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Abstract

:

Plastic waste has a high energy content and can be utilized as an energy source. This study aims to assess the economic feasibility of polypropylene plastic waste (PP) pyrolysis. A literature review was carried out to determine the optimal pyrolysis conditions for oil production. The preferred pyrolysis temperature ranges from 450 °C to 550 °C, where the oil yields vary from 82 wt.% to 92.3 wt.%. Two scenarios were studied. In the first scenario, pyrolysis gas is used for the pyrolysis heating needs, whereas in the second scenario, natural gas is used. An overview of the economic performance of a pyrolysis plant with a capacity of 200,000 t/year is presented. Based on the results, the plant is economically viable, as it presents high profits and a short payback time for both scenarios considered. Although the annual revenues are smaller in scenario 1, the significant reduction in operating costs makes this scenario preferable. The annual profits amount to 37.3 M€, while the return on investment is 81% and the payback time is 1.16 years. In scenario 2, although the plant is still feasible and shows high profitability, the annual profits are lower by about 1.5 M€, while the payback time is 1.2 years.
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1. Introduction


The production of plastics on a global scale is on an upward trajectory, due to their extensive use in agriculture, construction, packaging, the automobile industry, and electrical equipment manufacturing. In 2020, global production reached 367 million t, displaying a 25% increase compared to 2010. It is estimated that by 2050, the production could potentially exceed 1 billion t if the current production and consumption trends persist [1]. The improper disposal of plastic waste leads to soil and groundwater pollution, and thus poses a serious threat to the environment and human health. Presently, approximately only 10% of plastic waste is recycled properly, while the bulk of it is either landfilled, incinerated, or generally left untreated and mismanaged [2].



In Greece, approximately 700 thousand t of plastic waste, or 68 kg per capita, is generated annually. Currently, the majority (i.e., 84%) is landfilled and only 8% is recycled [3]. The improper management of plastic waste is mostly attributed to low collection rates, highly mixed waste streams and limited recycling infrastructure [4]. The accumulation of plastic waste poses an important issue for the country, as more than 40 thousand t of plastic leaks into nature and local ecosystems each year. Additionally, there are negative implications on the national economy, with annual losses amassing to 26 M€, affecting the tourism, shipping, and fishing sectors [3,5].



There is still significant room for improvement in terms of the diversion of plastic waste from landfills and incineration plants and managing them in an efficient and environmentally sound manner [6]. The potential of utilizing plastic waste and feeding it into a forward supply chain, within the model of circular economy, is significant. A circular economy model focuses on waste management and resource recovery, through reuse, recycling, and energy utilization. Additionally, it aids in the development of new industries and jobs, reducing emissions, and promoting the efficient use of resources [7].



There are several pathways for the proper management and utilization of plastic waste within a circular economy concept. Plastic waste can be recycled and converted into other useful products. Mechanical recycling, which is also referred to as secondary recycling, involves a plastic waste recovery process based on mechanical means. Moreover, plastic waste has a high energy content and can, therefore, be utilized as an energy source.



An efficient method of utilizing these materials is through the process of pyrolysis, which involves indirect energy recovery from the feedstock. During pyrolysis, the feedstock is heated in the absence of oxygen, and the molecular chains are deconstructed. There are three main products of this process, which are pyrolysis oil, gas, and char. Pyrolysis oil can be used as a fuel, and it has properties that are similar to those of conventional fuels. The gas can be used to partially cover the energy demands of the process, while the solid product (char) can either be sold or used to produce activated carbon and other useful products. The conversion of plastic waste into valuable products and energy carriers through the pyrolysis process contributes to the reduction in the negative environmental impacts of the waste and to the reduction in fossil fuel use [6,7,8].



The utilization of plastic waste through pyrolysis can promote the transition to a circular economy that emphasizes industrial symbiosis. Industrial symbiosis is a part of industrial ecology, and it aims to foster cooperation between enterprises through the physical exchange of materials, energy, and/or by-products by using neighboring geographical advantages. Material symbiosis includes the use of by-products or waste generated by upstream production units as raw materials for downstream production. Energy symbiosis promotes the improvement of energy efficiency in industry, through the optimization of energy exchange networks in line with the overall supply–demand relationship. In the concept of energy symbiosis, industrial plants are urged to adopt the model of energy cascading and cogeneration, and thus improve their energy utilization efficiency [8,9].



A graphical conceptual representation of plastic waste treatment via pyrolysis in a circular economy and industrial symbiosis is presented in Figure 1. Several industrial plants that produce plastic waste can offer their waste as feedstock to a pyrolysis plant, ensuring an efficient and environmentally safe utilization route for their waste. The pyrolysis oil can be sold, providing a source of revenue for the pyrolysis plant. As mentioned, it can be used to generate heat and electricity, or it can be upgraded to produce fuels. Apart from the oil, a pyrolysis plant can generate two additional products, which can be used efficiently within the concept of industrial symbiosis. The gaseous product can be utilized to cover the energy demands of the pyrolysis plant. It can potentially also be used by neighboring industrial plants as a source of thermal energy, thus reducing their operating costs and dependence on fossil fuels, such as natural gas. Lastly, the char can be offered to neighboring plants and used as fuel. It can also be used as feedstock in a plant that produces activated carbon.



Countries (governments and companies) must implement circular economy pathways to reduce waste, conserve biodiversity, maintain environmental quality, and achieve economic sustainability. Investment in alternative energy sources including bioenergy, must be prioritized [10].



Different approaches can be used to mitigate and reduce the global environmental impacts of plastic waste. These include taxes on plastic products, especially plastic packaging, incentives to reuse and repair, target values for recycled products, extended producer responsibility, improved waste management infrastructure and schemes, and increased litter collection rates [11]. However, the successful implementation of such policies on a larger scale is still a significant challenge. Furthermore, the lack of plastic waste treatment infrastructure is an important issue, as efficient large-scale plastic waste recycling pathways are still scarce [12].



In the European context, the EU has proposed several policies and actions towards the more sustainable management of plastic waste, where the focus is plastic reuse and recycling. The Action Plan for a Circular Economy, which was adopted in December 2015, identified the management of plastic waste as an area of high priority and focused on combating the potential challenges that arise from plastics throughout their value chain and their entire life cycle. The Plastics Strategy of 2018 outlined the transition to a circular plastics economy, made commitments for action at the EU level and recommended measures to national authorities and industry, to make plastic waste recycling profitable for businesses. The Revised Waste Framework Directive, which was passed in May 2018, updated the rules for waste management in the EU, including the management of plastic waste. The European Green Deal was presented in December 2019 and set out a roadmap for no net emissions of greenhouse gases by 2050. The Plastics Strategy aims at implementing new legislation, as well as specific targets and measures for tackling over-packaging and waste generation. Moreover, it promotes the strengthening of legal requirements to boost the market for secondary raw materials with mandatory recycled content, as well as guarantee that all packaging in the EU market is reusable or recyclable in an economically viable manner by 2030 [13,14].



In Greece, there are efforts underway to minimize the generation of plastic waste and promote its proper management and utilization. The Extended Producer Responsibility (EPR) Law 2939/01 obliges producers to finance the collection and recycling of waste through EPR schemes. The New Recycling Law 4496/2017 introduced a national plan for a four-stream collection system, including paper, glass, metals, and plastics. It also sets new targets, as 74% of the waste produced must be diverted from landfills. Moreover, the Landfill tax 4042/2012 proposed a 35 €/t tax for landfilling untreated waste, aiming to reach up to 60 €/t, but it was never rolled out. The government has also made active efforts to cease operations of illegal dump sites or convert them [3]. However, despite the introduction of such initiatives, there are still several challenges that hinder their proper implementation, such as low capacity and stakeholder pushback [4,5]. Additionally, the country still has limited infrastructure for recycling or utilizing plastic waste to generate useful products.



In order to promote the establishment of pyrolysis and other installations for the treatment of plastic waste, it is vital to determine the optimal conditions for their operation and assess the feasibility of such systems [4].



The aim of this study is to estimate the economic feasibility of polypropylene (PP) plastic waste utilization using pyrolysis for closing loops in energy and materials. PP is a thermoplastic polymer with properties such as fire resistance, simplicity, high heat distortion temperature, and dimensional solidity and accounts for 16% of the worldwide plastics market [1]. Petrochemical companies have generated an increasing demand for PP products and have raised environmental concerns related to PP waste.



This study is part of a Greek project entitled “Utilization of plastic and rubber waste for the production of alternative liquid fuels and adsorbent materials with innovative processes within the framework of the circular economy and industrial symbiosis model - ACTOIL”. It is, therefore, focused on the development of a PP waste pyrolysis plant in Greece, within the context of circular economy and industrial symbiosis, by utilizing the industrial sector’s plastic waste, such as PP waste from HELLENIC OILS, which is a Greek company responsible for the refining, supply and sales of petroleum and petrochemical products. The company produces considerable PP waste, which could be used as feedstock for a pyrolysis plant in Greece. Through economic assessment, it is possible to evaluate whether such installations can be profitable, to identify potential areas of improvement and to outline the optimal plant capacities. Overall, the aim of this study is to contribute to supporting developers and investors in the establishment of plastic waste pyrolysis plants. The findings of the study stress the potential of the pyrolysis of plastic waste and can, thus, play a pivotal role in the promotion of circular economies of plastic waste in the Greek context and in other countries.



In this paper, comprehensive information on the study’s data, theoretical background, and methodology is provided. A literature review is provided in Section 2 to help position the paper. In Section 4, the economic analysis provides detailed insights and useful data for decision-makers and investors and in Section 5, the main findings derived from the economic evaluation are depicted.




2. Literature Review


Through a literature review, this paper identifies the most important parameters that affect the quality and yields of pyrolysis products. It also provides a critical overview on the optimal pyrolysis conditions required to produce oil. Thus, the results of the literature review were used as guidelines for the selection of pyrolysis operating parameters for different types of plastic waste feedstocks. Furthermore, the feasibility of a PP pyrolysis plant is examined through a preliminary techno-economic assessment.



The selection of relevant papers for the literature review was made (Chapter 2). In Chapter 3 of the report, the effect of the different parameters that affect pyrolysis product yields is presented, as well as an overview of the optimal conditions for oil production based on the literature review. Chapter 4 includes a feasibility assessment of a polypropylene pyrolysis plant located in Greece, while Chapter 5 provides conclusions and suggestions.



The feedstocks that were considered were as follows: polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET), poly-vinyl chloride (PVC), high-density polyethylene (HDPE), low-density polyethylene (LDPE) and mixed plastic waste, but the focus was on PP.



Internet search engines and electronic libraries were used for the review of relevant articles and journals. Scopus, ScienceDirect and Google Scholar were used to research plastic waste pyrolysis, focusing on publications between 2012 and 2022. The following keywords were used: ‘plastic waste’ AND ‘pyrolysis’, ‘polypropylene’ AND ‘pyrolysis’, ‘polystyrene’ AND ‘pyrolysis’, ‘polyethylene terephthalate’ AND ‘pyrolysis’, ‘poly-vinyl chloride’ AND ‘pyrolysis’, ‘high-density polyethylene’ AND ‘pyrolysis’, ‘low-density polyethylene’ AND ‘pyrolysis’, ‘mixed plastics’ AND ‘pyrolysis’. The contribution of the published articles for each search term is presented in Figure 2. An increasing trend in the number of articles can be observed, with the highest number of articles of interest published in 2021 and 2022. Mixed plastic waste was the most common type of feedstock encountered in the articles, followed by polypropylene and polystyrene.



The number of articles was 7656 and after an initial screening process based on the titles and abstracts, the number decreased to 295. A second screening process was carried out, in order to define the most relevant articles related to the effect of pyrolysis parameters on product yields and properties. Eventually, 44 articles were chosen for the plastic waste pyrolysis literature review. The distribution of the selected articles per year of publication and per type of feedstock is presented in Figure 3 and Table 1, respectively.



Most of the articles considered within this study were published in 2022 (32%), followed by 2021 (14%), 2020 and 2014 (11% each). Polypropylene (PP) and low-density polyethylene (LDPE) were the most common feedstocks in the relevant articles.




3. Literature Review Findings on Plastic Pyrolysis Maximizing the Oil’s Yield


Pyrolysis is a thermochemical process that involves the deconstruction of molecular chains of materials by heating them in an oxygen-free environment. Typically, the temperature of pyrolysis varies between 300 °C and 800 °C. The products of pyrolysis are a liquid product, called pyrolysis oil, a solid product called char and a gaseous product. Pyrolysis oil can be used for the production of electricity or thermal energy. It can also undergo further processing to produce a fuel with similar properties to conventional fuels, i.e., diesel, gasoline or kerosene [15,16]. The gaseous product, which consists mainly of carbon monoxide and carbon dioxide, hydrogen, and hydrocarbons, has a relatively high calorific value and can, therefore, be exploited to meet part of the energy needs of the process [17]. The solid product of pyrolysis can be used as a fuel or as raw material for the production of activated carbon and other useful products [18]. In the pyrolysis process, an inert gas is always used, which does not participate in the reaction and in most cases, this gas is nitrogen [15].



The type of raw material, the conditions of pyrolysis (i.e., temperature, heating rate, duration and pressure), the type of reactor and the use of a catalyst are parameters that affect the yield and properties of the products, as well as their final composition [19,20].



3.1. Temperature and Heating Rate Effect on Pyrolysis


The temperature of pyrolysis significantly affects the product yields. Temperatures between 300 °C and 600 °C are preferred if the desired product is pyrolysis oil, while temperatures above 600 °C favor the formation of gaseous products. In addition, the heating rate and the duration also affect the pyrolysis process. In general, oil production is favored by intermediate temperatures, short residence times and relatively high heating rates, while the optimal yields of liquid products can be observed at temperatures between 450 °C and 600 °C [21]. On the contrary, gaseous products are favored by very high temperatures and long residence times [22], while low heating rates at low temperature with long residence times lead to char production [18]. Temperature, residence time and heating rate determine the type of pyrolysis (Table 2).




3.2. Impact of the Type of Plastic Waste on Pyrolysis Process


The type of feedstock, as well as its characteristics and composition, have a significant impact on the pyrolysis process. It affects the yields, as well as the properties of the products. In the context of this study, different types of plastic waste were examined as feedstocks in the pyrolysis process.



A significant advantage of pyrolysis compared to other methods of plastic waste management is that no sorting process is required, and different types of plastics can be used simultaneously as feedstocks of the process [23]. Nevertheless, the type of plastic that is used can affect product yields, as well as their properties and quality. A high volatile content in the raw material favors the formation of pyrolysis oil, while on the contrary, a high content of ash leads to an increased yield of gas and solid products [15]. The list of plastics used in pyrolysis processes, as well as some of their applications, are presented in Table 3. The proximate analysis of the different types of plastic is presented in Table 4.



PET and PVC have the lowest volatile content; therefore, it is expected that their pyrolysis will favor the formation of gaseous and solid products. In addition, the pyrolysis of PVC results in the release of harmful products, such as HCl, as well as the formation of chlorobenzene in pyrolysis oil, which is toxic to the environment. The use of PVC pyrolysis oil requires further processing, adding further costs to the process [26]. PP, PS, HDPE and LDPE have a high volatile content, reaching up to 99.8 wt. %, indicating their suitability for the production of pyrolysis oil.



As mentioned, the properties of pyrolysis oil are significantly influenced by the type of plastic used as feedstock, as shown in Table 5. The higher heating value (HHV) of the pyrolysis oil from HDPE, LDPE, PS and PP is usually within the range of 39–43 MJ/kg, which is similar to conventional fuels, such as gasoline and diesel. In contrast, the thermal content of PVC and PET pyrolysis oil is significantly lower (21.8 MJ/kg and 28.2 MJ/kg, respectively).




3.3. Pyrolysis Reactor’s Effect on Pyrolysis


The type of reactor used for pyrolysis significantly affects the performance and duration of the process, as well as the properties of the final products. Based on the conditions, the scale of production and the desired end products, the selection of the appropriate type of reactor can be made.



Batch reactors are closed systems where there is no flow of reactants or products during the reaction. Semi-batch reactors allow the addition of reagents and the removal of products during operation, giving them greater flexibility. An important advantage of these types of reactors is the ease of controlling the parameters of pyrolysis, leading to high yields and conversion rates. However, the high operating costs make this type of reactor better for small- and laboratory-scale applications [19].



Fixed-bed reactors are used extensively, especially in the case of catalytic pyrolysis. Despite their simple design, they have some disadvantages since the available surface of the catalyst during the reaction is limited. Fluidized-bed reactors use a fluidizing gas that ensures better mixing of the catalyst with the raw material, and thus a more efficient reaction. This type of reactor ensures good temperature control and is more flexible than batch and semi-batch reactors. In general, fluidized-bed reactors are preferred for large-scale applications, mainly from an economic point of view [17,19].



Rotary kiln reactors present several advantages, such as simple construction, low purchase costs, simple operation, and feedstock flexibility. These reactors are heated using solid heat carriers. In addition, the rotational movement of the furnace improves the mixing between materials and heat dissipation, while at the same time preventing the formation of agglomerates. It should be noted that the filling rate of this type of reactor significantly affects the performance and quality of the finished products. The ideal filling rate for oil production is about 15–20%, ensuring optimal heat transfer [27].




3.4. Catalyst’s Effects on Pyrolysis


Pyrolysis is an energy-intensive process and catalysts contribute significantly to its optimization, as they limit the energy requirements. For example, optimal yields in pyrolysis oil can be achieved even at temperatures below 450 °C using the appropriate catalyst [17,28].



Catalysts are used in the pyrolysis of plastic waste to accelerate the rate of reactions. Their presence significantly enhances the efficiency of the process and reduces the required reaction time and degradation temperature of the raw material, while at the same time improving the quality of the fuel.



Several studies have reported that the ratio of raw material to catalyst significantly affects both the yield and the composition of pyrolysis products. The increase in the amount of catalyst is not linearly related to process efficiency. Usually, an increase in efficiency is observed up to a certain amount of catalyst, while further addition does not affect the reaction [20]. Various catalysts, such as natural zeolite (NZ), FCC, Cu-Al2O3, Fe2O3, MCM-41, ZSM5, HZSM-5 and Al(OH)3Ca(OH)2, have been used in plastic waste pyrolysis processes [15,17,19,28].




3.5. Pyrolysis Oil


The results of the literature review on plastic waste pyrolysis are disaggregated based on the type of plastic used. The parameters studied are the type of reactor, the use of catalyst, and the temperature of the pyrolysis process.



3.5.1. Polypropylene (PP) Pyrolysis Oil Yields


Polypropylene is used extensively as feedstock for pyrolysis, as typically very high yields in pyrolysis oil are achieved. Optimal oil production can usually be achieved at temperatures ranging from 450 °C to 550 °C.



Generally, very low pyrolysis temperatures are not preferable, since in these cases, the formation of gaseous products is favored. Ahmadis et al. [29] performed PP pyrolysis at 300 °C, with a heating rate of 20 °C/min, and the process yield of oil reached 69.9 wt.%. The increase in temperature resulted in the improved production of oil, as at 380 °C, the yield reached 80.1 wt.% [30]. Similarly, Kusenberg et al. [31] reported an oil yield of 87 wt.% at 450 °C, using a CSTR reactor. Pyrolysis at 500 °C [32] and 550 °C [33] resulted in oil yields of 82.1 wt.% and 92 wt.%, respectively. It should be noted that excessively high temperatures can negatively affect the process. As demonstrated by Demirbas [34], the oil yield fell to only 48.8 wt.% at 740 °C, as gas production was favored (49.9 wt.%).



Catalytic pyrolysis of PP has several advantages since optimal yields are achieved at lower temperatures. In a semi-batch reactor, an FCC catalyst was used, achieving the optimal oil yield (85 wt.%) at 400 °C [35]. Abbas-Abadi et al [36], by using the same type of catalyst and reactor, achieved improved oil production (92.3 wt.%), due to the higher operating temperature (450 °C). The use of natural zeolite for catalytic pyrolysis at 430 °C resulted in an oil yield of 72.2 wt.% in a semi-batch reactor [37].




3.5.2. Polyvinyl Chloride (PVC) Pyrolysis Oil Yields


PVC is not generally used as feedstock for pyrolysis, due to its relatively low oil yield and the production of toxic by-products. Thermal degradation of polyvinyl chloride is estimated to take place at temperatures between 220 °C and 520 °C [19]. During PVC pyrolysis at 500 °C and in a fixed-bed reactor, very low oil production was observed, with a yield of 12.3 wt.%, while the main product of the process was gas (87.8 wt.%) [24]. Marino et al. [38] used a fixed-bed reactor with a ZSM-5 catalyst at 450 °C with significantly improved results. The process yield of oil was 60 wt.% and the yield of gas was 35 wt.%, in which a high HCl content was observed.




3.5.3. Polystyrene (PS) Pyrolysis Oil Yields


Unlike PET and PVC, polystyrene pyrolysis displays very high yields of oil. For its thermal breakdown, temperatures between 350 °C and 500 °C are required, while it is estimated that the pyrolysis temperature should not exceed 550–600 °C to achieve maximum oil yields [19]. Generally, PS pyrolysis oil yields vary between 90 wt.% and 99 wt.%. In a batch reactor, an oil yield of 89.5 wt.% was observed at 580 °C [34], while at a lower temperature (450 °C), the yield of liquid products was 56 wt.% [39].



The use of a catalyst during the pyrolysis of PS reduces the required reaction time, but there is a slight improvement in the oil yields of the process. Terapalli et al. [40] used PS as feedstock for pyrolysis at 600 °C in a microwave reactor, using KOH as a catalyst. The oil yield reached 95.2 wt.%, using a heating rate of 31 °C/min and 7.5 gr of KOH for 27.5 gr of PS. In these conditions, the gas and char yields were 3.5 wt.% and 1.3 wt.%, respectively. Adnan, Shah and Jan [41] used a Zn catalyst in a batch reactor at 500 °C. The yields of the oil and gas products were 96.7 wt.% and 3.3 wt.%, respectively. A similarly high oil yield was observed with the use of an MgO catalyst in a fixed-bed reactor. PS pyrolysis took place at 400 °C and 500 °C. The final yield of oil was 93 wt.% in both cases, while gas production increased from 2 wt. % to 5 wt.% [35]. Finally, Miandad et al. [28] studied PS pyrolysis at 450 °C using the following two different catalysts: (i) natural zeolite with heat treatment at 500 °C for 5 h (TA-NZ) and (ii) natural zeolite with treatment with 0.1 m HNO3 for 48 h (AA-NZ). The highest oil yield observed was 70 wt.% and this was achieved using the TA-NZ catalyst. However, while the yield of the liquid product with the AA-NZ catalyst was lower (60 wt.%), the HHV of the oil produced (42.1 MJ/kg) was higher.




3.5.4. Polyethylene Terephthalate (PET) Pyrolysis Oil Yields


As mentioned, the use of PET as a pyrolysis feedstock is not preferred, mainly due to its low content of volatile components and its generally low oil yield compared to other plastics. However, there have been some studies that have examined the utilization of PET via pyrolysis.



It has been observed that the thermal breakdown of PET takes place in a temperature range between 350 °C and 520 °C [19]. Çepelioğullar and Pütün [17] used a fixed-bed reactor at a temperature of 500 °C with a heating rate of 10 °C/min. The main product was gas, with a yield of 76.9 wt.%, while the yield for oil was found to be 23.1 wt.%. Furthermore, a high content of benzoic acid was observed in the oil produced (49.93 wt.%), giving it a strongly acidic character. Additionally, Shahbaz et al. [42] studied PET pyrolysis at 450 °C, with a heating rate of 10 °C/min, achieving an oil yield of 18 wt.%. Finally, PET pyrolysis, using a fixed-bed reactor at 500 °C and at a heating rate of 6 °C/min, resulted in oil production of 39.89 wt.%, while at the same time, yields for the gas and solid products were 52.13 wt.% and 7.98 wt.% [32], respectively.




3.5.5. Low Density Polyethylene (LDPE) Pyrolysis Oil Yields


The use of low-density polyethylene as feedstock for pyrolysis has been studied extensively. In general, it is estimated that the thermal breakdown of LDPE takes place from 360 °C up to 550 °C [19] and optimal yields of oil are achieved between 500 °C and 550 °C. Based on the study by Bagri and Williams [43], LDPE pyrolysis at 500 °C and in a fixed-bed reactor produces 95 wt.% oil and 5 wt.% gas. In addition, FakhrHoseini and Dastanian [30] observed an oil yield of 80.4 wt.% at 500 °C, while in another study in a fluidized-bed reactor, it was observed that a very high temperature (600 °C) led to a significant decrease in oil yields to 51 wt.% [44]. It should also be noted that the pressure of the process affects the quantity of the products. Odejobi et al. [33], while performing pyrolysis at 450 °C, managed to achieve oil yields of approximately 41 wt.%, with gas production reaching 57 wt.%.



According to Wu et al. [45], the use of HZSM5 as a catalyst helped to increase the process oil yields in a fixed-bed reactor. At a temperature of 550 °C and a heating rate of 20 °C/min, oil production reached 93.42 wt.%. Similarly, in another study, the combination of an HZSM5 catalyst with a relatively high temperature (550 °C) again resulted in a very high oil yield of 93.1 wt.% [46].




3.5.6. High-Density Polyethylene (HDPE) Pyrolysis Oil Yields


Like LDPE, HDPE is used extensively for pyrolysis oil production. In the absence of a catalyst, Dzol et al. [46] achieved an oil yield of 90 wt.% at 500 °C in a fixed-bed reactor. On the other hand, when using HZSM5 or waste chicken eggshells (WCE) as catalysts, optimal results were obtained with WCE, providing an oil yield of 80 wt.% [47]. According to Mastral et al. [48], oil production dropped to 68.5 wt.% when the process was performed at 650 °C and with a duration of 20 min. Using an MIL-53 (Cu)-derived zeolite Y catalyst at 500 °C [49], the oil yield reached 95.3 wt.%, while with the HZSM5 catalyst at 550 °C [46], oil production was 85 wt.%. Abbas-Abadi et al. [41] studied HDPE pyrolysis, where the process took place in a semi-batch reactor at 450 °C and with an FCC catalyst. In this case oil, the gas and solid product yields were 91.2 wt.%, 4.1 wt.% and 4.7 wt.%, respectively.




3.5.7. Mixed Plastic Waste Pyrolysis Oil Yields


In many cases, a mixture of plastics can be used as the feedstock of pyrolysis. For example, Donaj et al. [50] performed pyrolysis of an LDPE/HDPE/PP mixture in a fluidized-bed reactor. Without the use of catalyst, the optimal oil yield, 48.4 wt.%, was reached at 650 °C, while using a Ziegler–Natta catalyst, oil production increased to 89 wt.% at the same temperature. It should also be noted that the same series of experiments were carried out at 730 °C with lower yields.



Moreover, the PE/PP/PS mixture has been extensively studied, showing generally low yields of oil. With the PE-PP/PS mixture (75 wt.%/25 wt.%), Kaminsky, Schlesselmann and Simon [51] achieved a yield of 48.4 wt.% of oil, performing pyrolysis in a 730 °C fluidized-bed reactor. Similar results, with an oil yield of 46.6 wt.%, were reported by Demirbas [32] in a batch reactor. Based on the findings of the literature review, the use of a catalyst does not significantly affect the oil yields of the process in this case. In a batch reactor, at 450–500 °C and using natural zeolite as a catalyst, Nugroho, Pratama and Saptoadi [52] reported that oil production reached 45.1 wt.%, as the gaseous product was favored (50 wt.%). Miandad et al. [28] used the PS/PE/PP mixture (50 wt.%/25 wt.%/25 wt.%) at 450 °C with a natural zeolite catalyst. The yields of oil, gas and solid products were 44 wt.%, 37 wt.% and 19 wt.%, respectively.




3.5.8. Selection of Pyrolysis Operating Conditions for Maximizing Oil Production


Based on the results of the literature review, pyrolysis parameters were selected on the basis of maximizing oil yields. An overview of all the results with the optimal conditions for oil production are depicted in Table 6.



In the study of Miandad et al. [28], where various mixtures of plastics were examined, oil yields of less than 55 wt.% were obtained. Optimal results were reported for the following two cases of pyrolysis at 450 °C: (i) a PS/PE mixture (50 wt.%/50 wt.%) with a catalyst of natural zeolite treated with HNO3, producing an oil yield of 52 wt.%, and (ii) a PS/PP mixture (50 wt.%/50 wt.%) with a natural zeolite catalyst and heat treatment, resulting in an oil yield of 54 wt.%.



Polypropylene (PP) pyrolysis displays very high yields of pyrolysis oil. The properties of the oil are similar to those of conventional fuels. The optimal temperature range for PP pyrolysis is from 450 °C to 550 °C, where oil yields from 82 wt.% to 92.3 wt.% were reported. For temperatures below 450 °C, lower yields were observed (<80 wt.%), while at much higher temperatures (740 °C), the gas production increases significantly, limiting the formation of oil. The use of an FCC catalyst significantly affects the process, achieving an oil production value of 92 wt.% at 450 °C.



The pyrolysis of PVC and PET favors the production of gaseous products, with yields ranging between 55 wt.% and 88 wt.%. Oil production is limited to the range of 12-40 wt.%. The process is carried out at 450–500 °C. During the pyrolysis of PVC, harmful by-products are released, such as HCl in the gas product and chlorobenzene in the oil. Their removal is vital and significantly adds to the overall cost of the process.



The pyrolysis of PS, regardless of the type of reactor and the presence of a catalyst, typically has oil yields ranging from 60 wt.% up to 98.7 wt.% for temperatures of 450–600 °C. Optimal oil yields are reported at temperatures from 550 °C up to 600 °C, while the use of catalysts such as FCC and Zn allows the process to be carried out at lower temperatures with high oil production. In general, polystyrene showed the highest oil yields compared to other plastics.



Both LDPE and HDPE pyrolysis result in high oil yields, typically exceeding 80 wt.% for temperatures of 450 °C to 550 °C. In the case of LDPE, the increase in pressure and the presence of a catalyst has a positive effect on the oil yield; oil production of 93.1 wt.% can be achieved at 550 °C, using an HZSM5 catalyst. The use of an FCC, Si-Al or HZSM5 catalyst during HDPE pyrolysis resulted in oil yields higher than 85 wt.% for temperatures ranging from 450 °C to 550 °C. The yields of oil for LDPE pyrolysis (73.6 wt.%) are higher than PP (73 wt.%) and HDPE (71.5 wt.%).



Compared to the pyrolysis of a single type of plastic, the use of a mixture of plastics shows much lower oil yields, which are usually in the range of 30–50 wt.%. Optimal pyrolysis temperatures are in the range of 450 °C–650 °C. When using a Ziegler–Natta catalyst at 650 °C, the oil yields are 90 wt.%. The properties of the final product show many similarities with those of conventional fuels.






4. Feasibility Study for a PP Pyrolysis Plant in Greece


A preliminary economic assessment was carried out for a PP pyrolysis plant. The assessment was conducted for different plant capacities. The economic performance of the plant was evaluated based on the following economic indicators: the initial investment, the operating costs, annual cash inflows, gross and net profits, return on investment (R.O.I) and pay-out time (P.O.T).



R.O.I is an indicator used to measure the profitability of a particular investment and is used to express the percentage of the initial investment that can be recovered over one year. Generally, a positive R.O.I denotes an investment that is profitable. However, if similar investments occur with a higher R.O.I, these are preferable [55].



P.O.T is an indicator used to measure the period required for the profit or other benefits of an investment to equal the cost of the investment. A smaller P.O.T is a sign of a more attractive investment opportunity [55].



By studying the effect of the plant’s capacity on the two indicators, it was possible to determine a range for the preferred capacity of the pyrolysis plant. The present study examines the following two scenarios:




	
Scenario 1: Pyrolysis gas is used to meet the energy requirements of the process. If there is further availability, then the remaining amount of gas is sold.



	
Scenario 2: the entire amount of pyrolysis gas is sold.








4.1. Hypotheses of the Study


The pyrolysis plant utilizes PP waste from HELLENIC OILS, which is a Greek company responsible for the refining, supply and sales of petroleum and petrochemical products. The company produces considerable PP waste, which could be used as feedstock for a pyrolysis plant in Greece. In the context of circular economy and industrial symbiosis models, the pyrolysis plant receives the waste from HELLENIC OILS and utilizes it to generate the following three main products: pyrolysis oil, pyrolysis gas and char. Liquid and solid products are sold and are an important source of revenue for the unit. Pyrolysis gas can either be sold or used to meet the energy requirements of the process either partially or completely.



The hypotheses of the study are as follows:




	❖

	
The capacity selected for the PP pyrolysis plant is 200,000 t/year; the process followed to make this selection is shown in Chapter 4.3.7.




	❖

	
Based on the literature review, the optimal pyrolysis temperature for oil production is 500 °C; the process takes place at atmospheric pressure.




	❖

	
According to the literature review findings, the oil yield is to be considered equal to 86 wt.%, the gas yield is equal to 13.9 wt.% and the char yield is equal to 0.1 wt.%.




	❖

	
A rotary kiln reactor was chosen, due to its extensive use and advantages, such as simple construction, low purchase costs and simple operation.




	❖

	
It was assumed that product yields are not affected by the increase in plant capacity.




	❖

	
The unit operates for 330 days and 24 h/day.




	❖

	
The facility is in Greece.




	❖

	
PP waste transportation costs are negligible, assuming that this cost is integrated into the price of the PP waste.









A general overview of the characteristics of the studied plant is given in Table 7.




4.2. Description of the PP Pyrolysis Plant


Figure 4 shows the generalized flowchart for a PP pyrolysis unit. A brief description of the devices used, as well as the process currents, is also presented.



The main types of equipment used in the process are as follows:




	
M-101: shredder—used to shred the feedstock and facilitate its energy utilization.



	
M-102: feed hopper.



	
R-101: rotary kiln reactor where the pyrolysis process takes place.



	
C-101: Condenser—the gases produced in the reactor are fed into C-101. The resulting condensate contains a percentage of water and is, therefore, led to a separator to be removed.



	
C-102: Condenser—the gaseous product that was not condensed in C-101 is fed into C-102. The condensate does not contain water and is driven into an oil collection container.



	
S-101: oil/water separator—used to remove the water from the pyrolysis oil.



	
T-101: pyrolysis oil collection container.



	
G-101: gas storage container—the gas can either be sold or used to meet the reactor’s energy requirements.








The main process streams, as depicted in the flowchart, are as follows:




	
101: feedstock (industrial PP).



	
102: shredded feedstock.



	
103: feed stream of the pyrolysis reactor.



	
104: solid residue of pyrolysis (char), which can either be stored for further processing or sold directly.



	
105: main product of pyrolysis, which contains the products of the process in gaseous form and is led to the condensers.



	
106: contains water and pyrolysis oil and is led to a separation device.



	
107: contains gases and pyrolysis oil in gaseous form and is led to the second condenser for further separation.



	
108: contains water that is removed.



	
109: contains pyrolysis oil for storage.



	
110: contains pyrolysis oil resulting from the condenser; the product is fed to the storage tank.



	
111: contains the gaseous product of pyrolysis that is either stored or used to meet the energy requirements of the process.









4.3. Preliminary Economic Assessment


A preliminary economic assessment was carried out, considering the initial investment, the operating costs, annual cash inflows and gross and net profits, as well as two economic indicators, which are R.O.I (return on investment) and P.O.T (pay-out time). Moreover, the effect of plant capacity on the economic performance was also considered.



4.3.1. Initial Investment (CAPEX)


The Chemical Engineering Plant Cost Index (CEPCI) was used to calculate the investment requirements for the PP pyrolysis plant. The initial investment of one unit for 2022 can be calculated from the following equation:


   Ι  F ,   2022   =  I  F , X   ×   C E P C  I  2022     C E P C  I X     



(1)




where IF,2022 is the investment for the year 2022 and IF,X the investment for the year X, for which bibliographic data were found. As no values are available for the CEPCI index for 2022, it is possible to make an estimate based on the data presented in Figure 5, showing that CEPCI2022 = 651.4.



The initial investment is directly related to the capacity of the pyrolysis plant. Table 8 shows the investment requirement for units of different capacities, based on the literature review. Using the CEPCI indicators, all values are transposed and refer to 2022.



Using the data in Table 8, it is possible to make an estimate of the relationship between capacity and the investment requirement for a plastics pyrolysis plant. This can be achieved based on the equation obtained from Figure 6, which is as follows:


   Ι  F , 2022   = 667 , 520 ×  Q  0.6603    



(2)




where IF,2022 is the initial investment for 2022 and Q is the plant capacity (t/day). Consequently, the initial investment for the PP pyrolysis plant with the selected capacity of 200,000 t per year is IF = 45.9 M€. It should be noted that the investment is the same for both PP pyrolysis scenarios considered.




4.3.2. Operating Costs (OPEX)


The next step in the economic assessment of the pyrolysis plant is to determine the operating costs. This category of expenses includes labor, raw materials, and the cost of utilities, as well as some additional costs.



Operating expenses differ between the two scenarios, due to the difference in costs for utilities. In scenario 1, where pyrolysis gas is used to meet the energy requirements of the process, natural gas is not used, thus reducing costs by approximately 3 M€. The overall operating costs for the two scenarios are presented in Table 9 [67]. The detailed calculation methodology is presented below.



Labor Costs


The man-hours are calculated using the Wessels method with the following equation [67]:


    m a n h o u r s    (  d a y s  )  ×  (  s t a g e s  )    = α ×    (    t o n n e s   d a y    )    0.24    



(3)







The days of operation were considered to be 330, the stages to be 3, the parameter α equal to 11, and the capacity of the unit to be 606 t/day. Using the man-hour price for Greece [68], the total labor costs were defined, as observed in Table 10.




Feedstock Costs


To determine the cost of the raw material, the price of PP scraps was taken as 175 €/t [69]. Based on the capacity of the unit and the feedstock price, it was calculated that the total annual feedstock costs amount to 35 M€.




Utilities Cost


The utilities required for the operation of the pyrolysis plant are electricity, cooling water and natural gas for heating the reactor.



It is estimated that a pyrolysis plant requires 28 kWh of electricity and 13 m3 of cooling water per t of feedstock [63]. Considering the cost of electricity of 0.13 €/kWh [70] and the cost of water of 0.98 €/m3 [71], the annual costs were 728,000 €/year and 2.55 M€/year respectively. The electricity requirements (28 kWh/t) do not include the cost of operating the shredder. It is estimated that this expenditure amounts to approximately 15 €/t of raw material [72], adding 3 M€ to the annual costs of utilities.



In addition, for the calculation of the annual cost of natural gas, it is required to determine the energy requirements of the process. For this, the following equation was used:


   Q  p y r o   =  m  P P , d r y   ×  C  p , P P   ×  (   T  f i n a l   −  T  i n    )  +  m  w a t e r   ×  h  e v a p   +  m  w a t e r   ×  (   h  w , f i n a l   −  h  w , i n    )   



(4)







All the required data for this calculation are presented in Table 11.



The energy requirements for the pyrolysis reactor (Q = 6.67 MW) can be met either using pyrolysis gas (scenario 1) or by natural gas (scenario 2).



Based on bibliographic data, it is estimated that the calorific value of pyrolysis gas is 26 MJ/kg [76,77,78]. Given that the amount of pyrolysis gas produced is 84 t/day, the gas can provide about 25 MW, thus fully meeting the energy requirements of the reactor. Consequently, the cost to heat the pyrolysis reactor is zero for scenario 1.



In scenario 2, natural gas is used. The calorific value of natural gas is 31.7 MJ/m3 [79], while its price is 0.53 EUR/m3 [80]. The total cost of the PP pyrolysis plant utilities is shown in Table 12. The utilities costs are significantly lower for scenario 1.





4.3.3. Cash Inflow


The revenue of the PP pyrolysis plant originates from the sale of the three products. Based on the quantities produced and their respective selling prices, it is possible to calculate the annual cash inflow of the installation, as shown in Table 13.



In scenario 1, part of the pyrolysis gas is used to meet the energy requirements of the processes and the remaining amount is sold. In scenario 2, the entire amount of pyrolysis gas is sold, leading to higher cash inflows for the plant.




4.3.4. Net Profits


Based on the total cash inflows (S) and operating costs (C), it is possible to calculate the annual gross profit of the PP pyrolysis plant for both scenarios, as shown by the equations below:


   R  S c e n a r i o   1   = S − C = 64.5   M € / y  










   R  S c e n a r i o   2   = S − C = 62.3   M € / y  











The net annual profit of the installation is calculated with the following equation:


   P  S c e n a r i o   1   = R − e ×  I f  −  (  R − d ×  I f   )  × t = 37.3   M € / y  










   P  S c e n a r i o   2   = R − e ×  I f  −  (  R − d ×  I f   )  × t = 36   M € / y  











The following assumptions were made for this calculation:




	
The economic life of the plant is N = 15 years.



	
Depreciation is linear.



	
The uniform tax rate is t = 0.4.



	
The depreciation rate for tax purposes is d = 1/N = 0.06.



	
The depreciation rate of the fixed investment is e = d.









4.3.5. Financial Indicators


To assess the viability of the PP pyrolysis plant, two economic indicators were also examined, namely the return based on the initial investment (R.O.I) and payback time (P.O.T). These indicators are calculated as follows:


  R O I =  P  C o s t   o f   I n v e s t m e n t    










  P O T =    I f    P + e ×  I f     











Initially, the return based on the initial investment (R.O.I) is calculated as follows for the two scenarios:


  R O  I  S c e n a r i o   1   = 81 %  










  R O  I  S c e n a r i o   2   = 78 %  











In addition, the payback time (P.O.T) is as follows:


  P O  T  S c e n a r i o   1   = 1.16    years   










  P O  T  S c e n a r i o   2   = 1.2    years   












4.3.6. Overview of Feasibility


An overview of the economic performance of the PP pyrolysis plant with a capacity of 200,000 t/year is presented in Table 14. Based on the results of the analysis, it appears that the plant is economically viable, as it presents high profits and a short payback time for both scenarios considered.



More specifically, the use of pyrolysis gas to supply heat to the reactor (scenario 1) has a positive effect on the feasibility of the plant. Although the annual revenues are smaller in scenario 1, the significant reduction in the operating costs makes this scenario preferable. The annual profits amount to 37.3 M€, while the return on investment is quite high at 81%. Finally, the payback time of the unit is only 1.16 years. In contrast, in scenario 2, although the plant is still feasible and shows high profitability, the annual profits are lower by about 1.5 M€, while the payback time is a little higher at 1.2 years.



Pyrolysis oil is the most important product of the process, as more than 95% of the annual revenue of the plant is due to its sale. The solid product (char) is produced in very small quantities; therefore, it does not contribute significantly to the profitability of the plant.



The annual operating costs amount to 51.3 and 54.8 M€, respectively, for the two scenarios, 1 and 2. The cost of purchasing the raw material constitutes about 60% of the total. The cost of utilities is a significant part of the total operating costs, with shredding costs amounting to 3 M€. Some additional operating costs, such as supervision, maintenance, local taxes, administration, and distribution costs, make up about 15% of the unit’s total annual operating costs.




4.3.7. Sensitivity Analysis Effect of Plant Capacity on Economic Indicators


Based on the process described in the previous sections, the economic performance of the PP pyrolysis plant can be examined for a range of capacities. The impact of plant capacity on the initial investment is depicted in Figure 7. The investment increases with the plant’s capacity, from 4.02 M€ for 5000 t/year to 59.98 M€ for 300,000 t/year.



Nevertheless, this is not a sufficient criterion for comparing the economic viability of facilities of different scales; therefore, the indicators R.O.I and P.O.T are preferred, as shown in Figure 8, to assess optimal capacity.



For small capacities (<50,000 t/year), the PP pyrolysis plant seems profitable, but does not appear to be a very viable or attractive investment. The payback period is between 2 and 10 years, which means that it takes a very long time to recover the initial investment. However, the R.O.I index is less than 45%, which is significantly lower compared to higher capacity installations.



In plants with a capacity of >100,000 t per year, the investment is much more advantageous. It seems that the initial investment can be recovered in less than two years, as the time decreases with increasing capacity. Accordingly, the higher the capacity of the unit, the more efficient the investment.



Nevertheless, the initial investment increases significantly. For example, for a pyrolysis plant with a capacity of 300,000 t/year, the R.O.I index is at its maximum (96%) and the payback time is at its minimum (1 year), which means that it presents the optimal financial performance. However, due to the size of the facility, the initial investment amounts to 60 M€, which can be a deterrent. Accordingly, to determine the optimal capacity, a profitable investment with a reasonably high initial investment must be found.



As shown in Figure 8, the P.O.T index decreases with increasing capacity. When the capacity has significantly increased, there is a very small reduction in payback time. Especially for capacities >200,000 t/year, the payback time is insignificantly reduced, meaning that while the initial investment significantly increases, the economic performance of the plant is only improved slightly. The R.O.I index is constantly increasing, but its increase is less significant for capacities >200,000 t/year.



Based on these observations, it can be assumed that while the unit is viable for all the capacities that were considered, optimal economic efficiency can be achieved for capacities in the range of 150,000–200,000 t per year.






5. Conclusions


Pyrolysis is an effective method of managing plastic waste mainly for oil production, which exhibits similar properties to conventional fuels, such as gasoline or diesel. Many factors affect the yields of the process, as well as the properties and quality of the final products. The temperature, the type of feedstock and the presence of a catalyst are the most important parameters to consider, although the type of reactor, the pressure and the heating rate are also important.



Polypropylene (PP) is very often used as feedstock for pyrolysis, as very high yields of pyrolysis oil are observed. The properties of the oil are similar to those of conventional fuels. The preferred temperature for PP pyrolysis ranges from 450 °C to 550 °C, where oil yields vary from 82 wt.% to 92.3 wt.%. For temperatures below 450 °C, lower oil yields can be observed (<80 wt.%), while at higher temperatures (740 °C), the gas yield increases significantly, limiting oil production.



Based on the results of the feasibility assessment, a PP-based pyrolysis plant can be economically viable, with its optimal capacity being in the range of 150,000 to 200,000 t per year. Pyrolysis oil is the main product of the plant, and it is responsible for generating a significant part of the total revenue, while the gaseous product also contributes to the economic viability. The pyrolysis plant shows significant profits both when the pyrolysis gas is used to cover the energy requirements of the process (scenario 1) and when the gas is sold as a final product (scenario 2). The solid (char), despite its relatively high selling price, constitutes a very low percentage of the annual profits, due to its low yields.



For scenario 1, the pyrolysis plant with a capacity of 200,000 t PP/year is estimated to have annual profits of 37.3 M€, while the payback time of the initial investment is very low, at 1.16 years. Using part of the gas to meet the energy needs of the pyrolysis reactor significantly reduces the operating costs, as the use of natural gas is not required. However, the remaining amount of gas is sold and contributes to the annual revenue. In the case where the entire amount of gas is sold (scenario 2), the profitability of the plant remains, but this option is less preferable, due to the higher operating costs associated with the use of natural gas.



The results of this study show that the PP pyrolysis unit is economically viable for a wide range of capacities. However, this is an approximate analysis based on certain assumptions; thus, a detailed feasibility study is proposed to produce more accurate results.
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Figure 1. Conceptual representation of plastic waste pyrolysis in a circular economy and industrial symbiosis model. 
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Figure 2. Annual contribution of the published articles of interest in the period 2012–2022. 
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Figure 3. Share of the articles used in the study per year of publication. 
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Figure 4. Generalized flowchart of the pyrolysis process [56,57,58]. 
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Figure 5. CEPCI indicators for 1996–2020 [59]. 






Figure 5. CEPCI indicators for 1996–2020 [59].



[image: Energies 16 00593 g005]







[image: Energies 16 00593 g006 550] 





Figure 6. Relation of plant capacity and initial investment. 
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Figure 7. Effect of PP pyrolysis plant capacity on the initial investment (scenario 1). 
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Figure 8. Effect of PP pyrolysis plant capacity on R.O.I and P.O.T (scenario 1). 
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Table 1. Share of the articles used in the study per type of feedstock.
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	Type of Feedstock
	Share of Articles Used in the Study (%)





	PP
	24%



	LDPE
	17%



	HDPE
	15%



	PS
	15%



	Mixed plastics
	12%



	PET
	7%



	PE
	5%



	PVC
	5%
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Table 2. Types of pyrolysis [15,20,21].
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	Type of Pyrolysis
	Temperature (°C)
	Residence Time
	Heating Rate (°C/s)
	Feedstock Size (mm)





	Slow
	300–650
	5–60 min
	0.1–1
	5–50



	Fast
	450–600
	0.5–10 s
	10–200
	<1



	Flash
	450–1000
	<0.5 s
	>1000
	<0.2
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Table 3. Types of plastic and their applications [19,24,25].
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	Type of Plastic
	Symbol
	Uses/Applications





	Polyethylene terephthalate
	PET
	Plastic beverage packaging, electrical insulation, magnetic tapes; printing sheets



	Polypropylene
	PP
	Packaging, stationery, reusable containers, textiles, auto parts; laboratory equipment



	High-density polyethylene
	HDPE
	Bottles for packaging, oil cans, toys; insulating material



	Low-density polyethylene
	LDPE
	Plastic bags, wrapping sheets, insulating material; household goods



	Polystyrene
	PS
	Food packaging, electronics, medical equipment, appliances; toys



	Polyvinyl chloride
	PVC
	Pipes, insulation material, flooring, medical equipment; construction material
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Table 4. Proximate analysis of different types of plastic [19,21].
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	Type of Plastic
	Moisture (wt.%)
	Fixed Carbon (wt.%)
	Volatile Matter (wt.%)
	Ash (wt.%)





	PET
	0.45–0.7
	6–14
	85–92
	0–0.1



	HDPE
	0–0.3
	0.01–0.03
	94–99.8
	0.2–1.5



	LDPE
	0–0.3
	0
	99–99.8
	0–0.4



	PVC
	0.7–0.8
	5–7
	85–95
	0–0.1



	PP
	0.15–0.4
	0.15–1.2
	95–99
	1–4



	PS
	0.25–0.3
	0.12–0.2
	99–99.8
	0–0.5
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Table 5. Properties of plastic pyrolysis-derived oil and comparison with conventional fuel-derived oil [15,20,21].
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Feedstock

	
HHV (MJ/kg)

	
Density, 15 °C (g/cm3)

	
Elemental Composition (wt.%)




	
C

	
H

	
N

	
S

	
Other






	
PET

	
28.2

	
0.087–0.9

	
62.1

	
4.21

	
-

	
-

	
33.7




	
HDPE

	
43.3

	
0.8–0.92

	
85.4

	
14.2

	
-

	
0.28

	
0.12




	
LDPE

	
40.6

	
0.77–0.8

	
85.4

	
14.2

	
-

	
0.25

	
0.15




	
PVC

	
21.8

	
0.84

	
39.2

	
4.9

	
-

	
0.58

	
55.3




	
PP

	
39.6

	
0.77–0.86

	
84.7

	
14.1

	
-

	
0.33

	
0.87




	
PS

	
41.5

	
0.85–0.86

	
91.5

	
7.4

	
-

	
0.19

	
0.91




	
Gasoline

	
42.5

	
0.78

	

	

	

	

	




	
Diesel

	
44

	
0.81

	
85.6

	
14.1

	
0.3

	
-

	
-
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Table 6. Literature review results of catalytic and non-catalytic plastics pyrolysis.
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Feedstock

	
Reactor

	
T (°C)

	
Catalyst

	
Yield (wt.%)

	
Ref.




	
Oil

	
Gas

	
Char






	
PP

	
-

	
450

	
TA-NZ

	
40

	
41.1

	
18.9

	
[28]




	
AA-NZ

	
54

	
26.1

	
19.9




	
-

	
300

	
-

	
69.82

	
28.84

	
1.34

	
[29]




	
Batch

	
380

	
-

	
80.1

	
6.6

	
13.3

	
[30]




	
CSTR

	
450

	
-

	
87

	
9

	
3

	
[31]




	
-

	
500

	
-

	
82.1

	
17.8

	
0.1

	
[32]




	
-

	
550

	
-

	
92

	
8

	
0

	
[33]




	
Batch

	
740

	
-

	
48.8

	
49.6

	
1.6

	
[34]




	
-

	
400

	
FCC

	
85

	
13

	
2

	
[35]




	
-

	
450

	
FCC

	
92.3

	
4.1

	
3.6

	
[36]




	
Batch

	
430

	
NZ

	
72.17

	
27.83

	
0

	
[37]




	
PVC

	
Fixed-bed

	
500

	
-

	
12.3

	
87.7

	
0

	
[24]




	
Fixed-bed

	
450

	
ZSM-5

	
60

	
35

	
5

	
[38]




	
PS

	
-

	
450

	
TA-NZ

	
70

	
14.2

	
15.8

	
[28]




	
AA-NZ

	
60

	
24.6

	
15.4




	
Batch

	
581

	
-

	
89.5

	
9.9

	
0.6

	
[34]




	
Fixed-bed

	
400

	
MgO

	
93

	
2

	
5

	
[35]




	
500

	
93

	
5

	
2




	
Batch

	
450

	
-

	
56

	
45

	
1

	
[39]




	
-

	
600

	
KOH

	
95.2

	
3.5

	
1.3

	
[40]




	
Batch

	
500

	
Zn

	
96.73

	
3.27

	
0

	
[41]




	
PET

	
-

	
400–500

	
-

	
26-28

	
-

	
-

	
[24]




	
Fixed-bed

	
500

	
-

	
39.89

	
52.13

	
7.98

	
[32]




	
-

	
450

	
-

	
18

	
33

	
49

	
[42]




	
LDPE

	
-

	
500

	
-

	
80.4

	
19.4

	
0.2

	
[30]




	
Batch

	
450

	
-

	
41

	
57

	
2

	
[33]




	
Fixed-bed

	
500

	
-

	
95

	
5

	
0

	
[43]




	
Fluidized-bed

	
600

	
-

	
51

	
24.2

	
0

	
[44]




	
Fixed-bed

	
550

	
HZSM5

	
93.4

	
6.4

	
0.2

	
[45]




	
Batch

	
550

	
HZSM5

	
93.1

	
14.6

	
0

	
[46]




	
-

	
550

	
-

	
80

	
20

	
0

	
[53]




	
HDPE

	
-

	
450

	
FCC

	
91.2

	
4.1

	
4.7

	
[41]




	
Batch

	
550

	
HZSM5

	
84.7

	
15.3

	
0

	
[46]




	
Fixed-bed

	
500

	
WCE

	
90

	
9

	
1

	
[47]




	
-

	
80

	
13

	
7




	
Fluidized-bed

	
650

	
-

	
68.5

	
31.5

	
0

	
[48]




	
Fixed-bed

	
500

	
MIL-53(Cu) Y zeolite

	
95.3

	
-

	
-

	
[49]




	
CSBR

	
500–900

	
-

	
14.7

	
84.5

	
0.8

	
[54]




	
PE

	
-

	
450

	
TA-NZ

	
40

	
47

	
13

	
[28]




	
-

	

	
AA-NZ

	
42

	
50.8

	
7.2




	
CSTR

	
450

	
-

	
85

	
10

	
5

	
[39]




	
PS/PE (50/50)

	
-

	
450

	
AA-NZ

	
52

	
29.2

	
18.8

	
[28]




	
PS/PP (50/50)

	
-

	

	
TA-NZ

	
54

	
25.7

	
20.3




	
PP/PE (50/50)

	
-

	

	
TA-NZ

	
44

	
44.6

	
11.4




	
PS/PE/PP (50/25/25)

	
-

	

	
TA-NZ

	
44

	
37

	
19




	
PS/PP/PE/PET (40/20/20/20)

	
-

	

	
AA-NZ

	
30

	
38.4

	
31.6




	
PP/PE/PS

	
Batch

	

	
-

	
46.6

	
35

	
2.2

	
[32]




	
LDPE/HDPE/PP

	
Fluidized-bed

	
650

	
Ziegler–Natta

	
89

	
6.5

	
4.5

	
[50]




	

	

	
-

	
48.4

	
36.9

	
15.7




	
PE-PP/PS (75/25)

	
Fluidized-bed

	
730

	
-

	
48.4

	
35

	
16.6

	
[51]




	
PE/PP/PS (50/40/10)

	
Batch

	
450–500

	
NZ

	
45.1

	
50

	
4.9

	
[52]
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Table 7. Characteristics of PP pyrolysis plant under study.
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	Days of Operation Per Year
	330





	Operating hours (h/d)
	24



	Feedstock
	Industrial PP



	PP input (t/day)
	606



	Temperature (°C)
	500



	Pressure (atm)
	1



	Pyrolysis oil production (t/day)
	521



	Pyrolysis gas production (t/day)
	84



	Pyrolysis char production (t/day)
	0.6
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Table 8. Initial investment for pyrolysis units of different capacities.
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	IF,X (M EUR)
	Capacity (T/Day)
	Year
	CEPCI
	IF,2022 (M€)
	Ref.





	1.17
	2.5
	2018
	603.1
	1.35
	[60]



	3.12
	40
	2019
	608
	3.34
	[61]



	26.1
	110
	2021
	640.6
	26.5
	[62]



	33.1
	120
	2018
	603.1
	35.8
	[63]



	8.07
	133
	2021
	640.6
	8.2
	[64]



	32.4
	876
	2019
	608
	34.7
	[65]



	102.9
	1000
	2021
	640.6
	104.6
	[66]
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Table 9. Overview of PP pyrolysis operating costs.
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Type of Cost

	
Cost Estimation

	
EUR/year






	
I. Production Costs




	
A. Direct Costs




	
i. Feedstock

	

	
35 × 106




	
ii. Labor

	

	
831,140




	
iii. Supervision

	
15% A(ii)

	
124,670




	
iv. Utilities

	
Scenario 1

	
6.28 × 106




	
Scenario 2

	
9.45 × 106




	
v. Maintenance

	
5% IF

	
2.3 × 106




	
vi. Materials

	
0.75% IF

	
344,210




	
vii. Lab costs

	
10% A(ii)

	
83,115




	
B. Fixed Costs




	
i. Insurance

	
1% IF

	
458,950




	
ii. Taxes

	
1% IF

	
458,950




	
C. Additional Costs

	
60% (A(ii)+A(iii)+A(v))

	
1.65 × 106




	
II. General Costs




	
A. Administration costs

	
5% A (ii)

	
41,560




	
B. Distribution costs

	
5% IF

	
2.29 × 106




	
Total Operating Costs C

	
Scenario 1

	
51.3 M€




	
Scenario 2

	
54.8 M€











[image: Table] 





Table 10. Labor costs calculation.
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	Days of Operation
	330





	Operation stages
	3



	Capacity (t/day)
	606



	Number of man-hours
	50,679



	Man-hour cost (€/hour, Greece)
	16.4



	Total Labor Costs (€/year)
	831,143
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Table 11. Calculation of PP pyrolysis energy requirements.
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Characteristics

	
Value

	
Ref.






	
Feedstock moisture (wt.%)

	
0.6

	
-




	
Feedstock quantity mPP,dry (kg/s)

	
6.97

	
-




	
Specific heat Cp,PP (kJ/kgK)

	
1.92

	
[73]




	
Tin (°C)

	
20

	
-




	
Tout (°C)

	
500

	
-




	
Water quantity mwater (kg/s)

	
0.04

	
-




	
hevap (kJ/kg)

	
2454

	
[74]




	
hw,20 (kJ/kg)

	
83.9

	
[75]




	
hw,500 (kJ/kg)

	
3488

	
[75]




	
Energy Requirements Q

	
6.67 MW
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Table 12. Utility costs for PP pyrolysis unit for scenarios 1 and 2.
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Type of Utility

	
Quantity

	
Cost (M€/year)






	
Electricity

	
5.6 GWh/year

	
0.73




	
Cooling water

	
2.6 Mm3/year

	
2.55




	
Shredding (electricity)

	

	
3




	
Natural Gas

	
Scenario 1

	
0

	
0




	
Scenario 2

	
6 Mm3/year

	
3.17




	
Total Utilities Cost

	
Scenario 1

	
6.28




	
Scenario 2

	
9.45
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Table 13. Total cash inflows of the PP pyrolysis unit.
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Product

	
Quantity (t/d)

	
Selling Price (€/t)

	
Cash Inflow (M€/year)

	
Source






	
Pyrolysis oil

	
521

	
652

	
112

	
[81,82]




	
Pyrolysis gas

	
Scenario 1

	
62

	
176

	
3.6

	
[83]




	
Scenario 2

	
84

	
176

	
4.89

	
[83]




	
Char

	
0.6

	
580

	
0.12

	
[84]




	
Total Cash Inflows S

	
Scenario 1

	
115.86 M€




	
Scenario 2

	
117.15 M€
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Table 14. Overview of the feasibility of the PP pyrolysis plant.






Table 14. Overview of the feasibility of the PP pyrolysis plant.





	

	
Scenario 1

	
Scenario 2






	
Capacity (t/year)

	
200,000




	
Investment (M€)

	
45.9




	
Operating costs (M€ /year)

	
51.3

	
54.8




	
Annual cash inflows (M€/year)

	
115.86

	
117.15




	
Net annual profit (M€/year)

	
37.3

	
36




	
R.O.I

	
81%

	
78%




	
P.O.T (years)

	
1.16

	
1.2
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