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Abstract

:

Organic and plastic waste (OPW) is diverted from landfills in order to lower carbon emissions. Nevertheless, modern pyrolysis techniques are frequently utilized in laboratories (using feedstocks that weigh less than 1 kg), which employ costly pure nitrogen gas (N2). This study developed a fast pyrolysis system to produce pyrolysis oil or liquid (PyOL) from OPW using flue gas as the pyrolysis agent. The added benefits included the efficient value-added chemical extractions and the non-thermal plasma reactor upgraded PyOL. OPW was also pyrolyzed at a pilot scale using flue gas fast pyrolysis in this study. In addition to lowering operational expenses associated with pure N2, flue gas reduced the lifecycle carbon emissions to create PyOL. The results indicated that considerable material agglomeration occurred during the OPW pyrolysis with an organic-to-plastic-waste (O/P) ratio of 30/70. Furthermore, the liquid yields were 5.2% and 5.5% when O/P was 100/0 (305 °C) and 99.5/0.5 (354 °C), respectively. The liquid yields also increased when polymers (polypropylene) were added, enhancing the aromatics. Two cases were employed to study their techno-economic feasibility: PyOL-based production and chemical-extraction plants. The mitigated CO2 from the redirected OPW and flue gas produced the highest revenue in terms of carbon credits. Moreover, the carbon price (from RM 100 to 150 per ton of CO2) was the most important factor impacting the economic viability in both cases. Plant capacities higher than 10,000 kg/h were economically viable for the PyOL-based plants, whereas capacities greater than 1000 kg/h were financially feasible for chemical-extraction plants. Overall, the study found that the pyrolysis of OPW in flue gas is a viable waste-to-energy technology. The low liquid yield is offset by the carbon credits that can be earned, making the process economically feasible.
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1. Introduction


The rapid urbanization and development of Malaysia have led to the production of 42 million tons of municipal solid waste (MSW) annually. Landfills receive about 74% of MSW, which contains 40 to 60% of food waste [1]. Approximately 1.8 million tons of plastic wastes are generated each year, where large plastic waste amounts are treated or converted using processes that harm the environment. In 2019, Malaysian factories processed plastic waste without the necessary permits or environmental controls. These plastic wastes were sometimes left unutilized as factories were closed [2].



Although Malaysian economic growth is improving, MSW mismanagement is worsening and 35% of Malaysians in rural areas are still living in poverty [3]. Those who fall under urban poor category could be even higher, depending on the poverty estimation methodology [4,5]. Malaysia generates an estimated 30,000 tons of MSW daily, which could increase to 43,000 tons by 2025. Most of Malaysia’s MSW in landfills is a major environmental concern, as greenhouse gas (methane) is 25 times more potent than carbon dioxide. Both organic and plastic wastes (OPW) are included in MSW, composed of carbon-based materials utilized as feedstock to create petroleum products (liquid or pyrolysis oil).



Pyrolysis converts feedstock to liquid oil at a temperature of 300 to 600 °C in an oxygen-deficient (or low-oxygen) environment [6,7]. This process has the potential to substitute and minimizes the amount of crude oil derived from fossil sources while recovering and reducing OPW and diverting it from landfills. Pyrolysis oil consists of a complex mixture of chemical compounds, including oxygen-containing organic compounds derived from OPW. Meanwhile, biomass-based pyrolysis oil comprises cellulose, hemicellulose, and lignin components, which produce organic acids, alcohols, aldehydes, esters, phenols, ketones, and dehydrated carbohydrates [8]. Formic acid, furfural, phenol, and guaiacol are among the important chemicals that are recovered from the produced pyrolysis oil or liquid (PyOL), and their shelf prices are approximately RM 70 to 96, 56 to 303, 125 to 437 RM/L [8,9,10,11,12,13,14]. Table 1 lists the application of each chemical extracted from pyrolysis oil and its function.



Generally, the produced PyOL from agricultural wastes or lignocellulosic-based materials is not directly utilized as fuels due to several factors, including high oxygen and low energy contents [15,16]. A study by Sommani et al. reported the liquid fuel synthesis by cracking using vegetable oil (UVO/WCO) mixed with polypropylene (PP) waste, whose activated carbon was applied as a catalyst to increase the quality of the PyOL [17]. The tests were conducted in a batch reactor with a constant hydrogen pressure of 0.1 MPa. Thus, liquid fuels, such as naphthalene and gas oils, were successfully synthesized with activated carbon in the study. A UVO:PP waste ratio of 30:70 obtained the highest total liquid hydrocarbon yield of 80 wt% with selected conditions. These conditions included an activated carbon to raw material ratio of 2.5 wt%, a reaction temperature of 430 °C, and a reaction time of 30 min [17]. These conventional acid–alkali catalytic reactions also required a lengthy reaction period and numerous separation procedures [18]. Hence, the PyOL quality was improved using a novel plasma reactor to replace the traditional approach [15]. Atoms and molecules were also ionized in non-thermal plasma (NTP), producing radicals and excited species and altering the chemical bonds in the exposed matter [19,20].



This study aimed to develop a waste-to-energy fast pyrolysis system for converting OPW into PyOL, which was further applied as biofuels or value-added chemicals. Following previous studies, most pyrolysis laboratory tests were conducted using pure nitrogen (N2) or N2 mixed with a little oxygen (O2), feedstocks weighing less than 1 kg, and low heating rates of 20 °C min−1 [21,22,23]. Nevertheless, these small-scale laboratory tests did not indicate the scalability and economic viability of the pyrolysis process. Therefore, oxidative pyrolysis was performed in this study using a combination of air and flue gas for an oxygen-deficient environment. The PyOL properties were also enhanced in this study using an NTP reactor. Finally, a techno-economic feasibility (TEF) analysis was conducted to ascertain the economic viability of a commercial OPW pyrolysis plant for various processing capacities.




2. Methodology


This study aimed to evaluate the TEF (PyOL-based organic and plastic wastes) of a pilot plant in Malaysia. As oxidative pyrolysis used less energy to reach the pyrolysis temperature, using oxidative pyrolysis rather than pure N2 pyrolysis produced significant flue gas savings. Conversely, the drawback of this method was lower liquid yield. Meanwhile, the pilot-scale pyrolysis system provided the information for this study has several limitations [24]. These limitations included underestimating the raw material or energy costs and overestimating the product or service demands, which caused inaccurate profitability estimates. Changing policy and market conditions also impacted the assumptions made.



2.1. Oxidative Pyrolysis of OPW


Instead of using pure N2 for pyrolysis, oxidative pyrolysis was applied, where non-oxidative thermal degradation and heterogeneous oxidation occurred simultaneously [24]. This process was performed using air with flue gas for OPW pyrolysis. Exothermic reactions require oxygen from the air, generating heat for the endothermic pyrolysis reactions. Unlike laboratory studies, the heat for the pyrolysis process is caused by electrical heaters that are not economically viable.



Flue gas has a temperature of between 150 and 200 °C, which is generated by power plants or combustion processes. This gas is an untapped heat source for oxidative pyrolysis, which lowers operational costs and pure N2 consumption [25,26]. A local supplier set the price of N2 at USD 36 per kg (December 2021) or RM 6 per m3 (January 2022) [27]. Approximately 79% of flue gas is N2, 14% is CO2, and 7% is O2. Compared to N2-based pyrolysis, oxidative pyrolysis is anticipated to produce a higher gas output [28]. For example, the waste-to-energy system utilizing pyrolysis of food waste assisted with CO2 has increased CO generation. When CO2 is used during the pyrolysis of plastics, the formation of polyaromatic hydrocarbons (PAH) and acidic chemicals are reduced compared to N2-based pyrolysis [29,30]. This outcome is due to CO2 hindering the aromatization and cyclization reactions while accelerating the thermal cracking of volatiles during pyrolysis. In addition, CO2-assisted pyrolysis improves thermal efficiency, increases the breakdown and rearrangement of volatile products, and inhibits the reactivity of volatile organic compounds with gas [31,32].




2.2. Lifecycle Assessment (LCA) of the Pyrolysis System and Mitigated CO2


The CO2 emission factors for a linear economy were collected from several studies where MSW was in a landfill, while chemicals were manufactured using fossil fuels (conventional routes). Furthermore, the CO2 emissions per kg were compared to a circular economy-based scenario in which landfill-based MSW produced PyOL (extracted chemicals). For every 2500 tons of MSW, 3117 tons of CO2 emissions were recorded daily based on the Bukit Beringin Landfill estimates in 2015 [33]. This observation amounted to 1.25 kg of CO2 per kg of MSW. The “Our World in Data” database contained carbon emission data related to food production [34]. Consequently, shrimp, fish food, chicken meat, and beef produced 27, 14, 10, and 100 kg of CO2 per kg of MSW, respectively. The CO2 emission also reported high-value chemical production, ranging between 4 and 5 kg of CO2 per kg of MSW using conventional and methane-based methods [35].




2.3. TEF Study for a Commercial Pyrolysis Plant


A TEF study assessed the potential of establishing a commercial pyrolysis plant that generated value-added chemicals. This study was evaluated by sending survey forms to potential pyrolysis oil off-takers, involving BASF, PETRONAS Research Sdn. Bhd., Alam Flora, Jengka Advanced Renewable Energy Plant (JAREP), and other chemical companies (see Figure 1). Three of the five comments concerned capital, collection, and operating costs.



Academics from Curtin University and Manchester University, United Kingdom, conducting TEF studies on industry-based pyrolysis were consulted in this study. Figure 2 portrays the overall process of performing the TEF studies. Capital expense data were sourced from Fivga et al.’s study, which estimated the costs of waste plastic pyrolysis, material balances, energy needs, and utilities using process simulation software (Aspen HYSYS v8.6) [36].



Figure 3 illustrates the formic acid, furfural, and phenol extraction methods [10,32,37]. Although the capital expenditures for extracting these compounds were unknown, the average capacity and recent investment values in crude oil-to-chemicals (COTC) plants were utilized instead [38]. The average capital cost was estimated to be RM 2722 per ton of PyOL based on the investment lists and capacities of COTC plants (see Figure 4).



The TEF analysis was performed for pyrolysis plants handling MSW values of 20, 100, 1000, and 10,000 kg/h in response to Fivga et al.’s study [36]. According to a Malaysian Performance Management and Delivery Unit study, the waste collection cost was approximately RM 150 per ton daily [39]. The waste collection cost was lowered to meet each collector’s minimum wage (RM 1500 monthly). Therefore, these costs were reduced from RM 300 ton/day to RM 275, 150, and 100 ton/day for plant capacities of 20, 100, 1000, and 10,000 kg/h, respectively.



The pyrolysis plant data using flue gas as a pyrolysis agent and OPW as feedstock were not readily available. Thus, additional feasibility data were estimated using techno-economic analysis of pyrolysis plants employing woody biomass, rice husks, or plastics as feedstock. These data were obtained from institutions like the National Renewable Energy Laboratory (NREL) [40,41]. The pyrolysis fuel production cost for various plant capacities was then evaluated according to Fivga et al.’s study [36]. Meanwhile, studies by Wright [40], Jahirul [42] and Islam [43] provided the operating breakdown costs for labor, operation, and maintenance (OM) of the proposed pyrolysis plants with an annual operational time of 7008 h/yr. The OM cost involved clearing pipe blockages, repairing conveyors, compressors, and air distribution plates, maintaining pyrolysis agent systems, fixing pipe leaks, and a one-time payment for overhauling major equipment (heating system and large material handling equipment).



The total operational costs increased with plant capacity due to rising energy costs and the demand for consumables, such as liquid petroleum gas (LPG), to heat the reactor. In contrast, the operational costs per kg of OPW decreased when the labor costs did not increase linearly with plant capacity. The operating cost was hypothetically lower than plants that employed pure N2 as the pyrolysis agent. Although the proposed pyrolysis plant utilized flue gas for fluidization and pyrolysis processes, additional pumps and pipe insulations were necessary to raise the pressure while maintaining the temperature.



For plants with capacities of 1000 and 10,000 kg/h, using flue gas at an average temperature of 150 °C for heating the reactor to 350 °C decreased LPG consumption by between RM 40,009 and 400,098 annually. Interestingly, this flue gas-based process also prevented and reduced the CO2 released into the atmosphere. Depending on the implementation of a domestic carbon trading mechanism and the carbon price (RM 35 to 150 per ton of CO2), the flue gas fast pyrolysis system provided additional revenue if other carbon-emitting companies purchased carbon credits from the carbon offset of the pyrolysis system [44].



The expected capital, OM expenditures, and revenue for two case studies were considered in the TEF analysis. The first case study demonstrated the PyOL as the sole product, which the PyOL costing approximately RM 0.60 per kg based on a local PyOL manufacturing company survey. Likewise, the pyrolysis technology used in this study yielded a 5% PyOL. A higher yield was also possible (20 to 30%) with low condensation temperatures (10 to −10 °C). Nonetheless, the low condensation temperature was assumed to be unavailable in the commercial plant owing to the high capital investment needed, producing lower PyOL due to the limitation of energy consumption. The second case study reported the chemical extractions of formic acid, furfural, and phenol from PyOLs through processes presented in several studies [10,32,37]. These studies provided the estimated chemical yields with the estimated minimum value prices (obtained from the Chemical Book and Sigma-Aldrich or Merck websites) [45,46]. Hence, the values reported are presented as follows:




	
Yield of furfural: 1.0%, at RM 303/kg



	
Yield of formic acid: 8.4%, at RM 96/kg



	
Yield of phenol: 4.1%, at RM 437/kg








The specific unit pricing (expressed in RM/L) increased with order volume. Thus, the specific unit price for phenol, furfural, and formic acid was averaged over quantities ranging from 1 to 25 kg (or 1 to 25 L). The profitability per year (PF) was calculated as the total annual income minus the total yearly operating, maintenance, and utility costs (PF). Similarly, the actual cash flow per year (CFn) for Year n was calculated by multiplying PF with a present value factor (PVn) and a discount factor r of 8%. Therefore, the actual PF declines over time is as follows:


CFn = PF × PVn



(1)







Since the construction and commissioning were supposed to take two years and the capital investment (CI) was set at Year n (where n = 0, 1, 2, …), Years 1 and 2 demonstrated no cash flow. From Years 3 to 8, the PV value decreased from 0.7938 (PV3) to 0.5403 (PV8). Subsequently, the net present value (NPV) and internal rate of return (IRR) for each scenario are calculated as follows:


  N P V =   ∑  n = o   8        C F   n       ( 1 + I R R )   n        



(2)







The   N P V   is set to null to determine the IRR.





3. LCA of Carbon Emissions for Pyrolysis and Chemical Production Plant


From the lifecycle assessment (LCA), the maximum possible total CO2 emissions from the production of food, chemicals, and MSW from landfills is 19.25 kg CO2 per kg of material, as shown in Figure 5. By utilizing MSW from landfills, the amount of CO2 that is reduced is equivalent to the amount emitted per kg of MSW (−1.25 kg CO2/kg MSW). The pyrolysis reactor emits 12% CO2, with a gas yield of 72% and total flow rate of 22 kg/h (20 kg/h of MSW + 2 kg/h of pyrolysis agent), and the carbon emission from the fluidized bed is estimated at 2.06 kg/h of CO2 or 0.10 kg CO2/kg MSW. These data are based on experimental results from the pilot-scale trials.



When 0.012 kg of CO2/kg MSW was divided by 0.048 kg of chemical/kg MSW, 2.5 kg of CO2/kg chemical was estimated as the chemical-extracted PyOL emission. By contrast, the LCA did not include the CO2 quantity of CO2 emitted per kg chemical. This outcome was observed due to the CO2 utilization in the pyrolysis process for the industry. If the LCA was based on the weight of the substances, the chemical reduction generated via fossil fuels would significantly reduce CO2 emissions. Thus, the decline was as much as −4 kg of CO2/kg chemical (mean value). On average, 0.04 kg of chemicals were predicted to be produced from each kg of pyrolysis oil. Therefore, the CO2 amount mitigated by chemicals from PyO was insignificant at −0.01 kg of CO2/kg MSW.



According to estimates, the total mitigated CO2 was −1.00 kg of CO2/kg MSW, which resulted in lifecycle emissions of 13.79 kg of CO2 per kg of material (a reduction of 5.46 kg CO2 per kg of material). For the extraction of formic acid, furfural, and phenol, grid emission factors estimated the carbon emissions from the COTC plant or chemical-extraction procedures [10,32,37]. Using a flue gas fast pyrolysis system could offset indirect CO2 emissions from the chemical-extraction process (from the supply chain), thus lowering the carbon footprint. Nevertheless, only point emissions were considered in this study.



The MSW removal from landfills generated the highest saved CO2 amount (see Figure 6). This value was even larger if indirect emissions related to changes in land use and landfill leachates were considered. Figure 5 and Figure 6 present the gross estimations reported in the literature and the comparisons of numerous methods and models, respectively. Thus, an accurate and comprehensive assessment of the LCA was demonstrated, which was vital for further evaluation [47,48].




4. TEF Study of Commercial Pyrolysis Oil/Liquid and Chemical-Extraction Plant


Table 2 tabulates the labor cost breakdown for the first PyOL production case study, while Table 3 provides a breakdown of costs for waste collection, operation, maintenance, and utilities. Table 4 lists the PyOL revenue and the averted carbon. Based on data from a local company employing a rotary kiln to produce PyOL at a rate of 15 tons per day, the PyOL cost was RM 0.60 per kg.



Table 5 displays the estimated capital costs for various plant capacities for the second chemical manufacturing case study from PyOL. These values were based on the investment amount for COTC plants published by the IHS market, in which the plant capital expense was RM 2722 per ton [50]. The chemical operational cost, power consumption, yield, and price are also provided in Table 6.



Depending on the carbon price and the tipping fee, the first case study (PyOL production) indicated positive cash flows for the 10,000 kg/h plant (see Figure 7). The IRR was 41% when the carbon price was RM 150 per ton of CO2, which was reduced to 0% at RM 50 per ton of CO2. Subsequently, the IRR was 4% when the carbon price was RM 50 per ton of CO2, with the daily tipping fee of RM 120 per ton MSW. Intriguingly, the IRR was still 4% when there were no carbon prices alongside a daily tipping fee of RM 120 RM per ton MSW. The cash flow was negative for the remaining plant capacities.



Figure 8 shows that for the second case study (chemical extraction from PyOL), there are positive cash flows for the 1000 and 10,000 kg/h plants for carbon prices of RM 35 to 150 per ton CO2. The internal rate of return is 1 to 7% for the 1000 kg/h system, and 21 to 26% for the 10,000 kg/h plant, for carbon prices of RM 35 to 150 per ton CO2.



For the second case study (chemical extraction from PyOL) as shown in Figure 9, the carbon prices ranged from RM 35 to 150 per ton of CO2, and positive cash flows were recorded for the 1000 and 10,000 kg/h plants. Similarly, the IRR were from 1 to 7% and 21 to 26% for the 1000 kg/h and 10,000 kg/h plants, respectively.



Compared to the PyOL-based production plant, the revenue from the chemicals outweighed all other costs of the chemical-extraction plant (excluding the capital costs). Conversely, these figures were indicative and were subject to change based on the supply-and-demand dynamics. The TEF template in this study could be applied to future similar investigations. The assumptions and models employed in this study revealed that Malaysia was increasingly using pyrolysis plants as a more sustainable approach to managing waste-to-energy system while producing electricity. Therefore, pyrolysis facilities were viewed as a key technology in reducing the waste quantity sent to landfills by 30% in 2025.




5. Conclusions


In conclusion, this paper has shown that it is economically feasible to use a waste-to-energy system to produce PyOL from OPW using flue gas as the pyrolysis agent. The flue gas fast pyrolysis system of OPW in a fluidized bed shows that the liquid yield is between 5.2 and 5.5% under the operating conditions of 100/0 (305 °C) and 99.5/0.5 (354 °C), respectively. This low liquid yield shows that it is still economically viable based on the carbon credits obtained by mitigating the carbon emissions from OPW in the landfills and the carbon in the flue gas. There are positive cash flows for the 1000 and 10,000 kg/h plants for carbon prices of RM 35 to 150 per ton CO2. Meanwhile, the internal rate of return is 1 to 7% for the 1000 kg/h system and 21 to 26% for the 10,000 kg/h plant. This paper has shown that the economic viability of the fast pyrolysis system in developing countries depends on a number of factors, including the cost of the pyrolysis plant, the cost of the feedstock, and the revenue from the sale of pyrolysis products. The development of pyrolysis plants in Malaysia can help to reduce the amount of OPW that ends up in landfills or the environment. It can also create employment opportunities and generate revenue for local communities. This paper has presented key factors that affect the development of pyrolysis plants by analyzing the detailed techno-economic feasibility and serve as a model for other developing countries to address the challenges of waste management and climate change.
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Figure 1. Potential off-takers of technology. 
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Figure 2. Methodology for techno-economic feasibility studies [36]. 
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Figure 3. Extraction methods for formic acid, phenol, and furfural. 
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Figure 4. List of crude oil-to-chemicals (COTC) plant investment and capacities [39]. 
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Figure 5. Estimated lifecycle CO2 emissions for (a) a linear economy where municipal solid waste is dumped in landfill ‡—[33] *—[34] +—[35], (b) a circular economy where organic waste is pyrolyzed to produce chemicals [29]. 
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Figure 6. The avoided CO2 amount using flue gas and MSW for the pyrolysis plant alongside the CO2 emissions estimated using the grid emission factor [33]. 
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Figure 7. (a) Discounted cash flows per year for different plant capacities, carbon price, and tipping fee for pyrolysis liquid only. (b) Internal rate of return and different carbon price and tipping fee for pyrolysis liquid only. 
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Figure 8. (a) Discounted cash flows per year for different plant capacities, carbon price, and tipping fee for chemical extraction from pyrolysis liquid. (b) Internal rate of return and different carbon prices for chemical extraction from pyrolysis liquid. 
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Figure 9. Breakdown of costs for 10,000 kg/h chemical-extraction plant and PyOL-based plant. 
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Table 1. Extractable chemicals from pyrolysis oil and their function.
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	Extractables
	Function
	Bulk/Cost (USD/ton)
	Estimated Shelf Cost (RM/Liter) [4]





	Formic acid
	
	
Preservative and antibacterial agent in livestock feed.



	
To process organic latex (sap) into raw rubber.





	44 [1]
	70–96



	Furfural
	
	
Solvent for the extraction of aromatics.



	
As a transportation fuel, jet fuel, gasoline additive, soil enhancer, and organic fertilizer.





	900–2000 [2]
	56–303



	Phenol
	
	
Additive for products to promote hardening, used in paints and varnishes, plastics, etc.



	
Type of pesticide used to destroy or inhibit the growth of disease-causing mechanisms.





	840 [3]
	125–437










 





Table 2. Summary of the labor cost breakdown for a commercial OPW co-pyrolysis plant.
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	Organic and Plastic Waste Capacity (kg/h)
	20
	100
	1000
	10,000



	Capital costs (RM mil)
	2.28
	2.52
	7.20
	13.20



	Management, production (RM/yr)
	100,000.00
	100,000.00
	100,000.00
	100,000.00



	Number of engineers
	-
	-
	-
	1



	Mean salary of engineers (RM/month)
	-
	-
	-
	8333.33



	Engineers, production (RM/yr)
	-
	-
	-
	173,286.21



	Engineers, maintenance (RM/yr)
	-
	-
	-
	173,286.21



	Number of operators and technicians
	2
	4
	6
	8



	Mean salary operators and technicians (RM/month)
	4166.67
	4166.67
	4166.67
	2083.33



	Operators and technicians, production (RM/yr)
	50,000.00
	50,000.00
	50,000.00
	50,000.00



	Operators and technicians, maintenance (RM/yr)
	50,000.00
	50,000.00
	50,000.00
	50,000.00



	Number of executives
	1
	1
	1
	2



	Mean salary of executives (RM/month)
	2500.00
	2500.00
	2500.00
	2500.00



	Executive (RM/yr)
	30,000.00
	30,000.00
	44,362.73
	103,971.73



	Total Labor Costs
	62,000.00
	620,000.00
	1,073,202.44
	2,009,031.75










 





Table 3. Summary of the waste collection, operational, maintenance, and utility costs concerning plant capacity. Breakdown of labor, collection, OM costs (pyrolysis liquid only).
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	Organic and Plastic Waste Capacity (kg/h)
	20
	100
	1000
	10,000



	Waste collection costs (RM/ton/day)
	300
	275
	150
	100



	Amount of waste (tons/day)
	0.24
	1.20
	12.00
	120.00



	Number of collectors (staff)
	1.00
	5.00
	25.00
	180.00



	Mean cost of collectors (RM/month)
	1752.00
	1606.00
	1752.00
	1622.22



	Total Collection Costs (RM/yr)
	21,024.00
	96,360.00
	525,600.00
	3,504,000.00



	Clear blockage (RM/yr)
	5000.00
	7500.00
	20,000.00
	40,000.00



	Repair conveyer (RM/yr)
	50,000.00
	75,000.00
	200,000.00
	400,000.00



	Maintenance of pyrolyzing agent systems (RM/yr)
	25,000.00
	37,500.00
	100,000.00
	200,000.00



	Repair compressor (RM/yr)
	25,000.00
	37,500.00
	100,000.00
	200,000.00



	Repair fluidized bed and auxiliary equipment (RM/yr)
	25,000.00
	37,500.00
	100,000.00
	200,000.00



	Repair leakages (RM/yr)
	20,000.00
	30,000.00
	80,000.00
	160,000.00



	Major equipment overhaul (RM/yr)
	100,000.00
	150,000.00
	400,000.00
	800,000.00



	Total Maintenance Costs (RM/yr)
	250,000.00
	375,000.00
	1,000,000.00
	2,000,000.00



	Organic and Plastic Waste Capacity (kg/h)
	20
	100
	1000
	10,000



	Power consumption (RM/yr)
	72,829.27
	109,243.91
	291,317.09
	582,634.18



	For heating up reactor (RM/yr)
	1391.65
	6958.23
	69,582.30
	695,822.96



	Total Utilities Costs (RM/yr)
	74,220.92
	116,202.14
	360,899.39
	1,278,457.14










 





Table 4. Summary of the revenue from pyrolysis and carbon credit. Breakdown of revenue from pyrolysis liquid and carbon credit.
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Organic and Plastic Waste Capacity (kg/h)

	
20

	
100

	
1000

	
10,000




	
Carbon price (RM/ton CO2)

	
50 to 150 (proposed by Penang Institute in 2019)




	
CO2 mitigated from landfill (kg CO2/kg MSW)

	
1.25 [33]




	
CO2 mitigated from landfill (ton CO2/yr)

	
140

	
701

	
7008

	
70,080




	
Flue gas flow rate (kg/h)

	
10

	
50

	
500

	
5000




	
Average CO2 content in flue gas (%)

	
12 (based on power plant values)




	
CO2 mitigated from flue gas (ton CO2/yr)

	
8

	
42

	
420

	
4205




	
Power consumption, including OPW prep. (kW)

	
21

	
31

	
42 *

	
83




	
Grid emission factor (kg CO2/kWh)

	
0.57 [33]




	
Grid emission per year (ton CO2/yr)

	
83

	
125

	
166

	
332




	
Net CO2 mitigated (ton CO2/yr)

	
101

	
794

	
9014

	
91,473




	
Yield of pyrolysis oil (%)

	
5 (based on exp. in this project published in [49])




	
Selling price of pyrolysis oil (RM/kg)

	
0.60 [based on information from local company, 2022]




	
Tipping fees for pyrolysis plant (RM/ton/day)

	
0 to 250 [39]








* similar to local company, 1250 kg/h pyrolysis plant.













 





Table 5. Summary of the estimated capital costs for the chemical-extraction plant. With value-added chemicals extracted from pyrolysis oil.
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	Capacity (kg/h)
	20
	100
	1000
	10,000





	Capital cost (RM million) *
	2.66
	4.43
	26.28
	203.97







* Based on min. shelf price, obtained from Sigma-Aldrich (Petaling Jaya, Malaysia) and Chemical Book.













 





Table 6. Summary of the yield, power consumption, emission factors, and price of chemicals. With value-added chemicals extracted from pyrolysis oil.
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Capacity (kg/h)

	
20

	
100

	
1000

	
10,000






	
Total operating costs annually (RM/yr)

	
993,732

	
1,504,537

	
5,238,353

	
17,847,238




	
Power consumption, including OPW prep. and chemical extraction (kW)

	
41

	
62

	
166

	
332




	
Net CO2 mitigated (ton CO2/yr)

	
18

	
669

	
8516

	
90,476




	
Yield, liquid (kg/kg waste)

	
0.05 (based on exp. in this study)




	
Yield, formic acid (kg/kg waste)

	
0.084 [37]




	
Yield, furfural (kg/kg waste)

	
0.010 [29]




	
Yield, phenol (kg/kg waste)

	
0.041 [32]




	
Price of formic acid (RM/kg)

	
96 *




	
Price of furfural (RM/kg)

	
303 *




	
Price of phenol (RM/kg)

	
437 *








* Based on min. shelf price, obtained from Sigma-Aldrich and Chemical Book.
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