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decomposition, and condensation-based product recovery to transform plastic
waste into a usable liquid fuel. The engineering assessment evaluates system
operability, feedstock handling, and energy recovery pathways, including the
utilization of by-products to enhance overall process efficiency. A techno-
economic framework is applied to examine investment feasibility, operational
robustness, and long-term financial performance under realistic implementation
conditions. The results indicate that plastic waste pyrolysis can function as a viable
waste-to-energy solution in tourism-intensive geopark systems when supported
by effective operational management and institutional coordination. Beyond
economic performance, the system contributes to circular resource utilization,
waste reduction, and local energy generation. The proposed approach directly

Keywords: supports the Sustainable Development Goals (SDGs), particularly those related to
Plastic; Pyrolysis; Sustainable energy systems; affordable and clean energy, sustainable communities, responsible consumption
Techno-Economy; Waste of Tourism and production, and climate action.

1. Introduction

The rapid growth of tourism activities in geopark areas has significantly increased the generation
of solid waste, particularly plastic waste, which poses serious environmental and operational
challenges due to its persistence, low degradability, and limited end-of-life management options.
From a process engineering perspective, tourism-generated plastic waste represents a high-potential
secondary feedstock that can be converted into value-added energy products rather than being
disposed of through landfilling or open dumping. In tourism-intensive conservation areas,
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unmanaged plastic waste not only degrades environmental quality but also threatens ecosystem
integrity and the long-term sustainability of tourism activities.

Among available waste-to-energy technologies, pyrolysis has emerged as a technically viable
thermochemical conversion method for transforming plastic waste into liquid fuel, non-condensable
gas, and solid char under oxygen-limited conditions. Previous studies have demonstrated that
pyrolysis can simultaneously reduce plastic waste volume and recover energy in the form of
hydrocarbon-rich liquid products [1-2]. Extensive research has examined the effects of operating
temperature, reactor design, catalyst type, and feedstock composition on conversion efficiency and
product quality, particularly for polyolefin-based plastics such as polypropylene and polyethylene [3-
7]. Recent developments have further explored advanced process configurations, including
microwave-assisted pyrolysis and integrated plastic-to-fuel pathways, to improve energy efficiency
and operational performance [8-9].

Beyond technical optimization, techno-economic analysis plays a critical role in determining the
feasibility of pyrolysis-based systems. Prior studies indicate that profitability is highly sensitive to
feedstock availability, production scale, energy utilization, and market conditions [1,10]. However,
most existing techno-economic evaluations focus on urban or industrial waste streams, laboratory-
or pilot-scale systems, or short-term economic projections. Limited attention has been given to
tourism-generated plastic waste, which is characterized by spatial concentration, seasonal variability,
and institutional constraints specific to geopark environments. In addition, governance and
stakeholder coordination have been identified as important enablers for technology deployment in
conservation-oriented tourism areas, although these aspects are rarely integrated with engineering-
based feasibility assessments [11-13].

Accordingly, this study aims to conduct an integrated process engineering and techno-economic
assessment of liquid fuel production from tourism-generated plastic waste through a pyrolysis-based
system implemented in a geopark context. The novelty of this research lies in the combined
evaluation of (i) a realistic process engineering design tailored to tourism-derived plastic waste, (ii) a
long-term techno-economic assessment using multiple financial indicators, and (iii) the explicit
positioning of governance and institutional factors as implementation enablers rather than primary
analytical variables. By bridging engineering feasibility with contextual applicability, this study
advances scalable waste-to-energy system development that supports circular economy principles
and contributes to the Sustainable Development Goals related to clean energy, sustainable
communities, responsible production, and climate action.

1.1 Thermochemical Conversion of Plastic Waste via Pyrolysis

The conversion of plastic waste into liquid energy through pyrolysis has gained increasing
attention as an effective thermochemical conversion technology for addressing the dual challenges
of waste accumulation and sustainable energy supply. Pyrolysis enables the decomposition of long-
chain polymer materials under oxygen-limited conditions, producing liquid fuel (pyrolysis oil), non-
condensable gases, and solid char, thereby offering a viable pathway for energy recovery from non-
biodegradable plastic waste streams [2,14]. From an engineering perspective, this technology is
particularly attractive due to its operational flexibility, relatively moderate temperature
requirements compared to gasification, and compatibility with heterogeneous plastic feedstocks
commonly generated by tourism activities [1,9].

Extensive studies have examined the process characteristics and performance of plastic waste
pyrolysis, focusing on reactor design, operating temperature, heating rate, residence time, and
catalyst utilization. Polyolefin-based plastics such as polypropylene (PP), high-density polyethylene

164



Semarak Engineering Journal
Volume 12, Issue 1 (2026) 163-176

(HDPE), and low-density polyethylene (LDPE) have been reported to yield high fractions of liquid fuel
with favorable calorific values when processed at temperatures ranging from 300 to 700 °C [5,15],
[16]. The use of catalysts, including natural and synthetic zeolites, has been shown to enhance
cracking efficiency, reduce wax formation, and improve fuel quality, although catalyst selection and
dosage significantly influence product distribution and operational costs [3,4,6].

Recent advancements in process intensification and reactor innovation have further improved
the technical feasibility of plastic pyrolysis systems. Microwave-assisted pyrolysis, for example, has
demonstrated enhanced heating uniformity and reduced energy consumption compared to
conventional heating methods [8]. Mechanical and thermal redesigns of pyrolysis reactors have also
been proposed to improve conversion efficiency, operational stability, and scalability [17,18]. These
engineering developments highlight the importance of system-level optimization for reliable,
continuous operation, particularly when transitioning from laboratory- or pilot-scale systems to
industrial-scale applications.

In addition to technical performance, techno-economic analysis (TEA) has become a critical
component in evaluating the feasibility of plastic waste pyrolysis systems. Previous studies have
demonstrated that economic viability is highly sensitive to feedstock availability, production capacity,
energy efficiency, and market price of pyrolysis oil [1,10]. Long-term economic evaluations indicate
that integrating energy recovery from non-condensable gases and optimizing utility consumption can
significantly improve project profitability and shorten payback periods [19,20]. However, many
existing TEA studies are limited to urban or industrial waste streams, with relatively little attention
given to tourism-generated plastic waste, which exhibits distinct characteristics such as seasonal
fluctuations and spatial concentration [7,21].

From a sustainability and environmental engineering perspective, pyrolysis contributes directly
to circular economy principles by converting waste materials into secondary energy resources,
thereby reducing reliance on fossil fuels and minimizing landfill disposal [2,9]. Several studies have
highlighted the role of pyrolysis in supporting Sustainable Development Goals (SDGs), particularly
SDG 7 (Affordable and Clean Energy), SDG 11 (Sustainable Cities and Communities), SDG 12
(Responsible Consumption and Production), and SDG 13 (Climate Action) [22-23]. Nevertheless,
achieving these sustainability outcomes requires not only technical efficiency but also system
integration within local socio-economic and institutional contexts.

In geopark and tourism-based environments, the deployment of waste-to-energy technologies
introduces additional considerations related to infrastructure limitations, governance structures, and
community participation. Previous studies on tourism and geopark management emphasize that
technological interventions must align with local institutional capacity, stakeholder collaboration,
and policy frameworks to ensure long-term operational success [24,25,11]. While these studies
primarily focus on governance and policy dimensions, they implicitly underscore the need for
engineering solutions that are economically robust, operationally simple, and socially acceptable
within conservation-oriented tourism areas.

Overall, the existing literature confirms the technical potential and economic promise of plastic
waste pyrolysis as a waste-to-energy solution. However, there remains a critical gap in integrated
engineering-oriented studies that combine realistic production capacity design, long-term techno-
economic evaluation, and context-specific application in tourism-intensive geopark areas. Addressing
this gap is essential to translating pyrolysis technology from experimental, isolated implementations
into scalable, deployable energy systems that support sustainable tourism development and circular
resource management.
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1.2 Pyrolysis Technology for Tourism Waste Conversion into Liquid Fuel

Pyrolysis is a thermochemical conversion process that involves the thermal decomposition of
organic materials in the absence or near-absence of oxygen, enabling the breakdown of long-chain
polymers into smaller hydrocarbon compounds [14]. In engineering applications, pyrolysis is typically
conducted at temperatures ranging from 300 to 700 °C, depending on feedstock characteristics,
heating rate, residence time, and reactor configuration, such as fixed-bed, fluidized-bed, or rotary
kiln reactors (Gabbar & Aboughaly, 2021; Sheldon, 2020). Waste generated from tourism activities,
including plastic packaging, disposable utensils, paper waste, and organic residues, represents a
heterogeneous feedstock that is technically suitable for pyrolysis due to its high volatile content and
energy potential [4,7].

During pyrolysis, tourism waste is converted into three primary products: non-condensable gases
(pyrolytic gas), solid residue (biochar), and condensable liquid fractions, commonly referred to as
pyrolysis oil. Pyrolytic gas can be internally recycled to provide process heat, thereby improving the
overall energy efficiency of the system, while biochar can be used as a soil amendment or as a carbon-
rich material for environmental applications [2,26]. The liquid fraction, pyrolysis oil, contains a
mixture of aliphatic and aromatic hydrocarbons with a relatively high calorific value, making it a
promising alternative liquid fuel after appropriate upgrading or refining [3,5].

From an engineering systems perspective, the application of pyrolysis technology at an industrial
or semi-industrial scale in geopark areas offers multiple technical advantages. These include
significant reductions in waste volume, energy recovery from non-recyclable waste fractions, and the
transformation of tourism waste into economically valuable energy products [6,22]. Several studies
have demonstrated that plastic-based pyrolysis systems can achieve favorable energy conversion
efficiencies, particularly when optimized through temperature control and catalyst utilization,
making them competitive with conventional waste management technologies [8-9].

Beyond its technical merits, the deployment of pyrolysis systems in tourism-intensive geopark
areas contributes to the development of a circular economy by closing material and energy loops
within the local system. By converting locally generated waste into usable liquid fuel, geopark
management can reduce dependency on externally sourced fossil fuels, lower waste transportation
and landfill costs, and improve overall resource efficiency [1-2]. From an economic engineering
standpoint, this approach creates opportunities for revenue generation, cost savings, and job
creation through the operation and maintenance of waste-to-energy facilities, thereby supporting
local economic resilience [27-28].

Moreover, the production of liquid fuels through pyrolysis aligns directly with several pillars of
the Sustainable Development Goals (SDGs). Specifically, it supports SDG 7 (Affordable and Clean
Energy) by providing alternative energy sources, SDG 11 (Sustainable Cities and Communities)
through improved waste management systems, SDG 12 (Responsible Consumption and Production)
by promoting waste valorization, and SDG 13 (Climate Action) by reducing uncontrolled waste
disposal and fossil fuel dependency [29-30]. Consequently, pyrolysis-based waste-to-fuel systems
represent not only a technically feasible engineering solution but also a strategic instrument for
integrating renewable energy innovation, environmental protection, and sustainable tourism
governance in geopark areas.

2. Methodology

This study employed a techno-economic analysis (TEA) framework to evaluate the long-term
feasibility of producing liquid fuel from tourism-derived plastic waste via pyrolysis. Detailed
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information regarding this method is explained elsewhere [20]. TEA is widely applied in engineering
studies to assess the technical and economic viability of energy conversion technologies prior to
large-scale deployment [1,31,32]. The analysis was conducted over a 20-year operational period,
reflecting the typical lifetime of industrial thermochemical processing facilities and enabling
comprehensive evaluation of economic sustainability under realistic operating conditions [2,20].

2.1 System Boundary and Process Assumptions

The system boundary encompassed feedstock collection from tourism activities, feedstock
preprocessing, pyrolysis conversion, product condensation and separation, and liquid fuel output at
the plant gate. This gate-to-gate approach is commonly adopted in waste-to-energy system
evaluations to ensure consistency in cost and performance assessment [3,5]. Technical assumptions
regarding production capacity, operational days, and conversion efficiency were derived from
reported performance ranges of plastic waste pyrolysis systems operating at temperatures between
300 and 700 °C [4,14].

The selling price of the liquid fuel product was determined using market-based benchmarking,
referencing average prices of comparable liquid fuel products available on online commercial
platforms. This pricing approach has been applied in previous techno-economic studies to capture
conservative and up-to-date market conditions in the absence of regulated pricing mechanisms for
alternative fuels [27,32].

2.2 Cost Structure and Economic Indicators

The economic evaluation incorporated both capital expenditure (CAPEX) and operational
expenditure (OPEX). Fixed costs included investment in pyrolysis reactors, auxiliary equipment,
installation, and supporting infrastructure, while variable costs comprised raw material handling,
labor, utilities, maintenance, and operational contingencies. This cost classification follows standard
engineering economics practice for energy system analysis [20,33].

Financial performance was assessed using multiple economic indicators, including cumulative net
present value (CNPV), gross profit margin (GPM), payback period (PBP), breakeven point (BEP),
breakeven capacity (BEC), internal rate of return (IRR), return on investment (ROI), and profit index
(PI). These indicators are widely used to evaluate investment feasibility and financial robustness of
thermochemical conversion technologies [29-30].

2.3 Scenario and Sensitivity Analysis

To enhance the robustness of the engineering analysis, the techno-economic model was
evaluated across multiple operational scenarios. These scenarios included variations in feedstock
availability and composition, production capacity utilization, labor conditions, interest rates, and
external factors, such as seasonal weather variability, that may affect feedstock supply and plant
operations. Scenario-based evaluation and sensitivity analysis are essential tools in engineering
decision-making, particularly for waste-to-energy systems subject to uncertainty in supply and
market dynamics [2,22].
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2.4 Analytical Approach

All calculations were conducted using deterministic mathematical formulations based on mass
balance, cost estimation, and discounted cash flow analysis. This approach ensures transparency,
reproducibility, and comparability with previous techno-economic studies in renewable energy and
waste management [20,32]. The methodology provides a solid engineering basis for assessing the
feasibility of pyrolysis-based liquid fuel production systems in geopark tourism contexts.

This study applied techno-economic analysis for two decades. Pricing was based on average
product prices on online shopping platforms to find the lowest price with good quality, and to ensure
the latest pricing information. All data analysis was done using simple mathematical methods. Some
of the parameters used for economic evaluation include CNPV, GPM, PBP, BEP, BEC, IRR, ROI, and PI.
This trial evaluated various factors, including variations in raw materials, sales capacity, labor
conditions, interest rates, and weather. Complete details for this calculation are explained in other
sources [32,20].

The flow diagram of the synthesis route is shown in Figure 1. The diagram illustrates the
integrated process flow for converting tourism-generated plastic waste into liquid fuel via a pyrolysis
system, from waste collection to final product utilization. From an engineering perspective, the
process consists of seven main operational stages, each designed to ensure feedstock quality, process
efficiency, and product recovery.

Step 1: Waste Collection from Tourist Locations. The process begins with collecting solid waste from
tourism areas, such as visitor centers, food courts, accommodation facilities, and recreational
sites. This step is critical to ensure a stable feedstock supply, particularly in geopark
environments where waste generation is influenced by tourism intensity and seasonality.

Step 2: Waste Sorting. Collected waste is then manually or mechanically sorted to separate plastic
waste (specifically HDPE, LDPE, and PP plastics) from non-plastic materials. Plastic fractions
are selected for their high hydrocarbon content and suitability for pyrolysis, while non-plastic
waste can be diverted to alternative treatment pathways, such as composting or recycling.
Effective sorting improves process reliability and product quality.

Step 3: Washing and Drying. The selected plastic waste undergoes washing to remove contaminants
such as dirt, food residues, and labels. Subsequently, the plastics are dried to reduce moisture
content. From a process engineering standpoint, this step is essential to minimize energy
losses, prevent incomplete thermal decomposition, and enhance overall pyrolysis efficiency.

Step 4: Size Reduction (Shredding). Clean, dry plastics are shredded into smaller, uniform particles
using a mechanical shredder. Size reduction improves heat transfer efficiency inside the
pyrolysis reactor, ensures uniform thermal decomposition, and facilitates consistent feeding
into the reactor system.

Step 5: Pyrolysis Process (Heating without Oxygen). Shredded plastic feedstock is fed into the
pyrolysis reactor, where it is heated to 350-500 °C under oxygen-free conditions. Heat is
supplied using a burner, and the absence of oxygen prevents combustion, allowing plastics to
thermally decompose into smaller hydrocarbon molecules. During this stage, plastics break
down into pyrolysis gas, liquid vapor, and solid char through endothermic reactions.

Step 6: Product Separation. The vaporized products exiting the reactor are cooled in a condenser
system, where condensable vapors are converted into pyrolysis oil (a liquid fuel). Non-
condensable gases are separated and can be recycled as a supplementary heating fuel for the
pyrolysis reactor, improving energy self-sufficiency. Solid char is a by-product that can be used
as a solid fuel or soil amendment, depending on its properties.
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Step 7: Storage and Packaging. The liquid fuel product is filtered to remove impurities and then stored
in tanks or drums. At this stage, the product is considered ready for utilization, either for direct
energy applications or further refining. Proper storage ensures fuel stability, safety, and
readiness for distribution.

o
Step-1 I Step-2
Waste collection from tourist locations Waste sorting:
Plastic waste (HDPE, LDPE, PP)
Step-3 ’\ Non-plastic waste is used for other things
Washing and drvino of waste
—
Step-5
Step-4 | Pyrolysis Process (Heating without Oz)
Shredding waste using a shredder _ - Temperature: +300—-500°C
+
| Plastic is fed into the pyrolysis reactor
+

Heating without oxygen
- Using a burner
- Temperature: #350—500°C

+

Pyrolysis process (Plastic decomposes
into gas, oil and solid residue (char))

+

v
Pyrolysis gas condensation

Hot gas is passed to the condenser
Gas turns into liquid (oil)

Step-7
Storage and Packaging Pyrolysis oil (liquid fuel) +'
The oil is filtered and

packaged in tanks or drums

Step-6
Product
Separation

Non-condensable gas (can be reused

l as heating fuel)

Product is ready to use ] Char (solid residue, can be used as

solid fuel or fertilizer) T

Fig. 1. Flowchart of Liquid Fuel Products from Tourism Waste Through Pyrolysis

The raw materials needed for the production process are Plastic Waste (Polyethylene,
Polypropylene), Clean Water, Initial Fuel (Ignition/ LPG), Catalyst (optional, for oil upgrading), Zeolite
(ZSM-5, Zeolite Y, Beta Zeolite), Cleaning Chemicals (Industrial Liquid Detergent (Non-ionic /
Anionic)). The main product of this pyrolysis process is pyrolysis oil (liquid fuel). However, there are
by-products in the form of non-condensation gas (which can be reused as heating fuel) and Char
(which can be used for solid fuel or fertilizer). The economic analysis in this study, focusing on liquid
fuel, demonstrates the significant potential for cost savings and revenue generation from the
pyrolysis process.

From a systems engineering perspective, this process flow demonstrates an integrated waste-
to-energy pathway that maximizes resource recovery through material separation, energy recycling,
and by-product utilization. The reuse of non-condensable gas as a heating source enhances thermal
efficiency, while converting waste into multiple valuable outputs supports circular economy
principles. When implemented in geopark areas, this system provides a technically feasible solution
to reduce tourism waste, generate alternative energy, and support sustainable development
objectives.
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3. Results
3.1 Design Basis and Economic Assumptions for Pyrolysis-Based Liquid Fuel Production

A set of technical, economic, and operational assumptions was defined to establish a consistent

engineering basis for the techno-economic analysis and to enable realistic performance prediction
over the project lifetime. These assumptions are essential for modeling system behavior, cost
structures and financial feasibility under controlled, reproducible conditions.

Vi.

Vii.

viii.

Xi.

Xii.

All economic calculations were conducted in Indonesian Rupiah (IDR) as the base currency,
with conversions to United States Dollar (USD) applied as needed at a fixed exchange rate of
1 USD = IDR 16,500.00, ensuring consistency in financial reporting and international
comparability.

Product selling prices and raw material costs were determined based on prevailing market
prices at the time of analysis. This market-referenced pricing approach reflects realistic
economic conditions and minimizes bias in revenue and cost estimation.

Equipment costs and process operating conditions were specified based on commercially
available pyrolysis systems and auxiliary units currently offered in the market, as summarized
in Table 1. This assumption ensures that the evaluated system represents a technologically
mature, deployable configuration rather than a laboratory-scale prototype.

Production costs were assumed to be predictable from the initial project phase and allowed
to vary systematically over the operational period to account for changes in operational
intensity and maintenance requirements;

Asset depreciation was calculated using a direct (straight-line) depreciation method, which is
commonly applied in engineering economic evaluations of process equipment due to its
simplicity and transparency [34];

From an operational engineering perspective, one washing cycle required 1 hour, while the
conversion of plastic waste into liquid fuel using a diesel-assisted pyrolysis reactor required 3
hours per reactor per batch. The plant was assumed to operate for 20 days per month,
resulting in 240 operational days per year. Under these conditions, the maximum annual
production capacity was estimated at 5,040,000 L/year, representing the system’s design
throughput;

Electrical energy was utilized to operate the shredder motor, pumps, control panel, and
cooling fan, with an estimated consumption of 4 kWh per hour. To simplify utility analysis, all
utility requirements were expressed in electrical energy units (kWh), in accordance with
standard engineering practice (Ulrich & Vasudevan, 2006). Electricity consumption was then
converted into operating costs using a unit electricity price of IDR 5,000.00 per kWh,;

Total annual labor costs were estimated at IDR 102,000,000.00 for non-operational staff.
When operator personnel were included, the total annual labor cost increased to IDR
270,000,000.00, reflecting realistic manpower requirements for continuous plant operation.
The financial model applied an annual interest rate of 4.5%, representing prevailing financing
conditions for industrial projects;

Corporate income tax was assumed to be 20% per year, in accordance with applicable taxation
regulations;

The project operational lifetime was set at 20 years, consistent with the expected service life
of industrial pyrolysis equipment and infrastructure;

A discount rate of 15% was applied to discounted cash flow calculations to account for
investment risk and opportunity cost in energy-related infrastructure projects.

3.2 Economic evaluation Framework

170



Semarak Engineering Journal
Volume 12, Issue 1 (2026) 163-176

The economic evaluation was conducted to quantify the financial feasibility of the pyrolysis-based
liquid fuel production system by systematically accounting for capital investment requirements and
operational cost structures. Capital investment was allocated over the initial two years of project
implementation to reflect staged construction and commissioning of the processing facility. The
required investment in the first year amounted to IDR 7,642,492,941,176, followed by an additional
IDR 5,094,995,294,118 in the second year, representing expenditures for land acquisition, equipment
procurement, installation, and supporting infrastructure.

Table 1 presents a detailed breakdown of the total cost components, categorized into fixed costs
and variable costs, in accordance with standard engineering economic practice. Fixed costs consist
primarily of capital-related expenditures and equipment depreciation, which remain constant
regardless of production volume. In contrast, variable costs are directly influenced by operational
intensity and production throughput. These include raw material costs, utility consumption,
operating labor (OL), labor-related costs, and sales-related costs. This cost classification enables a
clear distinction between capital recovery obligations and operational expenditures, forming the
basis for subsequent financial performance indicators and sensitivity analyses.

Table 1
Cost Details of The Project To Make Liquid Fuel From Plastic Waste Using The Pyrolysis Process
No | Component | Amount (Rp) | Description
A Fixed Cost
1 Costs related to initial capital include purchasing
Capital Related Cost 12,639,914,100.00 | machinery, buildings, etc.
2 Depreciation 1,082,686,500.00 | Depreciation of fixed assets per year
Total Fixed Cost 13,722,600,600.00 | Fixed costs incurred each year
B Variable Cost
1 Raw Material 46,922,250,000.00 | Costs for plastic raw materials/derivatives
2 Utilities 60,000,000.00 | Electricity, water, gas, etc.
3 Operational Labor (OL) 102,000,000.00 | Daily operator salary
4 Labor Related Costs 30,600,000.00 | Allowances, social security, etc.
5 Sales Related Cost 5,292,000,000.00 | Promotion, distribution, etc.
Costs that change according to production
Total Variable Cost 52,406,850,000.00 | volume

3.2.1 Revenue and Profit Analysis

Revenue and profit performance of the pyrolysis-based liquid fuel production system are
summarized in Table 2. Based on the economic calculations, the system generates an annual sales
revenue of IDR 75,600,000,000.00, derived from the projected production capacity and prevailing
market price of the liquid fuel product. The total manufacturing cost, which includes both fixed and
variable operating expenses, amounts to IDR 65,046,764,100.00 per year. The total capital
investment required for the system is IDR 11,604,915,000.00.

From these values, the gross profit margin, defined as the ratio of net profit to manufacturing
cost, was calculated to be 0.14 (14%), indicating that the system generates a positive operating
surplus relative to its production cost. In addition, the profit-to-investment ratio, which represents
the proportion of annual profit relative to total capital investment, reached 0.91 (91%), indicating
strong capital recovery potential and high investment attractiveness. These results demonstrate that
the pyrolysis-based liquid fuel production system is economically viable and capable of generating
substantial returns under the assumed operational and market conditions.
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Table 2
Revenue and Profit
No | Component Amount (Rp) Description
1 Calculated from production capacity of 5,040,000
Sales 75,600,000,000.00 | liters/year x selling price of Rp15,000/liter
2 Manufacturing Cost 65,046,764,100.00 | Total production cost = Fixed + Variable
3 Initial Investment 11,604,915,000.00 | Total initial investment of the project
4 14% of manufacturing
Net Profit cost Gross profit margin (GPM)
5 Return on Investment 91% of total investment | ROI (Return on Investment) of 0.91 or 91%

3.2.2 Break-Even and Financial Feasibility Analysis

Table 3 presents the BEP and key financial feasibility indicators of the pyrolysis-based liquid fuel
production project. The BEP analysis indicates that the system begins to generate positive net profits
at an annual production of approximately 3 million L, corresponding to about 59% of the designed
maximum production capacity. This result demonstrates that the system does not require full-
capacity operation to achieve financial sustainability, indicating a relatively robust economic
structure under partial load conditions. In addition to the BEP, several profitability indicators were
evaluated to assess overall investment performance. The profit-to-sales ratio was 0.1396 (13.96%),
indicating a stable operating margin relative to annual revenue. The ROl reached 0.9747 (97.47%),
indicating that the annual net profit nearly equals the total capital investment, which suggests strong
capital efficiency. Furthermore, the pay-out time (POT), also known as the payback period, was
estimated at 0.93 years, confirming that the initial investment can be recovered within 1 year of
operation. Overall, the BEP and financial feasibility results demonstrate that the pyrolysis-based
liquid fuel production system is economically attractive, resilient to production variability, and
suitable for industrial-scale implementation, particularly in tourism-driven geopark environments
where feedstock availability may fluctuate.

Table 3
Break-even point and financial feasibility analysis of the project to make
liquid fuel from plastic waste through pyrolysis.

No Component Amount (Rp)

1 Annual Production Capacity 5,040,000 liters

2 Selling Price per Liter Rp15,000.00

3 Total Revenue Rp75,600,000,000.00
4 Fixed Cost Rp13,722,600,600.00
5 Variable Cost per Liter Rp10,400.00

6 BEP (Break Even Point) 2,981,997 liter/tahun
7 Percentage of BEP to full capacity 59%

3.2.3 Cumulative Net Present Value (CNPV) Analysis

Figure 2 presents the CNPV/TIC profile of liquid fuel production from plastic waste via pyrolysis
over a 20-year operational period. The x-axis represents project time (years), while the y-axis shows
the CNPV/TIC. The curve indicates negative CNPV/TIC values during years 0-5, reflecting the
dominance of capital and operating costs in the early project phase. The BEP is reached around the
6th year, when CNPV/TIC crosses zero, indicating that cumulative discounted revenues equal total
investment costs. After this point, CNPV/TIC increases steadily, with faster growth during years 6-10,
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followed by a more gradual increase until year 20. At the end of the project lifetime, the CNPV/TIC
reaches approximately 60,000, demonstrating the strong long-term financial viability of the pyrolysis-
based liquid fuel production system.

80000
60000
40000
20000

0
220000 © 5 10 15 20 25

CNPV/TIC

-40000 Years
Fig. 2. CNPV economic evaluation for liquid fuel production by pyrolysis process

3.3 Sociological Impact

This study demonstrates a significant sociological and institutional impact of government
involvement, particularly in governance structures, community participation, multi-stakeholder
collaboration, and the strengthening of local institutions within geopark areas [35-36]. The
implementation of pyrolysis technology for converting tourism waste into liquid fuel [37] has
increased community engagement in environmental management while simultaneously improving
local economic welfare through job creation and additional income streams. A direct economic
benefit for local communities is generated through the supply of plastic waste as raw material, with
a daily demand of approximately 300 tons (300,000 kg). At a purchasing price of IDR 3,500 per kg,
this activity generates a daily community income of approximately IDR 1,050,000,000.

3.4 Contribution to the Sustainable Development Goals (SDGs)

The successful deployment of green technologies, such as plastic waste pyrolysis, is not
determined solely by technical performance or economic feasibility but is strongly influenced by
social acceptance and effective governance [23]. In tourism-based geopark environments, synergistic
collaboration among geopark managers, local governments, local communities, and other
stakeholders plays a critical role in enabling the integration of waste-to-energy systems into existing
management structures. Such collaborative governance facilitates community participation in
decision-making, resource management, and technology adoption, thereby strengthening the
institutional foundation required for sustainable development at the local level.

Within this governance framework, the application of plastic waste pyrolysis contributes directly
to multiple SDGs by integrating waste management and energy recovery within a circular economy
approach. This supports current issues in SDGs, as reported elsewhere [38-42]. The conversion of
tourism-generated plastic waste into liquid fuel supports SDG 7 (Affordable and Clean Energy) by
enabling localized energy production and improving resource efficiency through the utilization of
process by-products. Reducing unmanaged plastic waste and landfill dependency aligns with SDG 11
(Sustainable Cities and Communities) by enhancing environmental quality in conservation-oriented
tourism areas. In addition, waste valorization through pyrolysis promotes SDG 12 (Responsible
Consumption and Production) by extending material life cycles and minimizing waste leakage into
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natural ecosystems. By reducing uncontrolled disposal and associated emissions, the system also
contributes to SDG 13 (Climate Action). Overall, pyrolysis-based waste-to-energy systems represent
a practical engineering pathway for advancing sustainable tourism development while supporting
the achievement of the SDGs in geopark contexts.

4. Conclusions

This study demonstrates that the conversion of tourism-generated plastic waste into liquid fuel
through a pyrolysis-based system is technically feasible and economically viable within geopark
environments. The integrated process engineering and techno-economic assessment confirms that
pyrolysis can function as an effective waste-to-energy solution when supported by appropriate
operational design and long-term financial evaluation. Beyond technical and economic performance,
the results highlight the importance of governance structures, stakeholder collaboration, and
community participation in enabling sustainable implementation. By integrating waste management,
energy recovery, and circular resource utilization, the proposed system contributes to the
achievement of the SDGs, particularly those related to clean energy, sustainable communities,
responsible production, and climate action, while supporting sustainable tourism development in
geopark areas.

Acknowledgement
This research was not funded by any grant.

Conflict of Interest Statement

The authors declare that there is no conflict of interest regarding the publication of this paper. No
financial support, grants, or other forms of compensation were received that could have influenced
the outcomes of this work. The research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

Author Contributions Statement

Rita Rahmawati conceptualized and designed the study. Martin Roestamy supervised the project. Sri
Harini reviewed the manuscript. Faisal Tri Ramdani conducted the experiments. Irma Purnamasari
data analysis. Awa Awa and Warizal Warizal contributed to data interpretation. Ginung Pratidina
wrote the initial draft of the manuscript. All authors contributed to manuscript revision, read, and
approved the final version.

Data Availability Statement
All data generated or analyzed during this study are included in this published article. Additional
datasets are available from the corresponding author upon reasonable request.

Ethics Statement
This study was conducted in accordance with the ethical standards of the institutional and/or
national research committee.

References
[1] H. A. Gabbar and M. Aboughaly, “Conceptual process design, energy and economic analysis of solid waste to
hydrocarbon  fuels via  thermochemical processes,” Processes, vol. 9, no. 12, 2021.

https://doi.org/10.3390/pr9122149

174


https://doi.org/10.3390/pr9122149

Semarak Engineering Journal
Volume 12, Issue 1 (2026) 163-176

(2]

(3]

(4]

(5]

(6]

(7]
(8]

(9]

(10]

(11]
(12]
(13]
(14]

(15]

(16]

(17]
(18]
(19]
(20]

(21]

(22]

(23]

R. A. Sheldon, “Biocatalysis and biomass conversion: Enabling a circular economy: Biocatalysis and Biomass
Conversion,” Philos. Trans. R. Soc. A Math. Phys. Eng. Sci, vol. 378, no. 2176, 2020.
https://doi.org/10.1098/rsta.2019.0274

T. Anggraini, E. Saputri, Zurohaina, R. Daniar, and I. Rusnadi, “Konversi Plastik Menjadi Bahan Bakar Cair Ditinjau
Dari Pengaruh Variasi Zeolit Dan Temperatur Dengan Metode Pirolisis,” CHEMTAG J. Chem. Eng., vol. 4, no. 2, p.
28, 2023. https://doi.org/10.56444/cjce.v4i2.4336

R. Harlivia, T. Tahdid, and S. E. A., “Pengaruh Persen Katalis Zeolit Alam Terhadap Yield Bahan Bakar Cair Proses
Pirolisis dari Limbah Plastik Polypropylene,” J. Pendidik. dan Teknol. Indones., vol. 2, no. 11, pp. 453-459, 2022,
https://doi.org/10.52436/1.jpti.241

T. Iskandar, S. P. Abrina Anggraini, and M. Melinda, “Pembuatan Bahan Bakar Diesel dari Limbah Plastik HDPE
dengan Proses Pirolisis,” Reka Buana J. lim. Tek. Sipil dan Tek. Kim., vol. 6, no. 1, pp. 23-29, 2021.
https://doi.org/10.33366/rekabuana.v6il.2251

M. A. N. Adila, D. S. Wijayanto, and N. Rohman, “Karakteristik Minyak Pirolisis Campuran Biomassa Tongkol Jagung
dan Sabut Kelapa dengan Plastik Polyprophylene,” J. lIm. Pendidik. Tek. dan Kejuru., vol. 16, no. 2, pp. 90-103,
2023.

R. B. A. Restanti and M. Mirwan, “Pengolahan Sampah Plastik Menjadi Bahan Bakar Minyak Alternatif dengan
Metode Pirolisis,” J. Serambi Eng., vol. 8, no. 4, pp. 7224-7231, 2023. https://doi.org/10.32672/jse.v8i4.6789

D. C. Makepa, C. H. Chihobo, W. R. Ruziwa, and D. Musademba, “Microwave-assisted pyrolysis of pine sawdust:
Process modelling, performance optimization and economic evaluation for bioenergy recovery,” Heliyon, vol. 9,
no. 3, p. €14688, 2023. https://doi.org/10.1016/j.heliyon.2023.e14688

M. Laghezza, S. Fiore, and F. Berruti, “A review on the pyrolytic conversion of plastic waste into fuels and
chemicals,” J. Anal. Appl. Pyrolysis, vol. 179, no. March 2024, p. 106479, 2024, doi: 10.1016/j.jaap.2024.106479.
M. M. Hasan, M. G. Rasul, M. I. Jahirul, and M. A. Sattar, “An Aspen plus process simulation model for exploring the
feasibility and profitability of pyrolysis process for plastic waste management,” J. Environ. Manage., vol. 355, no.
February, p. 120557, 2024. https://doi.org/10.1016/].jenvman.2024.120557

M. Ridwanullah, R. Rahmawati, and D. Hernawan, “Pemetaan Tata Kelola Pengembangan Pariwisata,” J.
Governansi, vol. 7, no. 1, pp. 9-18, 2021. https://doi.org/10.30997/jgs.v7i1.3106

R. Rahmawati and A. Apriliani, “Ecotourism Governance Based on Community Participation,” in lapa Proceedings
Conference, 2020, pp. 44-56. https://doi.org/10.30589/proceedings.2020.396

R. Rahmawati et al., “Cultural Tourism Development Model for Local Community Livelihoods,” Int. J. Psychosoc.
Rehabil., vol. 24, no. 10, pp. 1534-1548, 2020, [Online). Available: http://repository.unida.ac.id/id/eprint/1480

Y. Chhiti and M. Kemiha, “Thermal Conversion of Biomass, Pyrolysis and Gasification: A Review,” Int. J. Eng. Sci.,
vol. 2, no. 3, pp. 75-85, 2013, [Online]. Available: www.theijes.com

Dominggus G.H. Adoe, W. Bunganaen, I. F. Krisnawi, and F. A. Soekwanto, “Pirolisis Sampah Plastik PP
(Polyprophylene) menjadi Minyak Pirolisis sebagai Bahan Bakar Primer,” Lontar J. Tek. Mesin Undana, vol. 03, no.
01, pp. 17-26, 2016.

D. A. Lubis, A. Arifin, Y. Fitrianingsih, S. Pramadita, and G. C. Asbanu, “Pengolahan Sampah Plastik HDPE (High
Density Polyethylene) dan PET (Polyethylene Terephtalate) Sebagai Bahan Bakar Alternatif dengan Proses Pirolisis,”
J. llmu Lingkung., vol. 20, no. 4, pp. 735-742, 2022. https://doi.org/10.14710/jil.20.4.735-742

B. Yunianto, “Pengembangan dan Evaluasi Kinerja Mesin Pirolisis Berbahan Baku Sampah Plastik menjadi Bahan
Bakar Minyak,” Rotasi, vol. 23, no. 4, pp. 74—82, 2021.

M. Arif Batutah and Y. N. Vianto, “Redesain Alat Pirolisis Pengubah Sampah Plastik Menjadi Bahan Bakar Cair,” J.
ReSEM Rekayasa Sist. Eng. Manufaktur, vol. 2, no. 1, pp. 42-51, 2024,

A. B. D. Nandiyanto, R. Ragadhita, D. N. Al Husaeni, and W. C. Nugraha, “Research trend on the use of mercury in
gold mining: Literature review and bibliometric analysis,” Moroccan J. Chem., vol. 11, no. 1, pp. 1-19, 2023.

M. Fiandini and A. B. D. Nandiyanto, “How to calculate economic evaluation in industrial chemical plant design: A
case study of gold mining using amalgamation method,” ASEAN J. Sci. Eng. Mater., vol. 3, no. 2, pp. 75-104, 2024.
J. A. Riandis, A. R. Setyawati, and A. S. Sanjaya, “Pengolahan Sampah Plastik dengan Metode Pirolisis menjadi Bahan
Bakar Minyak (Plastic Waste Processing using Pyrolysis Method into Fuel Qil),” J. Chemurg., vol. 05, no. 1, pp. 8-14,
2021, [Online]. Available: http://e-journals.unmul.ac.id/index.php/TKp

N. Salsabila, Y. Yushardi, and Sudartik, “Analisis Kelebihan Kekurangan Pengolahan Limbah Plastik Menjadi Bahan
Bakar Melalui Proses Pirolisis,” J. Mekanova Mek. Inov. dan Teknol., vol. 9, no. 2, pp. 105-113, 2023, [Online].
Available: http://jurnal.utu.ac.id/jmekanova/article/view/6702

Gagan Deep, “Exploring the role and impact of green technology in building a sustainable future,” Int. J. Sci. Technol.
Res. Arch., vol. 5, no. 2, pp. 128-133, 2023. https://doi.org/10.53771/ijstra.2023.5.2.0098

175


https://doi.org/10.1098/rsta.2019.0274
https://doi.org/10.56444/cjce.v4i2.4336
https://doi.org/10.52436/1.jpti.241
https://doi.org/10.33366/rekabuana.v6i1.2251
https://doi.org/10.32672/jse.v8i4.6789
https://doi.org/10.1016/j.heliyon.2023.e14688
https://doi.org/10.1016/j.jenvman.2024.120557
https://doi.org/10.30997/jgs.v7i1.3106
https://doi.org/10.30589/proceedings.2020.396
http://www.theijes.com/
https://doi.org/10.14710/jil.20.4.735-742
http://e-journals.unmul.ac.id/index.php/TKp
http://jurnal.utu.ac.id/jmekanova/article/view/6702
https://doi.org/10.53771/ijstra.2023.5.2.0098

Semarak Engineering Journal
Volume 12, Issue 1 (2026) 163-176

(24]

(25]

(26]

(27]
(28]

[29]

(30]

(31]

(32]
(33]

(34]
(35]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

S. Husen, R. Rahmawati, and D. Hernawan, “Implementasi Kebijakan Pemanfaatan Pariwisata Taman Nasional
Betung Kerihun Dan Danau Sentarum (Tnbkds) Kalimantan Barat,” J. Governansi, vol. 3, no. 2, pp. 81-98, 2017.
https://doi.org/10.30997/jgs.v3i2.942

R. Rahmawati, A. Apriliani, and B. Sastrawan, “Stakeholder involvement through a partnership model for
sustainable tourism development,” Int. J. Psychosoc. Rehabil., vol. 24, no. 08, pp. 8153-8168, 2020.

K. Ridhuan, D. Irawan, and R. Inthifawzi, “Proses Pembakaran Pirolisis dengan Jenis Biomassa dan Karakteristik Asap
Cair yang Dihasilkan,” Turbo J. Progr. Stud. Tek. Mesin, vol. 8 no. 1, pp. 69-78, 2019.
https://doi.org/10.24127/trb.v8i1.924

F. T. Ramdani et al., “Production Of Organic Fertilizer From Cooking Oil Waste To Support Sustainable Development
Goals (Sdgs): Technology And Cost Analysis,” J. Eng. Sci. Technol., vol. 20, no. 1, pp. 65-72, 2025.

S. Harini, R. Rahmawati, and E. Silaningsih, “Socio-Economic Analysis of Tourism Village Development,” in Djuanda
International Conference on Social Science 2024, Vol. 8 No. 1., 2024.

A. P.Islami, S. Sutrisno, and H. Heriyanti, “Pirolisis sampah plastik jenis polipropilena (PP) menjadi bahan bakar cair-
premium-like,” JC-T (Journal Cis-Trans) J. Kim. dan Ter., wvol. 3, no. 2, pp. 1-6, 2019.
https://doi.org/10.17977/um0260v3i22019p001

L. I. Zain, S. Wijayanto, and T. W. Saputra, “Pirolisis Campuran Biomassa Limbah Ampas Kopi Dan Limbah Plastik
Polypropylene,” NOZEL J. Pendidik. Tek. Mesin, vol. 05, no. 1, pp. 42-55, 2023.

A. Apriliani et al., “Techno-economic analysis of sawdust-based trash cans and their contribution to Indonesia’s
green tourism policy and the Sustainable Development Goals (SDGs),” ASEAN J. Sci. Eng. Mater., vol. 5, no. 1, pp.
17-36., 2026.

A. B. D. Nandiyanto, “Cost analysis and economic evaluation for the fabrication of activated carbon and silica
particles from rice straw waste,” J. Eng. Sci. Technol., vol. 13, no. 6, pp. 1523-1539, 2018.

W. Warizal et al., “Production of Roster From Plastic Waste To Support Sustainable Development Goals (Sdgs):
Technology and Cost Analysis,” J. Eng. Sci. Technol., vol. 20, no. 1, pp. 33-40, 2025.

D. E. Garrett, Chemical engineering economics. New York: Springer Science and Business Media., 2012.

Ekta P, “The Sociological Imagination: Revisiting the Concept and its Significance in Contemporary Society,” Int. Res.
J. Arts Soc. Sci., vol. 11, no. 3, pp. 1-4, 2023. https://doi.org/10.14303/2276-6502.2023.91

R. Bartoletti and F. Faccioli, “Public Engagement, Local Policies, and Citizens’ Participation: An Italian Case Study of
Civic Collaboration,” Soc. Media Soc., vol. 2, no. 3, 2016. https://doi.org/10.1177/2056305116662187

I. W. K. Suryawan, S. Suhardono, M. M. Sari, and |. Yenis, “Waste Recycling Processing in Indonesian Tourist
Attractions : Problems and Challenges of Implementing Legal Policies Restricting Plastic Use,” J. llmu Lingkung., vol.
22, no. 4, pp. 1067-1077, 2024. https://doi.org/10.14710/jil.22.4.1067-1077

A. Abduh et al., “Dataset on the number of schools, teachers, and students in Sulawesi, Indonesia: kindergarten,
primary, junior, senior high, vocational, and Islamic boarding schools with educational access, quality, and cultural
implications to solve challenges and strat,” ASEAN J. Educ. Res. Technol., vol. 5, no. 1, pp. 89-116., 2026.

A. S. M. Al-Obaidi, “The Journal of Engineering, Science and Technology (JESTEC): A bibliometric insight into
materials research trends and innovation to support Sustainable Development Goals (SDGs),” ASEAN J. Sci. Eng.
Mater., vol. 5, no. 1, pp. 101-122., 2026.

A. Keisyafa, D. N. Sunarya, S. M. Aghniya, and S. P. Maula, “Analysis of student’s awareness of sustainable diet in
reducing carbon footprint to support sustainable development goals (SDGs) 2030,” ASEAN J. Agric. Food Eng., vol.
3, no. 1, pp. 67-74., 2024.

I. Maulana, M. A. Asran, and R. M. Ash-Habi, “Implementation of sustainable development goals (SDGs) no. 12:
Responsible production and consumption by optimizing lemon commodities and community empowerment to
reduce household waste.,” ASEAN J. Community Serv. Educ., vol. 2, no. 2, pp. 141-146., 2023.

S. M. Ximenes, “School feeding program and Sustainable Development Goals (SDGs) in education: Linking food
security to learning outcomes in Timor-Leste.,” ASEAN J. Sci. Educ., vol. 4, no. 2, pp. 155-168, 2025.

176


https://doi.org/10.30997/jgs.v3i2.942
https://doi.org/10.24127/trb.v8i1.924
https://doi.org/10.17977/um0260v3i22019p001
https://doi.org/10.14303/2276-6502.2023.91
https://doi.org/10.1177/2056305116662187
https://doi.org/10.14710/jil.22.4.1067-1077

