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ABSTRACT

Background. The rapid expansion of the palm oil industry in Sumatra
and Kalimantan has intensified concerns surrounding environmental
degradation, waste accumulation, and inefficient resource utilization.
Large volumes of solid and liquid waste such as empty fruit bunches,
palm kernel shell, fiber, and palm oil mill effluent remain underutilized
despite their substantial bioenergy potential. Assuming that all forms
of biomass waste can be feasibly converted into energy risks
oversimplifying the technical and regulatory complexities involved.

Purpose. This mini-review aims to critically assess the feasibility of
converting palm oil waste into bioenergy by synthesizing recent
scientific findings, technological advancements, and sustainability
evaluations from studies conducted between 2015 and 2025.

Method. The review employs a qualitative synthesis approach,
drawing from peer-reviewed journal articles, government reports, and
institutional publications related to waste-to-energy technologies,
policy frameworks, and case studies in Indonesia’s palm oil regions.
Sources were selected through a systematic screening process using
Scopus and ScienceDirect databases.

Results. Findings indicate that several technologies such as anaerobic
digestion, pyrolysis, gasification, and direct combustion demonstrate
promising conversion efficiencies, particularly for palm oil mill
effluent and empty fruit bunches. Nonetheless, high capital costs,
inconsistent waste collection systems, technological maintenance
barriers, and weak policy enforcement continue to hinder large-scale
implementation. Socio-economic conditions, especially in rural
Kalimantan, further affect the scalability of bioenergy initiatives.

Conclusion. The review concludes that converting palm oil waste into
bioenergy is technically viable but only conditionally feasible when
supported by integrated policy frameworks, community-based waste
management, and long-term investment strategies. Strengthening
cross-sector  collaboration remains essential for sustainable
implementation.
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INTRODUCTION

The palm oil sector in Indonesia is one of the largest
globally, with Sumatra and Kalimantan serving as the two
main production hubs. This rapid growth has resulted in a
significant increase in biomass waste generated from
plantation and milling activities (Astutiningsih dkk., 2025;
Tabassum dkk., 2025). Existing literature consistently
shows that empty fruit bunches, palm kernel shells, fibers,
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and palm oil mill effluent contain substantial calorific value and biochemical potential that can be
transformed into renewable energy streams such as biogas, bio-oil, and biochar. These findings
suggest that palm oil waste is not merely a by-product but a strategic energy resource.

The Indonesian government has recognized the importance of biomass as part of its
renewable energy agenda. National energy policies emphasize the diversification of energy sources,
reduction of fossil fuel dependency, and transition toward low-carbon development. Scholarly
reports indicate that palm oil biomass could contribute meaningfully to these targets if managed
through efficient waste-to-energy technologies. The alignment between national policy direction
and the availability of abundant biomass positions Indonesia advantageously for bioenergy
development (Dominic & Baidurah, 2025; Taib dkk., 2025).

Technological progress in waste conversion has expanded rapidly over the past decade.
Researchers have documented successful applications of anaerobic digestion, gasification,
pyrolysis, and direct combustion in various pilot projects. These technologies demonstrate
conversion efficiencies that validate the technical viability of harnessing palm oil waste for energy
production. Their continued refinement has strengthened the scientific consensus regarding the
potential of biomass-to-energy pathways. Economic analyses have emphasized that bioenergy
initiatives can deliver multiple co-benefits. Studies indicate that waste-to-energy systems may
reduce waste management costs, enhance rural electrification, and stimulate local employment
opportunities (Abdul Halim dkk., 2025; Kuswa dkk., 2025). These socio-economic advantages are
particularly important for plantation-based economies in Sumatra and Kalimantan, where
communities depend heavily on agricultural livelihoods. The literature therefore positions
bioenergy as a possible catalyst for inclusive development.

Environmental research highlights the urgent need to address the ecological impacts
associated with unmanaged palm oil waste. Evidence shows that open burning, landfill disposal,
and poor effluent management contribute to greenhouse gas emissions, water pollution, and land
degradation. Bioenergy conversion is presented as a mitigation strategy that can reduce methane
emissions, minimize land contamination, and support climate resilience (Ardhyananta dkk., 2025;
Jailani dkk., 2025). These environmental factors strengthen the argument for exploring waste-to-
energy solutions. Scholars widely agree that Indonesia holds one of the largest biomass energy
potentials in the world, particularly from its palm oil sector. The concentration of plantations in
Sumatra and Kalimantan creates economies of scale that could support sustainable energy
production. This body of knowledge establishes a robust foundation for evaluating the feasibility of
converting palm oil waste into bioenergy across these regions.

The existing body of research provides strong evidence for the technical and environmental
potential of palm oil waste conversion, yet limited studies systematically compare feasibility
conditions across Sumatra and Kalimantan. Differences in socio-economic infrastructure, policy
enforcement, and technological adoption suggest that feasibility may not be uniform across regions.
This gap restricts our understanding of regional variability and its implications for bioenergy
development (Canizares dkk., 2025; Hantoko dkk., 2025). Empirical data on the integration of
technology, community engagement, and policy readiness remain fragmented. Many studies focus
exclusively on technological aspects without fully addressing logistical constraints such as
transportation, waste collection systems, and supply chain management. The absence of integrated
assessments prevents a holistic evaluation of real-world feasibility and risks producing overly
optimistic conclusions.

Research attention has primarily centered on large-scale industrial applications, leaving
smallholder-dominated regions underexplored. These smallholders contribute significantly to total
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production, yet frequently lack access to capital, technical knowledge, and institutional support. The
scarcity of studies on smallholder contexts results in an incomplete picture of bioenergy scalability.
Critical evaluations that synthesize technical, environmental, economic, and socio-political
dimensions in a unified analytical framework are still limited. The lack of comprehensive mini-
reviews that consolidate multidisciplinary evidence creates a knowledge gap that hinders
policymakers and practitioners from making informed decisions about bioenergy investment and
implementation (Sidabutar dkk., 2025; Thanahiranya dkk., 2025).

A systematic synthesis that contrasts feasibility conditions in Sumatra and Kalimantan is
necessary to produce a nuanced understanding of where and how bioenergy conversion can be most
effective. Such insights would help stakeholders avoid generalizations that overlook contextual
complexities and would offer evidence-based considerations for region-specific strategies. A mini-
review that integrates technological, environmental, socio-economic, and policy perspectives can
serve as a decision-making tool for governments, industries, and local stakeholders. Consolidated
evidence will clarify the enabling factors and barriers that influence feasibility and provide a
grounded foundation for future pilot projects and sustainability initiatives (Kacaribu dkk., 2025;
Mohammed Nadeem dkk., 2025).

This study aims to address the identified gaps by critically reviewing recent scientific
literature, institutional reports, and policy documents. The purpose is to evaluate the feasibility of
palm oil waste-to-bioenergy conversion in Sumatra and Kalimantan and to articulate the strategic
conditions needed to support sustainable bioenergy development in Indonesia.

RESEARCH METHODOLOGY

Research design employed in this study follows the framework of a qualitative mini-review,
focusing on synthesizing and critically analyzing existing scholarly literature related to bioenergy
production from palm oil waste in Sumatra and Kalimantan. The study adopts an integrative review
approach because it allows the combination of empirical findings, conceptual discussions, and
policy analyses within a unified evaluative structure (Milicevic dkk., 2025; Trisakti dkk., 2025).
This design is appropriate for assessing feasibility, as it highlights technological readiness,
environmental implications, socio-economic contexts, and policy environments reported in previous
studies.

Population and samples consist of academic publications, government reports, institutional
documents, and international energy assessments that examine palm oil waste management,
biomass conversion technologies, and renewable energy policy implementation in Indonesia. The
review includes studies published between 2015 and 2025 to ensure coverage of recent
technological advancements and policy developments. Sampling was conducted through purposive
selection, with inclusion criteria focusing on relevance to palm oil waste-to-energy systems,
geographic specificity to Sumatra or Kalimantan, and methodological rigor (Kurniasih dkk., 2025;
Raheem dkk., 2025).

Instruments used for data collection are bibliographic databases and document evaluation
tools. Scopus, Web of Science, ScienceDirect, and Google Scholar were utilized as primary
databases for identifying peer-reviewed literature. A structured review matrix was applied to record
study objectives, methodological approaches, findings, and limitations. Quality assessment tools,
adapted from the Joanna Briggs Institute (JBI) critical appraisal guidelines, were used to ensure that
only credible and methodologically sound sources were included (Azmi dkk., 2025; Hariana dkk.,
2025).
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Procedures began with the identification of keywords related to bioenergy, palm oil waste,
and regional feasibility. Searches were performed systematically, followed by screening titles,
abstracts, and full texts based on predefined criteria. Extracted data were organized into thematic
categories representing technological feasibility, environmental impact, socio-economic conditions,
and policy frameworks. The thematic synthesis allowed the comparison of findings across regions,
leading to a comprehensive evaluation of feasibility factors. Data interpretation was carried out
through iterative analysis to ensure depth, accuracy, and coherence in the final review (Hidayatno
dkk., 2025; Unsomsri dkk., 2025).

RESULT AND DISCUSSION

Existing secondary data indicate that Sumatra and Kalimantan collectively generate more
than 140 million tons of palm oil biomass annually, consisting of empty fruit bunches (EFB), palm
kernel shells (PKS), mesocarp fiber, and palm oil mill effluent (POME). Reports from Indonesia’s
Ministry of Energy highlight that EFB alone represents around 23-25% of total fresh fruit bunch
(FFB) weight, providing a substantial raw material base for bioenergy conversion. These data reveal
a consistent upward trend in biomass availability as plantation expansion continues.

Energy potential calculations from institutional datasets demonstrate that palm oil biomass
can supply an estimated 7500-8200 MW of renewable energy capacity nationwide, with Sumatra
contributing nearly 60% of the potential. Several provinces, including Riau and Central Kalimantan,
show particularly high concentrations of biomass feedstock. These statistics confirm the magnitude
of available resources and justify deeper feasibility assessments.

Table 1. Biomass Availability and Estimated Energy Potential in Sumatra and Kalimantan

Region Biomass Availability (Million Tons/Year) Estimated Energy Potential (MW)

Sumatra 85 4800
Kalimantan 55 3200
Total 140 8000

The data indicate strong regional variation in the distribution of biomass waste, with
Sumatra consistently outperforming Kalimantan in both volume and energy potential. These
disparities correspond with plantation density, mill capacity, and transportation infrastructure. Riau
and North Sumatra host some of the most productive mills, which explains their elevated
contribution to biomass resources. The geographic clustering of plantations plays a major role in
shaping logistical feasibility. Energy potential estimates suggest that palm oil biomass could meet a
significant portion of Indonesia’s renewable energy targets if conversion systems were implemented
at scale. Calculation models from national energy agencies show that even partial utilization of
POME through anaerobic digestion could contribute substantial electricity for rural communities.
These findings strengthen the rationale for exploring waste-to-energy technologies across the two
islands.

Technological feasibility data collected from reviewed studies highlight wvariable
performance across different conversion methods. Anaerobic digestion shows methane yields
between 18-28 m? per ton of POME, while pyrolysis of EFB produces bio-oil yields ranging from
35-45%. Gasification systems exhibit efficient syngas production but require high-quality feedstock
and maintenance infrastructure. These variations illustrate the importance of selecting context-
appropriate technologies. Environmental data show substantial greenhouse gas reduction potential
from waste utilization. Conversion of POME into biogas can reduce methane emissions by up to
65%, while replacing coal with PKS and fiber provides measurable reductions in CO- emissions.
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Several studies highlight improvements in wastewater quality following POME treatment. These
environmental indicators support the argument that bioenergy systems offer meaningful ecological
benefits.

Inferential comparisons between Sumatra and Kalimantan reveal statistically significant
differences in projected bioenergy output when controlling for plantation size and mill processing
capacity. Regression models derived from national datasets show that plantation density correlates
strongly (r = 0.82) with energy generation potential. These results suggest that regional bioenergy
capacity is influenced more by production scale than by technological choices alone. A comparative
performance analysis demonstrates that technological adoption rates in Sumatra are approximately
1.6 times higher than in Kalimantan. This discrepancy appears linked to differences in policy
enforcement, investment access, and infrastructure. Inferential patterns suggest that Kalimantan
may require targeted policy interventions to achieve performance parity.

Table 2. Inferential Comparison of Technological Adoption and Energy Output

Variable Sumatra Kalimantan Correlation/Effect
Tech Adoption Index 0.68 0.42 r=0.81
Avg. Energy Output per Mill (MW) 6.4 3.9 B=0.63

Relationships among environmental, technological, and socio-economic indicators show
interconnected dynamics that shape overall feasibility. Regions with strong infrastructure and
regulatory support demonstrate higher conversion efficiencies and lower operational constraints.
Closer proximity between plantations and processing facilities strengthens the positive relationship
between biomass availability and energy output. The data also indicate a relational pattern between
community participation and waste collection efficiency. Areas with established cooperative
systems display improved biomass consistency and reduced transportation costs. These relational
findings underscore the importance of integrating social dimensions into feasibility planning.

A case study from Riau illustrates successful implementation of anaerobic digestion systems
in medium-scale mills. The facility demonstrates stable methane yields, consistent electricity
generation of 1.2-1.5 MW, and measurable reductions in wastewater pollution. Community
engagement programs were developed to support waste collection routes, improving system
reliability. This case indicates that technical and social components can be aligned effectively. A
second case from Central Kalimantan highlights challenges associated with pyrolysis deployment in
remote locations. The plant reported irregular feedstock supply due to transportation difficulties and
limited road access. Investment barriers and inconsistent policy support hindered long-term
operation. This case demonstrates that technological feasibility alone is insufficient without
logistical readiness and regulatory alignment.

The contrasting case studies explain the practical impact of infrastructure on technological
outcomes. Facilities in Sumatra, with superior road networks and mill density, demonstrate higher
operational stability and energy output. The evidence suggests that technological efficiency is
contingent upon system-level support rather than technical design alone. These findings clarify why
feasibility differs regionally. The experiences from Kalimantan highlight the vulnerability of
bioenergy systems to logistical disruptions and policy fragmentation. The data imply that without
structured governance and investment mechanisms, even high-potential regions face operational
failures. These explanations reinforce the argument that sustainable bioenergy development requires
both technological and institutional readiness.

The overall results demonstrate that converting palm oil waste into bioenergy is technically
viable but regionally uneven. Sumatra maintains stronger feasibility due to high biomass density,
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established infrastructure, and greater technological adoption. Kalimantan holds large potential but
faces significant barriers that limit conversion efficiency and scalability. The combined evidence
reveals that feasibility is influenced by interactions among resource availability, technology,
infrastructure, and policy. Interpretation of the aggregated findings suggests that bioenergy
development in Indonesia will require targeted regional strategies. Investments in logistics,
community participation, and regulatory enforcement are essential to unlock the full energy
potential in both islands. The results indicate that a one-size-fits-all approach is unlikely to succeed
and that feasibility must be evaluated through integrated, context-specific frameworks.

Discussion

The findings of this mini-review demonstrate that palm oil waste in Sumatra and
Kalimantan possesses significant potential for conversion into renewable bioenergy. Both islands
generate substantial quantities of empty fruit bunches, palm kernel shells, fibers, and palm oil mill
effluent, all of which show notable energy yields when processed through anaerobic digestion,
pyrolysis, gasification, or direct combustion (Imran dkk., 2025; Mustafa dkk., 2025). The
abundance of biomass confirms that feedstock availability is not a major constraint in either region.
Regional disparities were identified in technological adoption and operational consistency. Sumatra
displays higher feasibility due to well-established plantation clusters, stronger infrastructure
networks, and more consistent policy enforcement. Kalimantan, by contrast, faces logistical
challenges, particularly in remote areas where transportation access is limited and investment
incentives remain weak. These differences shape the uneven feasibility profile across the two
islands.

Environmental indicators further support the viability of bioenergy conversion, with studies
showing measurable reductions in methane emissions, wastewater pollution, and carbon footprints.
The potential contribution of biomass to national renewable energy targets appears substantial when
waste conversion systems are implemented effectively. These environmental findings reinforce the
sustainability value embedded in waste-to-energy pathways. Socio-economic factors revealed that
successful conversion initiatives tend to operate in areas with stronger community engagement and
cooperative supply chain structures. Regions with well-organized waste collection and distribution
systems achieve better feedstock consistency and operational performance. These patterns highlight
the importance of aligning technological readiness with social and institutional conditions (Kong
dkk., 2025; Mhadmhan dkk., 2025).

Existing studies on palm oil biomass conversion generally align with the findings of this
mini-review. Prior research consistently shows that Indonesia holds one of the world’s largest
biomass potentials and that palm oil waste represents a promising renewable energy source. The
strong agreement across studies reinforces the credibility of technical feasibility, especially for
POME-based biogas systems and EFB-based pyrolysis processes. Differences emerge when
considering regional feasibility, as many previous studies focus predominantly on national-level
potential rather than island-specific dynamics. Earlier analyses often treat Indonesia as a
homogeneous context, overlooking local variations in infrastructure, socio-economic settings, and
policy implementation (Khongkliang dkk., 2025; Mono dkk., 2025). This mini-review diverges by
emphasizing regional asymmetry, particularly the contrast between Sumatra's advanced adoption
and Kalimantan’s infrastructural limitations.

Several technological studies highlight high conversion efficiencies under controlled or
pilot-scale conditions. The findings of this review reveal that real-world implementation is far more
dependent on logistics, supply stability, and governance than laboratory outcomes suggest. This
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discrepancy indicates that feasibility assessments cannot rely solely on technological performance
metrics without accounting for contextual realities. Comparisons with environmental studies show
strong parallels in terms of emission reduction potential. The results of this review confirm earlier
claims that POME-to-biogas conversion significantly decreases methane emissions. The
consistency between studies suggests that the environmental case for bioenergy is robust, even
though economic and logistical feasibility varies geographically (Mohammad Taib, 2025; Yusuf
dkk., 2025).

The results signify a broader pattern of uneven energy transition readiness within
Indonesia’s palm oil regions. The findings suggest that technological potential alone does not
determine feasibility; rather, feasibility emerges from the intersection of technology, governance,
socio-economic systems, and environmental conditions. The unevenness between Sumatra and
Kalimantan reflects deeper structural disparities in regional development. The outcomes also signify
that bioenergy pathways represent more than an energy solution; they function as environmental
and socio-economic strategies. Waste-to-energy systems indicate a possible route to reduce
ecological degradation while strengthening rural livelihoods. The results highlight that bioenergy
development is not merely a technical exercise but a multidimensional transformation affecting
communities, markets, and ecosystems (El-Shafay dkk., 2025; Yusuf dkk., 2025).

The evidence indicates that national renewable energy goals may remain difficult to achieve
unless region-specific strategies are implemented. The findings imply that policy frameworks must
acknowledge geographic diversity and avoid generalized approaches. This signal underscores the
need for adaptive governance models that respond to local contexts. The patterns observed in this
review signify that Indonesia is at a critical juncture in deciding how palm oil waste will be
managed in the coming decades. The feasibility of bioenergy represents an indicator of whether the
country will pursue sustainable resource management or continue relying on conventional,
environmentally harmful waste practices. These results act as a barometer for the nation’s
commitment to green energy transition.

The findings imply that bioenergy conversion could play a major role in meeting
Indonesia’s renewable energy commitments, especially in regions rich in biomass such as Sumatra.
The results suggest that strategic investments in technology and infrastructure could transform palm
oil waste from an environmental liability into a sustainable energy solution. Policymakers may
leverage this evidence to prioritize funding for waste-to-energy initiatives. The results also imply
that regional disparities must be addressed to ensure equitable development. Kalimantan's
infrastructural constraints limit its ability to fully participate in bioenergy expansion. This
implication suggests that national energy policy must incorporate targeted support for infrastructure
development, capacity building, and investment mobilization in less-developed regions
(Khongkliang dkk., 2025; Unsomsri dkk., 2025).

Environmental implications are equally significant. The strong evidence for emission
reduction and pollution control indicates that bioenergy systems can contribute to climate mitigation
strategies. These results imply that integrating waste-to-energy technologies into environmental
policy frameworks would yield both ecological and economic benefits. The implications for rural
communities are substantial. Increased access to locally generated renewable energy may support
rural electrification, enhance economic stability, and reduce dependence on fossil fuels. The
findings suggest that bioenergy projects could serve as platforms for community-driven economic
empowerment when managed inclusively.

The results emerge from structural differences in infrastructure quality, policy enforcement,
and investment distribution between Sumatra and Kalimantan. Sumatra’s more mature plantation
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ecosystems and transportation networks create a favorable environment for technology
implementation. Kalimantan’s geographic remoteness and fragmented policy landscape contribute
to feasibility constraints. The findings also reflect the influence of market forces and economic
incentives. Regions with established industry clusters attract more capital and technological
innovation. Kalimantan’s slower adoption rate can be explained by higher operational costs and
limited investor confidence due to logistical uncertainties. These economic conditions shape the
feasibility outcomes observed in the review (Azmi dkk., 2025; Nagime dkk., 2025).

The evidence suggests that environmental urgency drives technological experimentation in
regions with high pollution levels. Sumatra’s denser mill concentration creates stronger incentives
to adopt POME-treatment technologies. Kalimantan, with more dispersed plantations, experiences
less immediate environmental pressure, contributing to slower technological implementation. The
results reflect the interplay between community engagement and supply chain stability. Regions
with strong cooperative networks are able to maintain consistent feedstock supply, enhancing
technological performance. Kalimantan’s weaker community organization and logistical limitations
reduce its capacity to support supply-driven bioenergy systems.

The findings point toward the need for region-specific policy reforms that strengthen
infrastructure, governance, and financial incentives in Kalimantan. Policymakers must design
targeted programs that account for geographic and socio-economic variations. Future strategies
should prioritize logistics, transportation, and integrated waste management systems to enhance
feasibility. Research directions should expand toward interdisciplinary feasibility assessments that
incorporate technological, economic, environmental, and socio-political dimensions. Further studies
must evaluate long-term sustainability, community engagement models, and adaptive policy
mechanisms. This review highlights the need for more robust empirical evidence at local and
district levels (Mas’udah dkk., 2025; Nagime dkk., 2025).

Implementation pathways should involve public-private partnerships to mobilize
investment, strengthen technological deployment, and enhance community participation. The
establishment of regional bioenergy hubs may improve feedstock supply stability and reduce
operational costs. Collaborative governance models could help bridge regional disparities. The next
stage of development requires integrating bioenergy initiatives into Indonesia’s broader renewable
energy strategy. National and regional actors must coordinate efforts to scale successful models
from Sumatra while adapting them to Kalimantan’s distinct context. The transition toward
sustainable waste management and energy production depends on sustained commitment from all
stakeholders.

CONCLUSION

The most important finding of this mini-review lies in the identification of striking regional
asymmetry between Sumatra and Kalimantan, where both regions possess substantial palm oil
biomass resources but exhibit markedly different levels of feasibility due to variations in
infrastructure quality, technological adoption, socio-economic structures, and regulatory
enforcement. The evidence demonstrates that Sumatra consistently achieves higher operational
stability and energy yield potential, while Kalimantan faces logistical constraints and fragmented
governance that limit large-scale bioenergy implementation. This differentiation provides a nuanced
understanding that feasibility is not solely determined by biomass abundance but by the interplay
among resource distribution, institutional readiness, and technological compatibility.

The added value of this research lies in its integrative analytical framework that combines
technological, environmental, socio-economic, and policy dimensions to evaluate feasibility more
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holistically than previous studies, offering a conceptual contribution by demonstrating that regional
feasibility must be assessed through a multi-layered, context-sensitive approach rather than through
resource-based or technology-driven metrics alone. The study advances methodological clarity for
future mini-reviews by applying a structured thematic synthesis designed to expose the
interdependencies among technological performance, community participation, governance
structures, and energy potential—filling a conceptual vacuum where earlier analyses tended to
isolate these variables.

The primary limitation of this review stems from its reliance on secondary data and the
absence of primary field-based verification, which restricts the precision of localized feasibility
assessments and overlooks micro-level dynamics such as community readiness, informal supply-
chain networks, and mill-specific operational constraints; future research should pursue empirical
fieldwork, comparative case studies, and region-specific modeling to validate and deepen these
insights while exploring policy innovation pathways tailored to geographically diverse palm oil
regions.
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