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ABSTRACT

The fast-paced expansion of palm oil production has contributed to a significant increase in biomass waste, posing environmental
challenges but also offering significant opportunities for circular economy (CE) innovations. This research seeks to explore in depth
the pivotal function of oil palm residues in promoting circular economy practices by integrating existing insights into waste utilization
strategies. Employing a qualitative literature review methodology, data were systematically collected from over 60 peer-reviewed articles
and authoritative reports, focusing exclusively on secondary sources. The gathered data were analyzed through thematic content analysis
to identify key patterns, technologies, and policy frameworks driving CE integration in the palm-based oil industry. The data suggest that
by-products like empty fruit bunches, palm kernel shells, and mill effluent from oil palm are being successfully converted into renewable
energy, organic fertilizers, and bio-based product development, leading to a decrease in environmental degradation and the enhancement of
economic returns. Despite technological advancements, challenges remain in policy support, infrastructure, and stakeholder engagement,
particularly among smallholder farmers. The study concludes that optimizing oil palm waste management within CE frameworks is
critical for sustainable palm oil production and calls for enhanced multi-stakeholder collaboration and policy coherence. Future research
should focus on empirical assessments of CE implementation impacts and inclusive strategies to empower all value chain actors. This
paper offers an in-depth perspective on the potential for integrating circular economy concepts into oil palm waste management practices,
supporting sustainable development goals.

Keywords: Oil Palm Waste, Circular Economy, Biomass
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Development Goals (SDGs) emphasize targets that make the
application of circular economy principles progressively more
important, particularly in resource-intensive industries such as
agriculture and agro-industry [3].

Introduction

The worldwide economy is experiencing a significant shift
prompted by the critical necessity to separate economic
expansion from environmental harm. Conventional linear
economic frameworks—centered on the extract, produce,
discard approach—have played a major role in exhausting
natural resources, polluting ecosystems, and accelerating climate
change [1]. Reacting to these challenges, CE has evolved into a
restorative economic framework that prioritizes sustainability
by reducing waste, preserving product worth, and completing
material cycles [2]. As nations seek to achieve the Sustainable

Among the sectors with significant potential to operationalize CE
principles is the palm oil industry. Recognized for its exceptional
yield per hectare, oil palm serves as a vital component in the
worldwide distribution of food, beauty products, and renewable
energy sources [4]. However, this industry has long been
associated with deforestation, biodiversity loss, and social
conflicts, sparking widespread debates about its sustainability
[5]. At the same time, the sector generates substantial amounts
of by-products, such as empty fruit bunches (EFB), palm oil
mill effluent (POME), and palm kernel shells, that often go
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underutilized or are improperly discarded [6]. This waste, if
strategically valorized, offers significant opportunities to support
the advancement of circular economy models, transforming
environmental liabilities into economic assets.

The notion of waste to wealth has gained traction in recent years,
driven by advances in biotechnology, waste-to-energy systems,
and industrial symbiosis frameworks [7]. For instance, Empty
fruit bunches (EFB) may be transformed into bio-composite
products, while palm oil mill effluent (POME) serves as a viable
source for biogas recovery, and ash residues can be used as organic
fertilizer [8]. These innovations not only reduce environmental
footprints but also open new economic opportunities for rural
communities, smallholders, and agro-industrial enterprises. The
integration of such circular practices into oil palm operations
can improve resource efficiency, enhance environmental
performance, and foster inclusive green growth [9].

In the Southeast Asian region, particularly in Indonesia and
Malaysia, which jointly produce over 85% of global palm oil,
shifting to a circular economy is a critical necessity rather than
an optional decision [10]. The ecological strain resulting from
alterations in land utilization and increasing global scrutiny
over sustainability standards compels industry players and
policymakers to seek holistic, long-term solutions. National
roadmaps and international commitments, including initiatives
like Indonesia’s ISPO scheme and the EU’s second Renewable
Energy Directive (RED II), increasingly emphasize traceability,
waste reduction, and bioeconomy integration [11]. However,
implementation remains uneven, with challenges stemming
from technological barriers, institutional fragmentation, and
limited knowledge diffusion among smallholders [12].

Recent literature highlights that while the potential of the circular
economy in the palm oil sector is widely acknowledged, there
remains a lack of systematic synthesis regarding the strategic
roles that oil palm can play across various CE domains [13].
Existing studies often focus narrowly on technical conversions
(e.g., biogas production or fibre utilization) without framing
these innovations within broader CE strategies, such as
regenerative design, cascading use, or closed-loop supply chains
[14]. Moreover, interdisciplinary perspectives—integrating
environmental science, policy analysis, and socio-economic
dimensions—are crucial to developing scalable and context-
specific CE models for the palm oil sector [15].

Given this context, this study aims to explore and synthesize
existing literature on the strategic role of oil palm in advancing
circular economy solutions, emphasizing not only technological
innovation but also systemic change and policy alignment. By
employing a qualitative literature review approach, this paper
seeks to identify key themes, opportunities, and challenges faced
in repurposing waste from the palm oil sector into productive
elements for renewed economic flows. At its core, this work
seeks to offer a conceptual structure to steer subsequent
academic inquiry, policy design, and industry practices aligned
with a sustainable circular approach in the palm oil industry.

Literature Review
Once considered a marginal environmental approach, the
circular economy (CE) has now become a foundational pillar

within international sustainability frameworks, aiming to
reconcile economic development with ecological boundaries. Its
application across industries is increasingly diverse; however,
within agriculture—especially the palm oil sector—the
circular economy (CE) is still insufficiently conceptualized and
sporadically applied, despite its significant capacity to reduce
waste, add value, and foster system resilience [16]. Historically,
the palm oil sector has faced unfair sustainability criticisms
due to its ecological impacts, yet the same industry produces
large volumes of organic by-products that, if appropriately
valorized, may be reintroduced into manufacturing processes or
transformed into valuable products [17].

The literature broadly recognizes the strategic value of biomass
from oil palm operations as a key input for renewable energy
generation, organic fertilizers, and industrial feedstock [18].
Among the residues most extensively researched are empty fruit
bunches (EFB), mesocarp fibre, palm kernel shells, and palm
oil mill effluent (POME), each offering distinct opportunities for
circular reintegration [19]. For example, Palm oil mill effluent
(POME) has been investigated as a potential feedstock for biogas
generation, reducing methane emissions while supplying clean
energy to rural areas or processing facilities [20]. Similarly,
EFB has demonstrated potential in the manufacturing of bio-
composites, soil enhancers, and pelletized fuel, positioning it as
a cornerstone of biomass valorization strategies [21].

Technological innovation has accelerated the feasibility of waste-
to-wealth models in palm oil production. Advances in anaerobic
digestion, pyrolysis, and fermentation processes enable not only
energy recovery but also the extraction of secondary metabolites
such as polyphenols, enzymes, and organic acids from oil palm
waste [22]. These outputs can serve multiple value chains across
food, cosmetic, pharmaceutical, and biofuel industries, aligning
closely with the CE principles of cascading resource use and
extended material lifespan [23]. However, the translation of
technical feasibility into industrial adoption remains hindered
by infrastructural gaps, limited cross-sector collaboration, and
economic viability concerns [24].

Policy frameworks and certification programs have been
instrumental in guiding the adoption of sustainable practices,
yet their emphasis on traceability and deforestation-free supply
chains often overlooks the circular economy dimensions
embedded in waste valorization [25]. Initiatives like the
Indonesian Sustainable Palm Oil (ISPO) and Roundtable
on Sustainable Palm Oil (RSPO) have begun to integrate CE
components, but with limited enforcement and weak operational
definitions [26]. This lack of standardization in CE metrics
within the palm oil context makes comparative analysis and
benchmarking difficult, both at the enterprise and national levels
[27].

Socio-economic literature underscores the importance of
inclusive strategies that integrate smallholders into the circular
value chain. In many oil palm-producing countries, independent
smallholders comprise a substantial share of landholders yet
lack access to the technology, finance, and knowledge necessary
to implement circular innovations [28]. Without targeted
capacity-building programs and inclusive infrastructure models,
the transition toward CE may exacerbate existing inequalities
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in the industry [29]. As such, CE strategies must not only be
technologically and ecologically viable but also socially
inclusive and context-sensitive to ensure their sustainability over
time.

Furthermore, the academic discourse suggests a fragmentation
of research across disciplines, leading to an incomplete
understanding of oil palm’s role in CE systems. While
engineering-focused studies often concentrate on process
optimization and conversion efficiency, environmental
assessments highlight life cycle impacts without fully accounting
for socio-economic feedback loops [30]. An integrative literature
review that bridges these disciplinary silos is essential to outline
strategic pathways for a circular palm oil industry—ones that are
rooted in empirical evidence, adaptable to regional contexts, and
responsive to evolving sustainability demands.

Method

This study adopts a qualitative research methodology, specifically
employing a qualitative literature review design to explore the
strategic role of oil palm in advancing circular economy (CE)
solutions. Rather than relying on empirical field methods such
as interviews, surveys, or focus group discussions, this approach
focuses exclusively on the systematic and interpretative analysis
of secondary sources to construct a conceptual understanding
of the subject. The qualitative literature review allows for an
in-depth synthesis of diverse scholarly perspectives, offering a
holistic and contextualized view of how oil palm waste streams
are transformed into valuable resources within CE frameworks.
This methodological choice is grounded in the premise that
an extensive body of existing research already provides rich
theoretical and empirical material to analyze the intersections
between palm oil production and circularity practices.

The main instrument of this research is the researcher as the
interpreter and synthesizer of relevant academic literature.
All data were derived from published peer-reviewed journal
articles, scientific reports, institutional publications, and high-
quality grey literature with a focus on sustainability, circular
economy, biomass utilization, and palm oil industries. The
literature selection process was guided by relevance, credibility,
and alignment with the research objective. Articles were
sourced from reputable academic databases including Scopus,
ScienceDirect, SpringerLink, and Taylor & Francis, ensuring a
diverse and interdisciplinary foundation for the review.

Data collection was conducted through a purposive sampling
strategy, emphasizing publications from the last ten years to
ensure contemporary relevance, while also including earlier
seminal works where necessary. Each selected source was
examined for its contribution to at least one of the following
thematic categories: waste valorization technologies, circular
economy models in agro-industry, policy frameworks related
to palm oil sustainability, and socio-economic impacts of CE
transitions. The collection process was assisted by reference
management software (Mendeley Desktop) to ensure accuracy,
traceability, and efficient organization of over 60 scholarly
references.

The data analysis employed in this study followed a thematic
synthesis approach. Key concepts and patterns were identified,

coded, and grouped into thematic clusters that represent recurring
ideas or strategic trends in the literature. Through iterative
reading and comparison, the study distilled these themes into a
coherent analytical narrative that explains the role of oil palm in
circular economy transitions. Attention was given to contrasting
perspectives, knowledge gaps, and potential areas for policy and
innovation leverage. This method enables a critical reflection on
existing knowledge while avoiding speculative interpretation
not supported by published evidence.

By grounding the analysis in established literature and employing
a rigorous qualitative framework, this study ensures both
the reliability and theoretical depth necessary for a scholarly
contribution to circular economy discourse, particularly in the
context of palm oil-producing regions. The methodology is
intentionally designed to avoid fictitious or fabricated data by
relying solely on verified academic sources.

Results
The qualitative literature review conducted reveals a
comprehensive and multi-dimensional picture of the

repurposing of oil palm waste as valuable inputs in circular
economy approaches. Analysis of over 60 peer-reviewed articles
and institutional reports identified significant advances in the
use of oil palm by-products, including empty fruit bunches
(EFB), palm kernel shells (PKS), mesocarp fibre, and palm oil
mill effluent (POME), which is significant. It is estimated that
roughly 85% of the biomass produced during milling processes
consists of residues that can be valorized [31]. Worldwide, the
palm oil sector is responsible for generating approximately 25
million tons of biomass waste each year, with EFB constituting
around 40%, PKS 20%, and POME contributing nearly 60
million cubic meters per year, representing substantial feedstock
for CE processes [32].

The energy recovery sector within oil palm CE solutions
demonstrates notable progress. Biogas production from POME
through anaecrobic digestion has become a leading example
of waste-to-energy conversion, with pilot and commercial
plants reporting methane yields ranging from 0.25 to 0.35 m?
CH4 per kg of COD removed, translating to energy outputs
sufficient to meet up to 30-40% of mill energy demands [33].
Some facilities have achieved net-zero carbon emissions by
integrating combined heat and power systems fueled by biogas
generated from POME, significantly reducing reliance on fossil
fuels [34]. Furthermore, biochar and pellet production from PKS
and EFB are increasingly documented as viable alternatives to
coal and wood, with calorific values between 18-22 MJ/kg and
conversion efficiencies reaching up to 75%, offering clean and
renewable fuel sources [35].

In the agricultural sector, oil palm residues have been effectively
converted into organic fertilizers and soil conditioners.
Composting of EFB and mesocarp fibre yields nutrient-rich
products with nitrogen contents averaging 1.2-1.5%, phosphorus
0.4-0.7%, and potassium levels up to 1.0%, improving soil
health and crop productivity in oil palm plantations and other
agricultural systems [36]. Application trials demonstrate yield
increases in secondary crops by 15-20% when supplemented with
oil palm waste compost, supporting sustainable intensification in
plantation landscapes [37]. These developments underscore the
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circular reuse of nutrients and enhance the sustainability profile
of palm oil cultivation.

Technological innovation beyond energy and fertilizer production
has expanded the scope of value-added products derived from
oil palm biomass. Advances in biorefinery approaches enable
the extraction of high-value biochemicals such as polyphenols,
xylitol, and organic acids. Studies report extraction yields of
polyphenols from EFB and POME residues at 0.8-1.1 g per 100
g of dry biomass, highlighting the potential for pharmaceuticals
and cosmetic applications [38]. Meanwhile, enzymatic
hydrolysis and fermentation processes have yielded bioethanol
concentrations of up to 18 g/L from mesocarp fibre, indicating
promising biofuel alternatives [39]. Such diversification aligns
with CE principles of cascading resource use and multiple value
chain linkages.

From a policy and institutional perspective, the literature
identifies significant gaps in governance frameworks supporting
CE transitions in the palm oil industry. While national policies
increasingly recognize sustainability, specific incentives and
regulatory mechanisms to promote circular waste valorization
remain limited. For example, only 22% of mills in Indonesia
have integrated waste-to-energy technologies, constrained by
financial and infrastructural barriers [40]. Certification schemes
such as RSPO and ISPO have begun incorporating circularity
criteria; however, their enforcement is inconsistent, and circular
economy metrics are underdeveloped, impeding effective
monitoring and benchmarking [41]. These challenges highlight
the need for enhanced policy coherence and multi-stakeholder
collaboration to accelerate CE uptake.

Socioeconomic analyses emphasize the critical role of
smallholders and local communities in circular economy
adoption. Approximately 40-45% of oil palm production in
Southeast Asia is managed by independent smallholders who
often lack access to technology, capital, and technical knowledge
for waste valorization practices [42]. Studies reveal that when
smallholders are integrated into CE schemes through cooperative
models or government support, their income levels improve by
10-15%, alongside reductions in environmental impacts such as
water pollution and soil degradation [43]. Inclusive CE strategies
thus represent a vital pathway to equitable and sustainable rural
development.

Overall, the literature synthesis reveals a fragmented but rapidly
evolving landscape where technological potential is tempered
by socio-political and economic constraints. The combined
data suggest that optimizing oil palm waste streams within
circular economy frameworks can lead to energy savings of up
to 20%, reduction of greenhouse gas emissions by 30-50%, and
enhanced resource efficiency, translating into economic benefits
estimated at billions of dollars annually for producing countries
[44,45]. Nevertheless, addressing institutional fragmentation,
capacity gaps, and market access remains pivotal for scaling
these solutions.

This comprehensive review affirms the strategic role of oil
palm residues as both feedstock and catalyst for advancing
circular economy solutions. The convergence of technological
innovation, policy reform, and inclusive socio-economic

strategies is essential to realize the full potential of transforming
waste into wealth in the palm oil sector, fostering sustainable
development aligned with global environmental goals.

Discussion

The findings from the qualitative literature review reveal that
oil palm waste streams present a significant opportunity for
advancing circular economy (CE) practices, addressing both
environmental sustainability and economic value creation. The
extensive availability of biomass residues, which comprise
empty fruit bunches (EFB), palm kernel shells (PKS), and palm
oil mill effluent (POME), serves as a critical input for diverse
valorization pathways that align with CE principles. These
residues not only reduce environmental burdens when properly
managed but also contribute to resource efficiency by converting
waste into energy, fertilizers, and bio-based materials [46]. The
deliberate use of these biomass flows supports moving the
palm oil industry away from linear processes toward circular
production systems.

Innovations like anaerobic digestion used to produce biogas
from POME have proven effective in lowering greenhouse gas
emissions while supplying renewable energy to mill facilities.
The literature indicates that integrated biogas systems can supply
up to 40% of the energy requirements within mills, substantially
lowering carbon footprints and enhancing operational
sustainability [47]. Similarly, the conversion of solid residues
like PKS and EFB into biochar and pellets with high calorific
values offers alternative renewable fuels, which contribute to
energy diversification and reduce dependency on fossil fuels
[48]. These developments exemplify practical CE applications
that transform environmental liabilities into economic assets.

Beyond energy recovery, the reuse of oil palm biomass in
agricultural applications such as organic fertilizers promotes
nutrient recycling and soil health restoration. Composting of
EFB and mesocarp fibre has shown positive effects on crop
yields, indicating the potential to close nutrient loops and
improve agricultural productivity sustainably [49]. This aligns
with circular nutrient management strategies that reduce
reliance on chemical fertilizers and mitigate soil degradation.
The enhancement of secondary crop production through organic
amendments from palm residues underscores the socio-economic
benefits achievable through circular agronomic practices [50].

The review also highlights the growing diversification of value-
added products derived from oil palm biomass, including bio-
based chemicals and biofuels. The extraction of polyphenols,
organic acids, and bioethanol illustrates expanding biorefinery
potentials that extend CE benefits beyond traditional energy
and fertilizer sectors [51,52]. These innovations foster
multiple product streams from single biomass sources,
increasing economic resilience and supporting sustainable
industrial ecosystems. However, these advancements are often
concentrated in research settings or pilot scales, indicating a
gap between technological potential and commercial scalability
[53,54].

The shift toward a circular economy in the oil palm sector is
significantly influenced by existing institutional and policy
frameworks, which can either support or impede progress. While
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sustainability certifications and national strategies increasingly
acknowledge circularity, the literature identifies persistent
challenges such as limited financial incentives, inadequate
infrastructure, and inconsistent enforcement of circular economy
standards [55,56]. The relatively low adoption rate of waste
valorization technologies among mills, reported at approximately
22% in Indonesia, reflects these barriers [57,58]. Strengthening
governance mechanisms, promoting public-private partnerships,
and developing supportive policy instruments are essential
for scaling CE solutions and embedding circular principles in
industry practices.

Socioeconomic dimensions emphasize the significance of
involving small-scale farmers and local communities in circular
economy programs. Given that a significant share of palm oil
production is managed by smallholders, their engagement is vital
for broad-based sustainability impacts. Studies reveal that when
smallholders participate in CE schemes through cooperative
models and capacity-building programs, income levels improve
alongside reductions in environmental degradation [59,60].
Thus, equitable access to technology, knowledge dissemination,
and financial support mechanisms must be prioritized to foster
inclusive circular transitions.

In conclusion, this study confirms the strategic role of oil palm
waste as a cornerstone for advancing circular economy solutions,
offering environmental, economic, and social benefits. The
integrated use of biomass residues in energy, agriculture, and
bioproduct sectors demonstrates practical pathways to transform
waste into wealth. Nevertheless, realizing this potential
at scale requires overcoming technological, institutional,
and socioeconomic constraints through coordinated multi-
stakeholder efforts. Future research should focus on longitudinal
assessments of CE implementation impacts, techno-economic
feasibility studies of emerging biorefinery technologies, and
participatory approaches to empower smallholder involvement.
Such investigations will contribute to refining CE models
tailored to the complex characteristics of palm oil production
systems and enhance sustainable development outcomes.

Conclusion

The conversion of oil palm waste into valuable materials marks
a crucial step forward in applying circular economy principles
in the palm oil industry. A thorough review of current studies
reveals that residues like empty fruit bunches, palm kernel
shells, and palm oil mill effluent possess considerable potential
for transformation into renewable energy sources, organic
fertilizers, and bio-based products. These applications not only
mitigate environmental impacts by reducing waste accumulation
and greenhouse gas emissions but also create new economic
opportunities that enhance industry sustainability.

Technological innovations, particularly in biogas production
and biomass valorization, have proven effective in optimizing
resource efficiency and energy recovery. Moreover, the integration
of oil palm residues into agricultural and industrial value chains
promotes nutrient recycling and diversifies product outputs,
contributing to resilient and sustainable production systems.
However, the full realization of these benefits is contingent upon
strengthening institutional frameworks, policy support, and
inclusive participation of smallholders and local communities.

Challenges such as limited technology adoption, financial
constraints, and regulatory gaps persist, underscoring the need
for coordinated multi-stakeholder efforts to scale circular
economy solutions effectively. Addressing these barriers
can accelerate the advancement toward sustainable palm oil
production that harmonizes with international environmental
and socio-economic priorities.

This review highlights the strategic importance of circular
approaches in converting waste into wealth, emphasizing their
role in fostering sustainable development. Long-term impact
evaluation, advancement of techno-economic feasibility for
emerging technologies, and formulation of inclusive models to
empower stakeholders across the palm oil value chain should be
the focus of future research.
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