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Environmental hazards linked with scrap tires have been a great concern for the Saudi government. The Kingdom of Saudi Arabia has a Vision 2030 project with an aim to produce 50% of its energy through renewable energy resources. The tire market in the country reached 22.2 million units in 2022 and is expected to increase up to 24.9 million in 2028 with a growth rate of 2.11%. This study used a vacuum pyrolyzer for transforming scrap tires into tire-derived oil (TDO), along with other products such as synthesis gas (syngas) and carbon black. It provides a feasible way of transforming scrap tires into synthetic fuel via vacuum pyrolysis (a thermochemical approach). Vacuum pyrolysis of scrap tires at temperature 350–400oC yields 45%–55% derived oil, 10%–15% steel wires, 30%–35% carbon black, and 10%–15% non-condensable gases. The heating value of the obtained tire-derived oil is 32–37 MJ/kg, which is somehow less than that of diesel, which has an energy value of 44–46 MJ/kg. Such products are expected to be obtained after the successful adaptation of advanced techniques such as thermochemical approaches and can successfully be used as an alternative to fossil fuels. Based on the scrap tire produced in the country, if Saudi Arabia can process 22.2 million units of tires (trucks and passenger cars) annually through vacuum pyrolysis, it can earn approximately $47.40 million annually (or $2.14 per tire) through tire pyrolysis. Utilization of carbon black (recovered from scrap tire pyrolysis) in manufacturing tires can save approximately 2.5 tons of CO2 production compared to per ton production of new (virgin) carbon black. This study suggested pyrolysis to be a viable recycling and waste tire management technique, and it can be an independent profitable operation in Saudi Arabia and helps in meeting the Saudi Vision 2030.
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1 INTRODUCTION
Energy is the foremost necessity of the 21st century as it is essential for improving any country’s standards by discovering and managing the increase in energy demands. Renewable and alternative energy assets are gaining significant attention in the world as a source of oxygenated fuels due to economic and environmental concern, as well as their supportive behavior toward waste-to-energy conversion (Jahirul et al., 2014; Wang et al., 2016). Disposing waste in landfills is costly and deteriorates the environment. Saudi Arabia has a population of around 29 million that annually generates nearly 53 million tons of total waste, with an estimated rate of approximately 1.5–1.8 kg/person/day. Various techniques have been adopted worldwide to utilize the produced waste for energy generation either through biochemical, physiochemical, and thermochemical processes. The increase in living standards has increased the number of vehicles, which ultimately led to a higher production of scrap tires. As these scrap tires are very difficult to decompose, they are a severe threat to human and environmental health. The scrap tires promote pest and insect invasion, and they are a cause of high fire that results in an emittance of harmful constituents, leading to air, land, and underground water contamination (Daniel Martinez et al., 2013). Tires are manufactured using a non-biodegradable material such as styrene butadiene rubber, which raises concern in developed nations regarding environmental deterioration.
The structure of the tire is very complicated, due to which its recycling is challenging. The tires comprise rubber, carbon black, steel, and textile overlay (47, 22, 25, and 5.5%, respectively) (Martínez et al., 2013). From the entire global transportation system, approximately 1.5 billion automobile scrap tires have been produced on an annual basis (Khan et al., 2021). It has been predicted that every individual in a developed nation has discarded one automobile tire annually, due to which the scrap tire waste increased to 2,500 million units by 2022 (Martínez, 2021). Similarly, an upswing in the lifestyle of a Saudi inhabitant contributes to an increase in the automobile industry of the country, which hikes the tire market as well. The tire market in the country has increased by 11% from 2016 to 2021 and produced 21.8 million units on an annual basis, and the tire production rate is expected to go higher up to 24.7 million units by 2027 (IMARC, 2022; Smith, 2017). Out of this huge scrap tire generation, only 20% of the tires undergo recycling, whereas the remaining 80% are discarded at the disposal sites (Parthasarathy et al., 2016). However, approximately up to 18% of the initial new tire weight is decreased when it becomes scrap (Rubber Manufacturers Association, 2009). Sorting out waste management and its treatment is a massive task for the government sector with every passing day as the target has been set to treat 106 million tons of waste by 2035 (Salman, 2020). The composition of passenger and truck tires is shown in Table 1.
TABLE 1 | Composition of tires (Office of Permitting, 1999).
[image: Table 1]Based on the tire composition, the waste tire-handling techniques comprised utilization in kilns, energy generation plants, co-incineration with other waste materials, foundation making, and road development. Most of the industrial processes that involve combustion are dependent on non-renewable energy sources such as coal. The oil obtained from the pyrolysis of scrap tires has a higher heating value of 37–45 MJ/kg, which is significantly higher than that of local available coal; hence, the obtained oil can easily be utilized in industrial and residential power plants (Fiksel et al., 2011). Waste tires can directly be used in combustion, but it causes environmental pollution. To effectively convert scrap tires to energy, various investigations have been conducted to date that comprised volarization/gasification, pyrolysis, and hydrothermal liquification (Dai et al., 2001). However, the interest is on treating the scrap tire through pyrolysis due to the number of products derived from the process. Pyrolysis processes can be used to produce biofuels from various wastes such as biomass, coal, plastic, and scrap tires. Pyrolysis is a mechanism for breaking long-chain hydrocarbons into small chains in the absence of oxygen and under high temperature to obtain bio-oil, char, and combustible gase mixture, along with steel recovery (Uddin et al., 2018). The chemical composition and properties of the other materials that are commonly considered for pyrolysis, along with scrap tires, are shown in Figure 1. The difference in the composition of these materials is based on the moisture content in the feed material, carbon, volatile, and ash contents, whereas the handling procedures for the scrap tires are shown in Figure 2.
[image: Figure 1]FIGURE 1 | Ultimate and proximate analyses compared to other wastes used for pyrolysis (Menares et al., 2020).
[image: Figure 2]FIGURE 2 | Waste tire management system.
During the pyrolysis process, cracking of tires at a temperature between 300 and 700°C produces oil that can be directly utilized in an internal combustion engine or for heating purposes in the industrial sector with minimum exhaust pollution (Ilkılıç and Aydın, 2011). Due to the absence of a market representing tire-derived oil (TDO), it can be directly used in internal combustion engines after upgradation. Various researchers concluded that pyrolysis oil provides a feasible solution as an alternative to diesel oil due to its higher quality and similar energy values (Aydin and Ilkiliç, 2012a). The oil produced from pyrolysis comprised hydrocarbons and olefins, along with carbon black and activated carbons. Operating conditions such as reactor type, temperature, and feed stock type directly affect the char/carbon black physical properties (Zhang et al., 2021). The tire-derived oil ranges between 35% and 60%, char as carbon black ranges between 30% and 50%, steel wire ranges between 10% and 15%, and non-condensable gases ranges between 5% and 15%, depending on the operating temperature of the pyrolyzer (Khan et al., 2016). Zhang et al. investigated vacuum pyrolysis of tire granules in the presence of Na2CO3 and NaOH at a temperature between 450 and 600oC. The maximum oil percentage of 50% by wt, 36.6% char yield, and 13.7% gas yield was obtained at a temperature of 480oC, concluding that the addition of NaOH facilitates the pyrolysis process (Zhang et al., 2008). Roy et al. carried out passenger car tire vacuum pyrolysis at a pressure lower than 10 kPa between a temperature of 480 and 550oC. The processes yielded 56% oil by wt, 10% gas, and 33% carbon black (Roy et al., 1999). Berrueco et al. used a fixed-bed pyrolyzer to process scrap tires in a 4-h operation using N2 as a carrier flow at a temperature of 400°C–700°C with a heating rate of 12 °C/min. An increase in gas by 2 wt% and liquid by 13 wt% was observed as the temperature increased from 400°C to 700°C (Berrueco et al., 2005). Aydin et al. concluded approximate results yielding oil by 40 wt% from scrap tire pyrolysis conducted at 500°C under continuous nitrogen flow. The investigation also concluded that an increase in temperature causes a decrease in solid production, along with an increase in gas yield. Meanwhile, a negligible effect on product yield was observed due to inert gas flow during the processes (Aydın and İlkılıç, 2012b). Similarly, pyrolysis of a 750-g truck tire between a temperature of 375°C and 575°C reported an increase in oil yield from 47 to 55 wt%. Smaller particle size and lower residence time were optimum for increasing the liquid yield (Islam et al., 2011).
This study investigated a way, keeping in view of the Saudi Vision, of producing 50% of its energy through renewable/waste resources. This study involves preparing a technoeconomic feasible approach of transforming Saudi Arabian scrap tires (truck and passenger cars) into TDO and carbon black and synthesis gas (syngas) via vacuum pyrolysis in a moving bed batch-type reactor. Currently, Saudi Arabia exports approximately 65% of its total waste tire, while the rest is dumped at landfill sites. The 35% dump share contributes toward serious environmental threats in the country. Keeping in view of Saudi Vision 2030, adaptation of this scrap tire conversion technique can generate energy through waste, save energy, and decrease products cost through sustainable recycling, which will create jobs in the country. Hence, the assessment of scrap tire pyrolysis can be useful for the commercialization of thermochemical techniques, as well as for calculating the production cost of biofuels and chemicals in Saudi Arabia.
1.1 Process description
1.1.1 Waste-to-energy routes
Waste can be converted into sustainable fuel via biochemical, physiochemical, and thermochemical processes, as shown in Figure 3. The solid fuels can easily be transformed into bio-oil (diesel equivalent depending on the material to be pyrolyzed) and synthesis gas through thermochemical approaches (Fytili and Zabaniotou, 2008). The biochemical and physiochemical processes have several challenges, like material preparation, optimum temperature, pH ranges, and other operational parameters, for which skilled labor and challenging processes are required for the successful operation of the unit. On the other hand, the pyrolysis technique is a thermochemical process that ensures the system performance quite efficiently and solves the problems of waste handling by energy generation in a reliable manner. The benefit of this technique is the prospect of changing the solid fuel into a bio-oil and clean synthetic gas that retains 70%–80% of the chemical energy (Higman and Van der Burgt, 2008).
[image: Figure 3]FIGURE 3 | Waste-to-energy conversion routes.
1.1.2 Tire pyrolysis process
Pyrolysis is a thermochemical approach that breaks the material when subjected to high temperatures between 300 and 700oC in the absence of oxygen or under the flow of nitrogen gas as a fluidizing medium to produce volatiles in the form of non-condensable and condensable hydrocarbons (Pradhan and Singh, 2011). Pyrolysis is an attractive approach of obtaining valuable products from waste tire processing without causing any serious degradation to the environment. The obtained products such as syngas and tire-derived oil and solids can be easily optimized based on their usage. Efficient processing of tires through this technique is greatly affected by the temperature. Lower temperature produces higher oil yield, whereas higher temperature favors higher syngas production (Altayeb, 2015). The oil obtained from tire pyrolysis is brown–black and has odor due to the sulfur content in the tire. The tire-derived oil is processed to minimize the sulfur contents and remove moisture via distillation processes. Similarly, pyrolytic reactor conditions like thermal profile, residence time, and reactor under pressure directly affect the oil composition. Previous tire pyrolysis study results are shown in Table 2.
TABLE 2 | Previously reported tire pyrolysis reactor type, conditions, and product yield.
[image: Table 2]The syngas that is obtained from the pyrolysis process is composed of carbon monoxide, methane, and hydrogen, having a calorific value os 8–12 MJ/Nm3. The synthesis gas obtained through vapor condensation comprised paraffins, olefins, and aromatic hydrocarbons that can be used directly to power the internal combustion engines after upgradation. The synthesis gas obtained from the pyrolytic process comprised C1–C4 hydrocarbons with higher energy values and can easily be served as a fuel without any intense value addition. The tire pyrolytic char is in the form of carbon black that can be reused in the production of new tires and road making, depending on the chemical composition (structure, size, and surface area) (Rowhani A. and Rainey T., 2016). The product yield obtained from the tire pyrolysis process is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Product yields from the scrap tire pyrolysis process.
2 METHODOLOGY
2.1 Pyrolysis unit description
The pyrolyzer used for this study is batch-type and had a capacity of processing 5 tons of input feed material (scrap tires) per day and comprised pre-processing, processing, and post-processing units. The pre-processing unit comprised a shredder for tire size reduction, which increases heat transfer during the pyrolysis process. After size reduction, various other tire components such as beads, steel wires, and fabrics are removed. The size of the waste tire should be reduced to 1–10 mm because the particle size has a significant effect on the pyrolysis product quality. The first stage of the shredder decreases the size up to 2 inches. Then, the granulator further decreases the size of the tire up to 10 mm or less, and steel and fiber are separated from the rubber using a magnetic effect or belt conveyors (Reschner, 2008). The processing unit comprised a vacuum-based rotary type pyrolysis reactor, which is equipped with a continuous feeding system, stirrer, and gas outlet system, along with a carbon black removal system. This reactor is capable of efficiently converting the scrap tires into TDO, gas, and carbon black. The proposed schematics of the pyrolysis system are shown in Figure 5 (Papuga et al., 2023).
[image: Figure 5]FIGURE 5 | Block diagram of the fixed-bed pyrolysis reactor: (A) cylinder with nitrogen gas, (B) gas mass flow meter, (C) pyrolysis reactor, (D) thermal insulation, (E) steam condensation system, (F) separation system vessel for the condensate, (G) discharge of non-condensable gases in the gas washing system, and (H) control box (I) PC (a/) reducing valve, and (c/) electric heater connection wiring.
In this processing unit (reactor), the tires are heated in the absence of oxygen by the application of an indirect heat source. The continuous flow of inert nitrogen gas into the pyrolysis reactor is intended to expel oxygen gas in the reactor and oxygen entering through the condenser pipe during the pyrolysis process. The lesser the oxygen gas in the reactor, the higher the quality of the pyrolysis product. The presence of oxygen in the reactor during the process adds water quantity in the tire derived oil. The post-processing unit comprised a separation system for the condensate and a gas washing system, along with gas–carbon black separation and tire-derived oil collection after condensation. During the process, small amounts of nitrogen are blown to carry out the pyrolysis processes efficiently. The products such as oil are collected by the condensing process, whereas the char/carbon black and synthetic gas are collected using the cyclone separator. The oil yield obtained from the reactor is directly dependent on the condensation process. The condensation systems should be enough to recover maximum condensate from the flowing gas. The product yield is calculated by using Eqs 1, 2, 3 (Khalaf et al., 2021) (Do et al., 2014).
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3 RESULTS
The main factor that is considered for checking the suitability of the pyrolysis process is the volatile matter (VM) contents and moisture contents in the feed material. Higher VM (66.31%) and lower moisture (2.3%) in the scrap tires yield high quality and quantity of tire-derived pyrolysis oil, and hence, this feed stock is proven to be suitable for its transformation through pyrolysis processes.
3.1 Thermogravimetric and derivative thermogravimetric analysis
The type of rubber used for tire manufacturing is described by the thermal degradation curve. The peak temperatures are used for characterizing the derivative thermogravimetric (DTG) curves of the scrap tire used in pyrolysis. When the tire is heated at 10 °C/min, the peak temperature for natural rubber (NR) ranges between 360 and 390oC, whereas the peak temperature for synthetic rubber is 420–480oC (styrene–butadiene rubber, 430–458oC, and butadiene rubber, 468–480oC) (Seidelt et al., 2006). During the pyrolysis processes, the maximum material degradation/transformation occurs between 280 and 440oC; at this temperature range, approximately 70% of the feed material weight is lost. This temperature range is referred to as the active pyrolysis stage, whereas the remaining feed material degradation (which is carried out slowly compared to the active stage) is completed in the passive pyrolysis stage. The thermogravimetric (TG) and DTG analysis showed that a temperature of 350–450oC is most optimum for scrap tire pyrolysis. The TG/DTG curve for scrap tires is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Scrap tire thermogravimetric (TG) and derivative thermogravimetric (DTG) curves (Hossain et al., 2023).
3.2 Output yield and properties of scrap tire pyrolytic oil
For technoeconomic analysis, the previously reported physical properties of the obtained scrap tire pyrolysis oil are considered, and its comparison with diesel fuel is shown in Table 3, whereas the output products with carbon conversion efficiency above 80% are shown in Figure 7.
TABLE 3 | Reported properties of tire pyrolysis oil (TPO) and comparison with diesel fuel.
[image: Table 3][image: Figure 7]FIGURE 7 | Output product yield from scrap tire pyrolysis.
4 TECHNOECONOMIC ANALYSIS
For the adaptation of a tire pyrolysis technique at a commercial level, a viable analysis is needed based on technical and economic aspects relevant to each other. To determine the effective feasibility of the pyrolysis process via the product cost of production and profit earning, energy balance and economic analysis need to be performed (Abdallah et al., 2020b).
4.1 Product yield assessment
To determine the product yield, some technical analyses need to be considered, comprising the suitable thermal profile range between 450 and 650oC under oxygen-free conditions. The obtained oil has significant features over unprocessed tires, which provides its higher volumetric energy density. The presence of oxygen favors oxygenated compounds that yield lower-energy value crude oil. Catalytic treatment can be deployed to reduce the oxygenated compounds in crude oil. For system optimization and economic analysis, yield assessment and conversion rate are the most significant features to be considered. The product yield can easily be altered by the pyrolyzer internal thermal profile, and it could be estimated using Eq. 4, whereas the tire conversion efficiency can be estimated by using Eq. 5.
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Previous research concluded that efficient pyrolysis of 1,000-kg waste tire yields 500 kg of pyrolytic oil, 30 kg of carbon black, 100 kg of steel, and 100 kg of gases (Islam and Nahian, 2016b; Rowhani A. and Rainey T. J., 2016). However, the maximum oil product reported from tire pyrolysis was 63% (Murugan et al., 2008). It was also reported that catalytic tire pyrolysis can increase the oil product yield up to 80% (Swanson et al., 2010). The calorific value (HHV) of tire-derived oil ranged between 39 and 46 MJ/kg with a density of 840–900 kg/m3 (Pilusa et al., 2014), whereas the HHV of the syngas was calculated up to 8.9 MJ/kg (Mrad and El-Samra, 2020), while the HHV for carbon black was 29 MJ/kg (Ourak et al., 2021). Similarly, Abdullah et al. reported the pyrolysis of 5 ton scrap tires that produced 45% tire-derived oil, 34% carbon black, 11% scrap steel wires, and 10% pyro-gas (Abdallah et al., 2020c). The previously reported results are considered for calculating the feasibility of the scrap tire pyrolysis project in Saudi Arabia.
4.2 Economics of energy balance aspects
Three aspects need to be considered while carrying out the economic analysis of the tire pyrolysis project. The first parameter is the pyrolysis product market value (sold for gaining profit). Second, it recycles auto tires, one of the most abundant waste products in the world. Globally, 2.3 billion tires were produced in 2021 (Deinma et al., 2020). The third parameter that needs to be considered is energy efficiency. Most pyrolysis plants are self-sufficient in energy use. Byproducts of the pyrolysis process are reused to fire furnaces and generate electricity. It abided by the law of the conservation of energy, which states that the input energy is equal to the output energy. Previously reported higher heating values are used for the energy balance calculations. The energy balance for 1 ton of tire pyrolysis is shown in Table 4.
TABLE 4 | Energy balance for processing 1 ton of scrap tire from the pyrolysis unit.
[image: Table 4]4.3 Energy requirement of the pyrolysis process
The energy required for the pyrolysis process of 5 tons of scrap tire is calculated in Table 5.
TABLE 5 | Energy consumed in the pyrolysis process.
[image: Table 5]4.4 Economic analysis
The economic analysis of this tire pyrolysis process is based on the annual cost method. This method comprised fixed and variable costs for the complete pyrolysis process.
4.4.1 Fixed cost
Several assumptions need to be considered while calculating the annual fixed cost of the pyrolysis unit. The following assumptions are shown in Table 6.
TABLE 6 | Assumption for the pyrolysis unit.
[image: Table 6]For calculating the initial cost of the pyrolysis unit, a capacity of 5 tons/day/pyrolysis plant is considered. The initial cost comprised equipment, mounting, accessories, and civil work, as shown in Table 7. The complete calculations are performed by Lefilter Corp., Ltd.
TABLE 7 | Initial cost of the pyrolysis unit.
[image: Table 7]4.4.2 Variable cost
This includes parametric costs that are responsible for the pyrolysis plant to be in operation. Variable costs include repair and maintenance cost, labor cost, scrap tire purchasing, and transportation cost and electricity cost for the pyrolysis unit. The variable cost of the pyrolysis unit with respect to various assumptions is shown in Table 8. Table 9 presents the fixed and variable costs per annum and per ton of biomass used by the pyrolysis unit.
TABLE 8 | Assumptions to work out variable cost.
[image: Table 8]TABLE 9 | Cost analysis of the tire pyrolysis unit with a capacity of 5 tons per day.
[image: Table 9]4.4.3 Net revenue generation from tire pyrolysis
The revenue generated from scrap tire pyrolysis is determined based on the study by Abdullah et al. The investigation concluded that after efficient tire pyrolysis, the product comprised 45% tire-derived crude oil, 35% carbon black, 10% non-condensable gases, and 10% scrap steel wires (Abdallah et al., 2020c). This means that on every 1-ton scrap tire pyrolysis, the obtained product weighed 0.450, 0.350, 0.10, and 0.10 tons (TDO, carbon black, syngas, and scrap steel, respectively). The selling price in the international market for these pyrolysis products is $400 per ton of tire-derived oil, $50 per ton of carbon black, and $180 per ton of scrap steel wires. However, pyro-gas (non-condensable gas) can be used in the system for meeting the extra heating requirements during the pyrolysis process. The total revenue generation per batch of 1-ton scrap pyrolysis is shown in Table 10.
TABLE 10 | Revenue generation from 1-ton scrap tire pyrolysis.
[image: Table 10]Table 10 shows that by adopting the scrap tire pyrolysis technique, an income of $1,190.0 per 5-ton batch processing would be obtained.
4.4.4 Daily expenditures
The daily expenditures for the processing of a 5-ton tire pyrolysis plant are shown in Table 11.
TABLE 11 | Daily expenses for the operation of the 5-ton batch pyrolysis plant.
[image: Table 11]The daily profit ratio for processing 1-ton scrap tire pyrolysis is calculated as shown below.
Daily expenditures for processing 1-ton tire pyrolysis = $166.93.
Daily revenue generated from 1-ton tire pyrolysis = $238.0.
Daily profit gained per ton = $71.07.
Annually profit (after processing 22.2 million tires) = $47.40 million.
Currently, the total available scrap tire in Saudi Arabia on an annual basis is approximately 22.2 million units (Market Research Report, 2023). If the average weight of the scrap tire used for this investigation is assumed to be 27.25 kg, then, the total scrap tire waste generated annually in Saudi Arabia is 0.67 million tons. In other words, it was estimated that the cost for processing each tire is approximately $4.49, whereas the income generation from pyrolysis of each tire is approximately $6.63. The net profit gained from each tire pyrolysis is approximately $2.14. If the pyrolysis industry is set up in Saudi Arabia, the adopter can earn approximately up to $47.40 million annually by managing waste tires, thus reducing the landfilling dumping site cost and slowing down the process of environmental degradation, which is due to direct combustion.
4.4.5 Break-even analysis
Break-even analysis reveals the point at which enough units have been sold out to cover all the costs. The break-even point for the scrap tire pyrolysis plant is calculated to be 0.71 years or 259 days of operation (Figure 8). The break-even point (BEP = X) in terms of cost and revenue was found as follows:
[image: image]
[image: Figure 8]FIGURE 8 | Payback period of the tire pyrolysis unit.
where X is the operating time in years and TFC is the total fixed cost invested in the beginning of the project.
V is the total cost (fixed + variable) per annum of the pyrolysis unit.
p is the gross revenue generated per year through the pyrolysis unit.
4.4.6 Net present value and internal rate of return of the pyrolysis unit
To calculate the project profitability, the net present value (NPV) was calculated using the cash flow method. A positive NPV reflects the success story of the project, whereas a negative NPV corresponds to project failure. For the scrap tire pyrolysis project, the initial cost at the start for purchasing the equipment with a capacity of 5 tons was $96,000. The annual cash flow of this machine was determined to be $95,964. The scrap value of the machine at the end of the 10th year (final year life of the equipment) of the equipment life was 10% of the initial invested value ($96,000). Similarly, the return rate (discount rate) was 10%. Considering all these factors, the NPV of this project appears positive (+$497,358.62), with a total return of (+inflow) $969,240. This NPV represents that the assumptions made for determining the gross income and cost stand valid. Similarly, the internal rate of return (IRR) of the project is calculated as the rate at which the NPV of the project becomes zero. The IRR for this project was found to be 99.87%.
5 CONCLUSION
To recover energy from waste products, waste tires processed through the pyrolysis technique show high potential to produce byproducts that can serve as an alternative. The internal thermal profile of the reactor significantly affects the physical and chemical properties of the products, and the solid, liquid, and gaseous phase yields are dependent on the process temperature. In addition to that, the feed stock size, conversion rate, composition of the feed stock, process time, catalyst, and medium are other significant parameters that directly alter the pyrolysis yield and heating values.
The products obtained from scrap tire pyrolysis yield approximately 41% pyrolytic oil, 38% carbon black, 12% gas, and 8.9% steel scrap. The pyro-oil obtained from the tire pyrolysis process has higher heating values of 46 MJ/kg that burn readily as an alternative in diesel engines and furnaces. The TDO can be converted into light olefins and aromatics that can support the petrochemical industry. Similarly, the gases obtained can be used as fuel for meeting the heating requirements of the industry even for the pyrolysis process. The carbon black was composed of 90% carbon, which has higher quality than required by the steel and ink industries, and the pyrolytic oil was composed of 66% gasoline and 33% other oils, with sufficient quality to be used as an additive for fuels or as fuel for engines and furnaces. The obtained carbon black can even be used for pollutant removal, as well as for manufacturing new tires from the recovered carbon black, thus ultimately reducing 2.5 tons of CO2 that can be produced more on manufacturing new carbon black. Thus, the environmental benefits of the pyrolysis process of scrap tires include avoiding the disposal of tires directly into landfills and wasteland, thus avoiding the contamination of soil, water, and air due to the emission of chemical contaminants formed during the decomposition of the scrap tires. In addition, there is no need for the extraction of raw materials to produce steel, fuel, and carbon black produced in the scrap tire pyrolysis plant.
Recapitulating, recycling, or utilization of scrap tires would reduce the impact on the environment, including human and soil health. The adaptation of the pyrolysis technique would enhance the life span of landfills. In addition to that, if Saudi Arabia can adopt this technique, it will earn a net amount of $47.4 million annually through tire pyrolysis. The net profit gained from each tire pyrolysis process is approximately $2.14. This work showed that tire pyrolysis is an innovative and ecofriendly process, offering a clean production that is economically viable and can be used as a solution for the disposal of used tires in Saudi Arabia.
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Steps in the pyrolysis process Energy consumed (kWh/5 ton)

A. Electrical energy

Electricity consumption by the rotary bed pyrolysis unit 26 kW/h x 10 = 260
Electricity consumed for scrap tire handling and feeding. Preprocessing (chopping) 15%2=30
Total electric energy consumed per 5 ton 290

B. Thermal energy

Heat required to increase the temperature up to 500°C for decomposing scrap tires (according to Henan Mingjie Environmental | 3,529.41
Equipment Co, Ltd and Lefilter Corp Ltd., approximately 0.30 tons of diesel is required for meeting the heating requirements
during the complete pyrolysis process; however, 172 L requirement is fulfilled from syngas)

Radiation, convection, and conduction losses (3% of heat input to the pyrolysis reactor) 10588

Total thermal energy required per 5 ton of scrap tire waste, kWh 3,635.29
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Material Pyrolysis products from 1 ton of waste (tons) put energy (kWh
Scrap tire

Tire-derived oil 050 (Haseeb et al, 2021) 746112

Carbon black 025 (Haseeb et al,, 2021) 201388

Syngas 0.10 (Haseeb et al,, 2021) L

Steel wires 0.15 (Haseeb et al., 2021) -

Total 972222
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Description Quantity

5-ton waste tire pyrolysis Reactor underground foundation integrated 36-m cooling system, 5.5-m ceramic packing de-dusting | 1 45,000
machine system (stainless steel)
Cooling tower Cools down water temperature and circulates to use into the cooling system, carbon black discharge system I 10,000
Auto feeder Feeds whole tires into the reactor B 10,000
Fuel oil burner | 300000 kcal s 1,000
Storage tanks For pyro-oil storage 2 10,000
Givil work | 10,000
 Miscelancous 10,000
: Total cost 96000
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metel Assumptiol

Financing

‘ Pyrolysis unit availability

100% owned capital

300 days/year

‘ Pyrolysis unit depreciation period 10 years
‘ Interest on investment 10%
*Housing and insurance cost 2% of the initial cost of the pyrolysis unit

* Capacity of the pyrolysis unit selected
‘ Annual capacity of the pyrolysis unit for processing scrap tire waste

‘ “Total annual operating hours

5 tons per day
1,500 tons

7,200 h
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Scrap tire pyrolytic oil Diesel (Hossain et al.,

2017)
Product yield (wt%) | 50 (Hossain etal, | 55 (Islam and Nahian, = 49 (Islam et al, | 45 (Abdallah etal, | 44 (Mohan etal, | -
2023) 20162) 2008) 20202) 2023)

Operating 0 550 475 460 400
temperature (°C)

‘ Density (kg/m’) 855 956 957 962 907 827

‘ Kinematic viscosity | 760 1639 475 290 38 261

I HHY (M)/kg) s 420 420 | 1246 4176 a8

‘ Flash point (°C) ) 50 32 3150 52 )






OPS/images/fenrg-12-1415901-t002.jpg
Reactor type Operating Other operation condition Product yield

temperature
Oil Gas
(wt%) (wWt%)
Batch reactor with an electric heating mechanism (Cunliffe | Temperature: 450°C Pressure: 101,325 Pa 58.1 45
and Williams, 1998) T
Temperature: 525°C 569 52
Temperature: 600°C 53.1 89
Two-stage bed reactor (Razzaq and Majeed, 2021) Temperature: 350°C 330 22
Temperature: 400 ‘C 320 25
Temperature: 450°C 260 28
Temperature: 500°C 200 35
Batch reactor (Juma et al., 2006) Starting temperature: 250°C | Heating rate: 5°C/min 50 10

Ending temperature: 550°C

Fixed-bed reactor (Acosta et al., 2015) Temperature: 500°C Reaction time: 140 min 4327 8

Temperature: 550°C 5256 9
Temperature: 600°C 4875 | 13
Fixed bed with stirring (Khalaf et al., 2021) Temperature: 330°C Under an Ar. flow rate of 0.5 L/min, retention 335 87
time: 15 min T
‘Temperature: 430°C 409 121
Temperature: 530°C 000 | 14
Temperature: 630°C 517 163
*Fixed-bed reactor (Papuga et al, 2023) Temperature: 425°C 3981 1092
Temperature: 450°C 4361 a0
Temperature: 475°C s Cun

Temperature: 500°C 4258 1522
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Component Percentage of weight (%)

Passenger tire  Truck tire

Natural rubber 14 % ‘
synthetic ubber % u o
Carbon black [ 28 28 ‘
I Steel 14-15 14-15
Fabric, fillers, antiozonants, etc. 16-17 16-17
 Average weight of scrap tire (ponds) 2 100 ‘
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Cost USD/  Cost USD/ton of scrap  Cost USD/h of scrap  Cost USD/day of 5-ton

annum tire processed tire processed scrap tire processed

Fixed cost estimates

Depreciation cost 8,640 576 120 288
Interest on investment 5280 352 073 17.52
Housing and insurance cost 1,920 128 027 648
Total fixed cost 15,840 1056 220 528

Variable cost estimates

Repair and maintenance cost 1,920 128 027 648
Labor cost 40,000 26.67 457 109.68
Scrap tire purchasing and transportation 150,000 100 2083 [ 499.92
cost.

Electricity cost for tire pyrolysis and pre- 13,050 87 181 4344

processing (290 x 300 x 0.15 $/kWh)

Total variable cost 204970 136.65 2748 659.52

Total cost (fixed + variable) 220,810 14721 29.68 71232
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met

Assumption

Repair and maintenance cost ‘ 2.0% of the initial cost per annum
Labor cost (four workers for the entire batch) USD 10,000/worker/annum

Scrap tire purchasing and transportation cost per ton ‘ USD 100/ton or 500/batch of 5 tons

Electricity cost (5.4 cents/kWh in USD) USD 0.054/kWh ‘
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Daily running cost

Item Unit price Total amount
Price of scrap tires $95/ton 8475
Daily salary for workers in Saudi Arabia $23.75/worker/day $95.0
Daily diesel consumption for heating 180 Libatch (50.90/L) 1620
‘7 Daily electricity consumption $43.44
Total daily running cost $775.44
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Income from the sale
of pyrolysis products
per 5-ton batch per

Income from the
sale of pyrolysis
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Tire-derived
oil (TDO)

Carbon black
Syngas

Scrap steel
wires.

Total

045

035

0.10

0.10

1.00

- 045
- 035
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450

|50

‘ 200

day ($)
202.50 1,012.5
175 ‘ 87.50
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238 { 1,1900






