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Abstract: The palm oil industry is a major contributor to agricultural production, rural livelihoods, and indus-
trial development in many tropical economies. However, its long-term competitiveness is increasingly con-
strainted by stagnant yields, ageing plantations, labor shortages, slow replanting, and rising environmental
expectations. Although previous studies have examined palm biomass utilization, waste management, renew-
able energy and low-carbon technologies, these topics are often treated as separate technical domains rather
than as connected components of an integrated industry transition. This review addresses that gap by advanc-
ing a whole palm valorization perspective, defined here as the coordinated recovery, conversion, and value
creation of plantation and mill-generated biomass and residual streams. For conceptual clarity, the core ana-
lytical boundary is restricted to resources generated directly within the plantation-mill system, while down-
stream post-consumer streams such as used cooking oil are treated only as related circular-bioeconomy bound-
ary cases. The review compares major valorization pathways in term of technical maturity, economic feasibil-
ity, environmental benefits, logistical constraints, and implementation potential. Evidence from the literature
shows that large fractions of fresh fruit bunches become residual resources. Besides, palm oil mill effluent
(POME) and mill biomass offer measurable opportunities for energy recovery, emissions reduction, nutrient
recycling, and downstream value creation. Nevertheless, implementation remains uneven due to feedstock
logistics, capital requirements, market uncertainty, limited offtake arrangements, and fragmented governance.
Overall, this review provides an integrated and evidence-based foundation for repositioning the palm oil in-
dustry beyond oil extraction toward a circular, lower-carbon, and more resource-efficient development path-

way.

Keywords: palm oil industry; whole palm valorization; circular bioeconomy; biomass utilization; Sustainable
Development Goals (SDGs)

1. Introduction

Oil palm has emerged as one of the most productive and strategically important plantation
crops in the tropical agricultural economy (Naidu & Moorthy, 2021; Putri et al., 2022). Its high oil
yield, wide industrial use, and strong global demand have made palm oil a major commodity in
food, oleochemicals, cosmetics, and energy-related sectors contributions have given palm oil a
central place in agricultural development and industrial growth (Zhang et al., 2025).

However, the operating context of the industry is changing. Productivity growth has slowed
in many areas, and sustainability expectations have become more demanding (Naidu & Moorthy,
2021). At the same time, public and scientific attention has expanded beyond oil yield alone.
Greater attention is now placed on waste management, resource efficiency, emissions performance
(Wahyudin & Oge, 2025), and the overall structure of palm-based production systems (Awoh et
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al., 2023). This shift suggests that the long-term future of the industry cannot be assessed only
through the quantity of oil produced.

Previous studies have provided useful insights into oil palm biomass utilization, palm oil mill
effluent (POME) management (Kurniawan et al., 2025), renewable energy generation (Wu et al.,
2017), bio-based materials and low-carbon technologies (Manikandan et al., 2026). However, these
themes are commonly reviewed as separate technological or environmental topics. This creates an
important research gap: there is still limited synthesis explaining how plantation residues, mill by-
products, liquid effluent, downstream product development, and carbon-linked opportunities inter-
act as part of a single plantation-mill resource system. As a result, the existing literature has not
sufficiently clarified how these separated pathways can collectively reposition the palm oil industry
from a narrow oil-extraction model toward whole palm valorization.

This review addresses that gap by adopting whole palm valorization as the central analytical
lens. The contribution of this review is not simply to list additional uses for oil palm residues, but
to integrate scattered evidence into a sector-level framework for understanding the palm oil industry
as a multi-output bioresource system. The novelty of the review lies in three related contributions:
first, it defines the plantation-mill boundary of whole palm valorization and distinguishes produc-
tion-based residual resources from broader downstream circular-economy streams such as used
cooking oil; second, it compares major valorization pathways according to maturity, feasibility,
environmental benefit, logistics constraints, and implementation potential; and third, it links tech-
nical pathways with governance, commercialization, carbon-value creation, and stakeholder par-
ticipations. By doing so, this review shows how field residues, mill residues, POME, energy recov-
ery, nutrient recycling, carbon reduction, and downstream product development can be analyzed
together rather than as isolated themes. The main objective is therefore to examine how whole palm
valorization can advance the palm oil industry beyond oil extraction while supporting diversified
income, circular bioeconomy practices, and lower-emission production. This objective aligns with
the UN SDGs, particularly SDG1 (No poverty), SDG2 (Zero hunger) and SDG 13 (Climate Action),
particularly through resource efficiency, waste reduction, greenhouse gas mitigation, and circular
value creation.

Literature Search and Selection Approach

This review was developed as a narrative and integrative literature review. Relevant literature
was identified through Scopus, Web of Science, ScienceDirect, SpringerLink, and Google Scholar
using combinations of search terms including “oil palm,” “palm oil industry,” “oil palm biomass,”
“empty fruit bunch,” “oil palm frond,” “oil palm trunk,” “palm kernel shell,” “mesocarp fibre,”
“palm oil mill effluent,” “biogas,” “biomass valorization,” “biorefinery,” “circular bioeconomy,”
“carbon credit,” “sustainable palm oil,” and “smallholder.” The literature surveyed covered publi-
cations from 2008 to 2026, with stronger emphasis on studies published from 2021 onwards be-
cause of their relevance to recent circular bioeconomy, low-carbon, and governance discussions.
Sources were included when they addressed plantation residues, milling by-products, POME treat-
ment, valorization technologies, techno-economic or environmental performance, policy, or stake-
holder implementation in the oil palm sector. Sources were excluded when they focused on unre-
lated edible-oil markets, non-oil-palm biomass, downstream post-consumer wastes without a clear
palm-based link, or topics outside the plantation-mill boundary defined in this review. As the re-
viewed studies used heterogenous methods, units, and system boundaries, the evidence was syn-
thesized thematically and comparatively rather than through a formal meta-analysis. This planta-
tion-mill boundary was applied consistently to prevent production-based whole palm valorization
from being conflated with downstream post-consumer circular-economy stream.

2. Rationale for Repositioning the Palm Oil Industry Beyond Oil Extraction

For a long time, the palm oil industry has been organized through the extraction and sale of
crude palm oil and palm kernel oil (Rajakal et al., 2024). This oil-centred structure generated sub-
stantial economic returns because these two products remain the main commercial outputs of the
crop (Rajakal et al., 2024). However, the conditions that supported this model are changing. Land
expansion is increasingly constrained, labor availability is uncertain, and markets are placing
stronger emphasis on sustainability, traceability, and resource efficiency (Cheah et al., 2023; Mur-
phy et al., 2021). Under these conditions, reliance on oil alone is unlikely to provide a sufficient
foundation for long-term competitiveness.

The need to reposition the industry reflects a broader change in how value is understood in
agricultural and bio-based sectors. In the past, value was measured mainly through primary com-
modity output. Today, value is also linked to resource efficiency, by-product valorization, emis-
sions performance, downstream diversification, and circular production (Figure 1). This change is
particularly relevant to oil palm because the crop generates large quantities of biomass and residual
resources in addition to oil. Therefore, broadening value assessment should be understood as


https://sccpress.com/ars

A&R 2026, Vol. 4, Iss. 3,0013

3 of 18

expanding the industry’s development pathway rather than replacing the central role of crude palm
oil and palm kernel oil (Cheah et al., 2023; Kurniawan et al., 2025).

Conventional Oil-Centred Model Whole Palm Valorization Model

Main focus: Oil extraction only

Main focus: Full use of the palm
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Figure 1. Conceptual Framework for Repositioning the Oil Palm Industry from Oil Extraction to Whole Palm
Valorization.

Collectively, this expanded understanding of value provides the basis for repositioning the
sector. Repositioning the industry beyond oil extraction does not reduce the importance of oil; ra-
ther, it shows why oil output must be interpreted alongside the wider resource base generated by
the same production system. This review does not attempt a complete sector-wide techno-economic
quantification as a remaining research need. Instead, it synthesizes available quantitative evidence
where comparable data are reported in the literature and identifies more complete pathway-level
quantification as a remaining research need. The key issue is that conventional performance indi-
cators based mainly on crude palm oil and palm kernel oil do not fully capture the wider value, cost,
and risk associated with the plantation-mill resource base (W. Ng et al., 2025). A broader resource
perspective can therefore help the industry reduce dependence on a single dominant product, im-
prove resource efficiency, and identify additional value from residues that are already generated
within the system.

This repositioning is important for both industrial competitiveness and sustainability perfor-
mance. Global manufacturing, energy, and agricultural systems are moving toward renewable feed-
stocks, circular production, and lower-emission pathways. If the palm oil industry shifts from a
narrow oil-extraction model toward a wider resource-based model, it can better respond to these
transitions while retaining its strategic role in tropical economies (Cheah et al., 2023; Murphy et
al., 2021).

Structural Constraints in the Conventional Oil-Centered Palm Oil Model

The conventional oil-centered palm oil model faces several structural constraints (Table 1).
One major constraint is stagnant yield performance. In Malaysia, the national crude palm oil yield
was reported at about 3.28 tonnes ha™! in 2024. Industry discussions have suggested that a more
realistic medium-term target is approximately 4.5 tonnes ha™! rather than the often cited 67 tonnes
ha'! target (Asia Palm Oil Magazine, 2026). This gap shows that yield improvement remains central
to competitiveness. Historical production patterns also indicate that output growth has not always
kept pace with area expansion. For example, Malaysian oil palm planted area increased from 4.85
million ha in 2010 to 5.74 million ha in 2021, while crude palm oil production rose from 16.99
million tonnes to 18.12 million tones over the same period (Ahmad et al., 2024). These figures
suggest that the yield challenge is not solely technological, but also reflects replanting delays, plan-
tation age structure, labor availability, management capacity, and environmental variability (Mur-
phy et al., 2021).
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Table 1. Major structural constraints that limit the performance and long-term resilience of the conventional
oil-centered palm oil model.

Constraint Description Implication for the industry  References

Stagnant yields CPO yield around 3.28 tonnes ha™! Reduces productivity and com- (Asia Palm Oil Magazine,
(2024), 3.50 tonnes ha™! (2025); still be- petitiveness 2026; Malaysian Palm Oil
low the proposed 4.5 tonnes ha™! (2035) Board, 2026)

Ageing plantations Older palms reduce output; delayed re- Weakens output and increases re-(Khor et al., 2023)
planting extends low-yield cycles planting urgency

Slow replanting High replanting cost and temporary in- Prolongs low productivity cycles (J. Ng, 2025)
come loss

Labor dependence Harvesting and field management re-  Increases vulnerability to labor (Haryati et al., 2022; Zapata-
main labor-intensive shortages and rising costs Hernandez et al., 2024)

Environmental pressure Emissions, POME treatment, biomass Increases regulatory, market, (Chia et al., 2024; Kurniawan
management, and resource efficiency  reputational, and pollution-man- et al., 2025)
concerns agement pressure

Note: CPO refer to Crude Palm Oil; tonnes ha™! refer to tonnes per hectare.

Aging plantations create another constraint. Older palms produce less and are more difficult
to manage and harvest (Khor et al., 2023). Replanting can solve this problem, but many growers
delay replanting because it requires high investment and leads to temporary income loss (J. Ng,
2025). This issue is more serious for smallholders because they have fewer financial resources and
less flexibility during the replanting period (Touch et al., 2024).

Labor dependence remains a serious limitation. The industry relies heavily on manual work
for harvesting, pruning, collection, and field maintenance. Labor shortages, rising labor costs, and
changes in labor policy create major operational concerns (Zapata-Hernandez et al., 2024). Mech-
anization is a possible solution, but its adoption is uneven and is often limited by terrain, estate
design, and access to capital (Haryati et al., 2022).

Environmental pressure creates another constraint. Current concerns include emissions, waste
generation, effluent management, and overall resource efficiency. These concerns influence public
perception, regulatory attention, and market expectations (Naidu & Moorthy, 2021). The conven-
tional focus on oil extraction alone does not reflect the full range of issues shaping the industry.

Taken together, these constraints show that the traditional oil-centered model is under increas-
ing pressure. The issue is not only that oil production faces productivity, labor, and environmental
challenges. The deeper issue is that the current production model captures only a fraction of the
crop’s total value, while many co-products and residual streams remain underutilized.

3. Whole Palm Valorization: Concept, Scope and Analytical Boundary

Building on the repositioning rationale above, whole palm valorization is defined in this re-
view as an integrated development approach that seeks to maximize useful value from the oil palm
crop and its production residues through coordinated recovery, conversion, reuse, and upgrading
of plantation and milling streams. Importantly, the concept is used here as an analytical boundary
and strategic framework, not simply as another term for biomass utilization. It interprets the oil
palm production system as a multi-output bioresource platform in which crude palm oil, palm ker-
nel oil, lignocellulosic biomass, solid mill residues, liquid effluent, nutrients, energy, and carbon-
related value are considered together. This definition makes whole palm valorization an analytical
boundary and strategic framework, rather than a synonym for general biomass utilization (Rendon-
Camargo et al., 2026). For analytical consistency, this review applies three boundary criteria. First,
the resource must be generated directly during oil palm cultivation, replanting, harvesting, or crude
palm oil milling. Second, the resource must be recoverable or manageable within the plantation-
mill production chain before the consumer-use stage. Third, its valorization must contribute to re-
source efficiency, downstream product development, nutrient recovery, renewable energy genera-
tion, emissions reduction, or carbon-linked value creation. These criteria define the scope of the
review and prevent the concept from becoming too broad.

The core analytical boundary therefore includes field-generated resources such as fronds and
trunks, mill generated solid residues such as empty fruit bunches (EFB), mesocarp fibre (MF), palm
kernel shells, and other fibre-rich fractions; liquid residues such as POME; and treatment-derived
streams such as sludge, digestate, recovered nutrients, biogas, heat, electricity, biochar, biomateri-
als, or carbon products derived from these plantation and mill resources. These streams are included
because plantation managers, mill operators, logistics providers, and downstream processors can
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directly influence their recovery, handling, conversion, and value creation (Nasir et al., 2018; Wu
etal., 2017).

By contrast, downstream and post-consumer waste streams, including used cooking oil, are
excluded from the core analytical boundary of whole palm valorization in this review. Although
these streams are relevant to the wider palm-based circular bioeconomy because they extend the
useful life of palm-derived materials after consumption, they are not generated directly by planta-
tion or milling operations. Used cooking oil is therefore treated as a boundary case that helps dis-
tinguish whole palm valorization from broader circular economy opportunities, rather than as a
core valorization pathway (Wahyudin & Oge, 2025).

The relationship between whole palm valorization and related concepts is therefore comple-
mentary but not interchangeable. Biomass utilization refers to the use of individual feedstocks such
as empty fruit bunches, fronds, trunks, shells, fibres, or POME. Biorefinery development refers to
the conversion platforms that transform these feedstocks into fuels, chemicals, materials, energy,
or other products. Circular bioeconomy provides the wider sustainability logic of keeping renewa-
ble biological resources, nutrients, and energy in productive use for as long as possible. Carbon
value creation focuses on climate-linked value, including methane capture, emissions avoidance,
biochar, carbon products, or carbon finance. Whole palm valorization integrates these narrower
concepts into a sector-level framework that asks how the plantation-mill resource base can be or-
ganized, compared, commercialized, and governed as a coherent development pathway (Rajakal et
al., 2024).

In this way, whole palm valorization differs from the conventional oil-centred model. In the
oil-centred model, value is concentrated mainly in crude palm oil and palm kernel oil, while other
outputs are treated as secondary residues. In the whole palm valorization model, oil remains im-
portant, but the associated biomass, effluent, nutrients, energy potential, and carbon-linked oppor-
tunities are also treated as strategic resources. This shift changes how industry performance is as-
sessed because it connects productivity, waste reduction, downstream diversification, emissions
performance, and governance within one internally consistent framework.

4. Valorization Pathways of Oil Palm Biomass and Residual Resources

Within the defined plantation-mill boundary, the oil palm production system generates a wide
range of biomass and residual resources from both plantation and milling activities. These resources
include field residues, solid processing by-products, and liquid effluent streams (Terry et al., 2021).
Their scale is substantial (Kurniawan et al., 2025). In a typical palm oil mill system, only about
one-fifth of processed fresh fruit bunches become crude palm oil, while the remaining fraction
appears as solid residues and liquid effluent; one estimate reports that crude palm oil represents
about 21% of fresh fruit bunches, with the remaining 79% becoming biomass residues and waste
stream (Chew et al., 2024). Another industry-based study reported that almost 70% of fresh fruit
bunches can be converted into empty fruit bunches, mesocarp fiber, palm kernel shell, and liquid
effluent after milling (Ahmad et al., 2024). These quantities show why whole palm valorization
should be treated as an industrial resource strategy rather than only a waste-management response.
A whole palm valorization approach views these materials differently. It treats oil palm biomass
and residual resources as renewable feedstocks that can support new value chains in energy, mate-
rials, agriculture, and environmental management (Zhang et al., 2025). The analytical significance
of this shift lies not only in waste reduction, but also in creating additional economic outputs from
the same biological resource base (Umana et al., 2020). This framing enables different resource
streams and conversion pathways to be compared according to their maturity, feasibility, environ-
mental contribution, and implementation requirements, rather than being described only as isolated
technical options.

The potential of each valorization pathway depends on the type, quality, accessibility, and
conversion suitability of the resource stream. This potential can also be assessed using quantitative
indicators, such as resource availability, moisture content, net heating value, COD reduction, me-
thane yield, electricity output, greenhouse gas abatement, investment cost, payback period, and
delivered feedstock cost (Plesu Popescu et al., 2021). Therefore, the pathways should not be eval-
uated only by technical possibilities. A comparative assessment is needed to distinguish near-term,
technically mature options, such as mill energy recovery and POME biogas, from higher-value but
more demanding options, such as biochemical conversion, engineered biomaterials, and carbon
products (Nasir et al., 2018; Tang et al., 2025).
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4.1. Major Oil Palm Biomass and Residual Streams

Oil palm production generates biomass throughout the life cycle of the crop (Table 2). In the
plantation phase, major biomass streams include fronds and trunks. Fronds are produced regularly
during harvesting and pruning, while trunks become available in large volumes during replanting
(Pulingam et al., 2022; Wahab et al., 2022). In the milling phase, the main solid residual streams
include empty fruit bunches, mesocarp fiber, and palm kernel shells. Mills also generate liquid
residues, particularly POME, during oil extraction and clarification (Sulin et al., 2025).

Table 2. Major oil palm biomass and residual streams, their main sources, general characteristics, and broad
valorization potential.

Biomass/ Common Valorization
residual Main source General characteristics . References
current use potential
stream
Plantati Li [lulosi Iky, low 1 . .
ar} ation 1enoce u.0s1c, bulky, low 0(3)se Mulching, field Compost, fiber products, (Nabila et al., 2023;
Fronds pruning and  bulk density (~100-150 kg/m°), return bioener Wahab et al.. 2022)
harvesting  low NHV (~14-16 MJ/kg) 24 N
Replanting Woody biomass, la.rge volume, Field disposal, Panels, fibre materials, (Nabila et al., 2023;
Trunks operations moderate loose density (~200-300 limited reuse bio-based products Pulingam et al., 2022)
P kg/m?), NHV (~15-17 MJ/kg) p £ N
Empty fruit ~ Milling Vit fibrous and bulky, high ) b Biochar, biomaterials, bi-  (Chia et al., 2024: D.
bunches rocess moisture (> 60%); as-received composting oenergy, soil amendments W. K. Chin et al., 2021)
P NHV (~8-10 MJ/kg) POSHng 24 o N
Mesocarp Milling Flbrou.s, combust1b1§,.relat1vely . Energy, carbon materials, (Ahmad e‘F al., 2024;
fiber Focess low moisture after milling;dry-ba-  Boiler fuel industrial fibre use Mohd Faizal et al.,
P sis NHV (~17-19 MJ/kg) 2018)
o Dense, carbon-rich solid; loose . . (Ahmad et al., 2024;
Palm kernel Mill ’ ’ A 1 ’ ’
a ;;e]:ne rz)clensi bulk density (~600-700 kg/m?), Fuel use fi:lvacffb(;irb(r)g(’hslztlsd Mohd Faizal et al.,
P dry-basis NHV (~18-20 MJ/kg) : P 2018)
Palm oil mill Millin, Liquid organic effluent, with high Wastewater Biogas, biomethan K(l?rrl:ililazs teétlla.l’l 22%)3’5
effluent g COD/BOD, negligible NHV in stewale 08as, blomeriane, ) N ’
process treatment emissions reduction Manikandan et al.,
(POME) raw form

2026; Yong et al., 2023)

Note: NHV: net heating value; COD: chemical oxygen demand; BOD: biochemical oxygen demand. Values
are indicative ranges compiled from the cited sources. Bulk density values refer to approximate loose/as-
received biomass density unless otherwise stated. NHV values for fronds, trunks, mesocarp fibre and palm
kernel shells refer mainly to dry or air-dried solid biomass, whereas the EFB range reflects high-moisture as-
received material; moisture correction is therefore needed before engineering design or economic calculation.

Each resource stream has distinct characteristics. Fronds, trunks, and empty fruit bunches are
mainly lignocellulosic in nature, and they can support several forms of biological, thermochemical,
or material conversion (Nabila et al., 2023; Tan et al., 2022). Mesocarp fiber and palm kernel shells
are often easier to handle in energy systems because of their combustion properties (Mohd Faizal
et al., 2018). Palm oil mill effluent differs from these solid streams because it is a liquid organic
waste with high treatment demand and strong energy recovery potential (Akuma et al., 2026).

It should be emphasized that these streams should not be viewed solely as residues to be dis-
posed of. They represent a diverse portfolio of renewable feedstocks (Terry et al., 2021). Some
streams can support direct agricultural reuse, such as mulching or composting. Other streams can
be converted into bioenergy, biomaterials, carbon-rich products, or industrial intermediates. Their
fuller utilization can reduce waste, improve resource efficiency, and create additional value within
the palm oil supply chain (Nasir et al., 2018; Sulin et al., 2025).

However, not all streams can be valorized in the same way. Moisture content, bulk and energy
density, cost, emissions of logistics, and seasonal availability all affect economic feasibility. There-
fore, successful utilization depends not only on technical suitability but also on logistics, scale, and
market demand (Nabila et al., 2023; Obi, 2015). Sometimes, pretreatment is important to maximize
the recovery of the components in the biomass (Chia et al., 2024; D. W. K. Chin et al., 2021). This
means that biomass valorization should be approached as both a technological and a feasible chal-
lenge.

4.2. Comparative Evaluation of Major Valorization Pathways
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A comparative view shows that whole palm valorization is not a single pathway but a portfolio
of options with different readiness levels and implementation requirements. Pathways that are al-
ready embedded in mill operations, such as mesocarp fibre and palm kernel shell combustion, gen-
erally have higher technical maturity and lower implementation risk, but their value addition is
often limited. In contrast, pathways such as biorefineries, engineered biomaterials, and advanced
carbon products may offer higher downstream value, but require stronger feedstock quality control,
preprocessing, investment, product standards, and market offtake arrangements. Based on recent
literature on palm oil circular bioeconomy, biomass utilization, POME recovery, thermochemical
conversion, biocomposites, biorefinery development, and carbon-based products, Table 3 compares
the major whole palm valorization pathways according to technical maturity, economic feasibility,
environmental benefit, logistical constraint, and implementation potential.

Table 3. Comparative assessment of major whole palm valorization pathways.

Main . . . Logistical constraint
Technical Economic Environmental . A
Pathway resource . ol ere and implementation = References
maturity feasibility benefit .
stream potential
Field Fronds, High for field Low to moderate Reduces disposal Low transport need (Ahmad et
return, trunks, return and direct revenue; pressure and sup- when used on site; al., 2024;
mulching,  EFB, composting useful for nutrient  ports nutrient cy- high near-term poten-  Cheah et al.,
compost POME, recycling and soil  cling, but emis- tial, especially for 2023;
and soil sludge/di- management sions depend on smallholders and es- Rendén-Ca-
amend- gestate management prac-  tates margo et al.,
ment tice 2026; Sulin
etal., 2025)
Mill heat MF and High; already  High when used Offsets fossil en- Limited by boiler effi- (Ahmad et
and power  PKS widely used internally because  ergy and improves  ciency, competing al., 2024;
recovery in boilers it offsets mill en- mill energy self- PKS markets, and rel-  Cheah et al.,
ergy demand; MF  sufficiency atively low product 2023;
use for in-house diversification; high Rendén-Ca-
electricity genera- implementation poten- margo et al.,
tion was reported tial 2026)
at 92.4% in Penin-
sular Malaysia
mills
POME an-  Palm oil Medium to Moderate; viabil- ~ High climate bene- Needs covered la- (Akuma et
aerobic di- mill effluent high; com- ity depends on fit; COD reduction  goons or digesters, gas al., 2026;
gestion, bi- mercial sys-  POME volume, of up to 91% bio-  handling, grid/offtake = Manikandan
ogas and tems are energy offtake, gas production access, and  skilled et al., 2026;
bio- available but  tariff structure, reaching 325,292 operation; high poten-  Sulin et al.,
methane adoptionre-  capital expendi- m®month’!, and tial for medium and 2025)
mains uneven ture, and opera- greenhouse gas large mills
tional stability (GHG) reduction
of 1,131 tCO»-eq
month!
Biochar, EFB, PKS, Medium; py- Moderate; Can improve car- Moisture, bulk den- (Nabila et
solid fuel fronds, rolysis, torre-  stronger for drier bon retention, soil  sity, drying cost, and al., 2023;
and ther- trunks faction, and and denser feed- amendment poten-  transport distance are  Rendon-Ca-
mochemi- carbonization  stocks such as tial, and fossil fuel = major constraints; me- margo et al.,
cal prod- are techni- PKS than for wet  substitution dium implementation ~ 2026; Yu-
ucts cally estab- EFB unless pre- potential through re- listiani et al.,
lished but processing is gional biomass hubs 2025)
project eco- available

nomics vary
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Table 3. Cont.
Main Technical Economic Environmental Logl.s tical constrz.unt
Pathway resource . e and implementation  References
maturity feasibility benefit .
stream potential
Biomateri-  Trunks, Medium; Moderate to high ~ May substitute Requires segregation, (Ahmad et al.,
als, panels,  fronds, product devel-  where stable wood or fossil-  drying, fibre pro- 2024; Aisyah
fibres and EFB fibre, opmentisad-  offtake and prod-  based materials  cessing, standards, etal., 2024;
biocompo-  mesocarp vancing but uct standards exist and increase and product certifica-  Rendon-Ca-
sites fibre quality control downstream tion; medium poten- margo et al.,
is critical value tial through industrial ~ 2026)
clusters
Biochemi-  EFB, Low to me- Potentially high Can create Require stable feed- (Cheah et al.,
cal and in-  trunks, dium; promis-  value, but high higher value stock supply, pretreat- 2023; Jailani et
tegrated bi-  fronds, ing but less capital expendi- chemicals, sug-  ment process integra-  al., 2025;
orefinery POME-de- commercially ture and pretreat-  ars, fuels, and tion, and long-term Rendoén-Ca-
products rived or- mature than ment costs in- circular inter- offtake; longer-term margo et al.,
ganics energy recov-  crease operational mediates potential 2026)
ery and financial risk
Activated PKS.EFB  Medium to Potentially high Supports Requires controlled (Saefumillah et
carbon and  biochar, high for acti- for PKS due to higher-value carbonization/activa- al., 2026; Sa-
advanced carbon-rich  vated carbon;  density and car- carbon utiliza- tion, product quality leh et al.,
carbon residues lower for ad- bon content tion and may re- assurance, and market 2025)
products vanced materi- duce low-grade  access; medium to

als

combustion de-

high potential for suit-

pendence able feedstocks

Note: MF: mesocarp fibre; PKS: palm kernel shells ; EFB: empty fruit bunches; POME: palm
oil mill effluent; COD: chemical oxygen demand. This comparison indicates that implementation
should be sequenced rather than treated as a uniform transition. Mature, low-risk options can be
expanded first to improve resource efficiency, while higher-value biorefinery and biomaterial path-
ways should be developed through demonstration plants, feedstock aggregation, product standards
and market-building measures. In this sense, whole palm valorization is most practical when it
combines immediate resource recovery with longer-term industrial upgrading.

4.3. Palm Oil Mill Effluent (POME), Energy Recovery, and Emissions Reduction

Palm oil mill effluent (POME) is one of the most important residual streams in the palm oil
industry because it is generated continuously during sterilization, clarification, and hydrocyclone
processes (Akuma et al., 2026). Quantitatively, about 700 kg of POME can be generated for every
tonne of fresh fruit bunches processed, and Malaysia has been estimated to generate approximately
50-75 million m? of POME annually. This stream contains high organic matter, COD, and BOD,
making untreated or poorly controlled POME treatment a major source of pollution and methane
emissions (Manikandan et al., 2026; Mohammad et al., 2021).

At the same time, POME offers one of the clearest opportunities for measurable resource
recovery. When POME is integrated into an anaerobic digestion, biogas recovery, or biomethane
upgrading system, it becomes a feedstock for a mill-based resource-recovery pathway rather than
a biorefinery by itself. Anaerobic digestion can convert its organic content into biogas for heat and
electricity generation (Sodri & Septriana, 2022). A techno-economic and environmental assessment
of a POME-based biogas plant reported COD reduction of up to 91% biogas production of 325,292
m?> month™ with 55% methane content, and electricity generation of 696,163 kWh month™! (Sodri
& Septriana, 2022). These figures illustrate why POME biogas should be considered a relatively
mature and high-impact pathway within whole palm valorization (Akuma et al., 2026). In this way,
POME can be viewed as a strategic resource-recovery stream within whole palm valorization be-
cause it connects waste treatment, renewable energy generation, and emissions reduction within a
single system.

This pathway shows how environmental management can be linked directly to economic and
carbon value creation. In the same case study, the biogas plant reduced greenhouse gas emissions
by 1,131 tonnes tCO-eq month™!, although profitability remained sensitive to plant loading, elec-
tricity sales, and operational efficiency, with an internal rate of return of 6.75% and a payback
period of 10.8 years under the observed operating conditions (Sodri & Septriana, 2022). This
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suggests that POME biogas has strong environmental value, but its economic performance depends
on sufficient feedstock volume, reliable power offtake, and supportive tariff or carbon-credit mech-
anisms (Naidu & Moorthy, 2021).

Even so, implementation remains uneven across the industry. Some mills lack the capital,
infrastructure, or technical capacity needed for digestion, gas cleaning, power generation, or bio-
methane upgrading. Other mills may not obtain sufficient return if POME volume is low, grid ac-
cess is weak, or energy purchase agreements are uncertain (Akuma et al., 2026; Manikandan et al.,
2026).

4.4. Circular Resource Use and Carbon-linked Value Creation

Circular resource use and carbon-linked value creation provide an important foundation for
whole palm valorization. A circular approach seeks to reduce waste by keeping materials, nutrients,
and energy in productive use for as long as possible (Sulin et al., 2025). In the oil palm industry,
this means that biomass and residual streams should be managed as reusable resources rather than
discarded outputs. When combined with methane capture, renewable energy generation, soil
amendment, and material substitution, circular resource use can also support lower-emission pro-
duction and climate-linked value creation. This approach improves system efficiency and supports
more sustainable production practices (Siagian et al., 2024).

Several circular pathways are possible in palm-based production systems. Organic residues
can return to the field as mulch, compost, or soil amendment. Solid biomass can be converted into
energy, carbon materials, or industrial feedstocks. Liquid and solid streams can also be linked
through integrated treatment systems that recover energy and nutrients (Cheah et al., 2023). These
pathways help close material loops and reduce losses across the plantation-mill system (Cheah et
al., 2023; Lau et al., 2024).

Circular resource use also changes how value is understood in the industry. In a conventional
oil-centered model, value is measured mainly through oil yield and extraction efficiency. In a cir-
cular model, value also includes nutrient recovery, waste reduction, energy reuse, and the produc-
tion of secondary outputs (Siagian et al., 2024; Sulin et al., 2025). This broader understanding is
important because it reflects the full resource base of the crop and not only its primary oil fraction.

However, circularity requires more than technical potential. A circular system depends on
coordination between estates, mills, processors, and end users. It also depends on practical systems
for collection, segregation, processing, and market delivery. Without these connections, many cir-
cular pathways remain fragmented or limited to small-scale practice (Kaniapan et al., 2021). Whole
palm valorization, therefore, benefits from circular thinking because circular systems create the
conditions under which dispersed residues can become stable and productive value chains. Carbon
management has become an important part of the global discussion on agricultural and industrial
sustainability. The oil palm industry is increasingly affected by this shift because emissions perfor-
mance now influences market access, investor confidence, and public credibility (Ali et al., 2025;
Murphy et al., 2021). As a result, carbon is no longer only an environmental issue for the sector.
Carbon is also becoming an economic and strategic issue (Murphy et al., 2021).

The oil palm industry has several pathways for climate-linked value creation. Some pathways
reduce emissions directly, while others improve the efficiency of biomass and residual resource
use. Methane capture from POME is one of the clearest examples because it can lower greenhouse
gas emissions while also generating useful energy (Manikandan et al., 2026). Quantitative evidence
from POME biogas projects shows that emissions reductions can be substantial at the mill scale,
with one case reporting a reduction of 1,131 tonnes CO,-eq month™! from POME treatment (Sodri
& Septriana, 2022). Improved handling of biomass and organic residues can also reduce unman-
aged decomposition and support lower-emission production systems, while enabling the co-pro-
duction of value-added products (Rendon-Camargo et al., 2026). In addition, the use of oil palm
biomass as a renewable feedstock may help reduce dependence on fossil-based materials and en-
ergy in selected applications (Gourich et al., 2023).

These opportunities matter because they connect environmental improvement with industrial
upgrading. When mills recover methane, when biomass is used more efficiently, or when residues
are converted into higher-value products, the industry can improve both sustainability performance
and economic output (Siagian et al., 2024). This connection is especially important in a sector that
is often judged through both productivity and environmental accountability. Therefore, carbon-
related value creation fits naturally within the broader logic of whole palm valorization.

Carbon markets may also offer new possibilities for the oil palm industry. In principle, veri-
fied emission reductions from methane capture, renewable energy use, or improved waste manage-
ment could generate carbon-related revenue. This prospect is attractive because it may help support
investments that would otherwise be difficult to justify through conventional returns alone. In this
sense, carbon finance may become a useful complement to biomass valorization and low-carbon
upgrading.
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However, carbon opportunities also require caution. Carbon projects are technically demand-
ing and institutionally sensitive as they involve complex regulatory requirements, coordination
across multiple institutions, and the need to ensure stakeholder acceptance. They require clear base-
lines, credible methodologies, reliable monitoring, and transparent reporting. Weak project design
can lead to poor-quality credits, limited economic return, or reputational risk. These risks are espe-
cially important in industries where sustainability claims are already closely scrutinized (Delacote
et al., 2024; Noviyanto et al., 2026). Therefore, carbon-linked value creation should be approached
through strong technical standards and careful governance rather than through overly simplified
market expectations (K. N. R. Kumar, 2025).

The sector also needs to consider who benefits from these opportunities. Larger estates and
integrated mill operators may be better positioned to adopt carbon-related projects because they
have better access to infrastructure, finance, and technical support. Smaller mills and smallholders
may find it harder to participate unless aggregation mechanisms or shared systems are available
(Rajakal et al., 2024). This issue matters because uneven participation can limit the wider develop-
ment of climate-linked initiatives.

Overall, carbon opportunities should be understood as part of the broader whole palm valori-
zation transition rather than as a separate agenda. They are not separate from questions of biomass
use, waste management, and industrial modernization. Instead, they are closely linked to how the
industry manages biomass, effluent, energy recovery, waste reduction, and product diversification.
If developed with credible measurement, reporting, verification, and inclusive governance, these
opportunities can strengthen the role of whole palm valorization in building a more resilient, re-
source-efficient, and lower-emission palm oil industry.

5. Implementation Challenges and Governance Priorities

Despite its strong potential, whole palm valorization has not progressed evenly across the
palm oil industry. Many resource streams are available in large volumes, but their conversion into
stable value chains remains limited. This gap shows that technical potential alone is not enough.
Implementation also depends on logistics, commercialization pathways, policy coordination, fi-
nancing, standards, and inclusive participation (Akuma et al., 2026).

5.1. Logistical and Commercial Barriers

Logistics remains one of the most important barriers. Many biomass streams are bulky, wet,
scattered, and costly to transport (Pulingam et al., 2022). Empty fruit bunches, fronds, and trunks
often require preprocessing before they can be moved efficiently into downstream applications
(Saleh et al., 2025). This requirement increases handling costs and reduces economic feasibility,
especially when collection points and processing facilities are far apart. As a result, some resources
remain underused even when promising technologies are available.

Concrete resource characteristics illustrate this barrier. Empty fruit bunches are typically pro-
duced as a moist and bulky stream with moisture above 60% and as-received NHV of about 8—10
MIJ kg™!, whereas palm kernel shells have a higher loose density of about 600-700 kg m?* and NHV
of about 18-20 MJ kg™! (Mohd Faizal et al., 2018; Nabila et al., 2023). As a result, palm kernel
shells can enter fuel and carbon-product markets more easily, while empty fruit bunches often re-
quire drying, shredding, densification, or on-site use before they become economically attractive
for longer-distance transport. This example shows that logistics barriers are linked to measurable
feedstock properties, not only to general supply-chain weakness.

Commercialization also remains weak in many parts of the sector. Research and pilot projects
have demonstrated many possible uses for oil palm biomass and residual streams (Nabila et al.,
2023; Rendon-Camargo et al., 2026). However, large-scale adoption has been much slower. Inves-
tors often face uncertainty about feedstock consistency, product quality, technology performance,
and long-term market demand. This uncertainty creates a gap between laboratory success and com-
mercial deployment. In many cases, the industry still lacks stable offtake mechanisms, such as long-
term purchase agreements, needed to support wider investment (Akuma et al., 2026; Mohamad
Zaki et al., 2025).

The POME biogas pathway also illustrates the commercialization challenge. Although one
case generated 696,163 kWh month™! and reduced emissions by 1,131 tonnes CO,-eq month™!, the
same study reported an internal rate of return of 6.75% and a payback period of 10.8 years under
observed conditions (Sodri & Septriana, 2022). This suggests that even technically proven path-
ways may require supportive tariffs, energy-purchase agreements, carbon-credit access, or conces-
sional finance to become widely attractive.

Policy fragmentation creates another barrier. Different parts of the oil palm value chain often
fall under different regulatory and policy domains (Putri et al., 2022). Agriculture, biomass utiliza-
tion, renewable energy, waste management, and industrial development are not always governed
through a single coordinated framework. This separation can weaken implementation because one
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part of the system may move forward while another remains underdeveloped. A project may be
technically ready, but supporting regulations, market incentives, or infrastructure planning may still
lag behind.

The transition also faces uneven participation across stakeholders. Larger estates, mills, and
integrated companies usually have better access to capital, infrastructure, and technical support.
Smallholders and smaller mills may not have the same capacity to adopt new technologies or enter
emerging value chains (Iyai et al., 2024). This imbalance matters because smallholders contribute
significantly to oil palm production in many regions (Ogahara et al., 2022). If they remain excluded,
the broader benefits of the whole palm valorization will be limited.

Market development remains another challenge. Some biomass-based products still face weak
demand, uncertain pricing, or strong competition from conventional alternatives (Cheah et al.,
2023). Buyers may hesitate when supply is inconsistent or when quality standards are not clearly
established. These problems can discourage investment even when resource availability is high
(Murphy et al., 2021). Therefore, successful valorization depends not only on production capacity,
but also on market confidence and product acceptance.

Taken together, these barriers show that whole palm valorization is not simply a matter of
converting residues into products. The transition requires coordinated systems that can support
feedstock supply, technology adoption, commercial investment, and broad participation. Without
these supporting conditions, many valorization pathways will remain technically attractive but op-
erationally limited (Kaniapan et al., 2021).

5.2. Policy and Governance Priorities

The shift from oil extraction to whole palm valorization requires more than technological
innovation. It also depends on clear policy direction and effective governance (Zachlod et al., 2025).
These elements are essential because the oil palm industry operates across agriculture, milling,
energy, waste management, manufacturing, trade, and climate-related policy domains (Ayompe et
al., 2025). If these areas remain poorly connected, the transition will move slowly and unevenly.

The first priority is to strengthen the productive base of the industry (Table 4). Whole palm
valorization does not replace the need for strong plantation performance. Replanting, better plant-
ing materials, improved agronomic management, and suitable mechanization remain important be-
cause they shape the long-term quality and stability of biomass and residual resources. A productive
upstream sector creates a stronger foundation for downstream valorization (Murphy et al., 2021;
Siagian et al., 2024).
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Table 4. Implemented-oriented policy and governance priorities for repositioning the palm oil industry from
oil extraction to whole palm valorization.

Practical implementation and stake-

Priority area holder roles

Expected outcome References

Upstream productivity and Use staged replanting support, improved Higher CPO yield ha'!; re-  (Ayompe et al., 2025; Murphy
replanting planting materials, agronomic extension, duced ageing-palm area; bet- et al., 2021; Siagian et al.,
and selective mechanization. Lead roles: ter biomass quality and pre- 2024)
plantation agencies, MPOB, estate own- dictable supply.
ers, smallholder authorities, coopera-
tives, and financial institutions.
Biomass logistics and Develop regional biomass hubs for col- Lower delivered feedstock  (Kaniapan et al., 2021; Pulin-
aggregation lection, drying, shredding, storage, and cost; stable EFB/frond/ trunk gam et al., 2022; Saleh et al.,
transport near mill clusters. Lead roles: supply; reduced unmanaged 2025)
mills, estate groups, logistics firms, local residues.
governments, and technology, and tech-
nology providers
Commercialization and ~ Move from pilot studies to demonstrationDemonstration plants; signed (Hassan et al., 2024; Mohamad
market offtake projects with product standards, blended offtake agreements; product Zaki et al., 2025; Putri et al.,
finance, and long-term purchase agree- specifications; improved 2022)
ments. Lead roles: industry consortia, in- NPV/payback
vestors, universities, technology develop-
ers, and downstream buyers
POME biogas and carbon Prioritize covered lagoons or anaerobic COD/BOD reduction; kWh  (Akuma et al., 2026; Manikan-
value creation digesters at mills with sufficient POME generated; methane captured; dan et al., 2026; Sodri & Sep-
volume, linked to power purchase, bio- tCO,-eq avoided; verified  triana, 2022)
methane use, or verified carbon credits. MRYV reports.
Lead roles: mills, energy regulators, utili-
ties, carbon-standard bodies, and envi-
ronmental agencies.
Policy alignment across ~ Prepare a whole-palm roadmap linking ~ Aligned incentives; faster ap- (Bathaei & Streimikiené, 2023;
sectors agriculture, energy, waste, industry, and provals; clearer rules for bio- Putri et al., 2022; Zachlod et
climate policies with clear incentives and mass, biogas, biochar, and  al., 2025)
permitting pathways. Lead roles: federal carbon claims.
and state agencies, industry boards, certi-
fication bodies, and investment agencies
Smallholder and small-millUse cooperative supply models, shared Smallholders participating; (Ayompe et al., 2025; Iyai et
inclusion preprocessing facilities, extension sup- shared facility use; additional al., 2024; Ogahara et al., 2022)
port, and aggregation contracts. Lead  residue income; equitable
roles: smallholder organization, coopera- benefit distribution.
tives, mills, NGOs, and development fi-
nance institutions.
Traceability, standards and Develop traceability systems and product Documented feedstock origin;(Delacote et al., 2024; No-
assurance standards for biomass-derived products verified sustainability claims; viyanto et al., 2026; Santos et
and carbon claims. Lead roles: certifica- improved buyer confidence al., 2026)
tion bodies, standards agencies, mills,  and export readiness.

manufacturers, and auditors
Note: MPOB: Malaysian Palm Oil Board; POME: palm oil mill effluent; NGO: non-governmental organiza-
tion; CPO: crude palm oil; EFB: empty fruit bunches; NPV: net present value; MRV: monitoring, reporting
and verification; COD: chemical oxygen demand; BOD: biochemical oxygen demand; tCOz-eq = tonnes of
carbon dioxide equivalent; ha™! = per hectare; kWh = kilowatt-hour.

A second priority is to improve the enabling environment for biomass and residual resource
use through physical logistics infrastructure. This should include regional biomass hubs located
near mill clusters, where empty fruit bunches, fronds, trunks, fibre, and shells can be collected,
shredded, dried, densified, stored, and dispatched according to downstream product requirements.
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Mills and estate groups can provide feedstock data and primary handling facilities; logistics com-
panies can manage transport and storage, while state agencies can support land allocation, infra-
structure planning, and permitting. This would directly address one of the most persistent barriers
to whole palm valorization: the mismatch between dispersed, bulky biomass supply and centralized
industrial demand. Policy support should extend beyond conversion technologies alone and also
cover collection systems, preprocessing facilities, storage, transport, and feedstock coordination (A.
Kumar et al., 2025). A third priority is to create stronger alignment across policies through a dedi-
cated whole-palm valorization roadmap. Such a roadmap should connect agricultural productivity
programmes, biomass utilization incentives, renewable-energy tariffs, waste regulations, industrial
upgrading funds, and climate-policy instruments. The practical purpose is to prevent a situation in
which one agency promotes biomass use while another imposes unclear waste-handling, grid-ac-
cess, or permitting requirements. Clear inter-agency coordination would give mills, investors, and
technology providers greater confidence to plan long-term projects (Bathaei & Streimikiené, 2023).
Governance should also actively support commercialization by bridging the gap between research
outputs and bankable projects (Putri et al., 2022). Public support can be channeled into demonstra-
tion plants that evaluate real feedstock variability, product quality, logistics cost, and buyer ac-
ceptance under commercial conditions. Universities and research institutes can validate process
performance; mills can provide feedstock and operational sites; technology providers can supply
conversion systems; and industrial buyers can define product specifications. This approach would
move valorization beyond laboratory feasibility toward investment-ready deployment (Hassan et
al., 2024; Putri et al., 2022).

5.3. Inclusion, Traceability and Carbon Governance

Inclusion should be treated as a policy priority because smallholders and smaller mills may
not have the capital, infrastructure, or technical capacity to participate individually (Ayompe et al.,
2025; Kaniapan et al., 2021). Cooperative supply models, shared preprocessing facilities, cluster-
based aggregation, extension support, and residue-purchase contracts can create practical entry
points for these groups. Extension agencies and cooperatives can help standardize collection and
quality practices, while mills and buyers can offer transparent pricing mechanisms. Without these
arrangements, whole palm valorization risks becoming concentrated among large integrated oper-
ators rather than generating broader sector-wide benefits.

Carbon-related initiatives also require careful governance through measurable, reportable, and
verifiable systems. For POME biogas and other emissions-reduction projects, implementation
should specify baselines, methane capture measurements, electricity or biomethane output, fugitive
emissions, and third-party verification. These requirements are essential because weak carbon ac-
counting can damage credibility and reduce investor confidence. Carbon value creation should
therefore be treated as part of sector-wide monitoring and assurance rather than as an isolated rev-
enue opportunity.

Overall, policy and governance must help reposition the palm oil industry as a more integrated
and resource-efficient system (Putri et al., 2022; Yuslaini et al., 2026). Effective implementation
requires assigned responsibilities, operational infrastructure, investment mechanisms, measurable
indicators, and coordinated standards. In practical terms, whole palm valorization will advance only
when upstream productivity, biomass logistics, downstream markets, carbon governance, and in-
clusion mechanisms are developed together rather than through isolated initiatives.

6. Future Directions for Research and Industrial Development

Future research should move beyond identifying general resource potential and focus more
on implementation under real operating conditions. Many studies have already shown that oil palm
biomass and residual streams can support a wide range of applications (Kaniapan et al., 2021; Saleh
et al., 2025; Terry et al., 2021). However, fewer studies explain which pathways remain most fea-
sible at commercial scale, under which conditions, and for which types of producers. This gap needs
more attention because industrial decisions depend on practical performance rather than technical
promise alone.

Research should also adopt a stronger systems perspective. Many studies still examine indi-
vidual biomass streams or technologies in isolation. This approach is useful for early-stage devel-
opment, but it does not fully reflect the complexity of the oil palm production system. In practice,
the value of one stream may depend on how other streams are handled, combined, or prioritized.
For example, allocating biomass to energy production rather than material or biochemical applica-
tions can lead to different economic and environmental trade-offs. Future work should therefore
examine how plantation residues, mill by-products, energy recovery systems, carbon-linked path-
ways, and downstream processing routes can function together within an integrated valorization
framework (Akuma et al., 2026). In this more technical context, exergy-based indicators may also
be useful. An exergy footprint can be understood as an indicator of the useful energy or resource
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quality consumed, degraded, or lost in delivering a given process output, and it should be reported
together with economic and environmental metrics rather than used in isolation. Applying a com-
bination of Energy Quality Pinch (H. H. Chin et al., 2023) targeting and P-graph based network
optimization is therefore a promising option that deserves further attention (W. Ng et al., 2025).

Economic assessment should become more detailed and more consistent. Technical feasibility
does not always translate into commercial viability (Makepa et al., 2023). Future studies should
therefore report comparable quantitative indicators, including delivered feedstock cost, moisture-
adjusted energy value, preprocessing cost, product yield, capital expenditure, operating cost, net
present value, internal rate of return, payback period, greenhouse gas abatement cost, and market
price sensitivity. Comparative analysis across different valorization pathways will also be useful
because mill energy recovery, POME biogas, empty fruit bunches biochar, biomaterials, and bio-
chemical conversion differ substantially in maturity, risk, and value creation potential (International
Renewable Energy Agency, 2022).

Industrial development should also become more strategic. The sector does not need to com-
mercialize every possible biomass application at once. Instead, it should identify priority pathways
that match local feedstock conditions, infrastructure capacity, policy direction, and market oppor-
tunities. Mature pathways such as MF/PKS energy recovery and POME biogas can be prioritized
for near-term resource efficiency and emissions reduction, while empty fruit bunches-based bio-
materials, biochar, and biochemical platforms can be developed through regional demonstration
hubs (Kaniapan et al., 2021; Siagian et al., 2024). A more selective strategy will improve the
chances of successful scale-up and avoid spreading investment too thinly across poorly integrated
projects.

Future work should also give greater attention to inclusive participation. Smallholders and
smaller mills are important parts of the oil palm landscape, but they often have limited access to
capital, technology, and downstream value chains (Ogahara et al., 2022). Research and industrial
planning should therefore explore models that reduce these barriers. Shared biomass hubs, cooper-
ative supply systems, cluster-based processing, and joint investment platforms may provide more
practical entry points for smallholders. These models deserve closer study because they can make
whole palm valorization more workable and more equitable (Ayompe et al., 2025).

Finally, future development should pay closer attention to standards, traceability, and market
confidence. Biomass-based and low-carbon products will face stronger competition if quality re-
mains inconsistent or if claims are poorly supported. Research should therefore contribute not only
to process innovation, but also to methods for product assurance, environmental assessment, and
transparent performance reporting (Santos et al., 2026). These elements will be important for build-
ing trust among regulators, investors, industrial users, and export markets.

7. Conclusion

The oil palm industry has reached a stage where oil extraction alone is no longer sufficient to
support long-term resilience and competitiveness. Although the sector remains economically im-
portant, it now faces growing pressure from stagnant yields, ageing plantations, labor constraints,
slow replanting, and rising environmental expectations. This review shows that whole palm valor-
ization offers a broader framework for addressing these challenges by expanding the role of the
industry beyond edible oil production to include biomass utilization, renewable materials, energy
recovery, nutrient recycling, carbon-linked value creation, and resource-efficient production path-
ways.

The key contribution of this review is the integrated whole-palm framing, which moves the
discussion from isolated biomass or waste-utilization options toward a connected assessment of
plantation residues, mill residues, POME, energy recovery, carbon-linked value, downstream mar-
kets, and governance requirements. By defining whole palm valorization within the plantation-mill
boundary, this review clarifies how the concept differs from, while connecting with, biomass utili-
zation, circular bioeconomy, biorefinery development, and carbon value creation. It also clarifies
that downstream post-consumer streams such as used cooking oil fall outside the core boundary of
whole palm valorization and are better treated as related circular-bioeconomy boundary cases. The
comparative assessment shows that valorization pathways are not equal in maturity or feasibility.
Field return, composting, and mill energy recovery are relatively mature but often generate modest
downstream value; POME biogas offers strong and quantifiable climate benefits when feedstock
volume and energy offtake are sufficient; while biomaterials, biochar, advanced carbon products,
and biochemical platforms require stronger logistics, preprocessing, standards, and market devel-
opment. Therefore, the future of the oil palm industry will depend not only on technological inno-
vation, but also on stronger coordination across plantation management, biomass logistics, down-
stream processing, finance, carbon governance, and smallholder inclusion. Overall, whole palm
valorisation provides an important pathway for enhancing economic resilience, strengthening
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downstream value creation, and supporting a more resource-efficient and sustainable palm oil in-
dustry.

Moving forward, policymakers should prioritize a coordinated whole-palm valorization
roadmap that links biomass logistics, POME biogas deployment, carbon governance, product
standards, and smallholder inclusion, while researchers should focus on comparative pathway-level
techno-economic and environmental assessments to identify the most feasible and scalable valori-
zation options. These actions would make whole palm valorization more measurable, investment-
ready, and inclusive.
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