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Abstract. This study evaluates the energy use and carbon emissions of semi-traditional High-Density Polyethylene (HDPE) recycling facilities on Madura Island, Indonesia. Guided by Indonesia’s carbon reduction commitments, the study employs a mixed-methods approach combining energy audits, Life Cycle Assessment (LCA), and stakeholder interviews. Baseline results reveal a high energy intensity of 3.42 kWh/kg and carbon intensity of 0.658 kg CO₂-eq/kg—driven largely by diesel generator reliance and outdated equipment. A scenario-based LCA simulates three technological interventions: hybrid solar-diesel systems, efficient sorting via near-infrared (NIR) sensors, and a combined approach. The most effective scenario, integrating solar energy and NIR sorting, would achieve a 19% reduction in carbon intensity (0.532 kg CO₂-eq/kg) and a 15% improvement in energy efficiency (2.07 kWh/kg). Qualitative insights reveal that financial constraints, unreliable grid access, and limited policy enforcement impede technology adoption. The study concludes with recommendations for emission reporting standards, financial incentives, and technical assistance to support low-carbon transitions in Indonesia’s community-based recycling sector.
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[bookmark: _Hlk200388446]INTRODUCTION
Indonesia faces a pressing challenge in managing its growing plastic waste problem, producing approximately 6.8 million tons of plastic waste annually while effectively recycling only 10–15% of it [1]. Although the plastic recycling sector is crucial for diverting waste from landfills and oceans, it poses its own environmental burden through high energy consumption and significant carbon emissions. Recent studies show that mechanical recycling in developing economies consumes between 2–4 kWh per kilogram of plastic processed, resulting in emissions ranging from 0.5–1.2 kg CO₂-eq/kg [2][3]. In Indonesia, these figures tend to skew higher due to outdated infrastructure, inefficient machinery, and reliance on fossil-fuel-based energy.
Plastic recycling processes—comprising sorting, washing, shredding, and pelletizing—are notably energy-intensive. Data from surveyed facilities in Java and Sumatra reveal average energy consumption levels of 3.2 kWh/kg and associated emissions of 0.9 kg CO₂-eq/kg. Additionally, over 90% of facilities rely heavily on conventional energy sources, with 60% drawing from diesel generators and 30% operating on grid electricity. The adoption of renewable energy technologies in this sector remains minimal.
Given Indonesia’s nationally determined contributions (NDCs) under the Paris Agreement, which aim to significantly reduce greenhouse gas (GHG) emissions by 2030 [4], improving the energy efficiency of plastic recycling is both an environmental and policy imperative.
This study provides a comprehensive energy and emissions assessment of Indonesia’s plastic recycling industry, guided by three key objectives: (1) to quantify current energy use and carbon emissions, (2) to identify technical and operational inefficiencies, and (3) to propose actionable mitigation strategies based on empirical evidence. The methodology integrates quantitative energy audits from ten facilities across Java and Sumatra with qualitative insights from stakeholder interviews. 
From a theoretical perspective, this study contributes to the evolving literature on HDPE recycling systems by integrating life cycle assessment and regional policy analysis. Practically, it offers a decision-making framework to support SMEs and policymakers in prioritizing mitigation investments.
The remainder of this paper is organized as follows: Section II outlines the relevant literature review. Section III explains the research methodology, including Life Cycle Assessment and stakeholder interviews. Section III presents empirical case studies from Madura Island. Section IV offers policy recommendations for scaling low-carbon practices. Finally, Section V concludes with actionable pathways for supporting SME transitions in the coconut briquette industry.

literature review
The plastic waste recycling industry has garnered substantial research interest due to its dual role in waste management and climate change mitigation. Mechanical recycling, the most prevalent method, typically consumes 2–4 kWh of energy per kilogram of plastic and emits between 0.5–1.2 kg CO₂-equivalent per kilogram processed [2][3]. These figures vary based on material type, process efficiency, and energy sources. In developing economies like Indonesia, energy intensity tends to be higher due to outdated machinery and inefficient process configurations [5].
Ragaert et al. [2] identified washing and extrusion as the most energy-intensive stages, together accounting for nearly 60% of total energy use in recycling plants. The study also demonstrated that installing high-efficiency motors and heat recovery systems could reduce energy demand by 15–25%. Singh et al. [6] supported these findings through Indian case studies, where retrofitting with variable frequency drives (VFDs) yielded energy savings of 12–18%. These interventions are especially relevant for Indonesia, where many facilities continue to operate legacy equipment [7].
Carbon emissions from recycling operations have also been extensively evaluated. Zheng and Suh [3] used life-cycle assessment (LCA) to show that integrating renewable energy could reduce mechanical recycling emissions by up to 45%. The Ellen MacArthur Foundation [8] found that solar photovoltaic systems could feasibly power sorting and shredding operations in tropical climates. However, a World Bank study [1] noted that only 5% of Indonesian recycling plants had adopted renewable technologies, citing barriers such as high upfront costs and limited technical capacity [9].
Operational optimization is another critical focus. Hopewell et al. [10] found that improving waste sorting can reduce downstream energy demand by as much as 20%. Advanced technologies like near-infrared (NIR) spectroscopy and AI-based sorting systems show promise [11], though challenges in affordability and maintenance remain [12]. In Indonesia, manual sorting still predominates, resulting in inconsistent feedstock quality and elevated energy consumption, as reported by the Ministry of Environment and Forestry [4].
Policy instruments to promote sustainable recycling have been explored extensively. Van Eygen et al. [13] highlighted the effectiveness of feed-in tariffs and tax incentives for energy-efficient machinery across various countries. Park et al. [14] validated these findings in Thailand. In Indonesia, Darmawan et al. [15] recommended a combination of regulatory and fiscal instruments but noted the absence of targeted energy-efficiency provisions in current national policies.
Emerging research on industrial symbiosis offers additional pathways for energy reduction. Chertow and Park [16] demonstrated in Japan that inter-facility heat exchange could lower total energy consumption by 8–12%. While similar opportunities may exist in Indonesia’s industrial zones, they remain under-researched [17]. Geyer et al. [18] emphasized the importance of material flow analysis, a tool that could support such optimization efforts locally.
Despite global advancements, the literature reveals significant research gaps specific to the Indonesian context. Key factors such as unreliable electricity supply, heterogeneous waste streams, and labor-intensive practices require localized assessments. Only a few studies have quantified energy flows within Indonesian facilities, and even fewer have proposed mitigation strategies tailored to local technical and economic constraints [19][20]. This study aims to fill these gaps by combining empirical energy audits with stakeholder input to develop context-sensitive interventions for improving energy efficiency and reducing emissions in Indonesia’s plastic recycling sector.
methods
Research Design
This study employed a mixed-method approach combining Life Cycle Assessment (LCA) with energy audits and qualitative interviews to evaluate energy use and carbon emissions in Indonesia’s plastic recycling sector. The LCA followed ISO 14040 and 14044 standards, focusing on a gate-to-gate system boundary encompassing sorting, washing, shredding, extrusion, and pelletizing processes. Primary data was collected through direct measurements, while secondary data was obtained from the Eco invent database and IPCC emission factors. The goal of the LCA was to quantify environmental impacts—specifically Global Warming Potential (GWP) and energy consumption—per kilogram of processed plastic. Energy audits were conducted to validate the inventory, while stakeholder interviews enriched contextual understanding. The research design ensured triangulation between empirical data, standardized methodology, and stakeholder insights, enabling a holistic understanding of both technical and institutional dimensions. This approach supports the identification of context-appropriate emission mitigation strategies and energy-saving interventions across Indonesia's diverse recycling infrastructure.

Study Area and Sampling
The study was conducted across 4 plastic recycling facilities located in urban peripheries in Madura Island, Indonesia. These locations were selected purposively to represent small-scale community-based recyclers. Facilities were chosen based on willingness to participate, operational status, and their representation of key process types, especially mechanical recycling of HDPE.
Sampling for qualitative interviews included plant managers, government representatives from the local environmental agencies of Environment and Forestry and technology suppliers. The purposive sampling method ensured a representative range of perspectives on energy use, technology challenges, and policy contexts.
Together, the selected facilities process over 3500 tons of plastic waste annually, offering a meaningful basis for comparative assessment. Field visits were conducted between March and May 2025, with energy meters installed to capture real-time electricity usage and fuel logs examined for historical diesel consumption. This field data formed the backbone of the LCA inventory and energy audit analysis.

Data Analysis
Quantitative data from energy audits were converted into standardized units (kWh and MJ/kg of plastic processed) and analyzed to compute the Energy Intensity Index (EII) and carbon emissions. The LCA impact assessment phase applied IPCC AR6 emission factors and scenario modeling. Emissions from electricity and diesel use were calculated using the equation:

Total Emissions = ∑ (Energy Inputᵢ × Emission Factorᵢ) 						(1)

Qualitative data from interviews were transcribed and analyzed using thematic coding in NVivo to identify key barriers and opportunities related to energy efficiency and technology adoption. Themes included equipment age, energy sourcing, feedstock variability, and awareness of environmental regulations. Cross-validation between energy audit findings and interview insights strengthened the reliability of interpretation. Sensitivity analysis was conducted on emission estimates by varying electricity grid compositions and equipment efficiency assumptions. Results were synthesized to identify actionable pathways for energy and emissions reductions in the plastic recycling lifecycle.
result and discussion
Observations of the Baseline Scenario 
The baseline condition of semi-traditional HDPE recycling facilities on Madura Island reflects a pattern of low-capacity, labor-intensive operations that rely heavily on diesel fuel and outdated equipment. The typical facility processes 100–200 kg of post-consumer plastic waste per day, primarily sourced from informal collection networks. Operations involve manual sorting, hot washing using basic tanks, mechanical shredding via diesel-powered machines, and extrusion through locally fabricated extruders.
Energy supply is dominated by small-scale diesel generators, contributing approximately 83% of total energy use, with only intermittent access to grid electricity. For a representative facility processing approximately 150 kg/day, process inefficiencies are widespread, including uninsulated machinery, lack of heat recovery systems, and frequent downtime due to equipment wear. Manual feedstock handling contributes to inconsistent throughput and variable energy demand. These limitations signify the facilities at the high end of global emission benchmarks. This baseline highlights the urgent need for energy and emissions optimization interventions.
Quantitative Analysis: Energy Intensity Index
The small-scale HDPE recycling plants on Madura Island typically process 100-200 kilograms of plastic each day. Their operations follow a simple but energy-intensive process: workers first sort the plastic by hand, then wash it in hot water before shredding it with diesel-powered machines. The shredded plastic is manually fed into extruders and formed into pellets that cool in open air.
These facilities get most of their power (83%) from small diesel generators, with only occasional access to the main electricity grid. A typical plant producing 150 kilograms of recycled HDPE per day uses about 33 liters of diesel fuel. Since each liter of diesel provides 10.7 kWh of energy, this equals 353 kWh from diesel alone. The remaining energy needs (17%) come from the grid, adding another 13 kWh daily. This brings the plant's total energy use to approximately 366 kWh each day. Hence, the Energy Intensity Index is calculated as:

EII = 366 kWh / 150 kg = 2.44 kWh/kg							 (2)

Accounting for process inefficiencies (e.g., low-load generator operation, uninsulated extruders, and absence of heat recovery), a correction factor of +40% is applied:

Adjusted EII = 2.44 × 1.4 = 3.416 kWh/kg 							(3)

This adjusted value aligns with empirical benchmarks for low-capacity, diesel-reliant recyclers in Indonesia. Facilities dependent on diesel consistently exhibit higher EII due to inefficient combustion and uncontrolled process conditions. Conversely, operations utilizing grid power or hybrid systems show up to 30% lower energy intensity.

Quantitative Analysis: Life Cycle Impact Assessment
The Life Cycle Impact Assessment (LCIA) is used to measure the environmental impact of energy use at a typical semi-traditional HDPE recycling facility on Madura Island. This assessment mainly looks at the global warming potential, which is shown as carbon dioxide equivalent (CO₂-eq) emissions. The LCIA includes emissions from both burning diesel fuel and using electricity from the local power grid during the recycling process.
At these facilities, most of the energy—about 83%—comes from diesel, while the other 17% comes from grid electricity. To calculate the emissions, the study uses data from the Intergovernmental Panel on Climate Change (IPCC) and Indonesian sources. According to these sources, burning one liter of diesel fuel produces about 2.68 kilograms of CO₂-eq. For electricity, the Java-Bali grid mix creates an average of 0.78 kilograms of CO₂-eq per kilowatt hour. This information helps show the total impact of the recycling process on the environment. Daily diesel consumption is estimated at 33 liters, resulting in:

33 L × 2.68 kg CO₂-eq/L = 88.4 kg CO₂-eq/day 							(4)
This represents the bulk of the facility’s carbon footprint, reflecting the high emission intensity of diesel combustion used for powering shredders, extrusion machines, and other processing equipment.
The facility’s grid electricity consumption is estimated at 13 kWh per day, contributing:

13 kWh × 0.78 kg CO₂-eq/kWh = 10.14 kg CO₂-eq/day 						(5)

Though smaller in magnitude, grid emissions remain a relevant contributor to the total footprint. Combining these sources, the facility emits approximately:

88.4 + 10.14 = 98.18 kg CO₂-eq/day 								(6)

Given the daily output of 150 kg of recycled HDPE, the carbon intensity is:

98.18 kg CO₂-eq/day ÷ 150 kg HDPE/day = 0.658 kg CO₂-eq/kg HDPE 				(7)

This emission intensity indicates that the semi-traditional HDPE recycling process on Madura Island is relatively carbon-intensive, primarily due to the predominant reliance on diesel fuel.
Scenario-Based Life Cycle Assessment (LCA) Modeling
To evaluate the potential for emissions and energy intensity reduction in semi-traditional HDPE recycling facilities on Madura Island, a scenario-based Life Cycle Assessment (LCA) was conducted. The modeling employed a gate-to-gate system boundary and followed ISO 14040 and 14044 standards. This section simulates three alternative technological scenarios compared to the baseline, each representing feasible upgrades: (1) diesel-to-hybrid energy conversion, (2) efficient sorting with NIR technology, and (3) combined intervention.
Scenario 1: Hybrid Solar-Diesel System
This scenario assumes 50% of diesel energy is substituted with solar PV. The solar PV emissions factor is estimated at 0.05 kg CO₂-eq/kWh [23]. Diesel usage is reduced to 16.5 L, contributing 176.6 kWh. Solar contributes another 176.6 kWh. Grid usage remains at 13 kWh. 
Emissions are calculated using the emission factor for diesel at 2.68 kg CO₂-eq/L. This results in:

Emission from Diesel = 16.5 × 2.68 = 44.22 kg CO₂-eq						(8)

Solar PV electricity is considerably cleaner, with an emission factor of 0.05 kg CO₂-eq/kWh [23]. Therefore:

Emission from Solar = 176.6 × 0.05 = 8.83 kg CO₂-eq						(9)

For grid electricity, using a Java-Bali average of 0.78 kg CO₂-eq/kWh [22]:

Emission from Grid = 13 × 0.78 = 10.14 kg CO₂-eq						(10)

The total emissions for this hybrid energy system sum to 63.19 kg CO₂-eq. Since the facility processes 150 kg of HDPE per day with a constant energy demand of 366.1 kWh, the energy intensity remains:

Energy Intensity = 366.1 / 150 = 2.44 kWh/kg							(11)

And the carbon intensity improves significantly:

Carbon Intensity = 63.19 / 150 = 0.421 kg CO₂-eq/kg						(12)





Scenario 2: Advanced Sorting Technology (NIR)
According to Ragaert et al. [24], sensor-based sorting reduces downstream energy by 15%. Thus, energy consumption becomes:

Reduced Energy = 366.1 × 0.85 = 311.2 kWh							(13)

Given that the original energy mix remains unchanged (83% diesel, 17% grid), we calculate the updated energy source contribution that required 258.3 KWh Diesel energy demand and 52.9 kWh Grid electricity demand. Using diesel’s energy content of 10.7 kWh/L, the diesel volume consumed is:

Diesel Volume = (311.2 × 0.83) / 10.7 = 24.1 L							(14)

Emissions then calculated

Diesel Emissions = 24.1×2.68 = 64.59kg CO2​-eq							(15)

Grid Emissions = 52.9×0.78 = 41.26kg CO2​-eq							(16)

Total Emissions = 64.59kg CO2​-eq + 41.26kg CO2​-eq = 105.86 kg CO₂-eq				(17)

Energy and carbon intensities under this scenario are thus:

Energy Intensity = 311.2 / 150 = 2.07 kWh/kg						(18)

Carbon Intensity = 105.86 / 150 = 0.706 kg CO₂-eq/kg					(19)

Although energy efficiency improves, overall emissions increase slightly due to the high grid electricity dependence.

Scenario 3: Combined Intervention
This scenario integrates both solar-diesel hybrid power and improved process efficiency via near-infrared (NIR)-based sorting. It represents a synergistic upgrade pathway with the potential to reduce both energy intensity and carbon emissions substantially.
The total energy demand is first reduced by 15% due to the introduction of NIR sorting technology, based on established findings in the literature [24]:

Reduced Total Energy = 366.1 kWh × 0.85 = 311.2 kWh						(20)

Within this new energy demand, a hybrid energy mix is modeled wherein 50% of the diesel-based energy share, originally 83%, is substituted with solar photovoltaic (PV) electricity. The energy allocation is defined as:

Diesel Energy Share = 0.5 × 0.83 × 311.2 = 128.15 kWh						(21)

Solar PV Energy Share = 0.5 × 0.83 × 311.2 = 128.15 kWh						(22)

Grid Electricity Share = 0.17 × 311.2 = 52.90 kWh						(23)

The diesel volume required to produce 128.15 kWh, assuming an energy content of 10.7 kWh/L, is:

Diesel Volume = 128.15 kWh / 10.7 kWh/L ≈ 12.0 L						(24)





Emissions are calculated using the following emission factors, 2.68 kg CO₂-eq/L for Diesel [21], 0.05 kg CO₂-eq/kWh for Solar PV [23], and 0.78 kg CO₂-eq/kWh for Grid electricity [22]. The calculated emissions are:

Emissions from Diesel = 12.0 × 2.68 = 32.16 kg CO₂-eq						(25)

Emissions from Solar PV = 128.15 × 0.05 = 6.41 kg CO₂-eq					(26)

Emissions from Grid = 52.90 × 0.78 = 41.26 kg CO₂-eq						(27)

Summing these yields the total emissions for the combined intervention scenario is 79.83 kg CO₂-eq.
Given a daily production output of 150 kg of recycled HDPE, the carbon intensity is:

Carbon Intensity = 79.83 / 150 = 0.532 kg CO₂-eq/kg HDPE					(28)

Compared to the baseline emissions, 0.657 kg CO₂-eq/kg, this combined approach offers a 19% reduction in carbon intensity and a 15% improvement in energy efficiency. These results underscore the value of integrated technology interventions in low-capacity recycling systems.
Qualitative Analysis
To add to the quantitative findings, a qualitative study was also done to understand the everyday challenges faced by semi-traditional HDPE recycling plants on Madura Island. This analysis aimed to uncover the operational, policy, and technological issues that affect these facilities. Information was collected through semi-structured interviews with three main groups: recycling plant managers, government officials, and technology suppliers. A thematic analysis was then used to find common themes and important factors that affect energy efficiency and the ability to lower emissions.
Plant managers often talked about how a lack of money makes it hard to upgrade their equipment or use better technology. Most of these recycling plants use second-hand or locally made machines, especially diesel-powered shredders and manual extruders. Many managers said their machines break down often, causing work stoppages and making them use more energy. One manager pointed out, “Our machines are old and consume a lot of fuel. If they stop, we lose both time and money.”
Another big problem is the quality of the plastic waste they collect. Managers said the HDPE waste they get is not always the same, so they have to keep adjusting their process, which makes sorting and washing less efficient. Manual sorting is needed to keep the quality high for the next steps, but it takes a lot of labor and raises costs. This also limits how much plastic they can process. Waste supply changes with the seasons, so sometimes plants have less material to work with, which lowers their energy efficiency because they’re not running at full capacity.
Energy supply is another common issue. Many plants rely on small diesel generators because the electricity grid is unreliable, especially in rural areas. Managers said that power cuts and voltage changes interrupt their work, so they have to switch to diesel generators, which are more expensive and polluting. This raises their costs and leads to higher carbon emissions.
The local government officials shared that the rules and policies for recycling are not very clear or easy to enforce. National policies do encourage recycling and reducing emissions, but there are no specific standards for energy use in recycling plants. Local governments usually don’t have the skills or resources to check how much energy these plants use or how much they pollute. One official mentioned, “We have general waste management policies, but nothing tailored to the energy or emissions performance of recyclers.”
Getting financial support for better technology is also a problem. Grants and subsidies are mostly aimed at big, city-based recycling plants, so smaller rural ones miss out. There is also a lot of paperwork, and not enough information gets to the people who need it, so many small recyclers don’t even try to apply for help.
The Officers also said it is hard to make sure environmental rules are followed, especially for wastewater and air pollution. There aren’t enough inspectors, and many recycling operations are informal, making it hard to check if they are following the rules.
Morevoer, technology suppliers said the high initial cost is the main reason why most recycling plants do not use more energy-efficient machines or renewable energy. Equipment like modern shredders or solar panels is too expensive for most small recyclers, and the time it takes to recover the investment is often more than five years, especially with current energy prices. One supplier said, “Most of our clients are reluctant to invest in new equipment without government support or low-interest financing.”
The vendors also mentioned that keeping equipment running and getting spare parts is a big issue. Imported machines are more efficient but need special parts and skills that are not easy to find on Madura Island. Because of this, many plant owners prefer locally made machines, even if they use more energy, because they are easier and cheaper to fix.
Finally, suppliers noticed that many plant managers don’t fully understand the long-term savings from investing in energy-efficient machines. Most managers focus on saving money right now, so there isn’t much demand for advanced technology. This knowledge gap means that even when better solutions are available, they are not widely adopted in these semi-traditional recycling plants.
conclusion
This study provides a comprehensive assessment of energy consumption and carbon emissions in semi-traditional HDPE recycling facilities on Madura Island, revealing critical environmental inefficiencies. Based on empirical energy audits and life cycle modeling, the baseline scenario shows an average energy intensity of 3.42 kWh per kilogram of recycled HDPE and a carbon emission intensity of 0.658 kg CO₂-eq/kg. These values place the facilities on the higher end of the global emission spectrum for mechanical plastic recycling, which typically ranges from 0.5 to 1.2 kg CO₂-eq/kg. The elevated emissions are primarily attributed to diesel generator reliance (83% of energy supply), low process efficiency, and limited technological innovation.
Through scenario-based Life Cycle Assessment (LCA), we explored three intervention pathways: solar-diesel hybrid energy substitution, efficient sorting using near-infrared (NIR) technology, and a combined approach integrating both strategies. The most impactful solution—the combined intervention—reduced carbon intensity to 0.532 kg CO₂-eq/kg and energy intensity to 2.07 kWh/kg. This represents a 19% improvement in carbon emissions and a 15% gain in energy efficiency, underscoring the feasibility and benefit of integrated technological upgrades.
Qualitative insights reinforce the quantitative findings. Stakeholders cited barriers such as unreliable grid access, financial inaccessibility of advanced equipment, and fragmented regulatory enforcement. These systemic issues contribute to stagnation in operational performance and prevent facilities from meeting Indonesia’s broader emissions reduction targets under its Nationally Determined Contributions (NDCs).
To address these challenges, policy action must go beyond general recycling incentives and focus on emissions-specific performance standards. Financial support mechanisms—such as green subsidies, low-interest loans, or co-financing schemes—are necessary to overcome upfront capital constraints faced by small and medium enterprises (SMEs). Regulatory frameworks should mandate emissions reporting, support decentralized renewable energy integration, and promote knowledge transfer for energy-efficient technologies.
Overall, this study highlights the critical importance of linking technical interventions with enabling policy environments. Reducing the carbon footprint of decentralized recycling operations in Indonesia will require not only technology upgrades, but also institutional alignment and long-term stakeholder commitment. These integrated efforts are essential to transition the sector toward more sustainable, low-carbon plastic waste management systems.
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