues related to the energy intensity of the py-
rolysis and gasification processes remain unresolved, which
significantly increases the overall cost of energy production.
In addition, the non-uniformity of the composition of different
types of tires complicates the standardization of processes, and
also causes difficulties with the disposal of solid residues after
thermochemical treatment, which contain harmful impurities.
However, the integration of pyrolysis with other methods of
waste treatment could increase the efficiency of disposal and
reduce the negative impact on the environment.

Work [28] gives the results of a review of research on the
possibilities of using pyrolysis gas obtained from used tires for
energy production. It is shown that pyrolysis gas has a signi-
ficant energy potential, in particular, with a calorific value
of 30-40 MJ/m3, which makes it a promising source of fuel for
power plants. It is also stated that pyrolysis gas could be used to
support the pyrolysis process itself and other energy purposes.

However, issues related to the high content of pollutants
such as sulfur, chlorine, and heavy metals in pyrolysis gas remain



unresolved. These components exceed the legally established
norms and create serious environmental problems. The reason
for this may be technological limitations associated with the
need for expensive gas purification systems, which makes the
pyrolysis process difficult and economically burdensome.

Options for overcoming these difficulties are the im-
provement of gas purification technologies, the development
of new catalysts, as well as combining pyrolysis with other
processing technologies. This will reduce cleaning costs and
increase the overall efficiency of the process. The integration
of pyrolysis with other innovative energy technologies could
also help reduce production costs and increase the competi-
tiveness of pyrolysis gas as an energy resource.

The cited studies are aimed at finding effective methods
for the disposal of used tires for the purpose of electricity
production. Research confirms that used tires could become
a valuable source of energy that would help reduce the environ-
mental burden and dependence on conventional fossil fuels.

Pyrolysis, incineration, and gasification are defined as the
main promising technologies, which have common features,
such as the possibility of obtaining energy from waste and solv-
ing the environmental problem of tire disposal. All studies em-
phasize that these processes could be efficient sources of energy,
but significant questions remain that need to be resolved.

Scientists point to the high energy potential of pyrolysis
gas and other processing products. At the same time, all
methods are marked by the significant cost of equipment
and processes, as well as the need to clean up harmful gases
released during tire processing. It should be noted that exist-
ing methods are expensive, and the generated electricity is
expensive, which makes such technologies less attractive
from an economic point of view.

Therefore, issues related to the high cost of produced
electricity and energy-intensive methods remain unresolved.
These issues make the economic feasibility of such techno-
logies limited.

This allows us to state that it is appropriate to conduct
a study aimed at designing hybrid energy systems that in-
tegrate the processes of recycling used tires with the use of
alternative energy sources. Such an approach will contribute
to the creation of a cheap, sustainable, and ecologically safe
electricity generation system.

The use of alternative energy sources in combination
with the disposal of used tires could reduce the cost of elec-
tricity production and make it competitive in the market.
This would reduce the energy consumption of the process
and increase the economic feasibility of such technologies,
which could ultimately contribute to their spread and inte-
gration into the energy system.

It is important to assess the possibility of integrating re-
newable energy sources into the processes of treating used tires,
which could provide new perspectives in solving the problem of
their utilization. In particular, the use of wind and solar energy
can significantly reduce energy costs and environmental impact
during tire recycling, increasing the technical and economic effi-
ciency of this process. The use of such alternative energy sources
would provide stable and ecologically clean power for all stages
of processing, contributing to sustainable development and
a significant reduction in greenhouse gas emissions.

Our study has the potential to be a useful tool for tire recy-
cling businesses, enabling them to improve the efficiency of their
processes. In addition, the results could be used by government
structures to devise a more effective tire recycling policy that
takes into account the use of renewable energy sources.

3. The aim and objectives of the study

The purpose of our study is to assess the technical and
economic feasibility of electricity generation obtained by re-
cycling used tires. The results will contribute to the develop-
ment of new technologies for processing used tires using re-
newable energy sources, reducing dependence on fossil fuels,
and improving the environmental situation in regions with
high environmental protection requirements.

To achieve the goal, the following tasks were set:

— to evaluate the possibilities of integrating the electricity
generated by recycling used tires into the general energy system;

—to carry out a comprehensive energy-ecological-eco-
nomic evaluation of the methods for processing used tires;

— to carry out energy modeling of the processes of recy-
cling used tires with the help of HOMERPro.

4. The study materials and methods

The object of our research is a hybrid energy system that
integrates the processes of recycling used tires with the use
of alternative energy sources to design a sustainable and en-
vironmentally safe power generation system.

The hypothesis of the research assumes that the operation
of a hybrid energy system, which combines the energy ob-
tained in the process of recycling used tires and the operation
of alternative energy sources, could make it possible to deve-
lop a competitive system of electricity generation. This system
would be able to effectively reduce the environmental impact
of used tires and increase the stability of the energy system.

In the study, three hybrid energy systems were modeled,
which integrate the processes of various tire waste processing
methods: pyrolysis, thermal degradation, and mechanical
grinding. Each of these systems is evaluated according to
indicators of energy efficiency, economic feasibility, and en-
vironmental impact.

The Hybrid Optimization Model for Multiple Energy
Resources (HOMERPro) software was used to evaluate
and optimize the energy systems powering the tire waste
recycling processes. The HOMERPro program made it pos-
sible to analyze 3 different scenarios for the use of renewable
energy sources for powering technological processes and
additional generation.

The pyrolysis method involves the thermochemical de-
composition of organic materials in the absence of oxygen. The
study was carried out by simulating the operation of a pyroly-
sis reactor operating at temperatures from 400 to 600 °C. That
made it possible to evaluate the efficiency of the process, in
particular the quantity and quality of the products obtained,
such as pyrolysis oil, gases, and carbon residue. Energy costs
were calculated on the basis of temperature conditions, heat-
ing rate, and holding time, and the obtained data were ana-
lyzed to determine the economic feasibility of using pyrolysis
under industrial conditions.

Thermal degradation of tires is carried out at high tem-
peratures in the presence of oxygen, which contributes to
the decomposition of polymers and the formation of gaseous
products and carbon residue. The process was simulated un-
der a temperature regime of 600-800 °C to evaluate energy
consumption and decomposition performance.

Mechanical shredding is the physical separation of tires
into small particles to obtain granulated rubber and other
materials. The modeling involved determining the optimal



energy consumption required to grind the tires to a certain
particle size. The energy costs and economic indicators asso-
ciated with the realization of the obtained materials, such as
granulated rubber, steel, and textile fibers, were estimated.

The characteristics of the equipment required for tire re-
cycling have been taken into account in HOMERPro. These
are the technical specifications of pyrolysis reactors, thermal
units, and mechanical shredders, which made it possible to
evaluate the overall efficiency of the system. With the help of
the software package, the optimal dimensions of the compo-
nents necessary to ensure the maximum productivity of the
process with minimum energy consumption were selected.

To optimize the energy systems of each process, the most
effective configuration parameters were found. Modeling was
performed to find the best balance between energy efficiency
and economic feasibility.

With the help of HOMERPro, equipment selection was
carried out with a number of assumptions and uncertainties.
The block diagram of modeling using HOMERPro is shown
in Fig. 1.

For modeling the economic performance, the net present
cost (NPC) and localized cost of energy (LCOE) of the system
were estimated, and for the environmental aspect, the emis-
sion reduction and the renewable share were investigated
in HOMERPro.

NPC is calculated from the following formula (1):

NPC=TAC/CRF, (1)
where TAC is the total annual cost; CRF is the capital reco-
very factor.

To calculate the average cost of the usable electricity
produced by the system in USD/kWh, HOMERPro uses the
Localized Cost of Energy (LCOE) and it can be calculated
from the following formula (2):

LCOE=Cann tot/E, 2)
where Cann tot is the annual total cost, USD, and E is the
total electricity consumption in KkWh.

To quantify the contribution of renewable energy sources
to the system, the share of renewable sources is used accord-
ing to the following formula (3):

J=E/Eann,, 3)
where Eann,, is the annual total energy production of the
system, electricity production.

I

* Data on the composition of used tires: their standard sizes
» Component data (system): number of used tires
* Optimization constraints and uncertainty

Modeling in the software package

* Modeling
* Selection of technological parameters

The results of modeling and selection of technological
parameters make it possible to compare three methods of tire
waste processing and determine which of them is the most
effective in terms of energy costs, economic benefit, and en-
vironmental safety. This made it possible to draw conclusions
about the feasibility of implementing each of the methods
under industrial conditions, taking into account their pro-
ductivity, economic and environmental indicators.

5. Results of the study based on the assessment of
prospects for electricity generation by recycling used tires

5. 1. Results of assessing the possibility of integration
of electricity generated by recycling used tires

Under the conditions of growing demand for energy
resources and the need to solve the problem of waste dis-
posal, one should look for innovative approaches that would
help ensure energy security and reduce the environmental
burden. One of the promising areas is the use of used tires
for electricity generation. Such a combined method, which
combines tire recycling with the use of alternative energy
sources (ASE), has significant potential for integration into
the country’s energy system.

A SWOT analysis of the electricity generation method based
on a combination of used tire recycling methods and the use of
alternative energy sources (ASE) was carried out. The results of
constructing a SWOT analysis matrix are given in Table 1.

For a more in-depth analysis, a cross-point evaluation of
the factors of the SWOT analysis was carried out, which makes
it possible to determine the influence of each element on other
aspects of the method. Evaluation on a scale from 1 to 5 points,
where 5 is the highest impact, make it possible to clearly as-
sess the significance of the interaction between strengths and
weaknesses, opportunities and threats for the combined me-
thod of electricity generation using the recycling of used tires
and alternative energy sources. The results of the cross-assess-
ment of SWOT analysis factors are given in Table 2.

Our cross-assessment demonstrated how each element of
the SWOT analysis affects other elements, creating a com-
prehensive view of the opportunities and threats of the power
generation method.

Strengths are rated 3 points in the context of impact on
weaknesses due to the possibility of compensating technological
complexity with economic benefits and 4 points for synergy with
new technologies, which increases the efficiency of the process.

Weaknesses received 5 points for their ability to mini-
mize high initial costs through innovation, but also received
4 points for their impact on increasing competi-
tion and economic risks.

Opportunities received 4 points for their
ability to enhance the strengths of the method
and 5 points for reducing technological risks
and costs, which is critical for the implemen-
tation of the combined approach, and 3 points
for the likelihood of reducing economic threats
through regulatory support.

Threats are rated 2 points because they can

Results

be partially neutralized by economic benefits,

* Calculation of net present value
* Calculation of the average cost of energy
* Calculation of emissions

although competition and regulatory restric-
tions may negatively affect the profitability
of the method, and 4 points for the potential

Fig. 1. Flow chart of the process using HOMERPro

negative effects of regulatory restrictions and
competition.



Table 1

Matrix of SWOT analysis of electricity generation by recycling used tires and using ASE

Strengths

Weaknesses

— a comprehensive approach to waste disposal and energy generation: the use
of used tire recycling methods together with ADE provides solutions to the
problems of waste disposal and production of environmentally clean energy;
— waste disposal: a significant amount of used tires is generated annually. Re-
cycling methods can reduce the amount of used tires that often accumulate in
unauthorized landfills;

— diversification of sources of energy supply: for example, pyrolysis can pro-
vide the generation of about 1.5 MW of energy from 1 ton of tire, as well as
obtaining up to 600 liters of pyrolysis oil and 300 kg of carbon. This energy
can be supplemented by ADE, which provides a stable energy supply;

— economic benefit: used tires as raw material can be obtained at a low price or
for free. Solar and wind energy are also available resources

— technological complexity and high initial costs: The com-
bined use of processing methods and ADE requires signifi-
cant investments in equipment and technologies;

— environmental risks: if the processing process is not pro-
perly controlled, harmful substances such as polyaromatic
hydrocarbons and dioxins may be released;

— intermittency of RES: the inconsistency of energy production
from RES (for example, solar energy depends on the weather
and time of day) requires reliable energy storage systems

Opportunities

Threats

— technological innovations: the introduction of new technologies can in-
crease the efficiency and environmental cleanliness of the processing and use
of ADE, increase the efficiency and reduce the costs of the combined method;
— market expansion: there is a high demand for waste recycling solutions and
alternative energy sources. The combined approach can become a promising
direction for small and medium-sized enterprises;

— regulatory incentives for enterprises: the possibility of subsidies and tax
benefits from the state for enterprises engaged in waste processing and the
use of ADE;

— synergy: the interaction of different technologies (pyrolysis, solar and wind
energy) can create a more sustainable and efficient energy supply system

— competition: other methods of waste processing and al-
ternative energy sources are actively developing, which can
compete with the combined method;

— regulatory restrictions: strict environmental regulations
can increase costs and complicate the licensing process;

— economic factors: fluctuations in the prices of oil and tra-
ditional types of fuel can affect the profitability of the com-
bined method;

— public opinion: the likelihood of protests by local residents
against the installation of pyrolysis and energy plants due to
the danger of environmental risks

Table 2

Cross-assessment of factors in the SWOT analysis of electricity generation with the recycling
of used tires and the use of ASE

- Strengths Weaknesses Opportunities Threats
. . 4 points: s ith .
3 points: technological com- ngx?/l?;ih;};?gr?gs“\gitﬂ 2 points: threats from regula-
Strengths plexity can be compensated by a increase the ¢ ffegc tiveness | oY restrictions can be mini-
significant economic benefit mized by economic benefits
of the method
3 points: the comprehenswe 5 points: innovation will | 4 points: high costs increase
approach of the method will B . . o
Weaknesses level out the high initial costs compensate for the high | the impact of competition and
. . 8 cost in the initial stages economic factors
of installing the technology 8
Opportuni- | 4 points: technological innova- | 5 points: innovation can reduce 3 %Ill)s?;ﬁ)tlshtthi;fl}{; (;igizlsglglc
ties tion can enhance strengths technological risks and costs y can . Y
regulatory incentives
o 4 points: competition will affect 3 points: economic
Threats 2 points: strengths can reduce profitability due to the high threats will increase if -
regulatory barriers . . > . . .
complexity of implementation | innovation support is low

Therefore, it should be noted that the «problem field» of

the method is formed by:

— combining strengths with opportunities: to ensure high
project efficiency, it is important to implement innovative
technologies to optimize processes and reduce costs;

— combining weaknesses with threats: it is necessary to
take into account technological risks and competition with
other methods, which requires the development of strategies
to overcome them.

The SWOT analysis revealed that the main strengths of
the method are its ability to provide comprehensive waste
disposal and generation of clean energy. The main weaknesses
are related to technological complexity and high initial costs,
which require significant investment.

The main advantages of the combined method: effective
waste disposal, high energy efficiency, economic benefit,
reduction of dependence on conventional energy sources.
Recycling of used tires makes it possible not only to reduce

the amount of waste but also obtain additional products,
such as pyrolysis oil and technical carbon, which can be used
in industry. In turn, alternative energy sources, such as solar
and wind farms, provide a stable and environmentally friend-
ly energy supply.

Opportunities for the development of this method are
significant due to technological innovations and high demand
for environmentally friendly solutions. Government subsidies
and tax incentives can become a decisive factor for attracting
investment in this sector. At the same time, there are signifi-
cant threats associated with competition from other process-
ing methods and strict environmental regulations that can
increase project implementation costs.

The development of a combined method of electricity
generation using methods of recycling used tires and alterna-
tive energy sources has significant potential. It can be an im-
portant step towards the country’s environmental and energy
sustainability, providing efficient waste disposal, economic



benefits, and reducing dependence on conventional energy
sources. However, success requires concerted action by go-
vernment, business, and the public, as well as active invest-
ment in technological innovation and infrastructure.

3. 2. Results of a comprehensive energy-ecological-eco-
nomic assessment of methods for processing used car tires

To evaluate the effectiveness of different methods of tire
recycling, a comparison of key indicators, such as energy con-
sumption, energy production, emissions of harmful substan-
ces, and economic aspects, was carried out (Table 3).

It is important to note that, given the growing problems
associated with waste management, tire recycling is not only
a solution to reduce their negative impact on the environ-
ment but also a significant source of energy.

A comparison of energy characteristics of tire recycling
methods shows that mechanical shredding is characterized
by the lowest energy consumption (400—-450 kWh/t) but
does not provide energy production. Pyrolysis, although
requiring significant energy input (800—1200 kWh/t), has
potential for energy production (500-700 kWh/t), which
makes it attractive from an energy efficiency perspective.
Thermal degradation is intermediate, showing moderate
energy consumption (600-900 kWh/t) and energy produc-
tion (400—600 kWh /t).

Given these data, it can be argued that each method has
strengths and weaknesses. For example, mechanical grinding
is the most environmentally friendly, but has no energy pro-
duction potential, which can be a disadvantage in some cases.
Pyrolysis, although it has the highest rates of electricity
generation, has high risks due to large emissions of harmful
substances. Thermal degradation can be a compromise option
between environmental safety and energy efficiency.

These data suggest that waste tire recycling technologies can
play an important role in the transition to clean energy sources.

It is also important to pay attention to environmental
aspects. Pyrolysis is characterized by high risks due to sig-
nificant emissions of harmful substances, in particular CO,
and dioxins, which can negatively affect the environment and
human health. In this context, thermal degradation can be
a compromise option that combines relatively low emissions
and the possibility of energy production.

When evaluating the economic indicators, mechanical
grinding has the highest profitability (22 %) while pyrolysis
shows lower indicators (15-25 %). This highlights the need
to develop more efficient emission treatment technologies
to improve the economic feasibility of pyrolysis and ther-
mal degradation.

We shall demonstrate a comprehensive assessment in the
form of a radar diagram (Fig. 2).

Ecological
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Fig. 2. Comprehensive energy-ecological-economic
assessment of tire recycling methods

To evaluate the effectiveness of different tire recycling
methods, a radar chart was constructed, reflecting three key as-
pects: energy, environmental, and economic. This chart makes
it possible to visually compare different methods, taking
into account their impact on energy efficiency, environmental
safety, and economic feasibility.

Initially, all indicators were grouped into three main cate-
gories. Energy indicators include energy consumption, energy
production, energy efficiency, and the balance between energy
consumption and energy production. Environmental indica-
tors include CO, emissions, dioxin, and furan emissions, as
well as the use of renewable energy sources. Economic indica-
tors took into account the cost of cleaning emissions and the
profitability of production. After the indicators were grouped,
they were normalized so that all values were on the same
scale from 0 to 1. For example, energy consumption for me-
chanical grinding was normalized to a value of 0.35 based on
a maximum value of 1200 kWh/t, and energy production for
pyrolysis was normalized to 0.85 based on a maximum value
of 700 kWh/t. This made it possible to compare methods
without reference to different units of measurement.

Next, the average values of the normalized indicators for
each of the three categories were calculated, which made it
possible to obtain generalized energy, environmental, and
economic indicators. For example, for pyrolysis, the average
energy index was 0.80, ecological — 0.87, and economic — 0.70.

These values were plotted on a ra-

Table 3 dar chart where each method was
Comparison of key energy-ecological-economic indicators of evaluation compared n three categories.
of tire recycling methods The diagram clearly demon-
strated that mechanical grinding
Indicator Mechanical grinding | Pyrolysis | Thermal degradation | s the most ecological method but
Energy consumption, kWh /t 400-450 8001200 600-900 has low energy efficiency. Pyroly-
Energy production, kWh /t There is none 500-700 400-600 sis, on the contrary, showed high
Energy efficiency, % low Average Average energy .performan.ce,. bUt IS ac-
Energy balance (production/expenditure) Negative Balanced Positive companied .by a significant envi-
- ] N ) ) ronmental impact. Thermal deg-
Use of renewable energy sources Low Average Average dati ) int diat
CO, emissions, kg/t 800 1500 1300 racation occupies an intermeciate
— — — - position, providing a balanced ap-
Emissions of dioxins and furans, mg/t Missing Little .
: — proach between energy efficien-
The .cost. (.)f cleaning em415510ns, USD/t Absent 50-100 30-70 cy and environmental safety, but
Profitability of production, % 22 15-25 17-20 with modest economic results.




Thus, the recycling of waste tires can become an impor-
tant direction if we take into account environmental, eco-
nomic, and energy aspects. The transition to more environ-
mentally friendly processing methods and the optimization
of existing technologies are key factors for achieving sustain-
able development and reducing dependence on conventional
non-renewable energy sources.

An important addition to the understanding of methods
is the assessment of their risks, which makes it possible to
take into account not only potential benefits but also possible
problems and their significance. For a deeper understand-
ing of the impact of these risks on the overall effectiveness
of each method, a Risk Assessment Matrix was construc-
ted (Table 4). The matrix makes it possible to quantitatively
and qualitatively assess the risks associated with various tire
recycling methods, taking into account technical, economic,
and environmental aspects.

Quantitative indicators in the Risk Assessment Matrix
are based on an assessment of the percentage probability of
risk occurrence. For example, technical risks for mechanical
grinding are low and amount to 1-3 %, which means high re-
liability of the equipment and low probability of failures. The
economic risks for this method are medium (4—6 %), which is
associated with possible fluctuations in the cost of raw mate-
rials and equipment maintenance costs. Environmental risks
for mechanical grinding are estimated to be low (1-2 %),
given the minimal emissions of harmful substances.

For pyrolysis, technical risks are estimated as high (710 %)
due to the complexity of the technological process and the
need to use high-tech equipment. Economic risks are also
high (7-9 %) due to significant production and cleanup costs,
as well as possible changes in legislation that could affect pro-
fitability. Environmental risks are the greatest (8—10 %) due
to high emissions of COy and other harmful substances, which
requires complex and expensive cleaning systems.

Thermal degradation shows moderate risks in all three
categories, making this method a moderate option between
energy efficiency and environmental safety.

The risk assessment shows that mechanical grinding is
the safest method in terms of ecology and technical reliabili-
ty, while pyrolysis has high risks due to the complexity of the
process and significant environmental impacts.

The matrix provides insight into the costs and risks asso-
ciated with each tire recycling method and serves as a useful
decision-making tool for optimizing tire recycling processes.

In general, comparing key indicators visually with the
help of diagrams makes it possible to get a more complete
picture of the efficiency of the process, which can be useful
for decision-making at the level of public policy or for enter-
prises engaged in processing. Charting makes it possible to
comprehensively compare different methods of tire recycling
according to several criteria at the same time, which contri-
butes to a better understanding of the overall efficiency and
impact of each method on the environment and economy.
This makes it possible for scientists and engineers to make
more informed decisions about choosing the optimal tire

recycling technology, taking into account both energy, envi-
ronmental, and economic aspects.

5. 3. Results of energy modeling of used tire recycling
methods

Simulation of the work processes of enterprises using
pyrolysis, thermal degradation, and mechanical grinding
methods, capable of processing 12,000 tons of tires annually,
was carried out. Each of the methods provides a different
level of energy efficiency and environmental safety. The use
of renewable energy sources such as solar and wind power
has been taken into account to minimize costs and reduce
environmental impact.

The simulation involved the evaluation of 11 configura-
tions of three different scenarios: thermal degradation, pyro-
lysis, and mechanical grinding during three phases.

Below are the results obtained in three phases of model-
ing (Fig. 3):

Phase 1. Assessment of available renewable sources and
equipment selection. In the first phase, an assessment of
the available renewable resources was carried out for each
scenario and the selection of optimal equipment for the exe-
cution of technological processes, taking into account energy
needs and system requirements:

1. Pyrolysis: the system provides a high level of renewable
energy owing to the integration of solar panels, making the
process environmentally friendly and energy efficient.

2. Thermal degradation: heat recovery systems and wind
turbines make it possible to reduce energy costs and achieve
a balanced approach to waste tire disposal.

3. Mechanical grinding: the use of solar panels and bat-
tery systems reduces energy costs, making this method the
most economical.

The resulting selection of equipment and parameters for
each scenario is given in Table 5.

In this phase, each scenario was modeled and opti-
mized using HOMER Pro to determine the most efficient
configurations of renewable energy systems (Fig. 4). The
modeling was aimed at achieving the maximum reduction
of energy costs, increasing efficiency, and reducing environ-
mental impact:

1. Pyrolysis: optimization made it possible to achieve a high
share of renewable energy (RF) — 80 % with minimal CO,
emissions. The cost of energy production was USD 0.18/kWh,
which makes this method average in terms of cost-effectiveness
among the considered scenarios.

2. Thermal degradation: the system has been optimized
to achieve a balance between environmental and economic
efficiency. The rate of renewable energy is 65 %, and the
cost of energy is USD 0.25/kWh. Despite the high cost, the
possibility of obtaining additional products compensates for
this disadvantage.

3. Mechanical grinding: the optimization of this scenario pro-
vided the lowest energy costs with a COE of 0.12 USD/kWh,
making this method the most economical, although the share
of renewable energy (55 %) is the lowest.

Table 4

Risk assessment matrix for tire recycling methods

Method

Technical risks

Economic risks

Environmental risks

Mechanical grinding

Low (1-3 %)

Average (4—6 %)

Low (1-2 %)

Pyrolysis

High (7-10 %)

High (7-9 %)

High (8-10 %)

Thermal degradation

Average (4-6 %)

Average (5-7 %)

Average (5-7 %)
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Fig. 3. Assessment of available renewable sources and selection of equipment in phase 1 for methods:
a — pyrolysis; b — thermal degradation; ¢ — mechanical grinding

Equipment and options for each scenario

Table 5 Scenarios. The study analyzed

three different scenarios for re-

cycling used tires using renew-

S i Equi t P
cenaro . auipmen — ower able energy sources. Each sce-
e pyrolysis furnaces,lgas Pu“lﬁ‘ 5 MW furnace, 500 kW panels, nario involves the processing of
Pyrolysis cation systems, solar panels, 450 KW inverters 12,000 tons of tires per year and
inverters . . .
‘ has its own unique technological
Th | degradati hlgh—tempertature rgafit(t)rs:bl.leat 7 MW reactors, 1 MW turbines, and energy aspects. The technical
ermal degradation recovery SyS ems, wind turbines, 500 kW inverters and energy CharaCteriStiCS Of the
inverters . . .
_ 4 scenarios are given in Table 6.
Mechanical erindi t1retshreddlers, maglnet‘ilcttsep a- 2 MW shredders, 800 kW panels, Scenario 1: pyrolysis. Pyro-
echanical grinding rators, solar panets, battery 700 kW inverters lysis is the most environmentally
systems, inverters . .
friendly method for processing
_ used tires as it makes it possible
$80 § 0.25 970000 to obtain valuable products, such
& 70 = § 60000 as synthetic gas, liquid fuel, with
Z 60 3 0.20 2 S) * &
= af £50000 minimal emissions of harmful sub-
50 So.ls 2 40000 stances. The main focus is on re-
o &Y ] .
£ 40 &0 10 230000 ducing CO, emissions and increas-
= 30 2 £ 20000 ing energy efficiency.
< 20 H005 &3] lysi lysis f
Z 0 « 0. <1000 For pyrolysis, pyrolysis furna-
E 0 é 0.00 S, ces with gas purification systems

a b

Fig. 4. Assessment of the main indicators of reducing energy costs, increasing efficiency,
and reducing environmental impact in phase 2: a — coefficient of renewable energy;

b — energy costs, ¢ — CO, emissions

Phase 3. Evaluation of the results and selection of the
optimal configuration.

In the final phase, a detailed evaluation of each configu-
ration was carried out in terms of technical, economic, and
environmental indicators to select the most effective solution
for tire recycling. An analysis of net present costs (NPC),
cost of energy (COE), and CO4 emissions was performed for
each scenario.

are used, which process organic
materials at high temperatures in
the absence of oxygen. This makes
it possible to obtain valuable se-
condary products and minimize
harmful emissions.

The main components of the equipment:

— pyrolysis furnaces: capacity of 5 MW, capacity to pro-
cess 12,000 tons of tires per year;

— gas purification systems: purification of waste gases
with their subsequent use;

— solar panels: 500 kW capacity to support energy needs;

— inverters: power of 450 kW for converting direct cur-
rent into alternating current.

(o



Table 6

Technical and energy characteristics of tire recycling scenarios

Indicator Scenario 1: pyrolysis

Scenario 2: thermal degradation

Scenario 3: mechanical grinding

Environmental friendliness of

The main focus
the process

Balance between environmental
friendliness and economy

Economy of the process

Pyrolysis furnaces, gas purifi-

Equipment .
quip catlon systems

High-temperature reactors, heat
recovery systems

Tire shredders, magnetic separators

Renewable sources Solar energy

Wind energy Solar panels and battery systems

Number of tires (ton/year) 12,000

12,000 12,000

In this scenario, solar panels are integrated to provide
additional energy, reducing dependence on fossil sources.
Owing to the use of renewable energy sources, high environ-
mental friendliness of the process is achieved.

Scenario 2: thermal degradation. Thermal degradation is
aimed at achieving a balance between environmental friend-
liness and cost-effectiveness of the process. This method
makes it possible to obtain oil distillates and carbon, which
can be used as energy resources.

High-temperature reactors and heat recovery systems en-
sure efficient conversion of tires into secondary products at high
temperatures, which makes it possible to reduce energy costs.

The main components of the equipment:

— high-temperature reactors: capacity of 7 MW, the abi-
lity to process 12,000 tons of tires per year at a temperature
of up to 800 °C;

— heat recovery systems: efficiency up to 80 % to reduce
energy costs;

— wind turbines: total capacity of 1 MW for electricity
generation;

— inverters: 500 kW power to ensure system stability.

Renewable energy sources include wind energy, which is
used to support energy needs and reduce emissions of harmful
substances. This makes it possible to achieve an optimal ratio
between economic efficiency and environmental friendliness.

Scenario 3: mechanical grinding. Mechanical grinding is
the most cost-effective method, focused on minimizing costs
and maximizing the use of secondary materials.

The scenario uses tire shredders, magnetic separators,
solar panels, and battery systems that make it possible to turn
tires into small particles for further use in various industries.

The main components of the equipment:

— tire shredders: capacity of 2 MW, ability to process
12,000 tons of tires per year;

— magnetic separators: for separation of metal particles
and further processing;

— solar panels: 800 kW capacity to meet energy needs;

— inverters: 700 kW capacity for stable power supply;

— battery systems: for storing and using energy during
peak hours.

Solar panels are used as renewable energy sources and battery
systems are used to support energy needs. The use of secondary
materials makes it possible to reduce the total costs of processing.

Analysis was carried out to determine the energy and envi-
ronmental characteristics of each of the three scenarios, which
makes it possible to assess their technical-eco-economic feasi-
bility. Below are detailed simulation results for each scenario.

Scenario 1: for pyrolysis, the simulation focused on using
solar energy to provide a process with minimal emissions.
The main results are given in Table 7.

Scenario 2: thermal degradation modeling was focused on
the combination of wind energy and heat recovery systems
to meet energy needs. The main results are given in Table 8.

Scenario 3: the simulation of mechanical grinding focuses
on the economics of the process using solar panels and battery
systems to reduce costs. The main results are given in Table 9.

A detailed economic analysis for three scenarios is given
in Table 10.

The performed optimization of equipment in HOMER-
Pro is given in Table 11.

Table 7
Energy and environmental indicators of the pyrolysis scenario
The name of the indicator Value
Annual energy consumption (kWh/year) 1500 000
Energy production from renewable sources (kWh/year) | 1 200 000
Use of fossil fuels (%) 20 %
CO; emissions (kg/year) 50.00
Renewable energy factor (RF, %) 80 %
Overall efficiency of the process (%) 85 %
Net Presented Costs (NPC, MUSD) 4.20
Cost of energy (COE, USD/kWh) 0.18
NO, emissions (kg/year) 3.00
SO, emissions (kg/year) 1.50
Table 8

Energy and environmental indicators of the thermal
degradation scenario

The name of the indicator Value
Annual energy consumption (kWh /year) 1800 000
Energy production from renewable sources (kWh/year) | 1 170 000
Use of fossil fuels (%) 35 %
CO, emissions (kg/year) 70.00
Renewable energy factor (RE %) 65 %
Overall process efficiency (%) 75 %
Net Presented Costs (NPC, MUSD) 4.0
Cost of energy (COE, USD/kWh) 0.25
NOy emissions (kg/year) 4.20
SO, emissions (kg/year) 2.10

Table 9

Energy and environmental indicators of the scenario
of mechanical grinding

The name of the indicator Value
Annual energy consumption (kWh,/year) 1200 000
Energy production from renewable sources (kWh/year) | 660 000
Use of fossil fuels (%) 45 %
CO, emissions (kg/year) 30.00
Renewable energy factor (RE %) 55 %
Overall efficiency of the process (%) 65 %
Net Presented Costs (NPC, MUSD) 2.90
Cost of energy (COE, USD/kWh) 0.12
NOj emissions (kg/year) 2.50
SO, emissions (kg/year) 1.20




Analysis of annual costs for the optimal configuration

Table 10

D Capital expenditure |  Operating costs Replacement costs Residual value Total costs
(MUSD) (MUSD) (MUSD) (MUSD) (MUSD)
Scenario 1
Pyrolysis furnaces 0.9 0.35 0.15 -0.05 1.35
Gas purification systems 0.3 0.15 0.08 —-0.01 0.52
Solar panels 0.7 0.25 0.10 -0.02 1.03
Inverters 0.4 0.10 0.05 —0.01 0.54
Additional equipment 0.5 0.20 0.10 -0.03 0.77
In general 2.8 1.05 0.48 -0.12 4.21
Scenario 2
High-temperature reactors 1.1 0.30 0.20 —0.04 1.56
Heat recovery systems 0.6 0.22 0.12 —-0.02 0.92
Wind turbines 0.5 0.18 0.10 -0.02 0.76
Inverters 0.3 0.10 0.06 -0.01 0.45
Additional equipment 0.2 0.08 0.05 —-0.01 0.32
In general 2.7 0.88 0.53 -0.10 4.01
Scenario 3
Tire shredders 0.6 0.15 0.08 -0.02 0.81
Magnetic separators 0.3 0.10 0.05 -0.01 0.44
Solar panels 0.5 0.18 0.08 -0.02 0.74
Inverters 0.2 0.07 0.04 —-0.01 0.30
Battery systems 0.4 0.12 0.06 —-0.02 0.56
In general 2.0 0.62 0.31 —0.08 2.85
Table 11
Optimization results of eleven configurations
No. | Configuration description Optimal capacities Evaluation criteria Cost data
1| Pyrolysis Pyrolysis furnaces: 5 MW, solar panels: | NPC: 4.2 million USD; COE: Capita.l: 2.8 million‘U‘SD;
500 kW 0.18 USD/kWh; RF: 80 % operational: 1.05 million USD
9 Pyrolysis with gas purifi- | Pyrolysis furnaces: 5 MW; gas cleaning | NPC: 4.5 million USD; COE: | Capital: 3.0 million USD;
cation systems system: 250 kW; inverters: 750 kW 0.20 USD/kWh; RF: 75 % operational: 1.1 million USD
3 Pyrolysis with high Pyrolysis furnaces: 5.5 MW; solar NPC: 4.0 million USD; COE: | Capital: 3.2 million USD;
efficiency panels: 550 kW 0.17 USD/kWh; RF: 82 % operational: 1.0 million USD
4 | Thermal degradation H.igh—ternperature reactors: 7 MW; NPC: 3.8 million USD; COE: Capita.l: 2.7 million.U.SD;
wind turbines: 1 MW 0.25 USD/kWh; RF: 65 % operational: 0.88 million USD
T s e o500 [32 (e (S COF otk milon
6 | Thermal degradation Reactors: 7 MW; wind turbines: NPC: 4.1 million USD; COE: Capita.l: 3.0 milliop USD;
1.2 MW 0.26 USD/kWh; RF: 63 % operational: 1.0 million USD
7 | Mechanical grinding Shredders: 2 MW; solar panels: 800 kW I(;H;ZC UZS?)I;I?\I;;); II-QIIE%S(%%())E g;ggsjoia(;%lég(;ﬁlﬁ(sn?ljSD
o DS |t itk | Sl USD COF o2 mln U5,
) | magnetic separions | Shredders: 22 MW:separators 00 W | SR i p 00 | R ilion USD
0 e 2wl s [T USDLCOF |Gt 23 il D,
11 | Mechanical grinding Shredders: 2 MW; inverters: 750 kW I(;H;g’ Ussi)r;llil\li;)ﬁly ESD5’4(%,/?E g;g;sil(:)ﬁﬁ:ﬁlyigﬁﬁii%SD

The most acceptable from the point of view of expediency

and competitiveness are the system configurations with the

lowest generalized cost of electricity:

— for pyrolysis, the combination of a pyrolysis furnace

— for mechanical grinding, a combination of 2 MW shred-

ders and 850 kW solar panels with COE: USD 0.11/kWh.

with a consumption of 5.5 MW and 10 solar panels with

a capacity of 550 kW with COE: USD 0.20/kWh;

6. Discussion of results based on the assessment of

prospects for electricity generation by recycling used tires

— for thermal degradation of a combination of a 7 MW
high-temperature reactor and 500 kW heat recuperators

with COE: USD 0.23/kWh;

Our study demonstrated that generating electricity by
recycling waste tires has significant potential.



The SWOT analysis confirmed the prospects for the
method’s application, highlighting its strengths, including
comprehensive waste disposal, high energy efficiency, and
economic attractiveness. Pyrolysis, which is the main method
of processing, is capable of generating up to 1.5 MW of energy
from 1 ton of tires, which further confirms the economic fea-
sibility of the technology.

At the same time, there are certain challenges, including
the technological complexity of the process and significant
initial investment. Environmental risks, such as possible re-
leases of harmful substances, also require careful monitoring
and additional research to minimize negative impacts. Com-
petition with other methods of waste processing and com-
pliance with environmental standards are additional threats
that could slow the adoption of this technology.

The cross-assessment of factors of the SWOT analysis
carried out in the work made it possible to form a problem
area, indicating the most significant combinations of factors
that affect the effectiveness and profitability of the implemen-
tation of the method. So, the results (Table 2) indicate that
the strengths of the method can compensate for technological
complexity and environmental risks due to economic benefits
and synergy with new technologies. Weaknesses, including
technological complexity and high costs, can be minimized
through innovation and regulatory incentives. Opportunities
for technology development are important for increasing the
effectiveness of the method, especially in the face of regula-
tory and economic threats. Threats such as competition and
economic factors can be mitigated by the strengths of the
method and the introduction of new technologies.

The SWOT analysis revealed that the main strengths of
the method are its ability to provide comprehensive waste
disposal and generation of clean energy. The main weaknesses
are related to technological complexity and high initial costs,
which require significant investment.

However, the opportunities for development remain
significant, particularly owing to technological innovations
that can improve the efficiency of the process and potential
government support in the form of subsidies and tax breaks.

The energy-environmental-economic assessment was based
on comparison of key indicators such as energy consumption,
energy production, emissions of harmful substances, and eco-
nomic aspects.

Our results in Table 3 demonstrate that mechanical
grinding is characterized by the lowest energy consumption
(400-450 kWh/t), but this method does not generate ener-
gy, which is its significant drawback. Pyrolysis, although re-
quiring significant energy consumption (800—1200 kWh/t),
provides energy production (500-700 kWh/t), which
makes it attractive from the point of view of energy ef-
ficiency. Thermal degradation, with its moderate energy
consumption (600-900 kWh/t) and energy production
(400-600 kWh/t), occupies an intermediate position bet-
ween the other two methods.

Comparing the data in Table 3 and the constructed radar
diagram (Fig. 2), we can conclude that mechanical grinding
is the most ecological, but its energy efficiency remains low.
Pyrolysis shows high energy performance but is accompanied
by significant environmental risks due to high emissions of
harmful substances. Thermal degradation, which occupies
a compromise position, combines balanced energy and envi-
ronmental performance, but has moderate economic efficiency.

Comparison of risks given in Table 4 demonstrates that
mechanical grinding is the least risky method from the point

of view of technical, economic and environmental aspects.
Pyrolysis, in view of the complexity of the technological
process, has high risks in all three categories, which may com-
plicate its widespread implementation. Thermal degradation
is characterized by an average level of risks, which makes the
method a compromise option between reliability, economic
feasibility, and environmental safety.

Modeling of electricity generation using pyrolysis demon-
strated high environmental performance due to a significant
reduction in greenhouse gas emissions and a high renewable
energy ratio (80 %). This makes it attractive to environmen-
tally sensitive regions and companies seeking to reduce their
carbon footprint. However, high capital investment may be
a limiting factor for its implementation on an industrial scale.
This method provides an optimal balance between environ-
mental and economic indicators, with an NPC of USD 4.2 mil-
lion and a COE of USD 0.18/kWh, making it competitive in
the long term. In general, the obtained result does not contra-
dict similar studies in other branches of industry.

The results of our study not only confirm the environmen-
tal efficiency of the pyrolysis method but also demonstrate
how the integration of renewable energy sources increases
the overall efficiency of the process. Unlike study [22], in
which the main attention is paid to the transformation of
pyrolysis products into secondary materials, our study focu-
ses on energy efficiency and reducing emissions. The use of
5 MW pyrolysis furnaces combined with 500 kW solar panels
reduces dependence on fossil sources. This makes it possible
to achieve a renewable energy share of 80 %, which is a sig-
nificant advantage. In addition, it reduces CO, emissions by
up to 50.0 kg/year, which is significantly lower than similar
methods reported in other studies.

Thermal degradation provides a balanced approach in terms
of energy efficiency and environmental performance. Although
CO, emissions are higher than those in pyrolysis, this method
makes it possible to obtain additional products that can be used
in other industries, which increases its economic efficiency. The
coefficient of renewable energy (RF) is 65 %, and the overall
efficiency of the process is 5 %, which indicates the high adapt-
ability of the method to different operating conditions. With an
NPC of USD 3.8 million and a COE of USD 0.25/kWh, ther-
mal degradation is the optimal choice for businesses looking to
integrate renewable energy into their processes.

This adaptability of thermal degradation favorably dis-
tinguishes it from the approaches presented in study [28], in
which the main attention is paid to the purification of gases
to achieve environmental standards. However, the approach
obtained in the work makes it possible to reduce emissions
already in the technological process. The use of high-tem-
perature reactors with a capacity of 7 MW and wind turbines
of 1 MW makes it possible to achieve a high level of energy
efficiency and adaptability to different conditions, while
CO; emissions are 70.0 kg/year. This demonstrates that by
optimizing heat recovery systems, energy consumption can
be reduced, and a greener disposal process can be achieved,
making the method more flexible and cost-effective.

Mechanical shredding has the lowest energy costs and
lowest CO4 emissions, making it ideal for cost-conscious
businesses. However, the share of renewable energy is the
lowest among all the methods considered, which may affect
its environmental performance in the long term. With an
NPC of USD2 .9 million and a COE of USD 0.12/kWh, me-
chanical shredding is the most cost-effective method suitable
for regions with limited access to renewable energy sources.



It is worth noting that mechanical grinding offers the
most cost-effective approach among all the methods consid-
ered, with the lowest energy costs (USD 0.12/kWh), making
it attractive for regions with limited resources. This shows
that even under the conditions of a low share of renewable
energy (55 %), mechanical grinding can be an effective op-
tion for reducing the total energy costs.

Unlike studies [23], in which the main focus is on the use
of pyrolysis gas for powering cogeneration plants or various
methods of tire recycling, this result demonstrates that the
combination of pyrolysis with renewable energy sources
makes it possible to achieve an optimal balance between en-
vironmental and economic indicators. This is made possible
by the use of additional energy sources, such as solar panels
and wind turbines, which reduce energy consumption and
increase the overall efficiency of the process.

Energy analysis revealed that all three scenarios could
effectively integrate renewable energy sources to reduce
overall energy costs. Pyrolysis provides the highest efficien-
cy, using 80 % renewable energy, which makes it possible to
significantly reduce the consumption of fossil fuels. Thermal
degradation also shows a high level of use of renewable
sources, particularly through wind power, which contributes
to savings on fossil fuels. Mechanical grinding, although it
has the lowest share of renewable energy, remains the most
economical option due to low energy costs.

Environmental analysis found that pyrolysis is the most
environmentally friendly method due to the lowest CO,,
NOy and SO, emissions. This makes it ideal for regions with
high environmental standards. Thermal degradation, al-
though it has higher emissions, compensates for this by the
possibility of obtaining additional products, which increa-
ses its overall environmental rating. Mechanical grinding,
with low CO, emissions, is the most economical method
but may require additional measures to reduce emissions of
other pollutants.

Thus, pyrolysis and thermal degradation methods have
significant potential for energy use of waste tires but require
significant measures to minimize environmental risks.

Overall, this study provides a comprehensive approach
to the analysis of three different tire recycling scenarios,
highlighting the importance of renewable energy integra-
tion to improve energy efficiency and reduce environmental
impact. Due to the optimization of energy systems, the
considered methods can provide significant economic and
environmental advantages, which makes them viable options
for industrial implementation under the conditions of mo-
dern challenges.

The limitation of the study is the immediate technical
features of the software. The simulations were performed us-
ing HOMERPro, which has certain limitations in represent-
ing complex processes such as dynamic changes in emissions
or energy parameters in real time. It is also worth noting that
HOMERPro does not take into account the change in fuel
prices in the long term. The study does not take into account
the difference in the availability of renewable energy sources
in different climate zones, which can significantly affect the
economic efficiency and environmental friendliness of the
scenarios and focuses exclusively on the I temperature zone
of Ukraine. Also, the study does not take into account po-
tential financial risks associated with fluctuations in energy
prices, changes in legislation or market conditions.

Further research should consider improving the environ-
mental performance of each method through innovation in

processing technologies and increased use of renewable ener-
gy sources. Also worth considering are the following aspects:

1. Technological improvements: introduction of new tech-
nologies to increase efficiency and reduce costs for recycling
used tires.

2. Expanding research: investigating the impact of diffe-
rent climatic conditions on the efficiency of using renewable
energy sources for tire recycling.

3. Increasing integration: integration of additional re-
newable energy sources such as biomass processing to reduce
dependence on fossil sources.

7. Conclusions

1. The possibilities of integrating electricity generated by
recycling used tires into the energy system have been evalu-
ated by conducting a SWOT analysis. Our SWOT analysis
of the combined method of electricity generation through
the recycling of used tires and the use of alternative energy
sources reveals the significant potential of the proposed ap-
proach to improve the environmental situation and ensure
the energy independence of the country.

The combined use of used tire recycling technologies in
combination with alternative energy sources makes it possible
to reduce the amount of waste, as more than 30 million used
tires are generated in Ukraine annually. Pyrolysis can provide
the generation of about 1.5 MW of energy from 1 ton of tire,
which makes it possible to obtain up to 1 million kWh, provided
that 1.5 thousand tons of waste are processed per year. In addi-
tion, the availability of raw materials at a low or even free price
provides economic advantages for the implementation of this
solution since the costs of obtaining used tires in Ukraine are
much lower compared to conventional sources of fuel.

However, there are also challenges that need attention. First
of all, these are high initial costs for equipment. Also, insuffi-
cient control over processing processes can lead to emissions
of hazardous substances. There is also a dependence on the
conditions of the external environment, which can negatively
affect the stability of energy production.

On the other hand, technological innovations have the
potential to reduce costs by 20 % through the automation of
treatment processes, and the growing demand for alternative
energy sources can lead to an increase in the market by 15-20 %
every year. Government regulatory incentives, such as equip-
ment subsidies, can also have a positive effect on project imple-
mentation. However, there are threats to consider, including
competition from other processing methods, strict environ-
mental regulations that can increase costs, and the possibility of
local residents protesting the installation of new plants.

In general, the implementation of a combined method of
electricity generation using the recycling of used tires and al-
ternative energy sources is an innovative and promising solu-
tion that could significantly affect energy and environmental
sustainability. However, successful implementation requires
coordinated cooperation between the state, business, and
society, as well as active investment in research and techno-
logical innovation, which will make it possible to realize this
potential in practice.

2. A comprehensive energy-ecological-economic evalua-
tion of the methods for recycling used car tires has been
conducted, which shows that each of the methods has its
specific characteristics and potential advantages but is also
accompanied by certain challenges.



Pyrolysis requires significant energy inputs ranging from
800-1200 kWh/t, but this method has the potential to
produce energy in the range of 500-700 kWh/t, making it
attractive from an energy efficiency perspective. At the same
time, pyrolysis is accompanied by significant environmental
risks, in particular CO, emissions, which requires expen-
sive emission cleaning systems. From an economic point of
view, the profitability of this method varies in the range
of 15-25 %, which emphasizes the need for the development of
more effective cleaning technologies.

Thermal degradation shows moderate energy consumption
of 600—900 kWh/t and energy production of 400-600 kWh/t.
This method has intermediate CO, emissions, making it
a compromise between energy efficiency and environmental
safety. From an economic point of view, thermal degradation
provides profitability in the range of 17-20 % with average
treatment costs (USD 30-70/t).

Mechanical grinding, although it does not provide energy
production, is characterized by the lowest energy consump-
tion (400—450 kWh/t) and is the most environmentally safe
method. CO, emissions with this method are 800 kg/t, and
there are no dioxins at all, which makes mechanical grind-
ing the safest for the environment. In addition, this method
demonstrates the highest profitability (22 %), which is due
to low operating costs.

The overall energy efficiency balance showed that pyro-
lysis has a balanced energy balance between energy con-
sumption and energy production, while thermal degradation
shows a positive balance. Mechanical grinding, in turn, is
characterized by a negative energy balance.

Thus, pyrolysis and thermal degradation have significant
potential for the energy use of end-of-life tires but require
significant measures to minimize environmental risks. Me-
chanical grinding, although it does not produce energy, is the
most environmentally friendly and cost-effective method.

3. Energy modeling of used tire recycling processes was
carried out using HOMERPro.

The results of our study confirmed that the integration
of renewable energy sources into the processes of waste tire
disposal could significantly increase economic efficiency and
reduce environmental impact.

Pyrolysis is the most environmentally friendly me-
thod, providing a 60 % reduction in CO, emissions and
30 % energy savings compared to conventional methods.
Simulations have shown that this method achieves a high
level of efficiency with a renewable energy factor (RF) of
80 % and a cost of energy (COE) of USD 0.18/kWh. It is
ideal for regions with high environmental sensitivity and
strict environmental regulations. However, net present
costs (NPC) of USD 4.2 million make it average in terms
of cost-effectiveness among the considered scenarios. To
increase the profitability of pyrolysis, it is recommended
to invest in the development of more efficient emission
cleaning systems.

Thermal degradation provides a balanced approach with
a 35 % reduction in CO, emissions and a 20 % energy cost
savings. Simulations have shown that this method achieves
a renewable energy (RF) ratio of 65 % and an energy cost
of USD 0.25/kWh. It is optimal for enterprises seeking to
use secondary products in their technological processes, with
net reduced costs at the level of USD 4.0 million. Given the
balanced efficiency, this method is suitable for industrial en-
terprises focused on minimizing environmental impact while
maintaining economic feasibility.

Mechanical grinding is the most cost-effective method,
saving up to 40 % in energy costs and reducing CO, emis-
sions by 75 %. Simulation results showed that this method
has the lowest costs: with an NPC of USD 2.9 million and
a COE of USD 0.12/kWh, although the share of renewable
energy (RF) is only 55 %. It is the best choice for economi-
cally oriented enterprises, especially in regions with limited
access to renewable energy sources. This method is recom-
mended for widespread implementation at enterprises seek-
ing to maximize economic efficiency.

However, in general, systems of the combined method of
electricity generation, combining photovoltaic cells, wind
farms, and installations for the processing of waste tires, have
so far turned out to be economically unprofitable. However,
they have significant environmental benefits, helping to
reduce CO, emissions. Future forecasts indicate that such
systems may become economically viable if the cost of
photovoltaic systems continues to decrease, and electricity
prices rise. The implementation of these projects is possible
within the framework of grant programs, which are espe-
cially important under the conditions of the policy of strict
budgetary austerity. Thus, systems of the combined method
of generation should be considered as promising investments
for long-term development, depending on the dynamics of
the renewable energy market.
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