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Abstract: A circular economy approach that optimises materials and resources needs to be promoted to rural
communities, especially in watersheds to the coast. Community-based plastic waste cleanup activities in rural areas
can help reduce the vulnerability of plastic waste entering rivers to the sea. This study uses break-even point analysis
to determine the break-even value in the Production of Fuel Oil from Plastic Waste at the Banjarnegara Waste Bank
(BSB), also in terms of the environmental impact of the whole life cycle of a product produced by the business using a
Life Cycle Assessment (LCA). BSB is an industry in Banjarnegara Regency, Indonesia, which specializes in the pyrolysis
of fuel oil derived from plastic waste. BSB has never calculated the economic value of producing Fuel Oil from Plastic
Waste. BSB relies exclusively on production based on social activities driven by environmental management, so the
profits cannot be calculated. BSB management's income fluctuates because the break-even point for producing fuel oil
from plastic waste is still being determined. The findings indicated that the annual cost for refining Fuel Oil from Plastic
Waste in BSB amounted to Rp. 248,265,025 rupiah. Although the most significant contribution of environmental impact
is terrestrial Acidification, followed by ocean eutrophication, stratospheric ozone depletion, water consumption, and
ionising radiation, BSB's generation 5 pyrolysis innovation can suppress the adverse effects of the pyrolysis process,
which involves high heat and pressure, the presence of waste, and water use.
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1. Introduction

Many experts argue that activities that move towards circularity should be initiated using an economic
approach that maximises the use of materials and resources. Other strategies, such as large-scale recycling,
are based on sustainable production practices. This method is organised in a way that ensures
environmentally conscious communities carry out massive cleanup efforts [1, 2, 3].
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The underprivileged are frequently the most susceptible to climate change. Improved version: There are
several contributing factors to waste in our oceans. As urban centers grow, the amount of garbage produced
increases in the absence of effective waste management systems [4]. Inadequate plastic management poses
increasing risks to land and sea wildlife, global environmental health, and human livelihoods. These
dangers are well-documented within ecological systems, highlighting the long-term threats posed by
persistent plastic pollution to wildlife worldwide [5]. Developed countries also often export their waste to
developing nations and must be equipped to manage it properly. Inadequate waste management methods,
such as incineration or burial of refuse, are likewise associated with a requirement for increased educational
efforts [6].

Additionally, the location of communities along rivers and coastlines can result in waste accumulating in
the sea. In the natural surroundings, plastic waste breaks down into tiny microplastic particles measuring
less than 5 mm [7]. These minuscule particles, due to their small size, long-lasting nature, and widespread
prevalence, can be readily scattered, assimilated into ecosystems, and find their way into the human body.
Researchers [8] successfully identified microplastics in the stool samples and everyday items collected from
a fishing community residing in the coastal regions of Indonesia. Microplastics were found in human feces,
indicating unintentional consumption from various origins. [9]. Community-based cleanup projects in
rural areas can mitigate the volume of plastic waste that enters rivers and oceans. By engaging and
educating local communities about the harmful effects of plastic pollution, we can create positive
environmental outcomes while enhancing these communities' well-being. However, this vulnerability also
presents an inherent incentive. Residents of these communities must directly profit from the cleanup
efforts. Projects offering supplementary benefits, such as training, secure working environments, and
financial incentives for handling waste, further enhance the community's ability to engage in sustainability
initiatives [10, 11, 12].

The industry producing fuel oil from plastic waste has vast potential for development in Indonesia. Plastic
waste has become a widely debated environmental issue in the era of globalization. Nearly all sectors of
society have come to acknowledge the hazards of environmental damage, including the pollution caused
by the accumulation of waste from daily human activities [13]. These plastic residues pose a notable and
adverse environmental impact, damaging soil characteristics, negatively impacting soil microorganisms,
and potentially infiltrating the human food chain (Salama and Geyer, 2023). The increasing production of
plastics for various purposes has led to significant waste collection. The distribution of plastic waste is
closely linked to the size of the human population. Pyrolysis of plastic waste fuel oil technology has the
potential to utilize local and site-specific resources, providing economic benefits and job creation [15].

Additionally, it can support the productivity of the agricultural sector (by powering agrarian machinery),
fisheries sector (by powering fishing boats), and small industry sector (including farm women groups and
food MSMEs). However, regulatory inadequacies hinder the adoption of the pyrolysis process for
converting plastic waste into fuel oil in Indonesia. This pyrolysis process will undoubtedly impact the
environment, such as air, soil, and water quality changes. To reduce pollution and environmental impacts
caused during fuel production, the proper method to analyze is the Life Cycle Assessment (LCA) method
[16]. The objective of this analysis is to assess the ecological load resulting from an inventory analysis of
resource utilization, fuel consumption, energy consumption, water usage, and other factors in order to
determine the environmental consequences. Then, an investigation will be carried out using different
alternative LCAs to reduce the effect caused[17, 18, 19, 20, 21]. Implementing circular economy principles
can be one potential set of mitigation strategies [22].

Empirical evidence from Bank Sampah Banjarnegara (BSB) demonstrates the capacity of local communities
to convert plastic waste into fuel oil. Under Article 17, Paragraph (1) of the Waste Management Law, a
permit is mandatory for waste management. Bank Sampah Banjarnegara plays a crucial role in converting



plastic waste into valuable products, notably fuel oil. Challenges arise when the finished product, fuel oil,
is subject to Article 54 of the Oil and Gas Law. While waste reduction involves limiting the generation of
waste, the objective of the Waste Management Law (Article 20 Paragraph (1)) is to promote waste recycling
and reusing. The responsibilities of the government and local authorities concerning converting plastic
waste into fuel oil, per the Waste Management Law, are extensive. These include establishing targets,
promoting eco-friendly technologies, and developing products that are advantageous to the community
and can be commercialized to ensure regional energy self-sufficiency (Article 19 Paragraph (2) B of the Oil
and Gas Law).

Regulations governing the conversion of plastic waste into diesel fuel oil are stipulated in specific
legislation, namely, the Oil and Gas Law of 2001 (Law Number 22), which addresses matters related to oil
and gas. The fundamental premise underpinning the Oil and Gas Law revolves around the strategic nature
of oil and gas as non-renewable resources, which are under state control and play a significant role in the
national economy. The management of these resources should facilitate the prosperity and welfare of the
people. Indonesia's oil and gas business sector generates genuine value addition and supports sustainable,
long-term economic growth [23]. Considerations from both national and international perspectives
regarding changes in legislation surrounding oil and gas mining aim to establish oil and gas business
operations that are autonomous, dependable, open, competitive, efficient, and eco-friendly while also
stimulating the development of local potential and accountability. Due to the strategic significance of oil as
a non-renewable natural resource, its management authority lies with the state [24] as stated in Article 33,
Paragraphs 2 and 3 of the 1945 Constitution, "The land, water and natural resources shall be under the
state's control and utilised for the people's greatest prosperity. The state is responsible for controlling the
production sectors that are crucial and have an impact on people's livelihood." Indonesia's o0il regulation
policy is based on the principles of social-ecological justice. Social justice entails access to welfare in a
societal framework, establishing the foundation for ecological justice implementation. To preserve critical
natural capital for human interest, a socially and ecologically just society is required; as per Andrew
Dobson [25], the linkage between social justice and environmental justice is that social justice has a function
in supporting the maintenance and sustainability of development. Specifically, social justice combats
poverty, which, in turn, positively affects the environment and increases its sustainability [26].

The responsibility of the government or local authorities in waste management is to aid in the
implementation of locally-specific technologies developed by communities to manage and diminish waste
(Article 6 Point f, Waste Management Law). Bank Sampah Banjarnegara (BSB) presents empirical evidence
depicting community groups' ability to convert plastic waste into fuel oil. Budi Trisno Aji, the Chairman of
BSB, created a tool that effectively processes plastic waste into fuel oil. Under Article 17 Paragraph (1) of
the Waste Management Law, a license is necessary for waste management. Bank Sampah Banjarnegara is
licensed to convert plastic waste into fuel oil, a helpful product. However, challenges arise when
distributing the processed fuel oil to the Banjarnegara Regency community due to criminal consequences
outlined in Article 54 of the Oil and Gas Law for fuel oil counterfeiting and imitation.

The Banjarnegara Regency Government has the authority to determine management policies and strategies
based on national and provincial policies, to organise waste management at the district/city level by norms,
standards, procedures and criteria set by other parties, to locate temporary shelters, integrated waste
management sites and final treatment sites, to conduct regular monitoring and evaluation every 6 (six)
months for 20 (twenty) years of closed open dump absolute treatment sites, and to establish and organise
a waste management emergency response system by its authority (Article 9 of the Waste Management
Law). The Banjarnegara Regency Government assists BSB in obtaining a permit to process, distribute, and
use fuel oil processed from plastic waste. The government is committed to waste reduction, including
curbing waste generation and recycling and reusing waste, as stipulated in Article 20, Paragraph (1) of the
Waste Management Law. Considering the provisions regarding regional government waste management



obligations, the Banjarnegara Regency Government is obliged to support the conversion of plastic waste
into fuel oil. This support includes goal setting, assistance with implementing environmentally friendly
technologies and promoting responsible marketing of processed products, all aimed at realising the goal
of eliminating plastic waste and promoting energy self-sufficiency in the region. (as outlined in Article 19,
Paragraph (2) B of the Oil and Gas Law).

Bank Sampah Banjarnegara is a community located in a regency of Central Java Province, which has
excellent potential for developing a pyrolysis business of fuel oil from plastic waste with the advantage of
the availability of garbage in urban areas. Environmental sustainability is a significant concern due to the
substantial amount of plastic waste generated and the insubstantial amount of recycling accomplished. A
study conducted by Unilever Indonesia in collaboration with Sustainable Waste Indonesia (SWI) and
Indonesian Plastic Recyclers (IPR) on the plastic waste value chain on Java Island has revealed alarming
results. The research carried out from October 2019 until February 20, 2020, found that the urban
communities in Java Island generate an estimated 189,000 tonnes of plastic waste per month, equivalent to
6,300 tonnes per day. Only approximately 11.83% or 22,000 tonnes per month of this volume are collected
and recycled, with the remaining 88.17% being transported to landfills or dispersed in the environment.
The uptake of post-consumer plastic waste in Java remains considerably low at only 0.09 million tonnes
per annum, much less than the national plastic recycling capacity, which stands at approximately 1.65
million tonnes per year. One of the essential findings of this research shows that scavengers accounted for
83% of the about 22,000 tons of plastic waste collected. The Integrated Waste Management Site (TPST) or
3R Waste Management Site (TPS3R) contributed 15.2%, while the Waste Bank only contributed 1.5%.

The minor role of waste banks above shows that there is still room to increase the part of waste banks as
one of the key players in mitigating the impact of post-consumer waste. One example of a company
involved in converting plastic waste to fuel oil via pyrolysis is the Village Business (UD) Sampah
Banjarnegara (BSB) Bank. BSB is a youth organisation that manages waste and preserves the environment.
Established in 2015, they recognise the significant concern posed by the accumulation of plastic waste and
the importance of immediate action. The younger generation needs to know how to process plastic waste
into something useful to ensure the sustainability and carrying capacity of the environment under the
current climate change conditions. BSB is situated in Kasilib Village, Wanadadi District, Banjarnegara
Regency, Central Java Province, and is a recognised hub for training activities and comparative studies of
waste banks in Indonesia. The Waste Bank's management and operational system resembles traditional
banking, focusing on depositing and saving waste instead of currency. Currently, the Waste Bank serves
over 8,000 customers from 25 villages spanning the Wanadadi, Punggelan, Rakit, and Bawang Districts.

BSB was formed to address the waste issue in Kasilib Village. The Waste Bank's presence has resolved the
problem, resulting in a cleaner and more hygienic environment. In addition to its social impact, the
Banjarnegara Waste Bank has generated revenue. However, it is currently impossible to determine the
break-even point and profit, as the Cost of production still needs to be discovered. BSB still needs to assess
the economic value of manufacturing fuel oil from plastic waste. BSB relies solely on profit-based
production methods, resulting in profits that are not consistently maximised and thus fluctuate [27].

Consequently, the precise break-even point for producing Fuel Oil from Plastic Waste remains to be
determined. Using the break-even point (BEP) analysis is suitable for optimising profits and advancing
BSB's Plastic Waste Fuel Oil Production in the future. BEP is a tool that evaluates the scenario where the
level of income and capital employed to generate gains is identical. Previous studies have implemented
break-even points to determine profits in areas such as hotel management [28], tomato farming profits [29],
and profits in salted fish businesses [30]. Cost analyses and production timetabling additionally bolster
these findings [31], [32]. Various investigations have explored the composition and advantages of Fuel Oil
from Plastic Waste [33, 34, 35, 36, 37, 38, 39, 40].



The purpose of this research is to support the advancement of sustainable energy development
through the utilization of waste, along one or more dimensions of sustainability — environmental,
economic, and social. Quantitative accounting of environmental impacts using Life Cycle Assessment
sustainability measurement methods, and assessment of energy policies and measures that enable
development in community-based areas with better governance. Measurement of economic profit using
the break-even value (Zero Profit Point) in the Production of Fuel Oil from Plastic Waste at the Banjarnegara
Waste Bank (BSB).

2. Methods
2. 1. Location and Objects

This research was conducted at the Village Business (UD) Bank Sampah Banjarnegara (BSB) in
Banjarnegara Regency, Central Java Province, Indonesia. The study focuses on producing fuel oil from
plastic waste and is solely conducted to assess the business's economic aspects.

2. 2. Data Collection Methods

The data collection method involved directly observing the production and operational activities and
conducting interviews with business proprietors and employees at the Banjarnegara Waste Bank (BSB)
enterprise.

2.3. Research Procedures

The research process will outline the various stages or phases undertaken in the study. This research's
process is visually depicted in Figure 1.

2.4. Data Analysis

In this study, the data processing is carried out in several stages to obtain the break-even point (BEP)
value, i.e.:

2.4.1. Determination of Variable Costs (VC) and Fixed Costs (FC).

Variable costs encompass the cost of raw plastic waste materials and variable overheads, while fixed
expenditures encompass direct labor, equipment, overheads, and other fixed costs.

2.4.2. Calculation of total cost and total revenue.

The total cost signifies the monetary outlay required to acquire assets, while total revenue
corresponds to the product's unit price multiplied by the quantity of products sold. Total Cost is calculated
using Equation (1), and total revenue is calculated using Equation (2)

TC=FC+VC 1)
Description:

TC = Total Cost

FC = Fixed Cost

VC = Variable Cost
TR=pxq @)
Description:



TR = Total Revenue
p =Price
q = Quantity

2.4.3. We are measuring the break-even point (BEP).

To determine the break-even point of the placed capital. The BEP that will be calculated in this study
is BEP Rupiah and BEP Units or the amount that can be sold to break even. BEP is calculated using
equations (3) and (4).

BEP Unit=FC+VC=cxn (©)]
BEP Rupiah=cxn 4)
Description:

TC = Total Cost

FC = Fixed Cost

¢ = Price

n = Quantity at BEP

2.4.5. Assessment using software Open Life Cycle Assessment (LCA) also in terms of the environmental impact of
the whole life cycle of a product produced by the business.

The purpose of conducting LCA for the Plastic Waste Fuel production process is to measure its
environmental impact and provide an in-depth understanding of how it affects the environment. Two
methods were employed in the Assessment, namely, CML-IA Baseline and ReCiPe 2016 Midpoint (H),
using the ecoinvent database. The CML-IA Baseline was selected to provide an overview of environmental
impacts at a specific time and to concentrate on changes that occur over a short period. In contrast, ReCiPe
2016 Midpoint (H) was chosen for its complexity in combining multiple environmental impact indicators
into a comprehensive analytical framework.
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Figure 1. Research Procedure
3. Results

In this section, the results and discussion will progressively outline the costs that need to be known
to calculate total costs, total revenue, and the break-even point. The expenses that need to be identified
include variable and fixed costs. The findings and discussion are presented below.

3.1. Determination of Variable Cost (VC) and Fixed Cost (FC)
3.1.1. Variable Cost

The variable costs will provide preliminary information that influences the overall costs incurred,
encompassing factors such as the amount and cost of raw materials, as well as variable overhead expenses.
In Table 1 below, can find details regarding the volume and value of waste plastic raw materials sourced
from BSB.

Table 1. Raw material quantities and costs

No Raw Material Quantity/year (Kg) Price (Rp) Cost/year (Rp)
1 Plastic waste  31.200 2.000 62.400.000
Total 62.400.000

Source: Banjarnegara Garbage Bank, 2023.



These variable overhead costs include the Cost of fuels such as firewood, kerosene (obtained from pyrolysis
residues), charcoal/coconut shells, water, and electricity. The Cost of firewood, assuming use for one month
(26 working days), is 4 m3, with a unit price of £3.38; thus, the annual Cost of using firewood is £1,047.52.
The assumed Cost of kerosene is £0. The Cost of using 0.5 liters per day of 8,500 per liter fuel amounts to
£73.49 per year. Charcoal made from carbon necessitates a daily initial combustion of 3 kilograms, costing
approximately £1.05 per kilogram, resulting in a yearly total expense of £1,135.25. When factoring in a
monthly fee of £27.64 for water and electricity, the annual charge amounts to £331.68. For variable overhead
costs, please consult Table 2.

Table 2. Variable Overhead Costs

No Inputs Cost/year (Rp)

1 Firewood 3.120.025

2 Kerosene 1.326.000

3 Carbon charcoal 1.872.000

4 Water 600.000

5  Electricity 600.000
Total 7.518.025

Source: Banjarnegara Garbage Bank, 2023.

The total cost of raw materials incurred annually is Rp. 62,400,000, derived from using plastic waste raw
materials, assuming the price of Rp. 2,000/kg and consumption of 100 kg per day, resulting in a total usage
of 624,000 kilograms of plastic waste raw materials per year. Table 2 displays the variable overhead cost
component, amounting to Rp. 7,518,025 per year. Therefore, the total variable Cost, obtained by adding the
raw material and variable overhead costs, equals Rp. 69,918,025 annually. Table 3 below outlines the entire
variable expenses comprising raw material costs and the variable overhead costs.

Table 3. Variable Costs

No Cost types Total cost/year (Rp)

1 Raw material 62.400.000
Overhead variable 7.518.025
Total 69.918.025

Source: Banjarnegara Garbage Bank, 2023.
3.1.2. Fixed Cost

Fixed costs will supply initial information that will impact the production cost of fuel oil from plastic waste.
This category includes direct labor, equipment, overhead, and various other fixed expenditures. [41].

e  Direct Labor Cost

o Direct labor is essential in all production processes. This study refers specifically to the labor
involved in production and maintenance sections. Labor costs are calculated based on the assumed
HOK cost of Rp. 75,000 for 8 hours of work by two workers. The assumed value of HOK costs means
monthly labor costs of Rp. 3,900,000, and an annual fee of Rp. 46,800,000. Tables 4 and 5 exhibit the
direct labor expenses incurred in the manufacturing process and the expenditures related to vehicle
land rent and maintenance.

Table 4. Direct Labour Cost of Production Division

No Activities Total Cost/month (Rp) Total cost/year (Rp)
1 Production Two labors 3.900.000 46.800.000
process
Total 46.800.000

Sumber : Bank Sampah Banjarnegara, 2023.



Land rental costs are considered fixed costs since they do not affect the amount of production
directly. The amount of production is influenced by raw materials and other inputs included in the variable
cost section. Strategic location and easy transport access usually affect land rental costs [42]. The monthly
cost of land rental is Rp. 1,250,000, resulting in a total of Rp. 15,000,000 per year, or a daily land cost of Rp.
48,077.

Table 5. Land Rental Costs

No Cost Maintenance Type Cost/month (Rp) Total cost/year (Rp)
1 Land Rental ~ Routine 1.250.000 15.000.000
Total 15.000.000

Source: Banjarnegara Garbage Bank, 2023.

e  Equipment Cost

Equipment is necessary to support production and avoid potential delays and losses. Each piece of
equipment undergoes depreciation, resulting in a yearly price decrease [43]. For this study, equipment
depreciation is calculated at a fifty per cent decrease in value annually. Table 6 summarises the costs of the
equipment.

Table 6. Equipment Cost

No Equipment Types Total Total equipment price (Rp) Depreciation/year (Rp)
1 Pyrolysis Machine Gen 5 1 unit 175.000.000 87.500.000
2 Octan Analyst 1 unit 6.000.000 3.000.000
3 Plastic holder 5 unit 250.000 125.000
4 Aluminum Sump 3 unit 250.000 125.000
5 Glass Bottle 5 unit 100.000 50.000
6 Small bucket 3 unit 30.000 15.000
7 Masks, gloves, shoes, 1 packet 300.000 150.000
clothing/equipment K3
8 Scales & Other Measuring 1 unit 1.500.000 750.000
Instruments
9 Pompa air 1 unit 400.000 200.000
Total 91.915.000

Source: Banjarnegara Garbage Bank, 2023.

. Overhead Cost

Overhead costs comprised land rental expenses (refer to Table 5) and equipment costs (refer to Table 6) in
this study. The overhead costs are illustrated in Table 7 below.
Table 7. Overhead Cost

No Cost type Biaya Overhead (Rp)

1 Land Rental Cost 15.000.000

2 Equipment Cost 91.915.000
Total 106.915.000

Source: Banjarnegara Garbage Bank, 2023.



e Other Fixed Cost
BSB incurs other monthly fixed costs, such as indirect labor, vehicle depreciation, vehicle tax,
administration, and marketing costs.

1. Indirect Labor Costs
Indirect labor comprises the workforce that operates beyond direct delivery [44]. Table 8 will present
the costs incurred by indirect labor.

Table 8. Indirect Labour Cost

Work Total Monthly fees (Rp) Total Cost per year (Rp)
Driver / Maid One person 1.000.000 12.000.000
Total 12.000.000

Source: Banjarnegara Garbage Bank, 2023.

2. Vehicle
The Bank Sampah Banjarnegara (BSB) possesses a 2010 Fortuner car bought for Rp. 160,000,000. The
vehicle has a lifespan of twenty years with a monthly depreciation value of Rp. 666,000 and a total
annual value of Rp. 8,000,000.

3. Vehicle Tax Cost

Vehicle tax expenses are part of the fixed costs that the company must bear annually. The company
has to pay a total of Rp. 3,000,000 per year for taxes, which amounts to Rp. 250,000 per month.
4. Administration and Marketing Cost

Administrative and marketing costs impact the final product price [45]. Please refer to Table 9 for a
detailed executive and marketing expenses breakdown.

Table 9. Administration and Marketing Costs

No  Needs Cost per month (Rp) Total Cost per year (Rp)

1. Telepon/Handphone 50.000 600.000

2. Office Stationery 50.000 600.000
Total 1.200.000

Source: Banjarnegara Garbage Bank, 2023.

The total fixed costs also encompass overhead costs and other fixed costs [46]. Table 10 displays a
breakdown of the total fixed costs.

Table 10. Total Fixed Cost

No Cost Type Total Cost Per Year (Rp)

1. Cost of Direct Workers of Production Parts 46.800.000

2. Land Rental Cost 15.000.000

3. Equipment Cost 91.915.000

4. Indirect Labor Costs 12.000.000

5. Vehicle depreciation 8.000.000

6. Vehicle Tax Fees 3.000.000

7. Administration marketing costs 1.200.000
Total 177.915.000

Source: Banjarnegara Garbage Bank, 2023.



Table 11 below will display the Total Fixed Costs and Variable Costs at Bank Sampah Banjarnegara (BSB).
Table 11. Total Fixed Cost and Variable Cost

No Cost Type Total Cost Per Year (Rp)

1 Fixed Costs (FC) 177.915.000

2 Variable Costs (VC) 69.918.025
Total 247.833.025

Source: Banjarnegara Garbage Bank, 2023

The following table 12 will display the production of Fuel Oil from Plastic Waste at Banjarnegara Garbage
Bank (BSB).

Table 12. Total Production of Fuel Oil from Plastic Waste at Banjarnegara Garbage Banks (BSB) Product

Total Production per year (liter) Sale price per litre (Rp)

Plastic Waste Fuel Oil 31.200 9.500

Source: Banjarnegara Garbage Bank, 2023.

3.2. Calculation of Total Cost (TC) and Total Revenue (TR)

Acquiring assets through economic sources involves sacrificing financial resources, which can be
quantified in monetary units and are used to achieve predetermined objectives [47]. In contrast, total
revenue is calculated by multiplying the product price per unit by the number of products sold. Production
managers typically aim to enhance product sales to boost total revenue. The total cost and revenue
calculation outcomes are presented below [31].

TC=FC+VC 1)
TC=Rp 177.915.000+Rp 69.918.025
TC=Rp 247.833.025

TR=p xq 2
TR=Rp 9.500 x31.200 liter
TR=Rp 296.400.000
3.1.1. Variable Cost

3.3. Break-even Point Calculation (BEP)

The Break-even point (BEP) is where revenue and costs are in equilibrium, resulting in no profit or
loss [48]. It enables a business to forecast the units produced and the corresponding capital required to
achieve BEP. Besides technical considerations, economic aspects, such as input expenses, are critical when
generating fuel oil from recycled plastic in a profit-driven way. BEP analysis is an analytical tool that can
assist in this regard [49.50,51]. The Calculation of BEP in this study comprises two components, namely
BEP Unit and BEP Rupiah. Price BEP analysis determines the minimum production units required to
achieve BEP conditions, while Price BEP establishes the minimum price per unit necessary to achieve BEP
conditions in Rupiah units. Equation (3) is employed to calculate BEP units, while BEP Rupiah is computed
using Equation (4). The BEP calculation yields the ensuing results [31].

BEP Unit=FC+VC=c xn 3)

Rp 177.915.000 +Rp 69.918.025 =9.500 xn
247.833.025=9.500 xn

n=26.087,68 liter



BEP Rupiah=c x n 4)
BEP Rupiah=Rp 9.500 x26.087,68 liter
BEP Rupiah=Rp 247.833.025

According to Equation (3), the Production BEP value equals 26,087.68 liters, while Equation (4) yields a
Rupiah BEP of Rp 247,833,025. Research by [52] explored the profit generated by plastic waste fuel
businesses within a year. Based on the analysis, a profit of $300,917.51 was obtained per annum, which was
not derived through BEP analysis. This study employs BEP analysis, using total Cost and price variables.
Figure 2 shows the Break-Even Point (BEP) for producing Fuel Oil from Plastic Waste at Bank Sampah
Banjarnegara (BSB). The graph depicts the cost and production volumes relationship, determining the
revenue and cost curves that converge at the BEP.

Cost (Rp)
~

Revenue
Rp 247.833.025 ;;/

I
Rp 177.915.000 I

0 26.087,68

Cost

Revenue (litre)

—
>

Figure 2. Break-Even Point of Fuel Oil from Plastic Waste at Banjarnegara Garbage Bank (BSB)

The viability of producing fuel from plastic waste is assessed through a techno-economic appraisal [42],
making this study a crucial component. Using the BEP calculation outlined in Figure 2, it can be deduced
that BSB would need to sell 26,087.68 liters of Plastic Waste Fuel Oil annually to generate a turnover of Rp.
247,833,025 per year. Assuming an average monthly sale of 2,173.97 liters of Plastic Waste Fuel Oil, the
payback is expected in the 12th month. From the 13th month onwards, BSB will earn a net profit.

3.4. Assessment Using Software Open Life Cycle Assessment (LCA)

Gate Fee, Unit pyrolysis cost, and Core system cost [16] are key parameters that affect net profit and will
indicate the feasibility of the plastic waste fuel oil business. BSB must augment its investment value by
procuring additional production equipment to expand future production capacity. Moreover, ameliorating
quality will amplify the selling price of Plastic Waste Fuel Oil [53, 54].

The feasibility of a business should be assessed in terms of its economic potential in terms of production,
revenue, and profit and the environmental impact of the whole life cycle of a product produced by the
business. This Assessment can be done using a Life Cycle Assessment (LCA) [55]. The purpose of
conducting LCA for the Plastic Waste Fuel production process is to measure its environmental impact and
provide an in-depth understanding of how it affects the environment. However, it does not necessarily
directly relate to social or economic impacts [56].

Two methods were employed in the Assessment, namely, CML-IA Baseline and ReCiPe 2016 Midpoint (H),
using the ecoinvent database. The CML-IA Baseline was selected to provide an overview of environmental
impacts at a specific time and to concentrate on changes that occur over a short period. In contrast, ReCiPe
2016 Midpoint (H) was chosen for its complexity in combining multiple environmental impact indicators
into a comprehensive analytical framework [57].



Based on the findings of the LCA examination utilizing the CML-IA Baseline technique conducted on this
business cycle, it is demonstrated that the creation of Plastic Waste Fuel yields minimal air emissions during
the pyrolysis procedure, making this business activity environmentally insignificant [58, 59, 60]. Further

information is displayed in Table 13.

Table 13. Results of Impact Standard Analysis on Sustainable Plastic Waste Management into Liquid Fuel for

Energy-Independent
ence in Rural Areas

Impact Category

Total

Conclusion

Standard

Ozone Layer Depletion

Fresh Water Aquatic Ecotoxicity

Acidification

Eutrophication

Human Toxicity

3.09264E-08 kg Sb eq

0.966 kg 1,4-DB eq

0.000612 kg SO2 eq

0.009 kg PO4- eq

0.6802 kg 1,4-DB eq

0.69133 kg CO2 eq

The score obtained for the
ozone layer is small and not

at risk or safe.

The values obtained for
Fresh Water Aquatic
Ecotoxicity do not affect
water pollution.

Acidification in low
conditions

Eutrophication in low
conditions

The value obtained for
Human Toxicity is
significant and risky or
unsafe.

The value obtained is
significant and risky or
unsafe

Environmental
Protection Agency
(EPA) acceptable 1E-4.

PP No 82 Year 2001
water pollution index
valueif <0IP<1.0
does not affect the
pollution of water

Based on Prayitno
(2017) on the Trox
index (TRIX), if TRIX
is less than 4, then
Acidification is low.

Based on Prayitno
(2017) on the Trox
index (TRIX),
Eutrophication is low
if TRIX is less than 4.

Environmental
Protection Agency
(EPA) for Inhalation
Risk Unit Water,
which is 7.8E-6

Environmental
Protection Agency
(EPA) acceptable 1E-4.

The contribution tree is a valuable tool in LCA as it facilitates identifying and comprehending the numerous
life cycle stages and their environmental impacts. This information can enable us to take more effective
steps towards environmental sustainability [61, 62]. The Banjarnegara Plastic Fuel production process
involves five stages: Pyrolysis, Condensation, Deodorising, Purification, and Filtering. In the production



process, each step contributes to environmental impacts. Figure 3 presents the contribution tree of the
Banjarnegara Plastic Fuel production process employing the ReCiPe 2016 Midpoint (H) method.

Water consumption !
Terrestrial ecotoxicity
Terrestrial acidification !
Stratospheric ozone depletion
Ozone formation, Terrestrial ecosystems !
Ozone formation, Human health !
Mineral resource scarcity "““W4. |Deodorisation
Marine eutropication
Marine ecotoxicity
landuse ™= m 2. |Pyrolysis
lonizing radiation ™= _ 1 \Catalyst
Human non-carcinogenic toxicity <
Human carcinogenic toxicity
GWP
Freshwater eutrophication ™
Freshwater ecotdXierty
Fossil resource scarcity
Fine particulate matter formation ™

-5.00E+12 0.00E+00 5.00E+12

3. ICondensation

Figure 3. Contribution Tree of Banjarnegara Plastic Fuel Production Process

Figure 3 illustrates that out of the five stages of the Banjarnegara Plastic Fuel production process, four
processes, namely odor removal, condensation, pyrolysis, and catalyst, impact the environment. Notably,
the filtration process does not contribute to environmental impacts. The filtering process does not use
electricity, so its contribution to the environmental effects is considered non-existent. The use of electricity
during the production process impacts the environment. The use of coal fuel in the electricity production
process has a significant effect on the environment [63, 64, 65]

[66] have emphasised the importance of normalisation and weighting in LCA comparative studies to aid
decision-making. Normalisation and weighting are crucial in scenarios where alternate methods have
superior environmental impacts in specific sectors but inferior impacts in other categories [67, 68, 69]. The
effects of each reference value based on their location have been analysed to facilitate the interpretation of
various impact indicators and create a single score for comparison between two or more technological
options [70]. Following normalisation and weighing in the product system calculation, the top five
contributions to environmental impact are presented in Figure 4.



Terrestrial acidification

Marine eutrophication
Stratospheric ozone. ..

Water consumption

lonizing radiation

Land use

Mineral resource scarcity

Figure 4. 5 Leading Contribution to the Environmental Impact of Plastic Fuel Production Process Banjar Negara

Based on Figure 4, the most significant contribution of environmental impacts is terrestrial Acidification,
followed by marine Eutrophication, stratospheric ozone depletion, water consumption, and ionising
radiation. The adverse effects of the pyrolysis process involve high heat and pressure, waste presence, and
water usage [71, 72, 73, 74].

5. Conclusions

Based on the findings and discussions presented in this study, it can be concluded that the total production
cost of pyrolysis of fuel oil from plastic waste at Banjarnegara Waste Bank in one year is Rp. 247,833,025.
To break even, Bank Sampah Banjarnegara must sell 26,087.68 liters of plastic waste fuel oil. Four of the
five stages of the Banjarnegara Plastic Fuel production process hurt the environment: deodorisation,
condensation, pyrolysis, and catalyst.

References

[1] Halkos, G. E., & Petrou, K. N. (2016). Moving towards a circular economy: Rethinking waste
management practices. Journal of Economic and Social Thought, 3(2), 220-240.

[2] Upadhyay, A., Kumar, A, & Akter, S. (2021). An analysis of UK retailers’ initiatives towards
circular economy transition and policy-driven directions. Clean Technologies and Environmental
Policy, 1-9.

[3] Megevand, B., Cao, W. J., Di Maio, F., & Rem, P. (2022). Circularity in Practice: Review of Main
Current Approaches and Strategic Propositions for an Efficient Circular Economy of
Materials. Sustainability, 14(2), 962

[4] Singh, R. R. (2013). Climate change and urban poor: Challenges & the road head. ACADEMICIA:
An International Multidisciplinary Research Journal, 3(8), 28-33.

[5] Diggle, A.; Walker, T.R. Environmental and Economic Impacts of Mismanaged Plastics and
Measures for Mitigation. Environments 2022, 9, 15. https:// doi.org/10.3390/environments9020015

[6] Di Maria, F., Lovat, E., & Caniato, M. (2018). Waste management in developed and developing
countries: The case study of Umbria (Italy) and the West Bank (Palestine). Detritus, 3, 171-180.

[7] Frias, J.; Nash, R. Microplastics: Finding a consensus on the definition. Mar. Pollut. Bull. 2019, 138,
145-147.



(8]

9]

(10]

(11]

[12]

(13]

(14]

Lugman, A.; Nugrahapraja, H.; Wahyuono, R.A.; Islami, I.; Haekal, M.H.; Fardiansyah, Y.; Putri,
B.Q.; Amalludin, F.I; Rofiqa, E.A.; Gotz, F.; et al. Microplastic Contamination in Human Stools,
Foods, and Drinking Water Associated with Indonesian Coastal Population. Environments 2021, 8,
138. https://doi.org/10.3390/ environments8120138

Schwabl, P.; Koppel, S.; Konigshofer, P.; Bucsics, T.; Trauner, M.; Reiberger, T.; Liebmann, B.
Detection of Various Microplastics in Human Stool: A Prospective Case Series. Ann. Intern.
Med. 2019, 171, 453-457

Wynne, A. L., Nieves, P. M., Vulava, V. M., Qirko, H. N., & Callahan, T. J. (2018). A community-
based approach to solid waste management for riverine and coastal resource sustainability in the
Philippines. Ocean & Coastal Management, 151, 36-44.

Rangeti, I, & Dzwairo, B. (2021). Guide for Organizing a Community Cleanup Campaign. In
Strategies of sustainable solid waste management. IntechOpen.

Kumar, R., Verma, A., Shome, A., Sinha, R., Sinha, S., Jha, P. K., ... & Vara Prasad, P. V. (2021).
Impacts of plastic pollution on ecosystem services, sustainable development goals, and need to
focus on circular economy and policy interventions. Sustainability, 13(17), 9963.

Rudianto, R., Yudaningtyas, E., Lelono, T. D., & Kasitowati, R. D. (2020, June). Utilization of plastic
waste processing for oil fuel at Tambaan Beach, Pasuruan City. In IOP Conference Series: Earth and
Environmental Science (Vol. 524, No. 1, p. 012006). IOP Publishing.

Salama, K.; Geyer, M. Plastic Mulch Films in Agriculture: Their Use, Environmental Problems,
Recycling and Alternatives. Environments 2023, 10, 179.
https://doi.org/10.3390/environments10100179

15 Sakthipriya, N. (2022). Plastic waste management: A road map to achieve circular economy and

[16]
(17]
(18]

(19]

(20]

(21]

(22]

(23]

[24]

[25]

recent innovations in pyrolysis. Science of The Total Environment, 809, 151160.

D.Y.Irawati and D. Andrian, “Analisa Dampak Lingkungan Pada Instalasi Pengolahan Air Minum
(IPAM) Dengan Metode Life Cycle Assessment (LCA),” J. Tek. Ind., vol. 19, no. 2, pp. 166-177, 2018.
P. P. Parameswari, M. Yani, and A. Ismayana, “Penilaian Daur Hidup (Life Cycle Assesment)
Produk Kina Di PT Sinkona Indonesia Lestari,” J. llmu Lingkung., vol. 17, no. 2, p. 351, 2019.

H. Stancin, V. Strezov, and H. Mikul¢i¢, “Life cycle assessment of alternative fuel production by
co-pyrolysis of waste biomass and plastics,” J. Clean. Prod., vol. 414, no. June, 2023.

Davidson, M. G., Furlong, R. A., & McManus, M. C. (2021). Developments in the life cycle
assessment of chemical recycling of plastic waste-A review. Journal of Cleaner Production, 293,
126163.

Alhazmi, H., Almansour, F. H., & Aldhafeeri, Z. (2021). Plastic waste management: A review of
existing life cycle assessment studies. Sustainability, 13(10), 5340.

Yadav, G, Singh, A., Dutta, A., Uekert, T., DesVeaux, ]. S., Nicholson, S. R, ... & Beckham, G. T.
(2023). Techno-economic analysis and life cycle assessment for catalytic fast pyrolysis of mixed
plastic waste. Energy & Environmental Science, 16(9), 3638-3653.

Gabrielle Gaustada, Mark Krystofika, Michele Bustamante, Kedar Badamia. 2018. Circular
economy strategies for mitigating critical material supply issues. Resources, Conservation and
Recycling 135: 24-33

R. O. Manurung, F. S. Adiyanta, and H. Juliani, “Kedudukan Hukum Satuan Kerja Khusus Migas
Sebagai Pelaksana Kegiatan Usaha Hulu Minyak dan Gas Bumi Bagi Tata Kelola Ketahanan Energi
Nasional,” Adm. Law Gov. J., vol. 5, no. 2, pp. 135-152, 2022

Kemenkumham, “Laporan Akhir Kelompok Kerja Analisis Dan Evaluasi Hukum Dalam Rangka
Kedaulatan Energi,” 2016

W. Prihatiningtyas, S. Wijoyo, I. Wahyuni, and Z. M. Fitriana, “Perspektif Keadilan Dalam
Kebijakan Perdagangan Karbon (Carbon Trading) di Indonesia Sebagai Upaya Mengatasi
Perubahan Iklim,” Refleks. Huk. ]. Ilmu Huk., vol. 7, no. April, pp. 163-186, 2023


https://doi.org/10.3390/environments10100179
https://www.sciencedirect.com/journal/resources-conservation-and-recycling
https://www.sciencedirect.com/journal/resources-conservation-and-recycling

[26]

(27]

(28]

[29]

(30]

[31]
(32]
(33]

(34]

(35]

(36]

(37]
(38]

(39]

(40]
[41]

[42]

[43]

(44]

U. G. Mada et al., “Kementerian riset teknologi dan pendidikan tinggi universitas gadjah mada
fakultas hukum disertasi,” 2018.
Kasjono, H. S., Suwerda, B., Haryanti, S., Ariff, T. M., & Yushananta, P. (2023). The social capital
strengthening and its development alternatives of waste banks in Java. Jurnal Aisyah: Jurnal llmu
Kesehatan, 8(2).
M. Y. G. Maulidin, A. Indrawan, and A. Sudarma, “Analisis Break Event Point Sebagai Alat Profit
Planning Pada Hotel Wijaya Sukabumi,” Costing |. Econ. Bus. Account., vol. 4, no. 1, pp. 306-316,
2020.
R. Manono, E. . Ruauw, and M. L. G. Tarore, “Analisis Break Even Point (Bep) Usahatani Tomat Di
Desa Taraitak I Kecamatan Langowan Kabupaten Minahasa (Break Even Point (Bep) Analysis of
Tomato Farming Business in Taraitak I Village, Langowan District, Minahasa District),” Agri-
Sosioekonomi, vol. 17, no. 1, p. 85, 2021.
R. Feni, F. Mufriantie, and I. Saputra, “Analisis Break Even Point dan Return of Investment Pada
Usaha Ikan Asin di Kelurahan Sumber Jaya Kecamatan Kampung Melayu Kota Bengkulu,” |.
Agribisnis, vol. 8, no. 2, pp. 1527-1536, 2020.
A. Irawan, Heri Tri. Pamungkas, ling. Arhami, “Penjadwalan Produksi Paving Block Pada,” |.
Optim., vol. 6, no. April, pp. 56-60, 2020.
D. Iswadi, F. Nurisa, and E. Liastuti, “Pemanfaatan sampah plastik LDPE dan PET menjadi bahan
bakar minyak dengan proses pirolisis,” J. Ilm. Tek. Kim. UNPAM, vol. 1, no. 2, pp. 1-9, 2017.
M. A. Haidar, N. Faizeh, and B. Wahyudi, “Pengolahan Sampah Plastik Menjadi Bahan Bakar
Minyak dengan Menggunakan Proses Pirolisis,” Comserva, vol. 2, no. 10, pp. 501-505, 2023.
B. Wajdi, S. Sapiruddin, B. Novianti, and L. Zahara, “Pengolahan Sampah Plastik Menjadi Bahan
Bakar Minyak (BBM) Dengan Metode Pirolisis Sebagai Energi Alternatif,” Kappa |., vol. 4, no. 1, pp.
100-112, 2020.
Sharma, V., Hossain, A. K., Griffiths, G., Duraisamy, G., Krishnasamy, A., Ravikrishnan, V., & Sodre,
J. R. (2022). Plastic waste to liquid fuel: A review of technologies, applications, and
challenges. Sustainable Energy Technologies and Assessments, 53, 102651.
Suhartono., Kusumo, P., Romli, A., Aulia, M. L., & Yanuar, E. M. (2018). Fuel Oil from Municipal
Plastic Waste through Pyrolysis with and without Natural Zeolite as Catalysts. In E3S Web of
Conferences (Vol. 73, p. 01021). EDP Sciences.
Ahmad, N., Maafa, I. M., Ahmed, U., Akhter, P., Shehzad, N., & Hussain, M. (2020). Thermal
conversion of polystyrene plastic waste to liquid fuel via ethanolysis. Fuel, 279, 118498.
Colnik, M., Kotnik, P., Knez, Z., & ékerget, M. (2021). Hydrothermal decomposition of polyethylene
waste to hydrocarbons rich oil. The Journal of Supercritical Fluids, 169, 105136.
Singh, R. K., Ruj, B., Sadhukhan, A. K., & Gupta, P. (2019). Impact of fast and slow pyrolysis on the
degradation of mixed plastic waste: Product yield analysis and their characterization. Journal of the
Energy Institute, 92(6), 1647-1657.
Li, N, Liu, H.,, Cheng, Z.,, Yan, B., Chen, G., & Wang, S. (2022). Conversion of plastic waste into
fuels: A critical review. Journal of Hazardous Materials, 424, 127460.
Howell, J. R, & Allenby, G. M. (2013). Analyzing Platforms Goods Using Multiple-Discrete
Continuous Demand Models. Available at SSRN 2024972.
H. Almohamadi, M. Alamoudi, U. Ahmed, R. Shamsuddin, and K. Smith, “Producing hydrocarbon
fuel from the plastic waste: Techno-economic analysis,” Korean |. Chem. Eng., vol. 38, no. 11, pp.
2208-2216, 2021.
Smolyak, S. A. (2020). The Influence of Machinery and Equipment Degradation on Their
Depreciation. Economics of Contemporary Russia, (3).
Agarwala, R. (2013). Informal labor, formal politics, and dignified discontent in India. Cambridge



(45]
[46]

[47]
(48]

[49]

(50]

[51]
(52]

(53]

[54]

[55]
[56]

[57]
(58]

[59]

[60]

[61]

[62]
[63]
[64]

[65]

[66]

University Press.

Vitkova, E., & Hajek, V. (2016). The Influence Of Technical Changes On The Product Selling
Price. Economy & Business Journal, 10(1), 151-158.

Ruth, J. (2015). Overview of cost definitions and costing methods. World Bank, 383606-
1201883571938.

Seay, S. S. (2014). The economic impact of IFRS financial analysis perspective. Academy of
Jastrzebski, S., Szymczak, M., Fort, S., Arpit, D., Tabor, J., Cho, K., & Geras, K. (2020). The break-
even point on optimization trajectories of deep neural networks. arXiv preprint arXiv:2002.09572.
Zein, S. H., Grogan, C. T., Yansaneh, O. Y., & Putranto, A. (2022). Pyrolysis of high-density
polyethylene waste plastic to liquid fuels—Modelling and economic analysis. Processes, 10(8), 1503
Bandhavya, G. B., Prashanth, S., & Sandeep, K. (2022). EXTRACTION OF CRUDE OIL FROM
PLASTIC WASTE USING PYROLYSIS TREATMENT. Applied Journal of Environmental Engineering
Science, 8(1), 8-1.

Fahim, I, Mohsen, O., & ElKayaly, D. (2021). Production of fuel from plastic waste: a feasible
business. Polymers, 13(6), 915.

H. Ibe and Y. Kodera, “A probabilistic economic model and sensitivity analysis of fuel-oil
production from plastic waste,” J. Mater. Cycles Waste Manag., vol. 23, no. 2, pp. 449-460, 2021.
Nugroho, D. S, Shen, C. Y., Chou, T. H., Hartini, N., & Chiu, H. Y. (2020). Antifungal Lotion as
Value-Added Product for Harvested BSFL Processing: Simple Process Design and Economic
Evaluation. Jurnal Bahan Alam Terbarukan, 8(2), 124-132.

Ramesha, D. K., Kumara, G. P., Lalsaheb, Mohammed, A. V., Mohammad, H. A., & Kasma, M. A.
(2016). An experimental study on usage of plastic oil and B20 algae biodiesel blend as substitute
fuel to diesel engine. Environmental Science and Pollution Research, 23, 9432-9439.

Justis, R. Y., & Kreigsmann, B. (1979). The feasibility study as a tool for venture analysis. Journal of
Small Business Management (pre-1986), 17(000001), 35.

Kulczycka, J., Géralczyk, M., & Koneczny, K. (2003). Merging LCC into LCA-the example of Polish
mining industry. In Konferencja CIRP seminar on life cycle engineering, Kopenhaga.

S. A. L. C. (SAIC), “Life-cycle assessment: principles and practice,” no. May, 2006

Ramesh, B. T., Sayyad, J., Bongale, A., & Bongale, A. (2022). Extraction and Performance Analysis
of Hydrocarbons from Waste Plastic Using the Pyrolysis Process. Energies, 15(24), 9381.
Waghmare, S. N, Shelare, S. D., Tembhurkar, C. K., & Jawalekar, S. B. (2020). Pyrolysis system for
environment-friendly conversion of plastic waste into fuel. In Advances in Materials Processing: Select
Proceedings of ICFMMP 2019 (pp. 131-138). Singapore: Springer Singapore.

Roy, P., & Dutta, A. (2019). Life cycle assessment (LCA) in municipal waste management decision
making. In Plastics to Energy (pp. 377-402). William Andrew Publishing.

Sundaravaradan, N., Patnaik, D., Ramakrishnan, N., Marwah, M., & Shah, A. (2011, August).
Discovering life cycle assessment trees from impact factor databases. In Proceedings of the AAAI
Conference on Artificial Intelligence (Vol. 25, No. 1, pp. 1415-1420).

Bosner, A., Porsinsky, T., & Stanki¢, 1. (2012). Forestry and life cycle assessment (pp. 139-160). Rijeka:
InTech.

El Safty, A., & Siha, M. (2013). Environmental and health impact of coal use for energy
production. Egyptian Journal of Occupational Medicine, 37(2), 181-194.

Finkelman, R. B., Wolfe, A., & Hendryx, M. S. (2021). The future environmental and health impacts
of coal. Energy Geoscience, 2(2), 99-112.

Sharma, S., Kumar, R., & Singh, A. K. (2014). Environmental Impact Assessment of Systematic Coal
Combustion for Energy Development Programme by Thermal Power Plants: A Scientific Approach
for Country's Growth.

V. Prado, B. A. Wender, and T. P. Seager, “Interpretation of comparative LCAs: external



[67]

[68]

[69]

[70]
[71]
(72]

(73]

[74]

normalization and a method of mutual differences,” Int. J. Life Cycle Assess., vol. 22, no. 12, pp. 2018—
2029, 2017.

Roesch, A., Sala, S., & Jungbluth, N. (2020). Normalization and weighting: the open challenge in
LCA. The International Journal of Life Cycle Assessment, 25, 1859-1865.

Ahmad, S., Wong, K. Y., Zahid, I., Hussain, Z., & Sarfraz, M. (2019, November). Normalization and
weighting methods for precise and standardized sustainability assessment: recent practices in
manufacturing. In IOP Conference Series: Materials Science and Engineering (Vol. 670, No. 1, p. 012016).
IOP Publishing.

Ji, C., & Hong, T. (2016). Comparative analysis of methods for integrating various environmental
impacts as a single index in life cycle assessment. Environmental Impact Assessment Review, 57, 123-
133.

H. H. Khoo, “LCA of plastic waste recovery into recycled materials, energy and fuels in Singapore,”
Resour. Conserv. Recycl., vol. 145, no. November 2017, pp. 67-77, 2019.

M. Huijbregts et al., “ReCiPe 2016 - A harmonized life cycle impact assessment method at midpoint
and endpoint level. Report I: Characterization,” Natl. Inst. Public Heal. Environ., p. 194, 2016
Czajczynska, D., Czajka, K., Krzyzynska, R., & Jouhara, H. (2020). Waste tyre pyrolysis—Impact of
the process and its products on the environment. Thermal Science and Engineering Progress, 20, 100690.
Waghmare, V. S., Kale, G. R., Deshmukh, G. M., & Doke, S. D. (2016). Experimental study of effect
of pressure on pyrolysis of biomass. International Journal of Research in Engineering and
Technology, 5(07), 307-313.

Challans, P. (2014). Optimization and modelling of pyrolysis processes focused on the treatment of municipal
solid waste scaled towards decentralized energy from waste systems (Doctoral dissertation, Cardiff
University).



