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Abstract

The implementation of binary renewable-versus-fossil policy frameworks has the effect of obscuring the environmental costs and overstating
the sustainability of palm oil biofuel. This review examines life cycle assessment (LCA) studies and regulatory frameworks, demonstrating that
land-use change (LUC) is the predominant source of greenhouse gas and deforestation poses a threat to over 80% of species in production
regions. Inconsistent system boundaries have been found to hinder comparability, with certification schemes including RSPO, ISPO, and EU
RED II frequently overlooking LUC data, thus perpetuating unsustainable plantation strategies. As one of the most imminent solutions, used
cooking oil (UCQ) appears as a viable alternative, exhibiting a carbon intensity that is more than 60 % lower than that of conventional jet fuel
and potentially resulting in a reduced depletion of fossil resources. However, only approximately 20% of global domestic UCO is recycled and
85% of regions lack UCO-specific legislation. A three-pillar framework is proposed: harmonized LCA with mandatory LUC accounting, scaled
UCO valorization, and biodiversity-friendly practices including agroforestry and castor cultivation on degraded lands. It is reported that these
measures can reduce emissions by 67.2% without compromising land integrity or food security. The notion of directly comparing the non-use
of palm oil with the complete disregard for its unsustainability may be alleviated in the future by regarding some of the aspects proposed in this

study.
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1. Introduction

The global economic downturn has a disrupted effect on in-
dustries, causing price and supply chain instability in the trans-
portation fuel sector[1]. In this scenario, the transition from fos-
sil-based fuels to renewable fuels is crucial for ensuring long-
term energy sustainability[2]. This review discusses the essen-
tial steps required by palm oil industries to take to thrive as com-
petitive alternative fuel providers. Despite the well documented
environmental benefits of biofuels, including potential carbon
neutrality, biodegradability, and cleaner emissions, economic
barriers and negative environmental effects continue to inhibit
their widespread commercialization. This underscores the ne-
cessity of transitioning from fossil fuels to renewable energy
sources to ensure sustained energy security. Palm oil-based fuel
is a first-generation biofuel feedstock owing to its reported high
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yield efficiency, established supply chains, and economic sig-
nificance in Southeast Asia. Despite the environmental ad-
vantages of biofuels, including carbon neutrality and cleaner
emissions, economic challenges and certain negative environ-
mental impacts restrict their widespread use. As a solution to the
impending biofuel-related issues, this review posits that it is
critical for the palm oil industries to harness their strengths ef-
fectively and contribute to the advancement of renewable en-
ergy initiatives.

It is imperative to recognize the urgent need to shift from
traditional crop-based feedstocks, as they are in direct conflict
with the delicate balance of anthropogenic hydrogeology and
carbon debt due to land-use change. The potential for LUC to
cause significant carbon debt is dependent upon the original
type. The typical carbon debt resulting from conversion of low-
land tropical rainforest into palm oil plantations is estimated to
be approximately 610 Mg CO»/ha. The time required to repay
this amount of released carbon would be approximately 86
years [3]. Conversely, the release of carbon into a peatland may
amount to approximately 3000 Mg CO»/ha, a process that is
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estimated to require around 420 years to repay[4]. In several of
the world’s leading palm oil-producing countries, aggressive
canalization and artificial drainage of tropical peatlands have
drastically disrupted regional hydrology[5—7]. This disruption
is not a minor inconvenience; it triggers oxidative peat decom-
position and causes ground subsidence at alarming rates of sev-
eral centimeters per year, whilst significantly enhancing green-
house gas emissions. This unpleasant fact highlights that current
conventional plantation models undeniably are not sustainable
ones. A decisive and strategic shift is essential to decouple fuel
production from land-intensive practices that impair its founda-
tion. Thus, it is critical that immediate intervention is under-
taken to ensure the preservation of the environment and the es-
tablishment of a sustainable future for the region.

Beyond the latent risks of uncontrolled expansion of palm
oil plantations, a gap also needs to be bridged between the
promising closed carbon cycle of the future and the apparent
immediate release of hydrogeological ecosystem and stored car-
bon prior to a complete transition of fuel resources to this plan-
tation. A prudent strategy is required for the sustainable expan-
sion of palm oil plantations with a view to reducing environ-
mental impacts. An interesting report describes how the carbon
debt saved from the utilization of vegetable oil in biofuel is far
less when contrasted with the immediate carbon debt from plan-
tation practices.[8]. Thus, balancing the apparent ecological
risks with long-term carbon sequestration is essential to harness
the renewable potential of palm oil in the future.

Despite the environmental impact outlined above, it is criti-
cal to recognize the substantial positive contributions of oil
palm plantations to rural development, economic prosperity and
food security in producing countries. Globally, palm oil has
been identified as the most productive vegetable oil crop, exhib-
iting an outstanding land-use efficiency of approximately 3.7
tonnes of oil per hectare per year. This is in comparison to soy-
bean (0.4 t/ha) and sunflower (0.6 t/ha), which require signifi-
cantly more land to satisfy the equivalent demand [9,10]. This
productivity advantage is reflected in significant economic
gains. In Malaysia, palm oil contributed to 2.7 % of the national
GDP in 2020. In Indonesia, as the largest producer of palm oil,
the industry provides livelihoods for approximately 3.5 million
smallholder farmers and offers direct employment to over 4 mil-
lion individuals, with a further 10 million employed indirectly.
[11,12]. It is reported that smallholder farmers cultivating palm
oil have experienced 30-45% increase in household income,
with annual earnings reaching USD 4,633 to USD 5,500. This
is substantially higher than the income of non-palm oil farmers
and has contributed to a reduction in rural poverty of up to 45%
in key producing regions [13—15]. Beyond income generation,
palm oil cultivation has been associated with improvements in
human capital formation, including enhanced access to educa-
tion, healthcare, housing, and basic utilities, as well as increased
dietary diversity and consumption of essential nutrients within
smallholder households [16,17]. The industry has been shown
to produce substantial fiscal revenues for producing the coun-
tries (for instance, Indonesia’s palm oil exports alone were val-
ued at USD 20.8 billion in 2019) and has been demonstrated to
promote regional economic development by means of improv-
ing infrastructure and creating small businesses. From an envi-
ronmental perspective, mature palm oil plantations on mineral
soils (not recently converted from forests or peatlands), when
managed sustainably, have the potential for carbon sequestra-
tion up to 116.7 Mg Carbon/ha in intercropping systems, and

Laniwati et al. / Communications in Science and Technology 11(1) (2026) 115-137

certified sustainable operations have achieved about 25% re-
duction in GHG emission compared to conventional practices
[18,19]. Palm oil agroforestry systems integrating native trees
or other crops have been shown to exhibit Land Equivalent Ra-
tios exceeding 1.0, thereby enhancing biodiversity while main-
taining economic returns [20,21]. Furthermore, the palm oil in-
dustry has been found to contribute positively to a minimum of
15 United Nations Sustainable Development Goals, particularly
SDG 1 (No Poverty), SDG 2 (Zero Hunger), SDG 5 (Gender
Equality through employment opportunities for women), and
SDG 8 (Decent Work and Economic Growth) [22—-24]. The pos-
itive socio-economic and environmental aspects of palm oil pro-
duction demonstrate that, in principle, palm oil is not neces-
sarily inherently unsustainable. However, the impacts of palm
oil production are critically dependent on management practices,
governance frameworks and the ecological context of plantation
establishment — a balancing act discussed in more detail in the
mitigation strategies of the latter sections of this review.

In real applications, several practical methods for optimizing
palm oil production have been identified, including location-
based optimization, harvest management, and production tech-
nology optimization. These strategies rely heavily on direct
technological advancements in the field of palm oil production
equipment. It is evident that these approaches are promising for
advanced industries and institutions that are engaged in the op-
eration of palm oil production facilities in the future. However,
for underdeveloped institutions or small farm holders, such ap-
proaches may pose significant challenges in terms of capital and
operating expenditures. Therefore, it is recommended that a
more holistic approach be explored, one which regulates plan-
tation practices through farmer engagement, using a socioeco-
nomic framework.

Despite being frequently categorized as non-technological
approaches, socio-economic strategies play an essential role in
the success of palm oil optimization initiatives in Malaysia. The
progression is facilitated by partnership models, such as the Nu-
cleus-Estate scheme, which professionalizes independent farm-
ers through cooperatives, in conjunction with indirect digital lit-
eracy advancement[25,26]. In this context, the utilization of ar-
tificial intelligence and blockchain technologies provide the
transparency mandated by the EUDR (European Union Defor-
estation Regulation), thereby generating employment opportu-
nities of a high skill set, which are essential in the retention of
rural youth. The positive socio-economic and environmental at-
tributes of palm oil production highlight that it is not necessarily
inherently unsustainable. However, the impacts of palm oil pro-
duction are critically dependent on management practices, gov-
ernance frameworks and the ecological context of plantation es-
tablishment. This is a balancing act discussed in the mitigation
strategies of the latter sections of this review.

As previously referenced, technological and feedstock evo-
lution within the palm oil industry is required to alleviate posi-
tive environmental and socioeconomic conditions. These ad-
vancements have the potential to enhance efficiency in produc-
tion processes and reduce the environmental impact. The inte-
gration of sustainable practices with innovative technologies
has been demonstrated to enhance industry competitiveness
while supporting local communities. Furthermore, the adoption
of cleaner feedstock alternatives have the potential to make a
significant contribution to climate change mitigation. In terms
of the practical implementation of this initiative, the utilization
of mechanized farming, the use of Internet of Things[27], usage
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of high-yield palm oil plantation varieties[28], the integration
of palm oil with selected plantation[29], the implementation of
integrated biorefinery[30], and utilization of Used Cooking Oil
(UCO) and algae-based biofuel have been identified as the most
effective strategies [31,32].

Another effort to mitigate the negative effects of palm oil
plantations is to enforce appropriate regulations on plantation
practices. To date, at least four commonly utilized regulatory
standards have been identified to maintain the sustainability of
palm oil plantations. In this case, the Roundtable on Sustainable
Palm Oil (RSPO), Indonesian Sustainable Palm Oil (ISPO),
Malaysian Sustainable Palm Oil (MSPO), and Renewable En-
ergy Directive II (RED II) by the European Union are among
the major known regulations. In essence, RSPO, MSPO, and
ISPO are regulations that have comparable emphasis on the sus-
tainability of palm oil in terms of overall production processes.
In addition to the two aforementioned regulations, RED II em-
phasizes indirect land-use change (ILUC), with the objective of
further hindering land conversion and immediate carbon release
from peatlands. In practice, these three regulations have been
shown to have significant effect on the price of crude palm
oil[33].

A critical aspect that must be thoroughly examined in any
mitigation approach is the accurate collection and reporting of
Life Cycle Assessment (LCA) data. This aspect should encom-
pass comprehensive data on the inputs, outputs, and environ-
mental impacts associated with each phase of a product or pro-
cess life cycle. The credibility and reproducibility are dependent
upon the transparency of its method and underlying assump-
tions. Furthermore, the utilization of transparent reporting al-
lows for comparisons between studies, thereby facilitating the
informed decision-making process concerning mitigation strat-
egies. In the context of legalized carbon credit transactions, the
credibility of the LCA is crucial for accurate reporting and, thus,
proper certification. Regarding palm oil production, LCA is es-
sential to address the overlooked effects such as Land Use
Change (LUC), loss of biodiversity and socio-economic im-
pacts. While some major reports in palm oil-producing coun-
tries continue to focus heavily on carbon footprint, this over-
sight creates opportunities for the enhancement of LCAs[34].

The review addresses several aspects related to the sustain-
ability and assessment of palm oil production and its alterna-
tives. The present study initiated with a comparison of refined
palm oil with biofuel sources of the next generation, including
algal oil and UCO. It was followed by an assessment of their
environmental impacts, economic feasibility and potential for
large-scale implementation. The objective of this comparative
analysis is to clarify the advantages and limitations of each oil
type, particularly in terms of resource efficiency, carbon foot-
print and their contribution to the circular economy. It is there-
fore essential to identify more sustainable feedstocks that would
contribute towards reducing the dependency on traditional palm
oil, which is often linked to significant ecological degradation.

Furthermore, this review critically assesses the current sus-
tainability standards and policies that govern palm oil produc-

tion in major producer countries such as Malaysia and Indonesia.

It then proceeds to analyze the apparent differences in sustaina-
bility aspects between these countries and the European union
as one of the highest consumers of palm oil. The analysis em-
ployed in the review extends to identifying deficiencies and
weaknesses in existing regulations, including enforcement
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challenges and regional inconsistencies. This review ultimately
puts forward the argument for comprehensive sustainable
frameworks that integrate environmental, economic, and social
dimensions. The purpose of such framework is to address the
multifaceted consequences of palm oil plantations more effec-
tively. These frameworks emphasize comprehensive mitigation
strategies, stakeholder engagement, and adaptive policy mech-
anisms to ensure long-term sustainability and equity.

2. Biofuel Feedstock Hierarchy: from Palm Qil to next-gen
Sources

The conventional representation of the biofuel feedstock hi-
erarchy, from 1G food crops to 4G synthetic biology platforms,
is one of the linear progressions towards sustainability. This
framing, however, conceals a fundamental paradox: the unpar-
alleled land-use efficiency of palm oil (3.3-3.6 t oil/ha, four to
eight times higher than soy, rapeseed or sunflower) should, in
theory, minimize total land pressure and associated environ-
mental impacts. Nevertheless, palm oil remains the primary
driver of tropical deforestation and biodiversity loss in South-
east Asia. To understand the reasons why efficiency gains have
not been reflected in environmental protection, we have interro-
gated three structural barriers locking the biofuel sector into un-
sustainable 1G feedstocks despite clear sustainability impera-
tives. Firstly, economic lock-in feedstock costs are up to 95% of
production costs, resulting in path dependency on existing 1G
supply chains and making the transition to more expensive ad-
vanced feedstocks economically unappealing without signifi-
cant carbon pricing. Secondly, infrastructure mismatch is evi-
dent. Existing refineries are optimized for 1G feedstocks, and
retrofitting for 2G/3G requires capital investment that current
carbon pricing does not incentivize. Thirdly, policy failure is ev-
ident in the reliance of certification schemes (RSPO, ISPO) rely
on process verification rather than outcome verification. Conse-
quently, certified plantations are permitted to expand into re-
cently deforested land without penalty. The theoretical yields of
4G feedstocks (i.e. algae and synthetic biology) is 50-100 t
oil/ha; however, current production levels are 5-10 times those
of palm oil. This is why 1G feedstocks continue to be used in
approximately 85% of global biofuel production. The feedstock
hierarchy is not a linear progression; rather, it is a locked system
where economic, infrastructural and regulatory barriers prevent
transition despite environmental imperatives — reframing the
central question from ‘which feedstock is best? or 'what sys-
temic changes need to happen to allow for feedstock diversifi-
cation?".

As presented in Table 1, a comparison highlights a funda-
mental potential clash in the manufacturing biofuels. First gen-
eration (1G) feedstocks such as palm oil and soybean are well-
established in agrotechnology and are known to be highly pro-
ductive. However, their long-term sustainability is compro-
mised by severe ecological costs including deforestation and
loss of biodiversity, particularly in the case of land use change
initiated plantation. Third generation (3G) options, such as the
utilization of algae and used cooking oil (UCO), have the po-
tential to facilitate the delinking of energy production from food
security and land-use conflicts. However, the data demonstrated
that these environmental benefits are currently outweighed by
substantial techno-economic challenges, including high capital
investments and logistical complexities.
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Table 1. Classification of vegetable oil feedstocks

Feedstock Generation Main Advantages Main Sustainability Concerns
. . . . . Deforestation, biodiversity loss, land-use change
Palm oil 1G High yield, established supply chain
[35,36]
Soybean, rapeseed, sun- Competition with food, indirect land-use change
1G Globally traded, known agronomy

flower oil

Growing on marginal/degraded land, low

Jatropha curcas 2G (non-edible)

food competition [38]

[37]

Limited commercial scalability, variable oil con-

tent

Very high lipid productivity, can use

High capital cost, water/energy demand

wastewater [39]

Algae & micro-algae 3G
Genetically modified algal 4G
biomass

Used cooking oil (UCO) 2G (waste)

Circular-economy, avoiding land use [36]

Notably having higher yield compared to

Infancy stage of technology

conventional algae [40]

Collection logistics, feedstock quality variability

Fourth generation (4G) biofuels, which focus on advanced
technologies such as genetically engineered organisms and car-
bon capture integration, promise to further enhance sustainabil-
ity by improving carbon sequestration and fuel efficiency. How-
ever, these innovations are still in the early stages of develop-
ment and face significant technical and regulatory challenges.
Consequently, the future of industry does not depend solely on
the identification of new feedstocks; it also depends on the res-
olution of the scalability and extraction challenges that are im-
peding the adoption of 2G and advancement of 4G technologies
towards commercial viability.

In a 2020 report by the Azapagic Group, several items were
compared from 1G up to 3G biofuel sustainability performance,
such as Global Warming Potential (GWP), water footprints ef-
fect, eutrophication, and biodiversity-related effects. In their
study, the reduction of GWP is primarily associated with the
three effects, which are characterized by their occurrence in the
final three categories [41]. This phenomenon has increased the
alertness of responsible biofuel producers. Moreover, consider-
ing the stringent environmental regulations, it is no longer per-
missible to sell non-sustainable biofuels without restriction
[42,43].

A recent study by Kant’s group (2025) has indicated that

there is a necessity to discuss the sustainability of biofuels in a
more comprehensive manner. This should include the cultiva-
tion, lipid extraction, harvesting, and solvent usage during ini-
tial pretreatment of biofuels[44]. In line with Azapagic's obser-
vations in 2020, each generation of biofuels exhibits unique ad-
vantages and limitations, except for the fourth generation,
which was the subject of a study in 2025. The first and second
generations are faced with the challenges of food competition
and high costs. In contrast, the third and fourth generations offer
sustainable solutions without competing with food resources.
The fourth generation, which utilizes genetic engineering tech-
niques, is distinguished as the most economically viable and en-
vironmentally efficient option. Nevertheless, it remains depend-
ent upon ongoing technological advancements and policy sup-
port.

A recent study by Rial’s in 2024 posits that the palm oil pro-
duction in Malaysia and Indonesia exemplifies a disruption to
environmental balances[45]. This study demonstrates that the
elements of biodiversity loss and deforestation represent im-
portant aspects for negative environmental effects of 1G biofuel
plantation provided that the plan is not managed effectively. Alt-
hough not explicitly mentioned, the following tabulation can be
used to summarize their finding (Table 2).

Table 2. Overall observed GWP reduction and key limitation of 1G up to 4G biofuel

Generation Overall Life Cycle of GWP Key Limitation

1G Lowest reduction potential LuUC

2G Significant reduction Mid-stage R&D
3G High reduction Mid-stage R&D
4G Highest reduction Early-stage R&D

Table 2 summarizes the overall life cycle of Global Warming
Potential (GWP) reduction across four generations of technol-
ogy. It emphasizes the key limitations and reduction potential in
each generation: 1G demonstrates the lowest reduction potential
with land use change (LUC) as a key limitation; 2G and 3G
technologies are in mid-stage research and development (R&D)
with significant and high reduction potentials, respectively; 4G
is at an early R&D stage and offers the highest reduction poten-
tial. First-generation biofuels from food crops (corn ethanol,
sugarcane ethanol, rapeseed biodiesel, and palm biodiesel) ex-
hibit heterogeneous life-cycle greenhouse-gas (GHG)

performance that is highly sensitive to land-use change. For in-
stance, corn ethanol can still yield about a 30% reduction in
life-cycle GHGs relative to gasoline when land-use-change
emissions are included [46]. Average first-generation savings
can approach ~50% if indirect land-use change (LUC) is ex-
cluded [47]. However, the incorporation of realistic LUC sce-
narios for EU supply chains has been demonstrated to result in
a reduction of savings to near-parity or even the generation of
net increases (the reported ranges for simulated scenarios are
from —2% to 13% savings); In one life cycle comparison, palm
biodiesel has been reported to deliver very large direct GHG



Laniwati et al. / Communications in Science and Technology 11(1) (2026) 115-137

mitigation relative to fossil diesel (an 84% reduction in that
study’s comparison). Nevertheless, it should be noted that the
results are case-sensitive to residue management and co-product
treatments [48]. Specific gCO,-eq per MJ values for individual
first-generation routes (e.g. sugarcane ethanol, rapeseed bio-
diesel) are not consistently reported in the supplied corpus for
every feedstock and thus cannot be stated here with confidence.
Second-generation biofuels derived from lignocellulosic bio-
mass and agricultural residues (e.g. cellulosic ethanol,
switchgrass routes) are reported to offer greater GHG reduction
potential than first-generation pathways. This is largely because
they displace more fossil carbon per unit fuel and avoid compe-
tition with food crops competition but the sources provided do
not provide consistent, comparable gCO»-eq/MJ or single-num-
ber percentage reductions across pathways in the corpus availa-
ble here. As a result, precise pathway-level metrics are not re-
producible from the provided material [46,49]. Third-genera-
tion microalgae-based biofuels demonstrate substantial path-
way dependence. Cradle-to-gate LCAs have reported 0.85-1.46
kg CO»-eq per kg of algal-based biodiesel for specific cultiva-
tion and processing scenarios[50], while integrated process
LCAs of high-productivity algal conversion report path-
way-specific global-warming-potential results of 111.2 g
CO»-eq per MJ for a biochemical processing route and —2 g
CO»z-eq per MJ for a thermal-chemical pathway under the
study’s assumptions. This illustrates that certain algal pathways
can be near-carbon-neutral or net-negative at the fuel gate 6.
Comparative studies also report very large percentage savings
for microalgal biodiesel versus conventional diesel in some con-
figurations (a ~95% direct GHG saving reported in one compar-
ative assessment), However, it should be noted that such claims
are strongly dependent on nutrient and energy inputs,
wastewater usage, and conversion technology. The existing lit-
erature discusses fourth-generation approaches that couple en-
gineered organisms, advanced biorefineries and explicit car-
bon-capture or bio-sequestration strategies. These are stated to
have theoretical net-negative potential and to be the generation
explicitly aimed at delivering negative emissions when CO; is
captured and stored as part of fuel production. Nonetheless, the
supplied corpus does not provide a consistent set of path-
way-level, generalizable numerical values for fourth-generation
routes to report here with confidence. Consequently, Life Cycle
Assessment (LCA) data must exhibit a high degree of reliability.

3. Assessing the Environmental Footprint: Beyond Life
Cycle Assessment (LCA)

For a more comprehensive assessment of the viability of se-
lected biofuel feedstocks, a quantitative analysis is required that
investigates deeper beyond simple oil yields and examines the
overall environmental impact. In this section, the “Calculated
LCA” is a well-accepted primary tool for auditing the potential
impacts, with a focus on the net greenhouse gas (GHG) balance
to identify any carbon debts that arise during cultivation until
fuel production. This assessment also helps prevent shifting en-
vironmental burdens by carefully measuring trade-offs, such as
deforestation, biodiversity loss, and the local pressures of inten-
sive agriculture on water scarcity and soil health (eutrophica-
tion)[51]. This assessment is critical for identifying which feed-
stocks maintain their sustainability traits when subjected to
LCA scrutiny.
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3.1. GHG balance

A critical review of the literature on GHG balance reveals
not only the variability of the reported values but also a systemic
methodological crisis enabling greenwashing at scale. The
range of the carbon intensity of palm oil biodiesel is between
—30 and +200 g COz-eq/MJ depending on whether land-use
change (LUC) is included. This 230 g CO»-eq/MJ range makes
cross-study comparison meaningless and allows the cherry-
picking of positive results[52]. The literature reports a narrow
range of 40-60 g CO.-eq/MJ (excluding LUC) that superficially
meets the 65% GHG reduction threshold of the EU RED II
When LUC is included in the analysis, the carbon intensity of
peatland conversion can exceed twice the baseline for fossil fuel,
with a value more than 200 g COz-eq/MJ. The structural cause
of this inconsistency is not technical but rather in governance-
related factor, the ISO 14040/14044 standards provide general
framework for LCA principles but do not mandate specific al-
location methods, temporal boundaries or LUC accounting pro-
tocols. This can result in a ‘race to the bottom’ in which studies
compete to report the most favorable results. This issue is fur-
ther compounded by incentive misalignment, whereby industry-
funded studies are significantly more likely to omit LUC data
than independent academic studies. This is because deforesta-
tion data is commercially sensitive, and its inclusion typically
reverses the apparent sustainability advantage of palm biodiesel.
The consequence of this is a verification paradox: the more LCA
studies are published, the more difficult it becomes to establish
ground truth. This is due to methodological diversity allowing
any stakeholder to find a study that supports their preferred con-
clusion. The resolution of this crisis requires the mandatory har-
monization of LCA system boundaries and LUC accounting
protocols - not as a technical refinement, but rather as a govern-
ance reform that removes the incentive to selectively omit un-
favorable data.[53,54,55].

In 2020, Azapagic’s group provided a summary of the num-
ber of LCA used for mapping the potential of biofuels and each
trade as follows Table 3[41].

The tabulated data above clearly indicates that most studies
prioritize Land Use Change (LUC) calculations for palm oil
(46%), soybean (44%), and sugarcane (41%) plantations, far
higher than compared to other crops. This high level of scrutiny
confirms the scientific consensus that the sustainability of these
feedstocks depends heavily on LUC contributions, particularly
in the context of forests or peatland clearance for the initiation
of plantation. Since such land conversion releases massive
amounts of stored carbon, disregarding the release of carbon re-
sulting from LUC renders it impossible to accurately assess its
environmental impact. It is therefore widely considered that the
issue of the 'carbon debt' from deforestation represents a critical
consideration in the context of the viability of these tropical bio-
fuel plantation.

A more recent comprehensive review by Osman et al. high-
lighted that the utilization of various biomass-to-energy conver-
sion pathways (ranging from thermochemical processes, such
as pyrolysis, to biological fermentation) is increasingly asserted
upon examination through rigorous Life Cycle Assessment
(LCA) methodologies[56]. These assessment results are essen-
tial for quantifying the specific environmental burdens associ-
ated with each stage of the supply chain, allowing for a precise
evaluation of key metrics such as the net greenhouse gas (GHG)
balance, acidification potential, and energy return on investment
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(EROI) across a "cradle-to-grave" scope. This study emphasizes
that in the absence of such standardized LCA frameworks, it is
impracticable to accurately assess environmental burden shift-
ing, where the mitigation of carbon emissions might inadvert-
ently exacerbate other ecological impacts, such as land-use
change (LUC) or water eutrophication. Consequently, the inte-
gration of proper LCA modelling is identified as a prerequisite
for evidence-based policy decisions. This ensures that selected
biofuel technologies deliver verifiable sustainability benefits
over conventional fossil fuel systems. However, it should be
noted that not all summarized studies have a direct relation to
vegetable oil usage as feedstocks. A more detailed review is pre-
sented in Table 4 presents. It is interesting to note that, in con-
trast to the findings of the more recent review, there are very
few LCA studies resulting from South Asian authors, even
though the region is the largest producer of palm oil. A single
published work from Purnama’s group in 2025 comprehen-
sively explores the impact of palm oil plantations on biodiver-
sity, though it remains deficient in quantitative data for their
LCA study results. A critical analysis of the current bibliometric
landscape reveals a significant geographical asymmetry: despite
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the Asia-Pacific region - specifically Indonesia and Malaysia -
being the primary players in global palm oil cultivation, there is
a conspicuous scarcity of primary Life Cycle Assessment (LCA)
studies led by researchers and institutions in neighboring pro-
duction zones. This phenomenon presents a methodologically
challenge, given its reliance on secondary Life Cycle Inventory
(LCI) datasets derived from non-tropical contexts or global av-
erages. The datasets frequently underrepresent the high spatial
heterogeneity of emission factors associated with peat soil oxi-
dation and palm oil mill effluent (POME) treatment, which are
specific to the region [57]. Furthermore, the absence of locally
generated empirical data compromises the accuracy of land-use
change (LUC) modelling. This, in turn, forces global assess-
ments to default to generalized satellite sensing and approxima-
tions[58,59]. This approach may not accurately distinguish be-
tween the conversion of high-conservation-value forests and the
rehabilitation of degraded agricultural frontiers. Consequently,
this research gap risks creating a policy environment governed
by "consumer-market" perspectives that overlook site-specific
agronomic realities and the verifiable mitigation potential of lo-
cal smallholder management practices in the tropics.

Table 3. Overview of LCA studies for well-established biofuel types

Fuel type/ Location
feedstock Europe N. America S. America  Asia  Africa Australia Without With Total

Bioethanol-1* gen.

Corn 6 23 0 1 0 0 16 14 30

Molasses 4 12 0 25 3 4 30 18 48

Sugar beet 19 1 0 0 1 0 14 7 21

Sugarcane 0 4 32 1 1 0 28 10 38

Wheat 39 0 0 0 0 0 28 11 39

Bioethanol-2"" gen.

Bagasse 1 1 3 1 0 0 6 0 6

Forest residue 16 7 0 0 0 0 23 0 23

Miscanthus 14 9 0 0 0 0 16 7 23

Short rotation 29 2 0 0 0 0 17 14 31

coppice

Stover 12 18 0 0 0 0 27 3 30

Straw 27 1 0 9 0 0 32 5 37

Swith grass 2 17 1 0 18 2 20
Biodiesel-1* gen.

Palm oil 0 0 3 56 0 0 32 27 59

Rapeseed 19 13 2 0 4 0 24 14 38

Soybean 3 10 18 5 3 0 29 10 39

Sunflower 1 0 2 0 5 0 5 3 8
Biodiesel-2" gen.

Camelina 1 13 0 0 0 14 0 14

Jatropha 0 0 7 8 7 0 18 4 22

UCO/Tallow 17 1 3 5 1 0 27 0 27
Biodiesel-3" gen.

Algae 13 28 4 13 0 2 60 0 60

Total 223 160 75 124 25 6 464 149 613
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Table 4. Summarized LCA studies for vegetable oil utilization as fuels [56]

Functional
Ref Region Feedstock Process Product LCA tools Database
Unit
Mass of CO, equivalent Comparison of Transesterifi-
[60] India released per MJ of fuel Microalgal biomass cation (Fe,O; catalyst with Biodiesel GaBi7 nm
produced HCI catalyst)
Lo Transesterification (waste .
1000 kg of biodiesel pro- . . . . Lo openLCA  Agribalyse and
[61] nm Waste cooking oil chicken eggshell derived Biodiesel
duced per day 1.8 NEEDS
CaO catalyst)
100,000 kg of dry algae Microalgal biomass Lipid extraction followed by
[62] nm biomass for 340 days of from Chlorella vul- lipid recovery and transester- ~ Biodiesel nm nm
yearly operation garis ification
Mass of CO, equivalent Comparison of Biochemical
Algae harvested from . . Lo
[63] nm released per MJ of fuel processing with Thermo- Biodiesel nm GREET
an algal turf scrubber . .
produced chemical processing
Comparison of Incineration,
Landfilling, Anaerobic di- Biodiesel
1 ton of spent coffee . R 1odiesel, . .
[64] UK Spent coffee grounds gestion, Composting fol- GaBi 8.7 Ecoinvent 3.3
grounds treated . Co compost
lowed by direct application
to land
. Lo Esterification using a mag- oo . .
[65]  Gulfregion 1000 kg of biodiesel Waste date seeds . Biodiesel SimaPro SimaPro LCA
netic catalyst
Karnataka, Biomass achievable in . . Comparison of Acid cataly- L OpenLCA .
[66] . Microalgal biomass . K Biodiesel Ecoinvent 3.6
India 1 ha area sis Biocatalysis 1.10.3
) o Transesterification using a oo . .
[67] Pakistan 1000 kg of biodiesel Waste loquat seeds Biodiesel SimaPro SimaPro LCA

Ca0/CeO; catalyst

nm : not mentioned

Table 5. Reported inconsistencies for LCA results of vegetable oil plantations

Ref Full title Journal Key methodological issues discussed

On quantifying sources of uncertainty ~ Biofuel Research Jour-  The study identified the largest sources of variance in biofuel carbon footprints

in the carbon footprint of biofuels nal are feedstock selection, inclusion/exclusion of land-use change, and the LCA
[68] crop/feedstock, LCA modelling ap- modelling approach (as opposed to the GHG metric); and recommended sensi-

proach, land-use change, and GHG tivity analyses to reflect these choices.

metrics

Comparing sources and analysis of International Journal The study reviewed recent LCA practice and identified the paucity of reporting

uncertainty in consequential and at- of Life Cycle Assess- of uncertainty, the study classified parameter/scenario/model uncertainty, and
[69] tributional life cycle assessment re-  ment highlighted multi-functionality (allocation vs. substitution) as a major unre-

view of current practice and recom- solved source of divergence between studies

mendations

Deforestation and greenhouse gas Science of The Total The study demonstrated that differing assumptions about land-use change (di-
[70] emissions could arise when replacing  Environment rect and indirect) and allocation across oil crops produce large differences in

palm oil with other vegetable oils estimated GHG outcomes, and stresses the sensitivity to LUC scenario choices

and spatial assumptions

Certified palm oil reduces greenhouse ~ Journal of Cleaner  The study provided LCA comparison and reported data quality assessment and
[71] gas emissions compared to non-certi-  Production uncertainty analysis, noting that soil type (peat vs mineral) and data sourcing

fied drive major differences between certified and non-certified results

Study of life cycle assessment in bio-  /OP Conference Series:  The study recorded that multiple LCA studies of Indonesian biodiesel report

diesel production from crude palm oil  Earth and Environmen-  inconsistent results and attribute divergence to data inconsistency and lack of
[72] and its benefits for the sustainability  tal Science field-representative data and reporting

of oil palm industry in Aceh province

Indonesia
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It is imperative to consider the consistency of the LCA re-
sults for each scenario of vegetable oil plantation. It has been
posited that the variability of LCA reports is attributable to a
range of factors, including different scopes, methodologies, and
numbers of technical aspects as follows:

The inconsistencies documented in Table 5 are not merely
methodological discrepancies; rather, they reflect a systemic
pattern with direct policy consequences. The five factors driv-
ing variability — namely feedstock selection, LUC inclusion, al-
location methods, soil and contextual data, and temporal scope
- are not independent. Rather, they interact to produce outcomes
that can differ by an order of magnitude for the similar feedstock.
It is important to acknowledge that these are not random errors
but rather directional biases. A systematic review of studies
funded by stakeholders within palm oil industry reveals a con-
sistent selection of methodological choices (excluding LUC, us-
ing economic allocation, and applying short temporal bounda-
ries) that are designed to minimize reported carbon intensity.
The result of this study is that the published LCA literature pre-
sents an artificially favorable picture of palm oil sustainability
that does not withstand scrutiny when standardized methods are
applied. The regulatory consequences of this are as follows: if
the EU RED II compliance is to be assessed using industry-se-
lected LCA studies, palm oil biodiesel appears to meet the 65%
GHG reduction threshold; if the studies used for assessment in-
clude full LUC accounting for peatland conversion, it fails by a
factor of three. The absence of mandatory standardization thus
functions as a structural enabler of greenwashing, allowing pol-
icy compliance to be demonstrated on paper while environmen-
tal damage continues on the ground.

3.2. Deforestation caused by LUC

The relationship between LUC-driven deforestation and bi-
odiversity loss presents a fundamental efficiency paradox that
the existing literature describes but rarely interrogates analyti-
cally. Palm oil has been demonstrated to yield 3.36 t/ha (com-
pared to 0.4 t/ha for soy), which, in theory, should result in a
reduction of total land requirements and thus minimize biodi-
versity impacts relative to competing oilseeds. However, the ex-
pansion of palm oil cultivation is a significant driver of dispro-
portionate biodiversity loss precisely, owing to three mecha-
nisms that are not effectively addressed by conventional land-
use efficiency metrics. Firstly, the issue of geographic concen-
tration is highly pertinent: 85% of palm oil production occurs in
Indonesia and Malaysia, which contain 15% of global biodiver-
sity hotspots. This means that each hectare converted carries far
higher biodiversity cost compared to equivalent expansion in
temperate soybean regions. Secondly, the conversion dynamics:
the expansion of palm oil disproportionately focused on primary
and secondary forests (accounting for approximately 60% of
new plantations between 2000 and 2019) rather than already-
degraded lands. This is because forest soils offer higher initial
fertility level, creating a perverse incentive where the most bio-
diverse lands are also the most economically attractive for con-
version. Thirdly, the issue of landscape fragmentation must be
considered. even 'sustainable' certified plantations have been
shown to create edge effects that degrade adjacent forest patches,
with biodiversity impacts extending 1-2 km beyond the bound-
aries of plantation, meaning that the effective area of ecological
disruption substantially exceeds the planted area. The carbon
debt analysis reinforces this critique. The conversion of lowland
tropical forest generates approximately 610 Mg CO:/ha of
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carbon debt requiring 86 years to be repaid, while peatland con-
version generates approximately 3,000 Mg COx/ha requiring
423 years — a period far in excess of the 20-30-year economic
lifespan of typical plantations. This means that the majority of
palm biodiesel produced from converted tropical land will not
achieve net carbon benefits within any policy-relevant
timeframe, fundamentally undermining the rationale for treat-
ing it as a climate solution.

In 2014, Liu et al. found that Land Use Change (LUC) for
biofuel production was a primary driver of global biodiversity
loss, posing a threat over 80% of the world's endangered bird,
mammal, and amphibian species through habitat destruction
and fragmentation[73]. This conversion frequently replaces
complex ecosystems with monocultures that function as "green
deserts" For instance, palm oil plantations support significantly
fewer bird species than natural forests, favoring only common,
eurytopic species with low conservation value. The scale of this
transformation is substantial. In Brazil alone, it is estimated that
the expansion of sugarcane and soybean plantations will result
in the conversion of 12.2 million hectares of forest and 4.6 mil-
lion hectares of other natural ecosystems by 2020. Beyond the
loss of direct habitats, intensive management has been shown to
degrade the remaining environment. For example, the cultiva-
tion of maize absorbs 41% of global herbicide use and 17% of
pesticides, while causing soil erosion rates as high as 19.7 tons
per acre in the USA. Furthermore, the introduction of genet-
ically modified crops on a global scale has given to significant
concerns regarding potential genetic risks. These risks include
the evolution of glyphosate-resistant "superweeds" such as Am-
aranthus rudis and Conyza canadensis, which can invade and
alter ecosystems. This phenomenon has been observed on an
extensive scale, with these superweed having been identified on
174 million hectares of land globally.

In the chapter entitled “Recent Trends in Lignocellulosic
Biofuels and Bioenergy, Land Use Change (LUC)” (Barwant et
al. in 2025), it is asserted that biofuel expansion-driven activity
is a primary cause for biodiversity loss, with impacts heavily
dependent upon the specific feedstock and LUC scheme[74].
The conversion of natural habitats into monoculture has resulted
in simplified ecosystems that function as "green deserts" com-
pared to previous ones. For instance, palm oil plantations in
Southeast Asia support approximately 85% fewer species than
the primary forests they replace which is a drastically higher
loss than the ~60% reduction in biodiversity observed in US
corn and soybean fields relative to unconverted habitats. This
severe disparity highlights that tropical feedstock, such as palm
oil, which frequently displaces carbon-rich peatlands and rain-
forests, incurs far greater ecological costs than temperate crops.
Furthermore, while first-generation crops such as maize and
sugarcane often require intensive irrigation and agrochemicals,
intensifying water disparity, and eutrophication, palm oil's
unique threat lies in its massive "carbon debt" from deforesta-
tion, which can take over a century to repay. This effectively
nullifies any short-term GHG savings compared to fossil fuels.
Thus, while all large-scale monocultures reduce local biodiver-
sity, quantitative evidence highlights that the conversion of
tropical forests to palm oil plantations represents a dispropor-
tionately severe threat to global species richness and climate sta-
bility in comparison to other agricultural bioenergy pathways.

Another interesting study was recently published by Murphy
et al. in 2025 (see Table 6)[37]. This present study constitutes a
comprehensive comparative study of major vegetable oil
sources. The following table summarizes their study.
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Table 6. Summarized effect of vegetable oil plantation towards environment [37]

Metric Palm Soybean Rapeseed (Canola) Sunflower
Crop type Perennial (25-year lifecycle) Annual (Replanted yearly) Annual Annual
Average oil yield 3.3-3.36 tonnes/ha (highest) 0.47-0.6 tonnes/ha (lowest) 0.74 tonnes/ha 0.78 tonnes/ha
Global Land use ~29 million ha (low realite to output) > 120 million ha (high relative ~ 35 million ha ~25 million ha

to output)

Global production >90 million tonnes

Land efficiency ratio 1x (baseline)

Carbon footprint ~2.37 tonnes CO; eq/ton oil (Mineral

(best case) oil with biogas capture)

Carbon footprint ~13.8 tonnes CO; eq/ton oil (peat-

(worst case) land conversion) estation)

Primary environmen-
tal sity losses)

Peatland conversion (High biodiver-

Key advantage Highest oil output/ha land

~60 million tonnes (oil only)

~7x more land needed

Rainforest deforestation

High protein co-product

~26 million tonnes ~20 million tonnes

~4.5x more land needed ~4.3x more land needed

~3.14 tonnes CO2 eq/ton

> Palm oil case (driven by land

clearing & mechanization)

High (Amazon/Cerrado defor-

oil (driven by Nitrogen fer-  Moderate

tilizer)

Moderate Moderate
Eutrophication Nutrient depletion

Also grows in sub-tropical
. Drought tolerant
region

Their study reveals a fundamental trade-off between land
use efficiency and biodiversity impact. Palm oil has been iden-
tified as the most productive crop, with an average yield of 3.36
tonnes of oil per hectare, approximately 4 to 7 times higher than
that of its competitors (sunflower: 0.78 t/ha; rapeseed: 0.74 t/ha;
soybean: ~0.47 t/ha). This efficiency is such that palm oil pro-
vides more than 35% of the world’s vegetable oil needs, utiliz-
ing a land area of less than 6% of that allocated to oil crop cul-
tivation. Soybeans, on the other hand, are a “land-hungry” crop,
requiring vast areas (more than 120 million hectares globally)
to produce the similar amount, leading to widespread deforesta-
tion in the Americas. However, the environmental benefits of
palm oil’s high yield are strictly conditional on location. The
carbon footprint of palm oil produced on mineral soils has been
shown to be similar to or even lower than that of European rape-
seed oil (~2.37 tonnes CO; eq/t oil). By contrast, the conversion
of tropical peatlands to plantations results in significant releases
of stored carbon to the soil, thereby propelling emissions to un-
sustainable levels (approximately 13.8 tonnes CO,eq/ton oil)
and creating a “carbon debt” that requires over a century to be
repaid. Annual crops such as rapeseed and sunflower have mod-
erate and consistent environmental costs arising from the utili-
zation of fertilizers and mechanization. Palm oil has a binary
sustainability profile: it is the most land-efficient solution when
managed responsibly, but the most ecologically damaging when
it drives the conversion of peatlands. The environmental impact
of palm oil cultivation is dependent on the local soil condition.
Under optimal condition, the process can have positive impact
on environment.

In the study by Hergoualc’h’s group in 2020, the land use
change of degraded forest into palm oil plantation in Brazil was
observed to result in a substantial reduction in soil N2O emis-
sions due to lower nitrogen inputs (from 213 to 84—-168 kg N
ha™* y)[75]. This finding is in contrast to those reported in Su-
matra, where similar N reductions did not affect emissions. Fur-
thermore, there are reports of increased emissions in industrial
plantations, presumably due to the higher level of fertilizer use.
Importantly, none of the four studies on forest conversion ac-
counted for emissions from frond piles, which cover 6—15% of
plantations and supply significant nitrogen (~59 kg N ha*' y )

to the soil. Notwithstanding the finding of one study that frond
piles contribute little to overall emissions, uncertainties in
measurement methods highlight the necessity for further inves-
tigation. Therefore, in the end, robust LCA studies are required
to support the sustainable palm oil plantation efforts.

3.3. Water and soil impact

In this study, the impact on water and soil is examined sep-
arately to provide a more in-depth analysis of the circularity of
vegetable oil plantations. As a comprehensive example, the Cas-
tanheira group has dissected the environmental effect of bio-
diesel development in Brazil as their intended area of study (Ta-
ble 7)[76].

The investigation revealed that the environmental impact of
Brazilian biodiesel on soil and water distribution is defined by
the massive agroecological imbalance between its primary feed-
stocks. In this context, soybean (accounting for ~80% of pro-
duction) imposes a significantly higher extensive burden than
the intensive profile of palm oil. A low average oil yield of soy-
beans, estimated at approximately 0.5 tonnes per hectare, neces-
sitates extensive land mobilization, leading to widespread soil
compaction and erosion. The process demands enormous inputs
of potassium (K) and phosphorus (P) fertilizers. The runoff from
these nutrients is quantified as the leading contributor to fresh-
water eutrophication and terrestrial acidification in the lifecycle.
In contrast, the yield of palm oil plantation from a single hectare
of land is 4-6 tonnes, a tenfold increase in land-use efficiency.
However, this increase in productivity has been shown to result
in the creation of localized hotspots for nitrogen leaching and
nutrient saturation if adequate measures are not taken to manage
the use of cover crops. Furthermore, while the cultivation phase
is predominantly rain-fed (thus, minimizing blue water extrac-
tion), the chemical intensity of soybean production involves
high loads of herbicides (specifically glyphosate), creating a
significant terrestrial ecotoxicity footprint that is in contrast to
the lower agrochemical requirement of mature palm plantations.
Thus, the water and soil sustainability of the sector is chemically
constrained by a trade-off between the high fertilizer and pesti-
cide load required to support the low-yielding soybean
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monocultures and the localized nutrient management challenges
of high-yield palm expansion. One study by Lorensia’s group
highlighted the existence of apparent disputes between the

European Union data for the green aspect in Palm Oil planta-
tions against Indonesia data as the current highest palm oil pro-
ducer[77]. Their findings are tabulated as follows Table 8.

Table 7. Localized environmental effect study for different bio-oil sources [76]

Feature Soybean Oil Beef Tallow Palm Oil

Status in Brazil Dominant (primary feedstock ~ 80 % share) Secondary (major supplement 15-20 % Emerging (high potential in

share) North/Amazon region)

Low: ~ 0.5 ton oil/ha Highest: 4-6 tonnes oil/ha

23.1-29.2 gCO,eq/MI(65-72% reduction com-
pared to fossil dieel)

Average yield N/A: waste product

GHG emissions Generally lower than any crop product Potential for lowest emission if grown

on degraded land

Land use impact ~ High:"land hungry":requires vast expansion Indirect: tied to cattle ranching land usage Low: extremely land efficient

Carbon debt risk Critical:converting rainforest to soybean plan- Moderate: linked to deforestation for land Binary: sustainable on degraded land:
tation takes centuries to repay clearing disastrous if converts peatlands/rain-
forest
Energy Balance Positive, but limitedly low agricultural out- High, as no direct agricultural energy input High, driven by superior energy out-

put/ha
Key advantage

Primary chal-
lenge

Established infrastructure

Low oil content per seed; High risk of Indirect
Land Use Change

Waste valorization

Inelastic supply

put/ha
Superior productivity

Labor shortages; Transport logistic in
remote area

Table 8. Recorded disagreement between Europe Union and Indonesia policy maker[77]

Conflicting aspect

European Union position (RED II Policy)

Indonesia position (Counter argument &diplomacy)

GHG emissions

High emissions: classified palm oil as having the highest In-
direct Land use Change (ILUC) emissions 109 gCO,e/MJ.
Comparison: higher than soybean (94 gCO,e/MJ), rapeseed
(80 gC0O,e/M1J), and sunflower (79 gCO,e/MJ)

Unfair calculation: argues that palm oil is treated dis-
criminatorily compared to other vegetable oils despite
its higher productivity.

Emphasizes that CPO emissions are managed through
sustainable practice under ISPO

Land use efficiency

Focus on expansion risk: focuses on the "risk" of expansion
into high-carbon stock land rather than yield efficiency.
Clains 45 % of expansion (2008-2015) occurred on high-car-
bon stock land (peatlands/forests)

Superior yield: highlights superior productivity.

Compared to Soybean i.e. palm oil has 10 times higher
yield/ha.

Global land footprint

Deforestation primary mover: identifying palm oil as a pri-
mary driver of deforestation warranting a phase-out

Minimal footprint. Palm oil utilizes only 17 million ha
globally,

compared to 277 million ha used by other vegetables
oils.

Sustainability standards

External regulation: implemented the Delegated Act (RED
1I) to limit high ILUC risk biofuels. Plans to phase out palm
oil in biofuels by 2030

National certification: promotes ISPO (Indonsia Sus-
tainable Palm Oil) as a valid standard

for sustainability. Criticizes EU for not having same
certification for rapeseed and

sunflower oils.

Socio-economic impact

Environmental prioritization: priorities of EU's "Green Deal"
and renewable energy targets (32% by 2030) over trade im-
pacts.

Livelihood security: stresses that palm oil industries
support 19.5 million workers.

Their study indicated that the trade dispute between the lead-
ing palm oil producer, Indonesia, and the European Union over
the Renewable Energy Directive (RED) I, is based on a funda-
mental clash between environmental risk modelling and agri-
cultural efficiency metrics. The EU’s justification for the 2030
palm oil biofuels phase-out plan is rooted in the high Indirect
Land Use Change (ILUC) emissions of $109~gCO2e/MJ, a fig-
ure that significantly exceeds those of soybean or rapeseed oil.
Additionally, it is notable that 45% of the expansion in palm oil
production occurred on high-carbon stock land. To counter
these claims, Indonesia utilizes data regarding the superior land-

use efficiency, using commercial diplomacy. Palm oil is consid-
ered by Indonesia to be the most efficient oil crop in the world,
yielding 4 tons per hectare compared with the 0.4 tons yielded
by soybean oil. The replacement of palm oil would require ex-
ponentially more land than the current utilization of 17 million
hectares. This is particularly pronounced when compared to the
277 million hectares allocated to the production of competing
vegetable oils. Indonesia furthermore criticizes the EU policy,
citing its discriminatory nature in relation to the absence of any
requirement for the Indonesia Sustainable Palm Oil (ISPO) cer-
tification despite the imposition of similar sustainability
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standards on European vegetable oils. Indonesia claims that presented by Purnama et al. in their recent publication[36].
such actions unfairly jeopardizes the livelihoods of 19.5 million  Their findings, particularly regarding the affected soil and water,
workers in the name of environmental protection. are tabulated as follows Table 9.

Regarding a more technical insight, one study has been well

Table 9. Recorded effect on soil and water due to the presence of palm oil plantation[36]

Resource Impact category Specific effect & mechanism

Significant water consumption: intensive irrigation for palm oil plantation
. . leads to the depletion of local water tables, affecting both drinking water and
Depletion (Quantity) . . .
other water usage. Drying streams: expansion has been linked to stream dry-

ing up during dry seasons

Water Chemical runoff: the leaching of chemical fertilizers (Nitrogen/Phosphorous)

Pollution (Quality) causes eutrophication. Toxicity: the presence of hazardous pesticide contami-

nates water sources.

Risk of flooding: reduced capacity of soil to infiltrate water results in in-

Cycle Disruption

creased surface runoff, and more frequent flooding and landslides.

Compaction: heavy machinery and plantation design compact the soil, pre-

Physical degradation

venting rainwater from being absorbed into groundwater. Erosion: clearing

vegetation for plantations, particularly on slopes, removes the fertile topsoils.

Acidification: significant decrease of pH level of soil reduces suitability for

Soil . )
Chemical degradation

the growth of other plantations and it requires higher level of chemical ferti-

lizer inputs to maintain yields.

Carbon release: draining peatlands releases a significant amount of stored car-

Peatland damage

bon for drained peats up to 50 times more CO, than the intact ones.

Their study observed that the large-scale expansion of palm
oil plantations puts significant pressure on soil and water eco-
systems due to intensive agriculture and land conversion. A sig-
nificant challenge is the requirement for substantial quantities
of water, necessitating the implementation of extensive irriga-
tion systems. This frequently results in the depletion of local
freshwater sources, causing streams to run dry during the dry
season. This then can lead to disputes over water usage for both
local communities and other food crops. Conversely, during the
rainy season, soil compaction in plantations limits infiltration
capacity and groundwater recharge, leading to an increased fre-
quency of local flooding. Furthermore, the process of erosion
and acidification contributes to the degradation of soil health.
This is particularly evident in areas of slopes or drained peat-
lands, where the soil undergoes degradation, resulting in a loss
of its fertility, thereby necessitating a reliance on chemical in-
puts. This cycle is further complicated by chemical pollution.
Runoff from fertilizers (nitrogen and phosphorus) and hazard-
ous pesticides such as paraquat results in the leaching of these
substances into water bodies, later leading to eutrophication,
creating aquatic “dead zones” devoid of oxy-gen and contami-
nating sources of drinking water.

4. Policy Landscape & Governance Gaps (greenwashing
vs. responsible plantation)

The policy landscape of palm oil sustainability is better de-
scribed as a systemic credibility crisis than a 'division' between
EU risk-orientation and Indonesian efficiency-focus, driven by
three structural failures that explain why decades of certification
initiatives have not reduced de-forestation. The first failure is
outcome-blindness in certification design: The 'no deforesta-
tion' commitment as set out by RSPO is applicable exclusively
to plantations established after 2005. This stipulation means that
certified producers are at an advantage, given that they can
claim sustainability credentials despite deforestation which

occurred prior to the stipulated date. RSPO audits are conducted
by third-party certifiers, financially remunerated by producers
themselves. This then creates conflicts of interest, resulting in
the adoption of more lenient interpretations. Satellite analysis
reveals that approximately 30% of ISPO-certified plantations in
Indonesia were established on recently deforested land between
2015 and 2020, thereby underscoring that the certification re-
quirement has failed to prevent the practices it was designed to
stop. The second failure is regulatory fragmentation: RSPO,
ISPO, MSPO and EU RED II create a forum-shopping environ-
ment, where producers can select the least demanding standard,
and where compliance with one scheme does not equal compli-
ance with other schemes. The EU’s initiative to phase out palm
oil biofuels by 2030 under RED II is an attempt to address this
failure of certification mechanism. Nevertheless, this move has
the potential to create a leakage problem, as it allows palm oil
to be removed from EU markets and directed to non-EU mar-
kets without the adherence to sustainability criteria, without net
reduction in global deforestation. Thirdly, the collapse of en-
forcement: only 15% of palm oil can be traced to specific plan-
tations, with the remaining 85% left unverifiable for sustaina-
bility claims. Certification audits are conducted at intervals
ranging from one to three years; however, deforestation can oc-
cur in weeks. The sanctions imposed for non-compliance are in-
adequate in terms of deterring violations. Collectively, these
structural failures demonstrate that voluntary certification has
become a marketing tool rather than an environmental safe-
guard. This is a verification paradox in which the proliferation
of sustainability standards makes real verification more com-
plex [78,79].

The following draft of the opening sub-chapter, based on the
documents provided, first juxtaposes the contrasting claims of
the EU and Indonesia, and then introduces “greenwashing” as
an important lens through which to examine the gap between
sustainability rhetoric and actual practices. In response, the
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Indonesian government has dismissed the allegations, claiming
that palm oil is subject to trade barriers that are not equally ap-
plied to other products, and therefore should not be regarded as
a significant environmental threat. The Indonesian argument is
based on agricultural efficiency. Palm oil is considered to be the
most productive vegetable oil crop in the world, with a yield of
approximately 3-4 tons per hectare, which is almost 10 times
the productivity of soybean oil (0.4 tons/ha). The Indonesian
representatives argue that the global land use for palm oil is rel-
atively small (17 million hectares) compared to the 277 million
hectares required for other vegetable oils. Consequently, a pro-
hibition would ironically require an increased area of land to
satisfy global oil demands. In addition, Indonesia demonstrates
its commitment to domestic sustainability standards through the
certification of Indonesia Sustainable Palm Oil (ISPO), which
is presented as proof that the sector is compliance with environ-

“discriminatory regulation” and ‘“‘sustainable production”, the
concept of greenwashing becomes inevitably implicated in the
debate. Indonesia has been pushing ISPO, with the industry in-
corporating voluntary standards such as the Roundtable on Sus-
tainable Palm Oil (RSPO) as a means of demonstrating environ-
mental responsibility. However, critical reviews have exposed
a disconnection between these ‘sustainable’ labels and reality
on the ground. Research findings indicate that, despite the num-
ber of certifications, there are still significant gaps in the en-
forcement of these standards, with “certified” areas frequently
resulting in the displacement of threatened habitat and the deg-
radation of carbon-rich peatlands. In this sense, greenwashing
is not only a corporate green marketing tool, but also a systemic
one. Certification schemes, under the guise of “sustainability”
as labelled by the EU, can perpetuate the ecological trade-offs
of peatland subsidence and biodiversity loss.

ment management practices. In this dichotomy of
Table 10. Greenwashing aspect studies and each finding:
X Greenwashing Aspects Identi- o
Ref Title Year Key Findings
fied
Exaggerated sustainability
Integrasi Hukum Ekonomi Lingkungan claims L .
) ; Greenwashing is utilized to mask environ-
dalam Pembangunan Berkelanjutan: Lack of transparency in CSR .
[80] . ) . . 2025 . mental degradation and poor corporate re-
Analisis Praktik Greenwashing Industri reporting bilit
sponsibility.
Perkebunan Kelapa Sawit di Indonesia . . P Y
No real reduction of environ-
mental or social impact
Low transparency in environ-
Greenwashing dan Derajat Transparansi mental reporting Greenwashing is widespread in palm oil
[81] pada sektor Industri Ekstraktif di Jawa 2025 - - - plantations due to weak governance and
Timur dan Jawa Barat Misrepresentation of sustaina- lack of accountability.
bility efforts
Evaluasi Sustainability Report Pada Perus- Misleading sustainability re- Sustainability reports frequently omit key
[82] ahaan Minyak Kelapa Sawit Dalam Mem- 2020 ports environmental and social data, indicating
promosikan Sustainable Palm Oil Lack of third-party verification ~ greenwashing.
Environmental degradation
masked as sustainable develop-
. o Greenwashing is utilized to justify defor-
[83] Ekspansi Kelapa Sawit di Asia Tenggara 2011 ment . .
estation and land conversion.
Deforestation disguised as land
use efficiency
Model Kebijakan Hukum Tanggung Jawab Greenwashing in CSR and sus- [ egal frameworks are weak, thus enabling
[84] Sosial Dan Lingkungan Perusahaan Dalam 2023 ~ tainability claims companies to engage in greenwashing
Mendukung Pembangunan Berkelanjutan Lack of legal enforcement without facing any consequences.
T v ; p Lokal Critique of greenwashing in Greenwashing undermines authentic sus-
epung Mangrove: Inovasi Pangan Loka. P
Pung N N ) palm oil industry tainability efforts. However, the utilization
[85] untuk Ketahanan Pangan dan Pelestarian 2025 .
Linghungan Promotion of sustainable alter-  of alternatives products such as mangrove-
natives based products offer solutions.
Greenwashing in conservation
claims Greenwashing is utilized to justify contin-
[86] Konservasi Hutan di Era Antroposen 2025 - ued deforestation and poor conservation
Weak enforcement of environ- practices.
mental laws
Misleading marketing of sus- o )
tainable palm oil Greenwashing is a marketing strategy to
[87] Green Marketing 2024 appear eco-friendly without any actual en-

Lack of real environmental im-

pact reduction

vironmental action being taken.
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The data, as presented in Table 10, represents a consistent
pattern of greenwashing across various studies on vegetable oil
plantations, particularly in the palm oil industry. These publica-
tions demonstrate that greenwashing is frequently employed as
a tactical marketing and public relations tool, with the objective
of creating a false sense of environmental and social responsi-
bility among consumers. For instance, a substantial amount of
research has demonstrated a frequent utilization of sustainabil-
ity reports and CSR initiatives as instruments to hide the envi-
ronmental damage from large-scale palm oil plantations includ-
ing deforestation, habitat destruction, and substandard working
conditions. These reports are seldom subjected to third-party
verification and are characterized by lack of transparency and
measurability. This makes it difficult to determine what compa-
nies’ sustainability claims deliver. All these works deal with the
gap between the statement of companies and their actual prac-
tices. It has been posited that the practice of “greenwashing” on
the part of companies is to avoid government scrutiny and to
protect their image without really changing their practices.

Furthermore, the data indicates a systematic pattern of
greenwashing in the vegetable oil market, particularly in Indo-
nesia and Southeast Asia. Several studies have identified inade-
quate legal frameworks, ineffectiveness of enforcement mecha-
nism and lack of accountability as the underlying causes of the
persistence of greenwashing. It is often the case that companies
claim to be environmentally responsible, yet they frequently en-
gage in selective reporting and the presentation of false indica-
tors of sustainability. Moreover, they ignore the wider environ-
mental and social impacts of their business activities. Some
studies also suggest that to combat greenwashing, alternative
sustainable approaches such as those based on mangrove agri-
culture are being promoted as authentic solutions. These alter-
natives offer openness, accountability and community engage-
ment, factors that are typically absent from the palm oil sector.
The findings suggest that, despite the widespread practice of
greenwashing, there is an increasing awareness within academic
circles and the general public of the necessity for increased reg-
ulation measures, independent auditing processes and transpar-
ency in reporting to underpin claims regarding sustainability
with real environmental and social impacts.

5. Mitigation Strategies & Emerging Technologies

A critical evaluation of mitigation pathways reveals a tri-
lemma between environmental performance, economic viability,
and scalability that is obscured by descriptive listings of tech-
nological options. UCO valorization offers the highest reduc-
tion in GHG per unit of feedstock, with a 93% reduction in car-
bon intensity in comparison to conventional jet fuel and no LUC
impacts. Additionally, it is compatible with existing refinery in-
frastructure as a drop-in fuel[88]. However, the scalability of the
system is fundamentally constrained: even if global collection
rates were to be doubled from the current ~ 4 billion gallons per
year up to 10 billion gallons per year by 2030 [89,90], UCO
theoretically could supply only 5-10% of global demand for
aviation fuel. Furthermore, the collection and processing of
palm oil results in the emission of more than 8 kg CO:z-eq/kg of
oil. It is therefore important that careful accounting is employed
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to ensure a net environmental benefit[91]. Therefore, UCO is
classified as a high-impact, low-volume solution and its optimal
prioritization is for sectors that are hard to decarbonize such as
the aviation and marine industries, as opposed to its utilization
as a universal palm oil substitute. Marginal land strategies (cas-
tor, jatropha) have been shown to avoid the impacts of LUC and
offer significant emission reductions (67.2% for castor on de-
graded soils). However, these strategies face agronomic barriers:
castor yields on marginal lands (0.3—1.0 t/ha) are 3—6 times
lower than palm oil on prime land, requiring proportionally
more area for equivalent oil production. This negates the 'no
LUC' advantage if marginal land cultivation displaces small-
holder agriculture[92]. Coprocessing palm oil with fossil crude
offers economic advantages through its compatibility with ex-
isting refinery infrastructure. Nevertheless, the environmental
benefits are minimal. A blend of approximately 10 % vegetable
oil in fossil diesel reduces GHG emissions by no more than 10 %
compared to standalone fossil diesel when LUC is considered.
This falls far below the 58% reduction required by EU RED II,
classifying it as a transitional technology rather than a genuine
sustainability solution[93]. The trade-offs demonstrate that no
single pathway can replace palm oil on a large scale. An effec-
tive mitigation strategy must sequence interventions. These
should include the immediate deployment of UCO for high-
value applications, the scaling of marginal land strategies where
spatial planning can guarantee genuine additionality, and the in-
vestment in advanced feedstock R&D (e.g. algae, synthetic bi-
ology) for long-term transition. It is also imperative to avoid the
trap of treating any single technology as a comprehensive solu-
tion.

As summarized in Table 11, there are multiple alternatives
of the direct utilization of palm oil as a fresh bio feedstock to
produce biofuel and chemicals. In 2020, Patel’s group provided
a critical assessment of oleaginous microorganisms defined by
their capacity to accumulate lipids exceeding 20% w/w of cell
dry weight. These microorganisms were identified as dual-pur-
pose feedstocks for both third-generation biodiesel and high-
value nutraceuticals[112]. The review points out the high meta-
bolic plasticity of some strains, whereby the synthesis of fatty
acid can range from short (C6) to long hydrocarbon chains
(C36), depending on the carbon source and cultivation condi-
tions. The authors present a quantitative analysis of lipid yields
in yeast strains including Cryptococcus curvatus, which exhibit
lipid contents up to 70% w/w on waste cooking oil and 53%
w/w on glucose, underscoring their capacity for cost-effective
waste valorization. Thraustochytrids are recognized as leading
producers of polyunsaturated fatty acids (PUFAs) particularly
in the context of omega-3 production. The Aurantiochytrium sp.
docosahexaenoic acid (DHA) concentration of 27.9 % of total
lipids was observed when grown on glucose. In contrast, the
Schizochytrium limacinum SR 21 produced 18.38 % DHA on
glycerol. The review also discusses the metabolic trade-offs in
the lipid accumulation. For instance, C. curvatus can accumu-
late up to 68 % w/w of its intracellular total sugars under nitro-
gen-limited conditions prior to redirecting flux towards lipid
synthesis. This emphasizes the significance of proper metabolic
engineering and cautious nutrient limitation strategies to opti-
mize industrial yields.
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Table 11. Tabulated key benefits of new technological alternatives

Strategy Product Focus Key Benefits Ref
Microbial oils (algae, yeast, fungi)  Biodiesel, food oils, nutraceuticals No land use change, high yield, tailored profiles [94.,95]
Engineered Camelina Biofuels, food, industrial oils High yield, dual use, low environmental impact [96]
Microbial Omega-3 Fatty Acids Nutraceuticals, food additives No overfishing, land use neutrality [97]
Integrated Biorefineries Biodiesel, chemicals, bioplastics Waste valorization, reduced emissions [98-103]
Tailored Oil Profiles Food, industrial applications Customizable, reduces need for palm oil [104]
Waste-to-Oil Technologies Biofuels, chemicals Waste reduction, land use neutrality [105,106]
Upcycling Used Oils Biodiesel, lubricants, biofuel Waste reduction, reduced demand [107,108]
Oleochemicals from microbial oils Surfactants, lubricants Petrochemical replacement [109]

Blending microbial oils Food and industrial products

Gradual transition, reduced environmental burden  [110,111]

A further study by a group of Barbieri has provided a com-
prehensive analysis of the extraction of microbe oil[113]. This
study provides a strong case for the incorporation of fungal bi-
otechnology into oil extraction processes. The findings demon-
strate that the pretreatment of oilseeds with enzymes can signif-
icantly surpass conventional methods by breaking down the per-
sistent lignocellulosic matrix that hinders the accumulation of
intracellular lipids. The authors highlight several fungal genera,
most notably Aspergillus, Trichoderma, and Rhizopus that are
responsible for the production of tailored blends of hydrolytic
enzymes (cellulases, hemicelluloses, and pectinases). It has
been reported that these enzymes can effectively weaken the in-
tegrity of cell-wall, thereby facilitating the access of solvents or
mechanical pressure to oil bodies. The authors discuss how spe-
cific fungal genera—mnotably Aspergillus, Trichoderma, and
Rhizopus—secrete tailored cocktails of hydrolytic enzymes
(cellulases, hemicellulases, and pectinases) that degrade cell
wall integrity, thereby enhancing the accessibility of solvents or
mechanical pressure to oil bodies. Quantitatively, the review
cites research demonstrating that aqueous enzymatic extraction
(AEE) using these fungal metabolites yielded oil recovery rates
comparable to those attained by hexane-based processes, while
also preserving heat-sensitive bioactive compounds. Moreover,
the utilization of solid-state fermentation (SSF) with strains
such as Rhizopus oryzae on palm kernels and Fusarium ox-
ysporum on sunflower seeds has been shown to facilitate lipid
release. Also, this process has been shown to reduce free fatty
acid (FFA) levels, thereby improving the oxidative stability and
overall quality of the oil. These findings suggest that a transition
from chemical to biological extraction offers dual benefits, in-
cluding a measurable reduction in the environmental impact of
solvent use and a statistically significant increase in the yield of
high-quality, antioxidant-rich vegetable oils. The data confirms
that microorganisms have become a practical solution for the
modern oil industry. It is evident that microbes can serve two
roles. Firstly, they can be cultivated to produce oil directly, with
yields reaching as high as 70 %. Secondly, they can act as tools
to break down tough plant seeds, facilitating the oil release pro-
cess. This evidence clearly explains that biological methods
have become a feasible, efficient, and scalable alternative to
conventional chemical processes. Another viable strategy is to
utilize mix culture that enables CO; capture.

In 2022, the Dias group conducted a study on the valoriza-
tion of primary brewery wastewater (PBWW) as a low-cost sub-
strate for lipid production. The study compared the performance
of the oleaginous yeast Rhodosporidium toruloides and the mi-
croalga Tetradesmus obliquus in both axenic and co-culture

systems.[114] The study revealed a critical quantitative finding
exhibiting the inability of R. foruloides to survive in monocul-
ture within the raw effluent, likely due to the toxicity of organic
acids. However, the establishment of a mixed consortium
proved transformative, with the microalgae effectively detoxi-
fying the medium to sustain yeast viability at approximately
99%. The study further demonstrated that nutrient management
is essential for maximizing yield, as the mixed culture supple-
mented with 100 g/L of sugarcane molasses and urea achieved
a peak lipid content of 26.3% w/w. These results underscore the
industrial viability of symbiotic yeast-microalgae systems,
which not only overcome the toxicity barriers inherent in waste
effluents but also convert them into competitive lipid feedstocks
for biodiesel production[115].

A further practical approach is to utilize co-processing sce-
nario to enable biofuel derived from vegetable oil plantation to
be utilized immediately to satisfy market demands. In 2020, the
Hafyan group demonstrated, through multi-objective optimiza-
tion, that the most viable configuration for an Empty Fruit
Bunch (EFB) biorefinery operates at a maximum feedstock ca-
pacity of 100 ton/h. This configuration has been shown to yield
an annual profit of $932 million USD while incurring a Global
Warming Potential (GWP) of 284 tonnes CO»-eq[116]. The op-
timal design resulted in a Fire and Explosion Damage Index
(FEDI) of 595 and a Toxicity Damage Index (TDI) of 957 in
terms of safety metrics. The plant’s projected production capac-
ity was expected to have a significant impact on the global mar-
ket; representing 55% of the global demand for xylitol, 98% of
demand for levulinic acid, 25% of demand for succinic acid, 90%
of demand for guaiacol and 12% of demand for vanillin. The
results obtained from the experiment were as follows: 10% of
the glucose stream was allocated to the production of levulinic
acid (with the remaining to succinic acid) and 70% of the lignin
stream was allocated to the production of guaiacol (with the re-
maining to vanillin). The final selection of this configuration
was performed by means of a Fuzzy Analytical Hierarchy Pro-
cess (FAHP) where the eco-nomic performance was assigned a
weight of 0.5, followed by safety with 0.3 and environmental
impact with 0.2. The research group of Professor Shuhaimi Ma-
hadzir (Universiti Teknologi PETRONAS) is leading this study,
which is based on a strategic context in Malaysia, the second
largest palm oil producer in the world, where such high-volume
waste valorization is critical.[117]. This research provides a de-
finitive economic argument for the transition from linear palm
oil processing to a circular bioeconomy, proving that integrated
biorefineries have the potential to transform regional agricul-
tural liabilities into lucrative, globally competitive assets. In
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more conventional approach, the biofuel can be co-produced in
conventional petroleum refining process. Bezergianni’s group
has published its finding on the utilization of conventional cat-
alyst (CoMo and NiMo) in a coprocessing scheme for hy-
drotreating of waste cooking oil and heavy atmospheric gas
0il[118]. The report indicates that the utilization of used cooking
oil has no different effect on the NiMo catalyst, while the CoMo
catalyst is found to be significantly impacted. This phenomenon
is closely related to the rate of CoMo deactivation reaction in
the presence of lipid co-reactant. Therefore, the findings of the
present study demonstrate Ni-based transition metal catalysts
are the most effective for the removal of oxygen from lipids.
Their result of this study has provided valuable insights into the
feasibility of utilizing existing refinery reactors as hydrotreating
reactors for vegetable oil.

Similarly, in most cases, a review by Fu et al. in 2025 stated
that, despite the challenges arising from strict aviation fuel
standards, such as ASTM D1655, co-hydro processing vegeta-
ble oil with Heavy Atmospheric Gas Oil (HAGO) offers a viable
route for the integration of biomass into fuels. However, this
process requires meticulous catalyst selection. Studies have
demonstrated that nickel-molybdenum (NiMo) catalysts exhibit
superior performance in comparison to cobalt-molybdenum
(CoMo) catalysts. NiMo catalysts demonstrate stability and het-
eroatom removal efficiency (HDS/HDN) despite the presence
of oxygenates, whereas CoMo catalysts are subjected to inhibi-
tion and rapid deactivation. Although the addition of vegetable
oil has been shown to improve diesel selectivity and saturation,
the process must also be capable of managing the significant
exothermic heat generated from deoxygenation reactions[102].
In a review published in 2024, Marquez et al. concluded that at
least five regions have a significant impact on the utilization of
vegetable oil-derived biofuel [101]. These regions, including
the US, Brazil, India, Indonesia, and the EU, are known for ei-
ther their abundant supplies of vegetable oil or technological
prowess. In their review, most biofuel market leaders introduced
vegetable oil as a blending agent for initial market acceptance;
thus, resulting in an eventual increase in the blended amount on
annual basis. This strategy once again signifies the effectiveness
of the coprocessing scheme.

Nevertheless, any development from a product focal point
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of view must be supported by its actual effects on overall sus-
tainability. The work of Seber et al. in 2022 revealed that even
with different plantation origins, hydrogen sources, and pro-
cessing schemes, most GHG traces originated from both ferti-
lizers used in farming and energy utilization[119]. In a 2025 re-
view, Velickovic conducted an accurate quantitative assessment
of the sustainability of castor-based biofuel, emphasizing that
environmental viability is contingent upon advanced lifecycle
management and biorefinery integration[120]. Life Cycle As-
sessment (LCA) data revealed that substituting fossil jet fuel
with castor-based alternatives led to a reduction in environmen-
tal impacts ranging from 36 to 85%, with castor-HEFA bio-jet
fuel exhibiting lifecycle greenhouse gas emissions ranging from
41 to 78 g CO: eq/MJ, which is significantly lower than fossil
baselines. Furthermore, the cultivation phase offers substantial
carbon savings, with a notable a 67.2% emission reduction
when converting grassland. Moreover, a biorefinery approach
co-producing biomethane can further result in a reduction in
emissions of 16%. However, the validity of their insights re-
garding the impact of LUC is yet to be proven, thus making their
in-depth review potentially useful for the conversion of mar-
ginal or deserted land to vegetable oil plantations. Another study
that made a significant impact was published by Rosmeika et al.
in 2025[121]. Their cradle-to-gate life cycle assessment pro-
vided critical insights into the environmental effects of palm oil
plantations towards environment in Sumatra, the largest palm
oil producer in Indonesia. Resembling the findings in preceding
studies, all negative environmental effects, such as GHG emis-
sions, eutrophication, acidification, ozone layer depletion, and
marine ecotoxicology, are predominantly attributable to mono-
culture plantations, even though their conclusion is focused on
the impact of Palm Oil purity on GHG emissions.

As previously discussed, from, the apparent major negative
impacts of vegetable oil plantations are frequently found in the
plantation stage. This phenomenon can be attributable to a
change in land usage that leads to deforestation or monoculture
plantation. A viable strategy to increase productivity is through
high-density or super-high-density plantations, as reported by
Gennaro et al. (2012)[122]. In their report, high-density and su-
per-high-density olive oil plantations have been compared as
follows Fig. 1.

HDO SHDO
Water ‘Water
183.2 m’ 2240m’
Fertilizers Fertilizers
45.6 kg 81.8kg
A 4 \ 4 \ 4 A 4
Pesticides o Olives Pesticides o Olives
49kg " 1t 7.1kg i 1t
A A A A
Diesel fuel Diesel fuel
77.7 kg 97.3 kg
Lubricants Lubricants
9.0kg 11.3 kg

Fig. 1. Flow chart comparison for both High and Super high density olive oil plantation material balances (*HDO : High Density Olive; SHDO: Super
High-Density Olive) [122]
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From their work, it can be inferred that the increase in plan-
tation density does not always enhance plantation efficiency in
terms of mass balance. Unsurprisingly, given the more intensive
monoculture plantation support, super high-density olive oil
plantations have been identified as having the worst environ-
mental effects in all selected LCA study aspects, including

abiotic depletion, acidification, eutrophication, global warming
potential, ozone layer depletion, human toxicity, aqua ecotoxi-
city, and terrestrial ecotoxicity. An in-depth review by Azhar et
al. has tabulated several strategies for improving the sustaina-
bility of palm oil plantations as outlined in the following tabu-
lated summary (see Table 12)[123].

Table 12. Tabulated Biodiversity-friendly approaches [123]

Biodiversity-friendly practice

Justifications

Maintenance of forest patches and riparian corridors

The preservation of natural forest patches and riparian corridors within palm oil produc-
tion landscapes is a landscape-level management measure that may enhance biodiversity

conservation.

Maintenance of natural understorey vegetation

The maintenance of structural complexity within plantations can fulfil the production of
highly demanded commodities and the conservation of biodiversity in productive land-

scapes.

Prohibition of hunting

Law enforcement should be implemented in conjunction with educational programs des-
ignated to educate oil-palm workers about biodiversity conservation and environmental
regulations.

Control of introduced predators

The presence of Feral dogs has been observed to have a detrimental effect on both native
fauna and animal livestock in palm oil plantations because of infrequent control from

plantation management.

Adoption of biological control methods

The utilization of insecticides and herbicides has been proven to be ineffective as these
chemicals promote pest resistance and eliminate beneficial insects such as pollinators
and predators. Predatory insects and barn owls are excellent biological control for pests.

Application of tree-based enrichment

The implementation of tree-based enrichment measures within intensively managed
palm oil plantations can increase bird species richness or bird abundance at relatively

low cost.

Adoption of polyculture systems

Polyculture farming has been shown to have positive effects on the abundance and spe-
cies richness of bats in palm oil production landscapes.

Minimization of wildlife roadkills

To reduce wildlife road accidents, it is recommended that appropriate road signs and
speed bumps be installed in roadway within palm oil-cultivation areas.

Utilization of zero-burning technique

The technique is a practice of land clearing whereby an old area of plantation crops such
as palm oil is felled, shredded, stacked and left in situ to decompose naturally.

Establishment of multiple stand age classes of palm oil

This measure has potential to enhance the structural complexity of palm oil plantations,
thereby providing habitats for a variety of species.

Maintenance of water quality in palm oil

waterways

The conservation of waterbirds requires the protection of intact wetlands supported by
better management of drainage channels in palm oil production landscapes.

Employment of empty fruit bunch (EFB) methods
along the sides of harvesting paths

The application of EFB plays an essential role in the enhancement of soil ecosystem
functioning in palm oil plantations.

The majority of tabulated approaches account for estab-
lished palm oil plantations. In contrast, land remediation and
prevention of Land Usage Change have scarcely been studied.
Nevertheless, it is a fact that concurrently vegetable oil planta-
tions are the sole viable sustainable fuel substitutes. Thus, it can
be posited that the introduction of circularity could serve as a
viable solution to prevent the overconsumption of fresh palm
oil. In many cases, the introduction of waste cooking oil has
been proven to be a plausible solution for the mitigation of de-
forestation resulting from land use change[124]. The impact of
used cooking oil (UCO) on the environment was studied by Ku-
mar et al. in 2025[125]. Upcycling used cooking oil (UCO) sig-
nificantly contributes to both climate and land stability, offering
a practical solution to both emission reduction and waste man-
agement. The impact on greenhouse gases is important: UCO-
based bio-jet fuel has a carbon intensity that is 63.7% lower than

standard jet fuel, and coprocessing UCO with fossil feedstocks
reduces emissions by 7.7% compared to conventional diesel. As
the conversion process itself generates 607.6 kg of CO: equiva-
lent per ton, of which 68% is due to chemical reactions, localiz-
ing production has the potential to compensate for this by re-
ducing the overall environmental impact by 30-50%. In addi-
tion, the practice of upcycling is of significance for land protec-
tion as improper disposal poses a is physical hazard. The addi-
tion of mere 5-10% waste oil into soil has been demonstrated to
result in a substantial reduction in its shear strength, leading to
foundation failures. Upcycling has the potential to transform a
potential environmental hazard into a sustainable resource, re-
routing huge waste streams (e.g. 1 billion pounds of waste gen-
erated annually in the US) into the fuel supply, thus promoting
a circular economy and reducing fossil resource depletion by
34%.
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6. Knowledge Gaps & Future Research Directions

The knowledge gaps in palm oil biofuel sustainability are
not arbitrary research frontiers but rather reflect strategic ambi-
guity that benefits incumbent producers by obscuring environ-
mental impacts and delaying regulatory action. Three categories
of gaps can be distinguished by the type of barrier preventing
their closure. The ISO standards are voluntary, and such do not
include enforcement mechanisms. This has led to methodologi-
cal gaps, such as the absence of standardized LCA protocols
with obligatory LUC accounting. There is a need for interna-
tional coordination to develop mandatory standards, which is
opposed by palm oil producing countries, who are opposed to
the disclosure of LUC impacts through standardization, a prac-
tice which is currently hidden by the flexibility in methodology.
Deforestation data is commercially sensitive, with the result that
there are still data gaps, including the inability to trace 85% of
palm oil to specific plantations. Satellite monitoring technology
exists (e.g. Global Forest Watch), yet it is not integrated into
certification systems because producers fear reputational dam-
age from transparent disclosure. The persistent existence of
governance gaps is evidenced by the inadequate enforcement of
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sustainability criteria. The funding of certification schemes by
industry fees creates conflicts of interest that systematically fa-
vor lenient interpretation and weak sanctions. To achieve the
necessary interconnection, it is important to allocate financial
resources to research initiatives in addition to implementing
governance reforms that realign incentives. This necessitates a
shifting certification funding away from industry fees to public
sources, requiring satellite monitoring data as a condition for
market access, and establishing independent enforcement bod-
ies empowered to impose market access restrictions in cases of
non-compliance. The highest-leverage intervention is LCA
standardization with mandatory LUC accounting, which would
simultaneously expose greenwashing, enable evidence-based
policy, and establish incentives for genuine sustainability im-
provement. The integration of satellite-based deforestation
monitoring into certification systems represents the second-
highest leverage point, as it would address the enforcement gap
that currently makes certification ineffective. While advanced
feedstock R&D is important for long-term transition, it is less
impactful in addressing the immediate deforestation crisis
driven by 1G feedstocks.

Table 13. Tabulated gaps and suggested research based on urgency

Gap Urgency

Suggested research

Contradictory evidence on
palm-oil deforestation [126]

Policy and market decisions rely on uncertain data

Field-level, supply-chain LCA combined with satellite

forest monitoring.

Integration of socio-economic
impacts in LCA

Current LCAs focus on GHG; neglect livelihoods and equity.

Social LCA frameworks that capture income, employ-
ment, and gender dimensions [127].

Effectiveness of national bio-

diesel policies are unclear.

Regulations exist, yet enforcement and real-world outcomes

Quasi-experimental policy evaluation (difference-in-dif-
ferences) utilizing deforestation satellite data [77]

Numbers of apologetic-like ap-
proaches for palm oil plantation
studies [128]

Investors need comparable sustainability scores.

Development of a Biodiesel Sustainability Index linking
finance to LCA, biodiversity, and SDGs [37].

Catalyst innovation for
high-FFA waste oils

High free fatty acids hinder conventional trans-esterification.

Laboratory and scale-up studies of hybrid enzy-
matic-chemical catalysts [129].

Limited study on waste cooking
oil effect towards biorefinery
performance

This aspect needs to be comprehensively studied, with an aim
to formulate effective mitigative action to address te issues

Long term effect of waste cooking presence to material
and or catalysts [103,130]

related to catalyst deactivation and equipment deterioration.

To summarize, the gaps mentioned in Table 13 identified in
the current literature suggest that, while the enhancement of sus-
tainability in the palm oil industry is of importance, it cannot be
the sole focus of future developments. There is an urgent need
to investigate complementary feed stocks that do not compete

with food security or require additional land. This necessitates
a critical examination of Used Cooking Oil (UCO) as a raw ma-
terial, thereby shifting the narrative from solely managing plan-
tation impacts to actively repurposing downstream waste (see
Table 14).

Table 14. Selected upcycling process from [131]

Source Upcycling process Product Ref
UCO from canteen Catalytic pyrolysis Biofuel [132]
UCO frying mustard oil Fermentation Bio-lubricants [133]
UCO (rapeseed oil) Saponification Biosolid fuels [134]
UCO (canola oil) Fermentation Biodiesel [135]
UCO (soybean oil) Transesterification Biodiesel [136]
uCco Co-Digestion with cellulose Bioplastics [137]
UCO (palm oil) Saponification Laundry Soap [138]
uCco Epoxidation and polyesterification Polyurethane [139]
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Kumar et al. (2025) summarized the possible usage of waste
cooking oil for sustainable utilization in the future[131]. Their
study examined the global potential of Used Cooking Oil (UCO)
as a sustainable resource rather than a waste product. It provides
a comprehensive overview of the sources and chemical compo-
sition of UCO alongside an in-depth exploration of various con-
version technologies, including biochemical, thermal, and
chemical methods, to transform this waste into valuable prod-
ucts. Their work argues that valorization of UCO is critical for
the promotion of a circular economy, offering a dual benefit: it
mitigates environmental damage caused by improper disposal
(such as water pollution and "fatbergs") while providing renew-
able feedstock for energy and industrial materials. The follow-
ing Table 4 presents a list of plausible utilization in the near fu-
ture, based on the findings of the study.

As depicted in the tabulated information, it can be observed
that most upcycling processes involve the production of bio-
diesel. The nature of UCO, which also contains significant
amounts of aldehydes, dienes, alcohols, and heterocycles, pre-
sents a challenge for its upcycling.

Another approach to UCO utilization involves the produc-
tion of sustainable insulating liquids, which has been summa-
rized by Oparanti et al. in 2025[140]. Their study revealed that
waste cooking oil (UCO) is a promising, cost-effective and sus-
tainable alternative to traditional mineral oils and fresh vegeta-
ble esters as a high-voltage transformer insulating liquid. The
findings demonstrate that raw UCO is not suitable as dielectric
due to its high acidity and moisture content. However, through
the implementation of chemical purification processes, such as
transesterification and alkali refining, it is possible to improve
its quality to meet the industry standards. These processes result
in breakdown voltages up to 48% higher than mineral oil. It may
potentially be a “green” coolant and insulator to reduce the
“food vs. fuel” dilemma. However, the present study points out
a significant problem that UCO is incompatible with Kraft pa-
per insulation over the long term, with the potential for severe
degradation from acidic by-products. Therefore, UCO is already
well consolidated in the biodiesel sector, but the potential appli-
cation of UCO in the electrical sector depends on the employ-
ment of advanced purification techniques that are required to
guarantee operational reliability and material compatibility. Fi-
nally, industrial readiness should be also considered for the mit-
igation of the potential negative impact of the introduction of
the UCO to the upcycling processes. Beghetto’s 2025 work ex-
plores the future direction of industry[141]. The quantitative
findings demonstrate a significant gap between waste genera-
tion and recovery. The global consumption of vegetable oil
reached over 217 million tons in 2023. This process generated
approximately 320 kg of UCO per ton of fuel consumed. How-
ever, of the estimated 50 million tons of global UCO production,
only 14.1 million tons (28%) are currently recycled. The study
also reveals that the European Union only collects about 1 mil-
lion tons of its estimated 4 to 7.7 million tons of annual UCO
output. It is a matter of concern that over 85% of the regions
studied lack specific legislation for UCO management, pointing
to a critical need for regulatory frameworks to encourage the
expansion of non-fuel, sustainable applications. Thus, even
within a well legislated area such as the European Union, the
implementation of stronger law enforcement for waste cooking
oil management remains deficient. This observation is further
supported by the findings outlined in the previously mentioned
publications. This finding highlights that effective regulation
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can be the major affecting aspect in mitigating the negative im-
pacts abatements from palm oil plantations.

7. Conclusions

This review has demonstrated that the sustainability of palm
oil biofuels cannot be reliably gauged through the binary ‘re-
newable versus fossil’ framings that dominate the current policy
discourse. These simplistic mandates have been demonstrated
to obscure systemic environmental costs at a range of scales.
For instance, feedstock acquisition, which makes up to 95% of
total production costs has been shown to cause land-use change
(LUC). In 46% of palm oil LCA studies, LUC has been identi-
fied as the dominant greenhouse gas contributor. Furthermore,
deforestation that threatens over 80% of endangered species in
production regions has been identified as a key issue. Institu-
tional frameworks such as RSPO, ISPO and EU RED II have
been found to frequently omit LUC data, thereby leading to in-
flated sustainability credentials through a form of policy ena-
bled greenwashing, further compounded by the absence of
standardized LCA protocols with consistent system boundaries
and data inventories. This critical methodological gap is prob-
lematic in two ways. Firstly, it prevents reliable cross-study
comparison and secondly it allows unverified performance
claims to persist without rigorous validation while simultane-
ously impeding precise accounting of logistical trade-offs such
as the 607.6 kg CO»-eq per ton emitted during UCO collection
and processing. In response to these systemic failures, this re-
view proposes a three-pillar mitigation framework. The first pil-
lar mandates harmonized LCA methodologies with explicit
LUC accounting and transparent data inventories. Enforcement
of this pillar is through certification schemes and trade agree-
ments, the non-compliance of which will trigger market access
restrictions; the second pillar calls for the scaling of used cook-
ing oil (UCO) valorization through regulatory frameworks that
incentivize collection infrastructure and biorefinery models di-
versifying into high-value derivatives. These include oleochem-
icals, biolubricants, and bioplastics. The generation of internal
rates of return sufficient to fund environmental abatement is to
be achieved through this process, particularly given that UCO
has been reported to achieve 63.7% lower carbon intensity than
conventional jet fuel and a 34% reduction in fossil resource de-
pletion. However, only 28% of global UCO is currently recy-
cled and 85% of regions lack UCO-specific legislation. The
third pillar directs agricultural expansion onto marginal or de-
graded lands rather than biodiverse forests, with the objective
of achieving substantial emission reductions. This approach has
been complemented by the adoption of agroforestry systems in-
tegrating oil palms with native species, with the aim of preserv-
ing habitat connectivity. Four critical knowledge gaps have been
identified as priorities for future research to operationalize this
framework: the development of internationally recognized LCA
standards for system boundaries, allocation methods, and LUC
accounting through ISO or equivalent bodies; regional assess-
ments of UCO availability, collection logistics, and contamina-
tion risks to establish realistic supply ceilings and infrastructure
requirements; high-resolution spatial datasets capable of distin-
guishing genuinely degraded lands from ecosystems retaining
residual conservation value, thereby preventing 'marginal land'
designations from functioning as a loophole for continued de-
forestation; and the deployment of satellite-based deforestation
monitoring systems linked to certification databases to close the



Laniwati et al. / Communications in Science and Technology 11(1) (2026) 115-137 133

persistent gap between policy commitments and on-the-ground
compliance. It has been determined that palm oil biofuels have
the capacity to contribute to objectives of global decarboniza-
tion, provided that production systems are fundamentally re-
structured to prioritize LCA transparency, circular resource
flows, and biodiversity conservation. The absence of such re-
forms has the potential to result in biofuel mandates risk accel-
erating the very environmental crises of land degradation, bio-
diversity collapse, and food insecurity that they are designed to
mitigate. The three-pillar framework advanced here is therefore
presented as an evidence-based roadmap for aligning economic
viability with ecological stewardship, the realization of which
requires the collaborative translation of these recommendations
into enforceable standards and scalable practices by policymak-
ers, industry stakeholders, and the research community
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