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ABSTRACT

The global rise in greenhouse gases is significantly influenced by the palm oil business, prompting urgent efforts to explore technological
innovations for climate mitigation. The objective of this study is to critically examine recent innovations targeting emission reduction in
the palm oil sector, aiming to explore their impact and the difficulties encountered. Employing a qualitative literature review approach, this
research synthesizes data from over 60 peer-reviewed articles, reports, and policy documents published in the last decade. Data collection
involved comprehensive database searches and manual screening to select relevant studies focusing on methane capture, renewable energy
integration, precision agriculture, and remote sensing applications. Thematic analysis was applied to identify key innovations, evaluate
emission reduction outcomes, and assess barriers to adoption. Findings indicate that biogas recovery systems reduce methane emissions
by up to 75%, while renewable energy from biomass and solar technologies contributes substantially to lowering fossil fuel use. Precision
agriculture techniques optimize fertilizer and water usage, mitigating indirect emissions. Despite these benefits, disparities in technology
adoption persist, especially among smallholders, due to financial and technical constraints. Policy frameworks and certification schemes
play a supportive role but require stronger enforcement to maximize impact. In conclusion, the integration of advanced technologies offers
promising pathways for sustainable, low-emission palm oil production. Future research should focus on strategies to enhance technology

accessibility for small-scale producers and explore emerging digital tools for improved emissions monitoring.

Keywords: Palm Oil Industry, Emissions Reduction, Biogas
Recovery, Renewable Energy, Precision Agriculture

Introduction

One of the gravest global issues of the 21st century is the growing
severity of climate change, largely caused by greenhouse gases
released through human activity, the climate crisis has intensified
extreme weather events, altered ecosystems, and increased
risks to food security, biodiversity, and human health [1]. In
response, under the Paris Agreement, the global community
has vowed to cap the increase in global temperatures to under
1.5°C above pre-industrial benchmarks, a goal that calls for a
sweeping transformation of energy systems, land-use practices,
and industrial operations globally [2].

Among major contributors to GHG emissions, the land-use
sector including agriculture and forestry plays a critical role, both

as a significant emitter and as a potential carbon sink. Within
this sector, the palm oil industry has drawn intense scrutiny.
While palm oil is a highly efficient crop in terms of yield per
hectare, its rapid expansion, particularly in tropical regions, this
activity is commonly unfairly connected with the destruction
of forests, degradation of peat ecosystems, and loss of species
diversity, each playing a major role in releasing large amounts of
carbon [3]. With over 85% of global palm oil coming from their
plantations, Indonesia and Malaysia have established Southeast
Asia as the central hub of palm oil production [4]. The emissions
footprint of this industry, therefore, holds major implications for
national and global climate goals.

In recent years, increasing pressure from international markets,
regulatory bodies, and environmentally conscious consumers
has compelled the palm oil industry to pursue sustainability-
driven reforms. This momentum has catalyzed innovation in
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emissions-reducing technologies ranging from methane capture
systems in palm oil mills to precision agriculture tools and
satellite-based land monitoring systems [5]. The implementation
of these technologies advances both sustainability targets and
broader priorities such as economic durability, legal conformity,
and compliance with international standards like those set by the
RSPO [6].

Despite notable progress, the adoption and effectiveness of
technological innovations across the palm oil value chain
remain uneven. Many smallholders lack access to capital,
infrastructure, and technical expertise required to implement
sustainable practices [7]. Furthermore, policy fragmentation
and inconsistencies in enforcement continue to undermine
the sector’s overall emissions reduction potential [8]. A
comprehensive understanding of the existing technological
landscape, its successes, limitations, and future directions is
thus essential to guide strategic interventions at multiple levels
governmental, corporate, and community-based.

Technological interventions for emissions reduction in the
palm oil sector can be broadly classified into four categories:
waste management and methane capture, land-use monitoring
and optimization, renewable energy integration, and precision
agriculture. Recovering renewable energy from the liquid waste
of palm oil production (POME), for example, has demonstrated
measurable reductions in methane emissions a GHG 25 times
more potent than CO: [9]. Satellite and drone technologies are
increasingly employed to monitor land-use changes, enabling
better compliance with zero-deforestation commitments [10].
Similarly, automated fertilizer application and remote sensing
tools allow for more efficient resource use, thereby lowering
indirect emissions associated with agricultural inputs [11].

In the context of national commitments to reduce emissions
such as Indonesia’s Enhanced Nationally Determined
Contribution (ENDC) the palm oil industry occupies a pivotal
role. Technological advancements, if deployed at scale, can
contribute meaningfully to meeting these climate pledges.
However, empirical assessments of which technologies have
been most effective, under what conditions, and across which
segments of the industry remain fragmented in the literature
[12]. Much of the existing research focuses either on technical
feasibility or on isolated pilot projects, with limited integration
across disciplines or geographies.

This review addresses this gap by synthesizing a diverse body of
scholarly and industry-based literature through a qualitative lens.
Unlike a systematic literature review that rigidly filters studies
based on predefined criteria, this qualitative literature review
adopts a more interpretative approach. It explores patterns,
conceptual frameworks, and contextual narratives to uncover
underlying themes in emissions-reduction innovation across the
palm oil sector [13]. This methodology allows for greater depth
in analyzing socio-technical systems and governance dynamics
that influence technology adoption and impact.

Furthermore, while many reports discuss emissions reductions
in agriculture broadly, relatively few concentrates specifically on
palm oil, despite its global significance. Moreover, technological
innovation is often examined in isolation from policy, market,

and institutional factors that shape its implementation [14].
This paper attempts to bridge these divides by contextualizing
technological solutions within broader systems of production
and governance.

The contribution of this review is twofold: first, it outlines
the present landscape of emissions reduction technologies
within the palm oil sector; secondly, it critically examines the
enabling and inhibiting factors influencing their deployment and
efficacy. By organizing the analysis into thematic clusters, this
paper offers insights that are valuable to policymakers, industry
actors, researchers, and civil society stakeholders alike. Given
the urgency of climate action, especially in high-emission
sectors like palm oil, such an integrated and contextualized
understanding is both timely and necessary [15].

By utilizing a qualitative literature review, this study’s core
objective is to thoroughly evaluate and consolidate existing
knowledge on innovations that cut emissions in the palm oil
field, aiming to pinpoint crucial trends, barriers, and strategic
prospects for advancing climate-related efforts.

Literature Review

The substantial role of the palm oil sector in global greenhouse
gas emissions has driven widespread investigation into
technologies designed to reduce its environmental footprint.
A variety of emissions reduction innovations have emerged,
spanning waste management, land-use monitoring, renewable
energy integration, and precision agriculture. Such advancements
indicate both technological improvements and heightened
worldwide environmental regulatory demands.

Managing palm oil mill effluent (POME), a key methane emission
source, is among the most extensively examined subjects.
Biogas recovery systems have proven effective in capturing and
utilizing methane generated from anaerobic digestion of POME,
turning a potent greenhouse gas into a valuable energy resource.
Research has demonstrated that implementing such systems can
reduce methane emissions by up to 70%, significantly lowering
the carbon footprint of palm oil mills [9]. However, widespread
adoption remains constrained by financial, technical, and
infrastructural challenges, particularly among smallholder
operations [16].

Applications of remote sensing technologies and GIS have
expanded in monitoring alterations in land use and enforcing
deforestation regulations. Satellite imagery allows stakeholders
to detect illegal land clearing and assess compliance with zero-
deforestation commitments. These tools enable more precise
tracking of carbon stocks and help identify areas suitable for
sustainable plantation expansion [17]. Despite these advantages,
limitations exist regarding spatial resolution, data accessibility,
and the integration of socio-economic variables into monitoring
frameworks [18].

Renewable energy integration in palm oil production has gained
attention as a dual strategy for emissions mitigation and energy
self-sufficiency. Technologies such as biomass boilers fueled by
palm kernel shells and fiber, solar photovoltaic systems for mill
operations, and co-generation facilities have been deployed in
some regions with promising results [19]. While these measures
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decrease dependence on fossil fuels and enhance energy
efficiency, their widespread adoption is frequently limited by
substantial upfront costs and the need for specialized technical
skills [20].

Precision agriculture techniques including variable rate
fertilization, remote sensing for disease and pest management,
and soil moisture monitoring offer opportunities to optimize
input use, thereby reducing indirect emissions associated with
fertilizer production and application [21]. Studies indicate that
applying these technologies leads to increased yield and lower
environmental impact, yet adoption among smallholders remains
limited due to knowledge gaps and resource constraints [22].
Furthermore, the successful integration of these technologies
into existing farming systems hinges on a careful assessment of
regional contexts and capabilities [23].

The development and enforcement of policy frameworks
significantly impact the adoption and performance of emissions
mitigation technologies. Market-based instruments, certification
schemes, and government subsidies can incentivize technological
uptake, but inconsistent enforcement and governance
weaknesses have been identified as significant barriers [24].
Moreover, collaboration between industry players, researchers,
and policymakers is essential to create enabling environments
for innovation diffusion [25].

Several authors have highlighted that while technical feasibility
of emissions reduction innovations is generally well-established,
socio-economic and institutional challenges often impede their
widespread deployment. Constraints such as funding shortages,
awareness gaps, and limited technical aid affect the involvement
of small-scale farmers, who make up a considerable share of
the global palm oil industry [26]. Addressing these challenges
requires integrated approaches combining technology, capacity
building, and supportive policies.

The current body of literature, although rich in isolated
case studies and technical evaluations, lacks comprehensive
syntheses that contextualize emissions reduction technologies
within the broader palm oil production systems. Furthermore,
most reviews focus narrowly on environmental impacts without
fully addressing economic and social dimensions critical for
sustainable technology adoption [27]. This gap underscores the
need for a holistic perspective that considers multi-dimensional
trade-offs and co-benefits.

Recent advances in digital agriculture and big data analytics
show potential for transforming emissions monitoring and
management. Machine learning algorithms applied to remote
sensing data can improve accuracy in detecting deforestation
and land degradation, while blockchain technologies offer
transparency in supply chain emissions reporting [28]. However,
these cutting-edge technologies remain in early adoption stages
and require further empirical validation.

In summary, the literature reveals a promising but uneven
landscape of technological innovation aimed at reducing
emissions in the palm oil industry. Successful deployment hinges
not only on technological readiness but also on enabling policy
frameworks, stakeholder collaboration, and context-sensitive

implementation strategies [29]. This qualitative literature review
seeks to synthesize these diverse insights to inform future
research, policy formulation, and industry practice.

Methodology

This study employs a qualitative research method with a narrative
and interpretative literature review approach. The research
focuses on collecting, organizing, and analyzing secondary data
derived from various scholarly sources concerning technological
innovations for emissions reduction within the palm oil industry.
The primary instrument in this study comprises academic
documents such as journal articles, research reports, and policy
papers, systematically selected based on their relevance and
credibility. Data collection was conducted through comprehensive
searches in prominent scientific databases including Scopus,
Web of Science, and Google Scholar, utilizing relevant
keywords such as “emissions reduction,” “palm oil industry,”
“technology innovation,” and “climate action.” The literature
selection process followed inclusion criteria encompassing
studies that discuss technological aspects and their impacts
on emissions reduction in the palm oil sector, while exclusion
criteria omitted sources lacking academic rigor or not directly
addressing the core topic. The gathered data were subsequently
analyzed qualitatively using thematic analysis, which enabled
identification of patterns, major themes, and conceptual linkages
among the studies. This approach provides a comprehensive
overview of technological advancements applied in the sector,
alongside the challenges and opportunities related to their
implementation. The entire analytical process was conducted
critically and systematically to ensure the validity of findings
and maintain objectivity in interpretation. Consequently, this
study not only summarizes existing literature but also offers a
conceptual synthesis that can inform policy development and
further research to support climate action through technological
innovation in the palm oil industry.

Results

The comprehensive collection and analysis of secondary data
from scholarly articles, reports, and policy documents revealed
significant advancements and variations in emissions reduction
technologies applied within the palm oil industry. Data were
systematically sourced from over 60 peer-reviewed publications
spanning the last decade, with particular emphasis on innovations
that address greenhouse gas (GHG) mitigation, energy efficiency,
and sustainable plantation management. The thematic synthesis
of these studies highlights several key arecas where technology
has demonstrably contributed to climate action.

One of the most impactful technological interventions identified
is the implementation of biogas capture and utilization systems
in palm oil mills. Methane emissions from palm oil mill effluent
(POME) represent a substantial portion of the industry's carbon
footprint, with untreated POME releasing approximately 0.38 kg
of methane per cubic meter of effluent produced. Biogas recovery
technologies, predominantly anaerobic digesters coupled with
flare systems or energy generation units, have been reported to
reduce methane emissions by up to 65-75% per facility [30].
Studies report that adopting such systems across mills could
potentially lower annual emissions by approximately 4.5 million
tons of CO2-equivalent globally, assuming a 70% adoption rate
among major producers [31]. Moreover, the captured biogas is
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often converted to electricity, contributing an average of 15-25%
of the mill’s total energy consumption, thereby reducing fossil
fuel reliance [32]. However, capital investment costs for biogas
systems range from USD 1.2 to 2.5 million per mill, posing
financial barriers especially for smallholders and mid-sized
enterprises [33].

Remote sensing and GIS technologies have become essential
instruments for tracking land use dynamics and ensuring
adherence to sustainability goals. High-resolution satellite
imagery analyzed through machine learning algorithms has
improved the detection accuracy of deforestation events to
over 90%, compared to less than 70% a decade ago [34]. These
technologies enable timely identification of illegal land clearing
and support zero-deforestation pledges adopted by industry
stakeholders. The integration of multi-temporal data further
allows estimation of carbon stock changes, with some studies
indicating that conservation efforts monitored via remote sensing
have prevented approximately 1.2 million hectares of forest
loss in Southeast Asia between 2015 and 2020, corresponding
to carbon emissions avoided of roughly 800 million tons CO2-
equivalent [35]. Despite these achievements, limitations remain
in data accessibility for smallholders and in aligning satellite
monitoring outputs with on-the-ground socio-economic realities.

Renewable energy integration in palm oil production systems
extends beyond biogas utilization. Biomass energy from palm
kernel shells and empty fruit bunches (EFB) has been harnessed
to fuel boilers, accounting for about 40-60% of mill energy
needs in some optimized operations [36]. Solar photovoltaic
(PV) installations, though less common due to initial cost and
space requirements, have shown potential to supply up to 10%
of mill electricity demand in pilot projects [37]. Co-generation
facilities combining biomass and solar inputs have demonstrated
a capacity factor increase of 15% compared to biomass-only
systems, enhancing energy reliability and reducing net emissions
by an estimated 20-30% [38]. However, the deployment of such
hybrid systems remains concentrated in large-scale plantations,
with smallholders often excluded due to technical complexity
and capital intensity.

Advances in precision agriculture technologies are increasingly
recognized for their role in reducing indirect emissions. Variable
rate fertilizer application technologies, enabled by soil nutrient
mapping and remote sensing, have demonstrated reductions
in nitrogen fertilizer use by 20-35%, directly lowering nitrous
oxide (N20) emissions, which have a global warming potential
298 times that of CO2 over 100 years [39]. Such precision
interventions have improved fertilizer use efficiency from
an average of 40% in conventional practices to nearly 70%,
translating into yield increases of 8-12% while reducing input
costs [40]. Similarly, real-time monitoring of soil moisture
and pest infestations via Internet of Things (IoT) sensors has
optimized irrigation and pesticide use, cutting related emissions
by approximately 10-15% in reported cases [41]. However,
barriers to adoption persist due to limited technical knowledge,
infrastructure deficits, and high costs for many small-scale
farmers [42].

Policy frameworks and certification schemes significantly
influence the deployment and effectiveness of emissions

reduction technologies. The Roundtable on Sustainable Palm
Oil (RSPO), Indonesian Sustainable Palm Oil (ISPO), and
Malaysian Sustainable Palm Oil (MSPO) certifications have
integrated environmental criteria mandating emissions reporting
and mitigation efforts. Compliance with these certifications has
been associated with an average 18-25% reduction in farm-
level GHG emissions compared to non-certified operations
[43]. Furthermore, governmental subsidies and carbon pricing
mechanisms in countries like Indonesia and Malaysia provide
financial incentives for mills adopting clean technologies,
with reported increases in biogas plant installations by 30%
following policy reforms in the last five years [44]. Nonetheless,
inconsistent enforcement and monitoring challenges dilute the
potential impact of such frameworks, particularly in smallholder-
dominated regions.

Synthesizing the literature, it is evident that technological
innovations in emissions reduction are unevenly distributed
across the palm oil value chain and among producers of different
scales. Large plantations are more likely to implement advanced
biogas systems, renewable energy hybrid solutions, and
precision agriculture tools, benefiting from economies of scale
and access to capital [45]. In comparison, small-scale producers,
contributing about 40% to the worldwide palm oil supply, often
lack the necessary resources and technical backing to adopt such
technologies, leading to sustained higher emissions intensity
[46]. Addressing this disparity is critical to achieving sector-
wide emissions reductions and requires integrated strategies
combining technology transfer, capacity building, and inclusive
financing mechanisms.

The literature also underscores the importance of integrating
socio-economic factors into technological solutions. Studies
indicate that adoption rates improve significantly when
technologies are tailored to local contexts and when stakeholders
are actively involved in co-design and implementation processes
[47]. Moreover, the social benefits of emissions reduction
innovations, such as improved energy access and income
diversification, contribute to broader sustainability goals and
enhance community resilience to climate change.

Emerging digital tools such as blockchain for supply chain
transparency and machine learning for predictive emissions
modeling show promise but remain in nascent stages of
adoption. Preliminary results suggest these technologies can
improve traceability and accountability, potentially reducing
supply chain-related emissions by up to 12% through better
management and reporting [48]. Continued research and
pilot implementations are needed to validate and scale these
innovations.

The qualitative analysis of existing literature reveals that
harnessing technology for climate action in the palm oil industry
involves a multifaceted portfolio of emissions reduction
innovations. The sector has made measurable progress in
methane capture, renewable energy use, land-use monitoring,
and precision agriculture, with demonstrated emission reductions
ranging from 10% to 75% depending on the technology and scale
of implementation. However, significant challenges related to
cost, knowledge transfer, policy enforcement, and smallholder
inclusion remain. This synthesis provides a foundational
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understanding to guide future research, policy-making, and
practical interventions aimed at achieving sustainable, low-
emission palm oil production globally.

Discussion

The findings from this qualitative literature review indicate that
technological innovations have played a crucial role in reducing
greenhouse gas emissions in the palm oil industry, directly
addressing the research objective to explore how technology can
be harnessed for climate action within this sector. The analysis
reveals that biogas capture and utilization systems at palm oil
mills emerge as one of the most effective interventions for
methane emission mitigation. The ability of anaerobic digesters
to reduce methane emissions by up to 75% per facility highlights
a significant pathway for lowering the sector’s carbon footprint,
especially considering that methane from palm oil mill effluent
constitutes a major emission source [49]. Additionally, the dual
benefit of energy generation from captured biogas enhances
operational sustainability by substituting fossil fuels, thereby
creating an integrated approach to emissions reduction and
energy efficiency [50].

The integration of remote sensing and GIS technologies further
complements direct emissions mitigation by enabling improved
land-use monitoring and enforcement of zero-deforestation
commitments. The increased accuracy of deforestation detection
to over 90% illustrates technological progress in environmental
surveillance, which supports sustainable plantation management
and prevents carbon stock losses estimated at hundreds of
millions of tons CO2-equivalent [51]. Despite its potential, the
literature indicates limitations regarding equitable access to
these technologies, particularly for smallholders, suggesting a
gap in technology dissemination that may hinder comprehensive
climate action [52].

Expanding the use of renewable energy sources beyond biogas,
such as biomass boilers fueled by palm residues and pilot solar
PV systems, demonstrates diversification of energy solutions
with emission reductions ranging from 20% to 30% [53].
However, the disparity in technology adoption between large
plantations and smallholders highlights persistent structural
barriers related to financial capacity and technical expertise.
This disparity aligns with findings on precision agriculture
technologies, which, although capable of reducing indirect
emissions through optimized fertilizer and pesticide use, remain
underutilized among small-scale producers due to cost and
knowledge constraints [54].

The influence of policy frameworks and certification schemes
in accelerating technology adoption and emission reductions is
evident. Certifications like RSPO, ISPO, and MSPO, together
with governmental incentives such as subsidies and carbon
pricing, correlate with measurable decreases in farm-level
emissions, ranging from 18% to 25% [55]. These mechanisms
not only provide environmental standards but also enhance
market competitiveness for compliant producers. Nevertheless,
inconsistent enforcement and monitoring challenges undermine
their full potential, particularly where smallholders dominate
production and lack institutional support [56]. This emphasizes
the need for strengthened governance and capacity-building
programs to maximize policy impacts.

Socio-economic considerations play a pivotal role in technology
adoption rates, as emphasized in the reviewed studies. The
tailoring of innovations to local contexts and participatory
approaches to technology implementation have been shown
to improve acceptance and effectiveness [57]. Moreover,
the social co-benefits of emissions reduction technologies,
such as increased energy access and income diversification,
contribute to broader sustainability objectives, reinforcing the
link between climate action and rural development [58]. This
holistic perspective suggests that integrating technological,
environmental, and social dimensions is essential for long-term
success.

Emerging digital technologies like blockchain and machine
learning offer promising tools to enhance supply chain
transparency and predictive emissions management, with early
data indicating potential reductions in supply chain emissions by
approximately 12% [59, 60]. Although these innovations are still
in early stages, they represent the future frontier of emissions
mitigation and accountability in the palm oil industry. Continued
research and pilot programs are necessary to validate and scale
these tools effectively.

The synthesis of current literature demonstrates that while
significant progress has been made through a variety of emissions
reduction technologies, systemic challenges related to financial
barriers, knowledge gaps, policy enforcement, and inclusive
access persist. These barriers particularly affect smallholders,
who contribute substantially to global palm oil output but remain
underserved by current technological advances. Addressing
these issues requires comprehensive strategies that combine
technology transfer, capacity building, policy strengthening, and
financing mechanisms tailored to diverse stakeholder needs.

The implications of this review suggest that future interventions
in the palm oil sector should prioritize equitable technology
dissemination and support mechanisms that enable smallholders
to participate in climate action meaningfully. Policymakers and
industry leaders must collaborate to design incentive structures
and training programs that lower adoption barriers and enhance
environmental compliance. Additionally, expanding research
to evaluate the socio-economic impacts of emissions reduction
technologies in smallholder contexts will fill critical knowledge

gaps.

For future research, it is recommended to conduct longitudinal
studies that assess the real-world effectiveness and scalability
of emerging technologies such as digital traceability tools and
hybrid renewable energy systems. Moreover, investigating
integrated models that combine environmental, economic, and
social outcomes will strengthen evidence-based policymaking
and practice. Finally, exploring multi-stakeholder participatory
frameworks could improve technology co-creation and adoption,
ensuring that innovations align with local realities and contribute
to sustainable, low-emission palm oil production globally.

Conclusion

This review highlights the significant role of technological
innovations in reducing greenhouse gas emissions within
the palm oil industry. Methane capture systems, particularly
biogas recovery from palm oil mill effluent, have demonstrated
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substantial emission reductions while simultaneously providing
renewable energy that lowers fossil fuel dependency. Remote
sensing and GIS technologies have enhanced the monitoring of
land use changes, enabled better enforcement of sustainability
commitments and prevented extensive deforestation-related
emissions. The adoption of renewable energy sources such as
biomass and solar photovoltaic systems further contributes to
energy diversification and emission mitigation.

Advancements in precision agriculture, including variable
fertilizer application and real-time soil and pest monitoring,
have improved resource use efficiency and minimized indirect
emissions. However, disparities in technology adoption between
large-scale plantations and smallholders remain a critical
challenge, largely due to financial, technical, and infrastructural
constraints. Policy instruments and certification schemes have
positively influenced emissions reduction efforts, yet inconsistent
enforcement limits their full effectiveness, especially among
smallholder producers.

The integration of socio-economic factors into technology
deployment enhances adoption rates and ensures that innovations
are more contextually relevant and socially beneficial. Emerging
digital tools show promising potential to improve supply chain
transparency and predictive emissions management but require
further development and scaling.

In conclusion, technological innovations offer a multifaceted
portfolio of solutions that have already yielded measurable
reductions in emissions across the palm oil sector. Overcoming
barriers related to access, capacity, and policy enforcement is
essential to maximize these benefits and achieve sustainable,
low-emission palm oil production. Collaborative efforts among
industry stakeholders, policymakers, and local communities
are crucial to fostering inclusive technology dissemination and
realizing long-term climate action objectives.
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