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Abstract: End-of-life tires are a common and hazardous type of waste. According to estimates,
over 2 billion tires are produced each year, and all of these tires will eventually be discarded as
waste. Landfilling waste tires is strictly prohibited by the regulations of the European Union and the
Environmental Protection Agency; they should be retreated and reused in an alternative scenario.
As a waste-to-energy technology, pyrolysis can emerge as a useful technique to thermally degrade
waste tires and produce useful byproducts in the form of liquid, gas, and char. The derived products
can be filtered and used in further industries as biofuel substances. Pyrolytic oil has a high calorific
value of 35–45 MJ/kg and can be used as an alternative to diesel to fuel specific vehicles. However,
the environmental footprint of the technology has been widely neglected when using waste tires as
feedstock. Made from synthetic and natural rubbers, tires contain a high amount of sulfur and styrene,
which can cause toxic emissions and negatively affect the environmental sustainability of pyrolysis.
This concept paper aims to elaborate the parameters of an operating rotary kiln reactor by reviewing
previous life cycle assessment studies and applying the methodology to an industrial-scale pyrolysis
plant in Northern Cyprus. Results found a maximum production yield of 45.6% oil at an optimal
temperature of 500 ◦C. Influential parameters such as temperature, residence time, and heating rate
are reviewed based on their overall contribution to the production yield and the environment. The
outcome of this paper emphasizes the need in the literature to apply environmental analyses to
industrial and commercial-scale reactors to test the sustainability of using pyrolysis as a tire waste
management strategy. In addition, complex engineering concepts and tasks in waste recycling will be
discussed in a broad and accessible manner, with the implications and future work discussed.

Keywords: pyrolysis; sustainability; temperature; waste management; waste tire

1. Introduction

Synthetic and natural rubbers are used to form the material of tires. Natural rubber, as
the name suggests, is an essential resource made from a mixture of polymer compounds
and consists of several monomers with the effect of catalytic substances. Different sets of
monomers are used to form natural rubbers, which typically consist of isobutene, neoprene,
propylene, etc. [1]. Mixing natural rubber with synthetic rubber can form the material of
tires before the material is vulcanized. With the material being vulcanized, the polymer
structure of tires is therefore cross-linked, forming a complicated chemical structure that
complicates the process of decomposition and biodegradation of tires; thus, the challenge
of treating waste tires (WT) is noted [2]. Tires are considered sulfur-containing materials.
The range of sulfur content in tires can vary, but it is commonly in the range of 1–6% by
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weight. Needless to say, sulfur is not the only component that can tackle the environmental
footprint of tires; other components such as styrene, carbon black, and heavy metals also
contribute to the carbon footprint of the material when improperly disposed of [3].

Different techniques are usually followed to treat and reuse WT, such as tire retreading,
rubber powder production, landfilling, and pyrolysis. Constant retreading of tires can
influence the overall performance and efficiency of tires, not to mention the low demand
given the market’s preference for newly manufactured tires over retreaded ones. The high
cost of rubber powder production and the minimal market demand for it are disadvantages
of the method [4].

Landfilling is considered the most unfavorable disposal method used for WT. Aside
from the significant space requirements due to their large volume and limited compaction,
WT can slowly degrade and release toxic leachates into the surrounding environment.
Pyrolysis can emerge as a sufficient disposal technique as it materially recovers the whole
WT material into resourceful byproducts of oil, gas, and char, which several industries can
benefit from without posing any potential harm to the environment.

This paper focuses on the influence of different factors and concepts on the pyrolysis
of WTs with respect to the environmental footprint of the technology. Definitions, types,
and historical highlights of pyrolysis are discussed in Section 1, while previous applications
from the literature are tabulated in Section 2. Section 3 elaborates on the data collection and
research design used for this paper. Section 4 discusses the influencing parameters obtained
from the studied plant and preliminary results. Finally, the implications and limitations of
the study are highlighted in Section 5.

1.1. Definitions and Types of Pyrolysis

Pyrolysis has emerged as a workable answer to the problem of managing waste and
biomass, one that can lessen the negative effects of waste on the environment while also
offering economic benefits [5]. The feedstock is typically pretreated accordingly and then
injected into a reactor connected to heating chambers, where high temperatures are applied
to the feedstock during the pyrolysis process, which causes the polymer chains to break
down and the volatile gases such as hydrocarbons to be released which can be condensed
into liquid fuel [6]. The residual solid waste, known as char, can be used as a fuel for power
production or as a source of carbon for industrial purposes, such as the creation of activated
carbon, while the gas produced can be reused as heating fuel for the process, and the oil
produced can be used as liquid fuel for mechanical processes. Similarly, gasification is
another thermochemical process used for biomass to generate biofuels.

Gasification and pyrolysis have been previously compared in the literature in terms of
durability and economic feasibility of the processes [7], with preference given to pyrolysis
as it compiles wide usage of its byproducts and is more beneficial for industries, as shown
in Figure 1. Due to its potential for resource recovery, energy production, and reduced
greenhouse gas emissions, pyrolysis is increasingly being used for tire waste management.

However, the technological, economic, and social viability of pyrolysis technology for
tire waste management presents a number of obstacles. First, the pyrolysis procedure can
be expensive, and the net energy output can be imbalanced as it requires a large amount
of energy input to heat the tires to the necessary temperature. The pyrolysis process also
produces pollutants such as particulate matter, carbon monoxide, and volatile organic
compounds that may impact air quality and the well-being of individuals. Depending
on the operational conditions, such as the heating rate, temperature, and gas residence
time, several categories of pyrolysis types exist. Pyrolysis is typically categorized as either
fast or slow. Several types of pyrolysis environment can be used, including oxidative,
steam, hydro, catalytic, vacuum, and microwave or plasma pyrolysis, depending on the
method of heating. Fixed bed reactors are typically associated with slow pyrolysis (batch
or semi-batch operations), whereas fluidized and fixed bed reactors are typically associated
with fast pyrolysis.
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Fast pyrolysis can also be performed by other reactor designs, such as the revolving
cone (often utilized for liquid synthesis because of the rapid heating rate and short residence
time) [8]. Fast pyrolysis, as the name suggests, is known for commercial use, where rapid
thermal decomposition occurs under high heating rates. This type of reactor requires a
feedstock that should be pulverized into fine particles to speed the decomposition process.
The objective of this type is associated with liquid fuel production, where it yields up to
50–60% of liquid fuel in the case of WT [9]. Slow pyrolysis, on the other hand, is usually
the opposite; it is typically associated with minimal use and lab-scale experiments where
slow thermal decomposition occurs under a slow heating rate. The major objective of this
type is associated with char production, unlike fast pyrolysis, where gas and liquid fuels
are also obtained, but not in the same significant yield as char [10].

The importance of the study lies in its sustainable perspective on the pyrolysis process.
Pyrolysis has been previously studied and implemented on tire waste since the early
1990s [5,6]. However, these previous works only analyzed the economic outcomes and the
durability of the produced fuel. As industries aim to adapt sustainable solutions, assessing
the pyrolysis of WT as an essential sustainable waste management strategy may encourage
incentivizing the use of pyrolysis as a method of tire waste disposal, as it also aligns with
the Sustainable Development Goals (SDGs), particularly SDG#7: Affordable and Clean
Energy; SDG#9: Industry, Innovation, and Infrastructure; and SDG#11: Sustainable Cities
and Communities, introduced by the United Nations [11].

1.2. Historical Overview

A French engineer, Charles Cagniard de la Tour, carried out one of the early investi-
gations into pyrolysis in 1828. De la Tour discovered that burning wood inside a sealed
container produced a gas that could be ignited and burned, which is why he used the term
“pyrolytic gas” [12]. Justus von Liebig, a German chemist, coined the term “pyrolysis” in
1843 after studying the byproducts of the pyrolysis of organic molecules [13]. Pyrolysis
research grew in the 20th century to cover a wider spectrum of materials and uses. Pyrolysis
was utilized to make synthetic rubber from oil-based feedstocks in the 1920s and liquid
fuels from charcoal in the 1930s. Pyrolysis was investigated as a waste management and
waste-to-energy technique in the 1950s and 1960s, with early studies concentrating on the
pyrolysis of agricultural wastes and urban solid waste [14].

Since then, various studies and research initiatives have focused on the use of pyrolysis
technology for waste management. Growing interest has been shown recently in the
application of pyrolysis to convert plastic waste into useful resources such as fuels and
chemicals. For instance, Adrados et al. [15], demonstrated that pyrolysis of several forms
of plastic waste might be utilized to create a variety of useful products, such as gasoline,
diesel, and waxes.
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Other research has concentrated on refining the pyrolysis procedure to increase its
efficacy and productivity. In one example, Alsaleh et al. [16] investigated how operating
variables, among them temperature and residence time, affected the yield and caliber of
pyrolysis products produced from used tires. According to the study, these conditions
may be more ideal to enhance the products’ quality and boost the pyrolysis process’
overall effectiveness.

1.3. Problem Statement and Significance of the Study

The management of tire waste has been a longstanding issue for many countries
due to its large volume, durability, and hazardous properties. About 290 million WT
were generated in the United States in 2017, with less than 10% of them recycled or
reused [17]. This massive amount of non-biodegradable waste occupies a large area and
causes environmental hazards. Burning, or using tires as fuel, may produce toxic gases that
are harmful for the environment and may cause destructive pollution of the natural air [18].
Tire synthetic rubber contains styrene, a strongly toxic component that is highly damaging
to humans [19].

Therefore, dumping WT may be very dangerous to human health. Recycling tire waste
in any way is beneficial. In recent years, researchers have attempted to establish proper
guidelines for recycling tire waste in different ways. The global tire recycling market was
valued at $0.95 billion in 2016 and is expected to grow at a compound annual growth rate
of 2.1% during the forecast period [20]. Using clean technologies, such as pyrolysis, the
chemical composition of WT and energy recovery rate can reduce the detrimental effects of
illegal tire dumping or landfill disposal. Made mainly from natural and synthetic rubber,
tires have a high heating value as well as a high volatile content and medium sulfur content,
properties that make them excellent candidates for pyrolysis, which can be used to recover
energy and byproducts [21].

Therefore, the necessity of implementing clean technologies such as pyrolysis can
pose a pillar technique in waste management and waste-to-energy policies, as a serious
threat can be posed to the environment by landfilling and illegally dumping WT. Analyzing
the performance of pyrolysis from an environmental perspective must be performed
thoroughly, using accurate analytical methods to tackle every stage in the process and
assure its sustainability. The significance of the study lies in its sustainable perspective on
the pyrolysis process.

Pyrolysis has been previously studied and implemented on WT over the past two
decades [22–24]. However, these previous works only analyzed the economic outcomes
and the durability of the produced fuel. This paper discusses the environmental perspective
of using WT in pyrolysis by reviewing previous life cycle assessment (LCA) studies on
pyrolysis and their outcomes. The aim of the study is to present clear and thorough
guidance on the environmental performance and benefits of using WT in a commercial
pyrolysis plant, ensuring its environmental sustainability.

Therefore, the objectives are twofold: First, analyze and review previous applications
in the scope by examining the influencing parameters and environmental outcomes of
the pyrolysis process. Second, explore the critical factors applied to the case study and
discuss their applicability and originality compared to previous methods. By fulfilling
the objectives, the following main question will be answered: what are the most critical
parameters in the pyrolysis process that influence the environmental performance of the
technology? To fill the knowledge gap and develop evidence-based sustainability indicators
to assess the performance of the pyrolysis process, sub-questions are formulated as follows:

(i) What are the influencing parameters and factors that affect the environmental contri-
bution of WT pyrolysis?

(ii) What are the environmental impacts caused by applying the pyrolysis process to WT?

Answering the research questions highlights the outcome of the analysis applied and
develops reliable guidelines for policymakers in the Eastern Mediterranean region. The
research hypothesis is that there is a notable absence of regulation and guidance in the
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waste management and waste-to-energy sectors in Northern Cyprus. Hence, despite the
implementation of the pyrolysis technology, without institutional research and examination,
it can form an insufficient recycling system, which results in high capital costs, vulnerable
byproducts, high energy consumption, and pollution, which is against the major aim of the
technology. There is a necessity to implement evidence-based analyses that examine each
stage of the process and test its efficiency and performance. This concept paper elaborates
on the steps and methods taken to achieve the abovementioned objectives by observing
previous applications from the literature and introduces the concept behind the presented
case study. In this paper, complex engineering concepts and tasks in wastes recycling are
discussed in a broad and accessible manner, a key factor in the engineering encyclopedia.

2. Literature Review

As highlighted previously, the technology of pyrolysis is not newly introduced; several
researchers tested the performance of using waste for pyrolysis by applying different
approaches: Demcirbas et al. [25], reviewed the use of organic materials such as wood
on pyrolysis to produce energy substances, and the results obtained an average of 64% of
charcoal fuel at different temperatures. Li et al. [26] used paper waste as a feedstock to test
the production yield of pyrolysis using different sets of temperatures. In the experiment
analyzed, the higher the temperature, the more liquid gas was produced, and vice versa for
the char and gas. Baggio et al. [27] applied an energy and environmental analysis study to a
pyrolysis plant along with a combined cycle process using mixed solid waste as feedstock.

The results showed an efficiency of 28–30% of waste conversion to electrical energy
compared to incineration plants. On the other hand, using tire waste as feedstock for
pyrolysis has also been widely studied at several stages. Williams, P.T. et al. [28] used tire
waste in two different pyrolysis reactors to test the calorific value and yield composition of
the produced fuel substances; the tire pyrolyzed oil (TPO) and char showed a calorific value
of 42 MJ/kg and 29 MJ/kg, respectively. Wey et al. [29] analyzed the operating parameters
used in pyrolysis by applying scrap tires to a fluidized bed reactor; the results showed that
the hydrocarbon liquid produced is significantly affected by the air factor, while similar to
Li et al. [26], the gaseous and diesel byproducts are affected by the temperature selected.

While the aforementioned studies analyzed the performance and durability of the
byproducts, none of them applied any such environmental analysis to test the sustainability
of the technology, despite addressing the benefits of adapting it. Limited and recent studies
have started studying the environmental perspective of pyrolysis technology to see how
much of a circular economy it represents compared to other WT scenarios:

Czajczyńska et al. [30] addressed the environmental impact of pyrolytic byproducts on
human health by applying different sets of temperatures to a pilot plant. The summarized
result showed that pyrolysis can contribute to the preservation of environmental resources
if the sulfur composition is removed from the gas emitted, as it can cause toxic emissions
to the surroundings. Banar [31] applied LCA to a pilot pyrolysis plant in Turkey; the
analysis showed negative values for toxic impacts (abiotic depletion, global warming,
human toxicity, marine aquatic toxicity, and eutrophication), while similar to Czajczyńska
et al. [30], it generated a positive value for acidification due to the presence of sulfur (SO2)
in the gas produced.

Neri et al. [32] applied environmental analysis using an LCA methodology to test a
pilot plant and the results obtained showed a sufficiently low environmental impact and
high energy recovery rate. A new tire’s life cycle was broken down into six stages by Ferrao
et al. [33] comprising the production, distribution, usage, disposal, collection of the used
tire, and recycling phases. Given that fossil fuels were used throughout tire use and had a
significant impact on the environment, it was claimed that tire use was the phase with the
most relevance in terms of environmental effects. Li et al. [34] evaluated the mechanical
pulverization, regeneration, pyrolysis, and oil extraction procedures for WT pyrolysis.
Numerous effect categories, including acidification, ecotoxicity, nitrification, the potential
to cause global warming, the emission of carcinogenic substances, the use of fossil fuels,
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and the discharge of hazardous organic and inorganic elements, were evaluated. Only the
oil extraction procedure was shown to have negative consequences, whereas pyrolysis and
mechanical pulverization were reported to be environmentally friendly methods.

Pyrolysis has been widely applied using different feedstocks as well; a study by
Alston et al. [35] used 1 kg of mixed electrical and electronic waste as feedstock for a
lab-scale pyrolysis reactor in comparison with incineration and landfills. Pyrolysis was
noted as an effective method for fuel production as the byproducts can be used without
significant impact on land use or climate change. Huang et al. [36] used LCA of sewer
sludge in different pyrolysis scenarios to produce biofuel products; oil and char showed
a negative impact on the environment compared to other conventional sewer sludge
treatment methods. Pyrolysis was compared with gasification using agricultural waste in a
study by Alcazar-Ruiz et al. [7] when both scenarios were modeled and simulated. Results
showed gasification as more detrimental to the environment, while the separation stage in
the model that studied pyrolysis showed the most negative impact on the environment.
Table 1 summarizes previous applications using pyrolysis in different feedstocks from an
environmental perspective.

In summary, While the abovementioned studies highlighted the outcomes of using
pyrolysis on different feedstocks, the majority of the studies were implemented in lab-scale
and simulated reactors. The present study tends to contribute to the existing literature
by elaborating on the parameters used in an industrial-scale pyrolysis plant and laying
out the operational properties and steps to conduct a life cycle assessment methodology.
The objectives of the study not only contribute to the world literature, but also tackle the
sustainable energy sector locally by ensuring the use of the technology in the local Cypriot
context by benchmarking and applying global and international standards. For that reason,
it can be stated that the contribution to knowledge is well-needed locally and globally.
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Table 1. Previous applications of pyrolysis using different feedstocks.

Ref(s) Feedstock Temperature Max. Production Yield Remarks

[26] Wastepaper 300, 330, 360, 390, 420, 450 ◦C 48.3% (TPO)
- Heating rate of 10 to 30 ◦C/min
- Oil yield increased from 42.18 to 48.3% once the heating rate increased.
- No highlights on the environmental performance

[27] Municipal Solid Waste 500 to 600 ◦C 40% (TPG a)
- Slow pyrolysis applied as the objective was to maximize the gas production.
- Slow heating rate with longer residence time was applied
- Study was performed on a simulated plant

[29] WT 370 to 570 ◦C 51.4% (TPO)

- Study was performed on a lab-scale reactor
- Heating rate of 10 ◦C/min with the addition of catalysts
- Yields of gas and oil were highly influenced by adding catalysts.
- No highlights on the environmental performance

[30] WT 400, 500, 600 ◦C 57.1% (TPO)

- Highest yield of oil recorded at 600 ◦C
- Heating rate of 5 ◦C/min applied on 40 g of tire sample
- High concentration of sulfur found in gas and oil
- Lab-scale reactor was used

[31] WT 400 ◦C 41% (TPO)
- Life cycle assessment was carried out on a pilot plant
- Results showed negative impact on the environment except for the sulfur content
- Derived oil showed similar properties to diesel

[32] WT 450 ◦C 54.5% (TPG) - Results showed environmental impacts avoided due to recovery of materials
- Minimal energy consumption compared to other tire treatment scenarios

[34] WT 480 to 700 ◦C b Nm
- Pyrolysis emerged as the most environmentally friendly scenario among other scenarios
- Pyrolysis showed the highest net benefits with maintained recovery of valuable products.

[35] Electrical And
Electronic Waste 800 ◦C 39% (TPG) - Analyses conducted on 1 kg of feedstock material

- Pyrolysis emerged as the best option due to full utilization of the material.

[36] Sewer Sludge 500 ◦C 70% (Char)
- Produced oil and char showed better outcomes then other treatment scenarios
- 1000 kg of feedstock material injected into the reactor
- Residence time varied from 1 min to 2 h depending on the scenario applied.

[7] Agricultural Waste 600 ◦C b Nm
- Gasification was more harmful to the environment than pyrolysis
- The separation stage in fast pyrolysis was the most detrimental to the environment
- Pyrolysis showed fewer overall emissions and energy required compared to gasification.

a Tire Pyrolyzed Gas. b Not mentioned.
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3. Materials and Methods

While the literature has documented several applications using pyrolysis in biomass
and other feedstocks, the workability of WT has recently been discovered commercially,
specifically from an environmental perspective. In this section, the proposed methodolog-
ical framework is laid out and broken down into steps and indicators, along with the
definition of the environmental analysis applied.

3.1. Methodology

The operating system defined for the study was implemented in an operating pyrolysis
plant in the industrial zone of Nicosia and operated by a private construction material
company to produce liquid fuel to power their brick manufacturing factory. The main
objective of the plant is liquid fuel production; for this purpose, the type of pyrolysis used is
fast pyrolysis, with a horizontal rotary-shaped reactor that heats the material at the highest
optimal temperature to maximize the yield of TPO relevant to gas and char.

The data collection method applied for the study is considered the most critical and
time-consuming stage of the study. Several factors and parameters can affect the results
and the credibility of the work. A quantitative-based methodology was applied where
numerical data was collected, first on-site with measurements and readings noted for every
stage of the process, including the pre-treatment and production stages. The type of data
collected at this stage was considered primary raw data, which defines the uniqueness
of the data collected from any other reactor since every pyrolysis reactor operates in a
different manner. Factors and parameters (e.g., energy consumption, heating rate, sample
size, heating temperature) are measured and collected at this stage.

The second stage of data collection is off-site, where any unobtainable and missing
data from the on-site data collection is collected through interpreting previous literature
works. The data collected at this stage was considered secondary data, where previous LCA
data sets from Ecoinvent and other sources were thoroughly investigated and embedded
within the scope of the study. This stage is critical, as precise data that aligns with the chosen
functional unit (1 ton of WT) can be absent from the literature, from which calculations and
estimates were drawn to fix the obtained data with the functional unit. Secondary data
was used mainly in the pretreatment stage of the process, where the chemical and material
composition of WT were obtained and checked to determine the lifecycle of the material.
Previous data sets from Ecoinvent (v2.2–v3.9) were selected and implemented on the LCA
software SimaPro 9.5 used for this study.

Secondary data was also used in the production stage, where the influencing parame-
ters obtained in the primary data stage were compared with previous works to validate the
results. The TPO’s characteristics were also compared with the properties of diesel to deter-
mine the durability and efficiency of the byproduct. Figure 2 illustrates the methodological
framework of the paper.
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3.2. Conventional Process

To preserve and maintain the results of a plant, applying major knowledge to a
commercial-scale plant is preferred over a lab-scale plant as it contains more sufficient
equipment and avoids any sort of uncertainties and assumptions in the results. The
studied plant is a horizontal rotary pyrolysis kiln reactor in which the feedstock material
(WT) is injected into the reactor after the pretreatment stage. The horizontal kiln contains
paddles that rotate the material throughout the process while it is connected to heating
chambers where heat is combusted into the kiln until the breakdown of the material and
the production of char, gas, and oil occur. The three main byproducts are filtered and taken
for further use: solid products of steel and carbon black are stored and sent off to further
manufacturing industries; TPG is recaptured by a storage tank facility placed next to the
reactor, where gas passes by a condenser to be scrubbed and filtered to remove the moisture
content, then reinjected into the pyrolysis reactor as a heating fuel; and TPO is sent off to a
brick manufacturing station, where it is used to fuel the operating machines.

Pyrolysis is a complex thermochemical recycling process [21], which contains several
factors and parameters that can affect the performance and durability of the process as
well as the efficiency of the byproducts. To assure the accuracy of the study and obtain
more original results, influencing parameters must be observed and computed according
to each stage throughout the process until the production stage. The following parameters
are considered important and must be measured in each stage and calculated accordingly:

1. Pretreatment Stage:

In this stage of the process, car waste tires are shredded into scraps and refined before
the material passes to a magnetic separation station, that separates the steel from the rubber,
it is then pulverized into fine particles in preparation for the pyrolysis stage. This stage
contains several important parameters, among them the type of WT treated (car, vehicle, or
truck), the sample size of shredded tires, and the power consumption of the process, which
includes the consumption of the connected conveyor belts, the magnetic separator, and the
shredding machine.

2. Pyrolysis Stage:

One ton of WT is injected into the reactor after the pretreatment stage and multiple
factors can influence the efficiency of this stage. Heating rate is the temperature acceleration
rate to reach the optimal temperature; this factor is influenced by the type of fuel (gas)
combusted in the reactor for heating the reactor. The residence time of the material is
another factor in determining the total operating time for the feedstock to be completely
converted to biofuel materials. The reactor capacity for each batch is another factor that
influences the environmental performance of the process, as the tested material can be run
in one batch or must be separated into multiple batches to reach the required functional unit.

3. Production Stage:

This stage is considered the final stage in any pyrolysis process, where the injected
material has been fully converted into gas, char, and oil. In this stage, the yield of each
byproduct must be calculated (wt.%) relative to the amount of material injected. In the
presented case, the objective was to produce TPO with minimal yields of char and gas. The
produced TPG is passed to a gas storage station placed next to the reactor, where the gas is
condensed and scrubbed to remove the moisture content, then reinjected into the pyrolysis
reactor to serve as a heating fuel. As for the powdered char produced, it is maintained in a
storage station, from where it is later sent on to charcoal treatment facilities along with the
excess steel left. The derived oil is filtered and transferred to a brick manufacturing plant to
fuel the equipment. Figure 3 shows the adjustable control parameters that can be used and
controlled in each stage of the conventional process. Computing those parameters can be
adjusted based on the production yield and the environmental performance of the process.
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3.3. Sustainability Indicators and Suggested LCA Methodology

The use of WT in pyrolysis has been covered in several aspects in the literature;
however, the environmental perspective, as noted in Section 2, is recent and limited to
lab-scale and/or specific reactors. Analyzing the environmental performance of this process
must be followed first by applying indicators to test whether the process covers the full cycle
of environmental sustainability or not. Indicators and criteria must be clearly illustrated to
check whether the results satisfy the outcome of the assessment.

Sustainability indicators obtained from Vera et al. [37] were adopted and linked to the
present study in terms of waste-to-energy facilities. The following indicators will be used
as benchmarks for results and key findings:

• Energy Usage: WT can require much energy to pyrolyze. As a result, the pyrolysis
energy usage and effectiveness are crucial sustainability indicators. A more effective
process will use less energy, reducing its carbon footprint.

• Gas emissions: The procedure may result in volatile organic compounds, nitrogen
oxides, and carbon monoxide emissions. To keep the process sustainable, reducing
these emissions by addressing the impacting factors is crucial.

• Waste management: Pyrolysis of used tires can be a useful method of waste preserva-
tion, but it is important to investigate the procedure more thoroughly and take other
options for tire treatment into consideration.

• Byproduct quality: Since the process yields three different types of materials: gas,
char, and oil, each byproduct may be examined and its properties, such as durability,
sufficiency, and toxicity, compared to those of other biofuels.

Life cycle assessment is an environmental analysis tool that covers the full cycle
of a material or a conventional process from cradle to grave [38]. This methodology is
introduced as a ‘suggested methodology’ for future research to test the environmental
sustainability of the reactors by inserting the controlled parameters indicated in this paper.
Applying such a methodology can thoroughly examine and analyze the process of pyrolysis
in accordance with several impact factors. Utilizing data from a pyrolysis plant, the
objective in this stage is to quantify the impacts of the influencing parameters obtained from
the reactor. LCA methodologies vary depending on the chosen standard. Within the scope
of upholding the analyses of a conventional waste-to-energy process, the international
standards defined previously by LCA guidelines TSE EN ISO 14040:2006 and TSE EN
ISO 14044:2006 developed by the International Organization for Standardization (ISO)
were chosen [39]. Similar to other LCA methodologies, three stages of the methodology
are followed: goal and scope definition (functional unit, system description, and system
boundaries), life cycle inventory (data collection and acquisition procedure), and life cycle
impact assessment (LCIA). Figure 4 depicts the steps of the suggested LCA methodology
and the linkage between each step, in accordance with the defined ISO standard.
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1. Goal and Scope Definition

At this level of LCA methodology, the goal of the study should be illustrated accord-
ingly with the system boundaries of the process chosen. In the current case, the goal is to
analyze the environmental contribution of a commercial pyrolysis plant used on waste tires
with a functional unit of 1000 kg of the material. The selection of the functional unit can be
performed arbitrarily or in accordance with previous studies. The system boundaries can be
identified by studying the specific plant and distributing each stage as inputs and outputs.

2. Life Cycle Inventory

This level of the LCA methodology is used to identify inputs (energy consumption,
feedstock material), outputs (gas emissions), and the quality of the data obtained. Influenc-
ing parameters (primary data) of the system are split into inputs (electricity usage, reactor
capacity, and heating oil type) and outputs (byproducts’ chemical composition, material
recovery) and collected from the studied pyrolysis plant. SimaPro 9.5 is the software
used to register the obtained data and is cross-linked with other life cycle data sets from
Ecoinvent (v3.9).

3. Life Cycle Impact Assessment

After collecting the essential data and identifying the system boundaries, each output
calculated in the inventory step is scaled by a characterization factor representing its
contribution to the environmental impact. Analyzing the mechanisms between impact
and emission is performed in order to relate an emission to an environmental impact. The
characterization and classification steps of the LCIA phase are necessary for determining
the appropriate computation method and environmental impacts. Additionally, optional
processes such as normalization and weighting can be included. Results are then generated
after this step according to the impact categories chosen (e.g., abiotic depletion, global
warming, human toxicity, and eutrophication), and after that, future recommendations and
interpretations are drawn. In this study, the method of characterization of LCIA is CML-IA
baseline v3.09. This impact method assesses the operation over 11 impacts, including global
warming, eutrophication, and acidification. These impacts were investigated through the
SimaPro v9.5 software.

4. Results

While the technology of pyrolysis received widespread attention from the sustainable
sector, the influence of the parameters and factors used in the conventional process is
scarcely elaborated on, as the preference always tends to lay out the results of the conducted
analyses with limited elaboration of the role of the parameters and data accumulated
used to run the relevant analysis. This section explores the influencing factors obtained
from the present pyrolysis plant in accordance with the highlighted literature and the
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methodology of data collection mentioned. Additionally, the system boundary used for
the LCA methodology is illustrated in two consequential scenarios along with preliminary
LCA results for the transportation process.

4.1. Temperature

Temperature is the key factor in every pyrolysis process. The use of temperature
can influence every mentioned stage of producing pyrolytic products and significantly
affect the rest of the key factors (e.g., energy utilization, production yield). The objective
is to maintain the temperature of the reactor at a high level to thermally decompose the
disposed tires. On the other hand, a high temperature and a long residence time of the
material can affect the produced oil and volatilize it into gas [40]. For this reason, an
optimal temperature must be determined to maximize the yield production (oil, gas, and
char) based on the objective of each study.

Table 2 sums up a variety of studies that have analyzed pyrolysis across different
ranges of temperatures to produce biofuels from WT. It ought to be mentioned that the
difference in variables in each study depends on several factors, such as the pretreatment
method, particle size, reactor type, and residence time of the feedstock. While the optimal
temperature was chosen to maximize the production yield, the optimal temperature of
the studied plant is chosen based on the environmental contribution of each temperature
experiment. The studied horizontal rotary kiln pyrolysis reactor has a temperature range
of 400 to 850 ◦C and an oil production yield of 40–45% based on the heating rate chosen.

Table 2. Temperature and heating rate sets in different reactors.

Ref(s) Reactor Heating Rate
(◦C/min)

Temperature
(◦C)

Optimal
Temperature

(◦C)

Max. Yield
(wt.%)

[41] Fixed-Bed 10–15 1000–1300 1000 34.4 (Oil)
[42] Fixed-Bed 10 400–900 ~850 ~45 (Gas)
[43] Rotary Bed 5–60 550 - 67 (Gas)
[44] Rotary Kiln * Nm 400–1050 550 44 (Oil)
[45] Lab-scale 14 400–750 500 43.6 (Oil)
[46] Rotary Bed 15 420–500 500 45 (Oil)
[47] Photothermal 60–600 425–575 575 57.5 (Oil)

This Study Rotary Kiln 10 450–850 500 45.2 (Oil)
* Not mentioned.

As for the heating rate, increasing or decreasing the heating temperature can influence
the overall production yield and the efficiency of the reactor. The thermal decomposition of
the feedstock material can occur at a higher rate once the heating rate chosen increases, and
vice versa, as it can also lead to secondary reactions and lessen the oil yield produced [48].
The heating rate also influences the time required to accomplish pyrolysis and the amount
of energy required. Lower heating rates imply longer residence times while consuming
less energy. In the present case, the heating rate chosen is 10 ◦C/min. The selection of
the heating rate is based on minimizing the overall energy utilization while maintaining a
sufficient yield of TPO. Minimizing energy utilization is a major aspect of the sustainability
indicators mentioned in Section 3.3.

4.2. Sample Size

Depending on the pretreatment method used, the WT’s sample size used before
injecting the material into the pyrolysis reactor has an influence on the overall process. A
large size of the sample would require a higher temperature and longer residence time
inside the reactor to fully decompose and yield more char than gas and liquid, while a fine
size of WT requires a lower temperature and more yield of oil and gas, which falls under
fast pyrolysis [8]. If the objective is to maximize oil yield production, a small sample size
of WT should be required for the reaction [48]. In the present case, as the objective is both
maximizing the oil yield and maintaining the carbon footprint of the process, the WT is
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shredded to fine particles of 0.5–1.2 mm through a pulverization machine before injecting
the material into the reactor.

4.3. Residence Time

The residence time of the material inside the reactor is highly related to the sample
size injected. Broadly speaking, the larger the sample size, the longer it will take inside the
reactor to degrade and convert. Not only does it relate to the sample size, but longer resi-
dence times demand large-scale reactors, which mean higher capital costs, an unpreferred
aspect of environmental sustainability [16]. Another factor that determines the overall
time of pyrolysis is the heating rate; as the heating rate decreases, it results in a longer
residence time, which falls under slow pyrolysis. A prime factor that is found to be effective
in short residence times is the gas flow used for heating the reactor. If the carrier gas flow
increases, the removal of gaseous products accelerates, which shortens the residence time
of evaporated products inside the reactor; thus, the oil yield increases, and vice versa.

4.4. System Boundary

An important step in demonstrating a life cycle assessment approach is to illustrate the
system of the studied process, which explains the scope of the system, including the inputs
and outputs. Figure 5 shows the first scenario of pyrolysis followed for this study. Each
block shown in the figure represents a process flow in the system, where inputs and outputs
are flown from one process to another until the production and distribution processes are
complete. After that, LCIA results can be generated and interpreted.
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One crucial step included is transportation. While several studies on pyrolysis have
neglected transportation as part of the system it can affect the environmental performance
of the process [27,31,32]. In the present case, transportation of the heating fuel oil (HFO)
from the power plant to the pyrolysis plant is critical to include, as the distance between
the two stations is too significant to neglect. Similarly, the distribution of the byproducts,
including steel, is part of the system included in the LCA.

This helps to apply system expansion to the model instead of using cut-off, which is
preferably avoided by ISO standards. The TPG produced in this scenario is stored in a gas
storage tank where non-condensable gases are filtered and emitted to the atmosphere. The
emissions to the air in this step can be critical to the overall environmental contribution
of the process, along with the transportation of HFO. The second scenario is shown in
Figure 6.
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In this scenario, another flow to be included is the combustion of the TPG in the
reactor as a replacement for the heating fuel. This helps create an inner loop of recycling
by minimizing the use of HFO, which causes emissions, and utilizing the TPG to cut extra
capital costs to purchase and deliver the heating fuel oil. This creates two comparative
scenarios for the pyrolysis process: the first is the inclusion of HFO in the reactor, and the
second is the combustion of the resulted TPG as a heater in the reactor.

4.5. Transportation

Calculating the transportation of materials and equipment to the plant is usually
neglected in the literature; this occurs due to short distances between two stations or
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when the study is implemented on a lab-scale basis. In this study, as the process is being
conducted on an operating industrial-scale plant, the transportation of goods is crucial
to include. The system involves the transportation of two major materials. First, the
transportation of the HFO from the fuel station to the plant by three lorries with a capacity
of 32 tons each. Second, the transportation of WTs to the pyrolysis reactor. In this process,
the WT material is carried out from an open dump area placed two kilometers away from
the plant by a freight truck with a capacity of 10 tons.

The contribution of these two processes can affect the overall environmental contribu-
tion of the pyrolysis process, as such processes will occur more frequently. Figure 7 shows
the flow of the two transportation processes and their contributions. As shown in Figure 7,
HFO transportation contributes almost 98% of the whole transport operation, while the
delivery of WTs is considered insignificant as the distance is relatively short and a smaller
lorry is also being used, which consumes less fuel and emits fewer emissions.
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Results show the impacts of transportation by characterization. This indicator method
shows which process contributes the most by indicating a percentage for each impact.
Figure 8 shows the impact of delivering WT and HFO to the station according to 11 impact
categories. As shown in the figure, the HFO contributes the most compared to the WT. The
highest impact category for HFO is abiotic depletion (fossil), with approximately 99.3%.
While the highest impact category for WT is abiotic depletion (roughly 38%), with such
small impact results, the process of WT transportation can be neglected or skipped. On
the other hand, the transportation of HFO must be optimized, as it emits a considerable
number of toxic emissions. The results shown in this section are preliminary LCA results
for one process only (transportation), and they are portrayed to show how LCA results
can be interpreted in this scope and also to emphasize adding transportation as part of the
environmental assessment of industrial operations.
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To have a better interpretation of results, the characterization of impact categories and
emissions is shown in Table 3. Each impact category has a metric unit that represents the
load of each impact.

Table 3. Characterization of impacts for the transportation of WT and HFO.

Impact Category Unit Total WT HFO

Abiotic depletion kg Sb eq 1.27 × 10−1 4.83 × 10−2 7.83 × 10−2

Abiotic depletion (fossil fuels) MJ 8.41 × 106 6.29 × 104 8.34 × 106

Global warming (GWP100a) kg CO2 eq 1.14 × 105 1.98 × 103 1.12 × 105

Ozone layer depletion (ODP) kg CFC−11 eq 7.42 × 10−3 5.49 × 10−4 6.87 × 10−3

Human toxicity kg 1,4-DB eq 4.66 × 104 1.54 × 103 4.51 × 104

Fresh water aquatic ecotoxicity kg 1,4-DB eq 2.09 × 104 7.85 × 102 2.01 × 104

Marine aquatic ecotoxicity kg 1,4-DB eq 5.65 × 107 1.68 × 106 5.48 × 107

Terrestrial ecotoxicity kg 1,4-DB eq 7.17 × 102 1.42 × 10 7.03 × 102

Photochemical oxidation kg C2H4 eq 4.88 × 10 5.17 × 10−1 4.82 × 10

Acidification kg SO2 eq 4.84 × 102 8.16 4.76 × 102

Eutrophication kg PO4 eq 8.02 × 10 2.04 7.82 × 10

Overall, the transportation of HFO shows significant emissions to the environment
that cannot be skipped or neglected. On the other hand, the delivery of WT showed an
overall friendly contribution to the environment. To minimize the emissions caused by the
HFO delivery, in scenario 2 (see Figure 6), the TPG will be used to heat the reactor instead
of the HFO; thus, the emissions and costs of the HFO delivery will be cut.

5. Discussion

Recycling and management of WT can be achieved through multiple scenarios and
technologies. An unstudied approach for recycling WT with pyrolysis can cause several
violations to the environment, which result in greenhouse gas emissions, land use, and
the loss of highly energy-rich materials, aside from the economic losses. For that reason, a
studied, sustainable approach to the technology can be highly recommended to avoid the
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aforementioned circumstances. The aim of this approach is to analyze the use of influencing
factors at each stage of the technology with respect to the feedstock material, including
the production stage. In Northern Cyprus, WTs are typically disposed of in an open land
area with no strict regulations on recycling or reusing the material. The studied plant is
considered a state-of-the-art plant as it is the first pyrolysis plant in the region and the only
recycling scenario available for WT.

For that reason, the concept of implementing an environmental analysis such as life
cycle assessment on the plant, is essential to adapting clean technologies. Pyrolysis can
serve as a good option for recycling besides gasification, incineration, and landfilling. The
chemical composition of tires represent a good candidate for material recovery and fuel
production via pyrolysis. Previous applications of pyrolysis using other feedstocks, such as
agricultural and electrical and electronic waste, showed positive results in terms of fuel
efficiency and potential as a biofuel production source. As for the applications of WT in
pyrolysis, results showed high calorific values for the byproducts and a friendly impact on
the environment, which supports the application of pyrolysis in tire recycling scenarios.
While the majority of the literature has documented the environmental performance of
the technology through lab-scale and simulated plants, this paper introduces the use of
influencing parameters and factors to be used for a LCA methodology on an industrial-scale
plant, which avoids any uncertainty and inaccuracies that can be found in lab-scale and
pilot plants.

5.1. Proposed Waste Management Strategies

While conventional disposal methods for tires, such as landfilling and incineration,
have proven to be unsustainable and harmful for the environment, embedding pyrolysis as
a main disposal method with waste management strategies in Northern Cyprus can yield
beneficial outcomes from different perspectives. Environmental benefits can be achieved
as it mitigates the toxic emissions caused by landfilling the material. By removing a
sizable amount of tire waste from these crammed facilities, it eases the burden on landfills.
Pyrolysis reduces the risk of leachate pollution and the release of dangerous chemicals into
the soil and groundwater by preventing tire waste from going into landfills.

Not only compared to landfilling but also compared to incineration, pyrolysis greatly
reduces air pollution. Sulfur dioxide and nitrogen oxide emissions are minimized by
the process’ operation in oxygen-restricted environments. Syngas produced as a result
of pyrolysis can be utilized as a fuel source to replace fossil fuels and can be recaptured
and injected sequentially in the reactor to produce more biofuels. Furthermore, using
pyrolysis as a part of waste management strategies can recover rich resources and reuse
them for other purposes. TPO, a premium fuel source, is the main byproduct of pyrolysis.
The produced oil can be used to replace conventional petroleum products such as diesel
and gasoline, which will lessen reliance on fossil fuels and greenhouse gas emissions.
Additionally, carbon black, a fine black powder with numerous uses, is produced during
the pyrolysis process. Rubber, plastics, and ink manufacturing all require carbon black as
a key ingredient. Reusing carbon black made from tire waste reduces the need for fresh
carbon black, protecting natural resources and lowering companies’ carbon footprints. In
addition, using the technology can have economic benefits, as tire waste can be used to
extract useful byproducts that can provide new revenue sources.

For instance, the produced oil can be supplied as a product to businesses or power
plants, generating a steady stream of capital. Pyrolysis-produced carbon black can be sold
to producers as a cheaper option than fresh carbon black. Add to that, the use of pyrolysis
technology may open up employment prospects in the waste management industry. Skilled
technicians, engineers, and maintenance workers are needed to construct and maintain
pyrolysis facilities, which support local employment and economic development.
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5.2. Implications

Since the study was conducted in a region where pyrolysis was newly introduced, this
study can have several implications for future works that can serve different industries.
Maintaining valuable biofuel resources in Northern Cyprus is very important to the energy
sector and given that very limited resources of biofuels are available, pyrolysis can emerge
as a good waste-to-energy recycling solution to produce fuels. For this reason, this study
can be a guidance tool for stakeholders and policymakers to make decisions that enhance
the use of such technologies in the energy and sustainability sectors of the country. With
such scientific research, investors will have a chance to observe the benefits of such tech-
nology for industry as well as protecting the environment. Part of recommending an LCA
methodology for the plant is to draw on further recommendations and research to optimize
and maximize the efficiency of the fuel while maintaining a balanced environmental perfor-
mance. An important outcome of this work is to further contribute to the LCA databases
by documenting more experimental work in the field in Northern Cyprus, given that the
sustainability aspect of the technology has recently been noted. On the other hand, a global
implication can be followed by contributing to the literature on pyrolysis, as the majority
of the discussed literature focuses on the durability of the oil and its economic feasibility,
neglecting the environmental perspective.

5.3. Limitations and Future Recommendations

Despite maintaining valuable outcomes and opportunities from this study, several lim-
itations were faced throughout the study. A significant one was the data’s availability and
reliability. Since the method applied is evidence-based, several parameters and influential
factors discussed in Section 4 were difficult to obtain as they required specific measurement
tools that are not available in the region. For that reason, secondary data was obtained from
previous applications in the literature. Data gaps or limited data availability can induce
uncertainty and influence the assessment’s correctness. Another obstacle was the system
boundary identification for the analyses. As many stages and parameters were included in
the study, it can be a complicated task to determine which are critical to include or neglect
in the system. Locally speaking, further research is needed on the role of pyrolysis and its
potential as a waste management strategy, as the current method of disposal is open-land
dumping. A WT recycling policy is strongly recommended to be implemented to legislate
pyrolysis for WTs and other feedstocks, which will also draw the attention of investors and
stakeholders to invest in such clean technologies. From a broader aspect, while the litera-
ture has documented several approaches for WT pyrolysis, the environmental footprint has
recently been introduced, and limited documentation on industrial reactors is available. For
this reason, further scientific research on the environmental parameters of commercial-scale
reactors needs to be included in the literature. Additionally, more research on implementing
reactor models that adjust the influencing parameters in accordance with environmental
indicators rather than increasing the production yield solely is strongly needed.

6. Conclusions

The management of waste tires should be treated carefully, and they should not be
considered ordinary waste. The high energy content of their byproducts (the calorific value
can reach up to 50 MJ/kg) and their chemical structure can be recovered and reused in
other sectors. Using WT as a feedstock in pyrolysis can derive beneficial biofuel products of
oil, char, and gas, which can be used for energy production and fuel industries. The yield of
pyrolytic products depends on the type of pyrolysis applied and the parameters indicated
in the reactor. TPO is the main objective of the fast pyrolysis of WT. For that reason, temper-
ature, heating rate, residence time, and sample size of the tires were found to be the most
influencing factors during the pyrolysis reaction. To maintain a sufficient production yield
of ≥40% of oil, these parameters must be adjusted and controlled accordingly. On the other
hand, as the literature states how to maintain those parameters to maximize the oil yield, a
clear absence in the literature was noted with respect to how to maintain those parameters
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with respect to the environmental contribution of pyrolysis. This paper elaborated on how
influencing parameters (e.g., temperature, residence time, sample size) can not only affect
the production yield but also the green aspect of the technology. Sustainability indicators
were addressed and highlighted for use in the pyrolysis of WT. Each of the highlighted
parameters was discussed in terms of its contribution to the production yield as well as the
carbon footprint of the process. Primary parameters were compiled from a local pyrolysis
plant, while secondary parameters were obtained from the literature. This paper has elabo-
rated on the influencing parameters and environmental methodologies, such as LCA, used
in the pyrolysis of WT. An LCA methodology using international standards was addressed
and suggested to be carried out in industrial-scale reactors rather than lab-scale reactors to
maintain accurate results and avoid missing indicators.

The future work on the pyrolysis of WTs must be focused on adapting novel method-
ologies that adjust the influencing parameters in accordance with the environmental condi-
tions used. Furthermore, the literature must focus on applying new methods to maintain
the parameters, not only with respect to maximizing the production yield but also the
environmental footprint. Additionally, legislation on pyrolysis must be expanded so it can
be integrated as a waste management strategy for WT and other wastes and attract more
investment in the sustainability market.
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