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ABSTRACT

The Indonesian palm oil industry is currently facing a technological divide between smart
farming practices and traditional old farming methods. While large plantation corporations have
adopted Artificial Intelligence (Al), Internet of Things (1oT), and drone-based precision agriculture
to improve productivity and sustainability, smallholder farmers remain constrained by limited
digital access, infrastructure, and financial capacity. This imbalance not only affects production
efficiency but also threatens the inclusivity of sustainable palm oil certification and global market
access. This study aims to analyze the impact of the digital divide on productivity and
sustainability in the palm oil sector and to identify innovative solutions that bridge technological
gaps between smallholders and large-scale plantations. Using a Systematic Literature Review
(SLR) approach, 25 relevant publications from 2015-2025 were reviewed and synthesized
thematically. The results reveal that while smart farming can reduce input costs by up to 20% and
improve yield prediction accuracy, adoption barriers such as low digital literacy, inadequate
infrastructure, and high initial investment persist. Innovative models such as Smart Cooperative
Systems, Al Advisory Platforms, and |oT Leasing Programs demonstrate potential to enhance
inclusivity and accelerate digital transformation in palm oil plantations. However, the success of
this transformation depends on multi-stakeholder collaboration involving government policy
support, academic innovation, and private sector partnerships. Therefore, the shift toward Smart
and Sustainable Palm Oil Plantation 4.0 must be accompanied by digital inclusion strategies to
ensure that smallholders are empowered as active agents in Indonesia’s sustainable palm oil
transformation.

Keywords: artificial intelligence, digital agriculture; oil palm sustainability; smart farming;
technology gap.

directly and indirectly (BPS 2023). With an
annual production exceeding 48 million tons
of Crude Palm Oil (CPO), Indonesia remains

INTRODUCTION

The palm oil industry has long stood as
a cornerstone of Indonesia’s economy,
functioning not merely as an agricultural
sector but as a strategic national asset that
drives exports, employment, and regional
development. As of 2023, the palm oll
industry contributes approximately 14.3% of
Indonesia’s total export value and provides
employment to over 17 million people, both
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the world’s leading producer and exporter,
surpassing Malaysia, which produces
around 18.5 million tons annually (USDA
2024). Palm oil's contribution extends
beyond trade: it supports the downstream
industries of biofuel, oleochemical, and food
processing, while simultaneously function-
ing as a vital element in Indonesia’s green
energy transition through the national B35
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biodiesel policy.
However, this industrial dominance
masks persistent structural disparities that

threaten long-term sustainability. While
large-scale corporations have rapidly
modernized operations using digital

precision technologies, smallholder farmers,
who collectively manage about 42% of the
total plantation area (GAPKI 2023) remain
reliant on conventional, labor-intensive
practices often described as old farming.
This uneven transformation has produced a
widening technological and productivity gap
that challenges Indonesia’s ambitions to
lead in sustainable palm oil production.

The international perception of palm oil
has become increasingly contentious over
the past decade. Indonesia’s palm oil is
frequently associated with environmental
degradation,  deforestation, loss  of
biodiversity, and human rights violations
(Van Duijn 2013). These narratives, often
amplified by non-governmental
organizations and protectionist trade
policies, have placed the industry under
strict international scrutiny. The introduction
of the European Union Deforestation
Regulation (EUDR) in 2023 marked a new
phase of global trade governance, requiring
commodities such as palm oil, cocoa, and
coffee to prove they are deforestation-free
and traceable throughout their supply chains
(Kementerian Perdagangan 2024).

This regulation carries profound
implications for Indonesia’s palm oil export
market, as the European Union absorbs
nearly 34% of Indonesia’s total CPO exports
(BPDP 2022). Without traceable and
verifiable sustainability documentation, palm
oil shipments face the risk of rejection or
higher compliance costs. Consequently, the
adoption of digital traceability systems
leveraging satellite monitoring, blockchain,
and Internet of Things (IoT) technology has
become indispensable. Yet, the capacity to
implement such technologies is
concentrated among large corporations,
while smallholders remain technologically
excluded. Emergence of Smart Farming and
Agriculture 4.0, In this context, Smart
Farming, a core component of the
Agriculture 4.0 paradigm, has emerged as a

2

Prasetya and Pratiwi

strategic solution to bridge the gap between
productivity, efficiency, and environmental
responsibility. Smart farming employs
Artificial Intelligence (Al), Internet of Things
(IoT), drones, sensors, cloud computing,
and data analytics to enhance decision-
making in agricultural operations (Purwanto
et al. 2022). Through predictive algorithms,
Al systems can forecast crop Vyields,
optimize fertilizer application, detect pest
infestations early, and even automate
harvesting processes.

Studies indicate that the
implementation of Al and IoT in palm oil
plantations can reduce fertilizer input by 18—
22%, lower pesticide usage by up to 15%,
and increase yield predictability and harvest
scheduling efficiency (Purwanto et al. 2022;
BPDP 2022). Similarly, precision irrigation
and soil monitoring technologies have been
proven to mitigate water waste and reduce
methane emissions from palm oil mill
effluent (POME), directly supporting
Indonesia’s commitment to the Net Zero
Emissions 2060 roadmap. Moreover, the
adoption of smart technologies has become
crucial for improving carbon footprint
tracking, traceability, and compliance with
sustainability certifications such as RSPO
(Roundtable on Sustainable Palm QOil) and
ISPO (Indonesian Sustainable Palm Oil).
Digital data enables transparent, verifiable
reporting to international buyers and
regulators an essential step in countering
the negative global campaigns that portray
palm oil as unsustainable.

Technological Divide: Smart Farming
vs Old Farming, despite these technological
advances, Indonesia’s palm oil sector
remains  highly  polarized between
modernized  corporate  estates and
smallholder-managed plantations.
According to the Indonesian Palm Oil
Association (GAPKI 2023), productivity on
corporate plantations can reach 6.8
tons/halyear, while independent
smallholders typically achieve only 3.5-4
tons/halyear. This productivity disparity
stems not from biological limitations but from
systemic inequalities in access to
technology, capital, information, and
training. Smallholders often lack access to
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stable electricity, internet connectivity, and
affordable digital tools necessary for
implementing smart farming. In addition, the
average cost of a single loT soil sensor
ranges from IDR 4—7 million, while drone
mapping services can exceed IDR 20 million
per 100 hectares, representing a prohibitive
investment for small-scale farmers (BPDP
2022). Compounded by limited financial
inclusion and weak institutional support,
these constraints perpetuate a cycle where
technological innovation is monopolized by
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large firms, leaving smallholders
technologically stagnant. This “digital divide”
not only restricts productivity gains but also
undermines inclusive sustainability. Without
digital  verification and  traceability,
smallholders risk exclusion from certified
supply chains, losing access to premium
international markets (Pahan et al. 2011).
This exclusion amplifies socio-economic
inequalities and threatens the government’s
vision of a people-centered, sustainable
palm oil industry.

Table 1 Comparison of Productivity and Technology Adoption in Indonesia’s Palm Oil

Sector (2023)

Indicator Smallholder Corporate Sources
Plantations Plantations

Average land ownership 2.1 ha 4,000-25,000 ha GAPKI (2023)

(ha/farmer)

Average productivity (tons 3.5-4.0 6.5-7.2 BPDP (2022)

CPO/halyear)

Use of digital monitoring <10% >75% Purwanto et al.

(IoT sensors, drones, Al) (2022)

Access to internet 41% of farmers  100% (corporate Kominfo (2023)

connectivity areas)

Certification (ISPO/RSPO) 28% 89% GAPKI (2023)

compliance

Training participation in 12% 74% BPDP (2022)

digital literacy

This table shows the structural gap
between smallholder farmers and large
companies, both in terms of productivity and
digital capacity. This disparity is the reason
why smart farming cannot be implemented
evenly without a technology inclusion
strategy.

Socioeconomic Implications and the
Concept of Digital Justice, beyond
productivity metrics, the digital divide in the
palm oil sector has  significant
socioeconomic and ethical implications. The
concentration of technological capacity in
corporate hands risks creating a new form of
digital colonialism, where data ownership
and decision-making are dominated by
technologically superior actors. The notion
of digital justice therefore becomes critical, it
emphasizes the equitable distribution of

technological benefits and the empower-
ment of smallholders as active participants
in digital transformation rather than passive
recipients (Srinivasan 2021).

The shift toward smart farming
necessitates inclusive digital policies,
targeted financial instruments, and capacity-
building programs that enable smallholders
to access, understand, and utilize digital
tools effectively. Programs such as Smart
Cooperative Systems and Digital Extension
Platforms, supported by the Badan
Pengelola Dana Perkebunan (BPDP), have
shown promising early results. Pilot projects
in Riau and Kalimantan have reported yield
increases of 15-20% after smallholders
received training and digital monitoring
tools, suggesting that inclusive innovation
can narrow the technological gap when
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adequately supported by institutional
frameworks (BPDP 2022). However, the
transition toward smart farming cannot rely
solely on technological provision. It requires
a holistic transformation encompassing
financial mechanisms, infrastructure
development, regulatory support, and
cultural adaptation. Without coordinated
efforts, digital tools risk reinforcing existing
inequalities rather than resolving them.

Table 2 Barriers to Smart Farming Adoption
among Smallholders (Survey Result

2022)

Barrier Type Percentage of
Respondents

High technology 34%

cost

Low digital literacy 28%

Lack of internet 21%

access

Absence of 11%

training/incentives

Others 6%

Cost and literacy factors are major
obstacles. This confirms that digital
transformation requires not only technology,
but also incentive policies and systemic
education. Institutional  and Policy
Challenges, from a policy perspective,
Indonesia’s digitalization in agriculture is
guided by the Making Indonesia 4.0
roadmap and the National Digital
Transformation Strategy 2021-2024. Yet,
these frameworks remain largely industry-
centered, with insufficient focus on
agricultural inclusion and digital literacy in
rural areas (Kementerian Kominfo 2023).
Current government initiatives such as
Petani Go Digital and Sistem Informasi
Perkebunan Kelapa Sawit Berkelanjutan
(SIPKS) are valuable, but  their
implementation remains fragmented and
underfunded. Furthermore, there is an
absence of a national regulatory framework
for digital agriculture that defines data
governance, privacy protection, and
interoperability standards among
stakeholders. This regulatory vacuum raises
concerns about the ownership of agricultural
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data, particularly when private technology
companies handle sensitive plantation
information. A multi-stakeholder governance
model is therefore essential. Collaboration
between government agencies, academic
institutions, industry players, and civil
society can facilitate equitable technology
dissemination, foster research and
innovation, and ensure that smart farming
evolves as a tool for empowerment rather
than exclusion.

Research Gaps and Problem
Formulation, despite numerous case studies
and policy initiatives, comprehensive
academic analyses on how digital
transformation can inclusively reshape
Indonesia’s palm oil sector remain limited.
Existing literature primarily focuses on
technological feasibility and environmental
outcomes, leaving social and governance
dimensions underexplored. The integration
of smart farming with digital justice and
inclusive sustainability frameworks is still in
its infancy.

Based on this background, the present

study formulates two central research
guestions:
1. How does the digital technology

adoption gap between smallholder
farmers and large corporations affect
productivity and sustainability in
Indonesia’s palm oil industry?

2. What innovative solutions can bridge
the technological divide and foster
inclusive, sustainable transformation in
the palm oil sector?

Objectives and Contribution

The objectives of this study are threefold:

(1) To analyze the nature and extent of the
technological divide in Indonesia’s palm
oil sector;

(2) To evaluate its impact on productivity,

economic inclusion, and environmental

sustainability; and

To propose innovative and policy-

relevant strategies that can enable

Smart and Sustainable Palm Oil

Plantation 4.0 through inclusive digital

transformation.

Methodologically, the study employs a

Systematic Literature Review (SLR) of 25
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scholarly and institutional publications
(2015-2025) that discuss smart farming, Al,
0T, and sustainability in the context of palm
oil. This approach allows for a
comprehensive synthesis of empirical
evidence and theoretical insights,
generating a conceptual framework that
links technological innovation, digital
inclusion, and sustainability outcomes.

The significance of this research lies in
its dual contribution. Academically, it
enriches the discourse on agricultural
digitalization by contextualizing smart
farming within Indonesia’s unique socio-
political economy. Practically, it provides an
evidence-based foundation for policy-
makers and industry leaders to design
inclusive innovation policies, ensuring that
smallholders are not left behind in the digital
revolution. Ultimately, Indonesia’s aspiration
to maintain global leadership in palm oil
production depends not only on productivity
gains but on equitable digital transformation.
Bridging the divide between smart and old
farming is not merely a technological
challenge but a moral and developmental
imperative an effort to ensure that
sustainability, in its truest sense, is shared
across all levels of society.

MATERIALS AND METHODS

This study applies a Systematic
Literature Review (SLR) method to
synthesize empirical evidence, theoretical
perspectives, and policy analyses related to
the application of digital technology in
Indonesia’s palm oil sector. The SLR
method was chosen to ensure analytical
depth and to integrate findings from multiple
disciplines, agriculture, economics, and
information technology providing a holistic
understanding of the digital transformation
process. This approach aligns with the
IJOP’s emphasis on scientific synthesis and
evidence-based policy contributions. The
SLR framework in this study follows the
Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA)
guidelines, consisting of four key stages: (1)
identification of relevant studies, (2)
screening and eligibility evaluation, (3) data
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extraction and synthesis, and (4) thematic
analysis. Data were collected from both

primary  and secondary  academic
databases, including Scopus,
ScienceDirect, Google Scholar, and
institutional  repositories  of  relevant

agencies such as BPDP (Badan Pengelola
Dana Perkebunan Kelapa Sawit), GAPKI
(Gabungan Pengusaha Kelapa Sawit
Indonesia), FAO (Food and Agriculture
Organization), and World Bank. A total of
112 publications were initially identified,
consisting of peer-reviewed journal articles,
conference papers, official reports, and
policy documents. After a series of
screening processes, 25 publications met
the inclusion criteria and were selected for
detailed analysis. The time frame of
literature coverage spans from 2015 to
2025, capturing the evolution of digital
transformation in palm oil particularly the
emergence of smart farming, Al-based
agricultural management, and sustainability
certification integration.

To analyze and synthesize the
selected literature, this study employed a
thematic coding and synthesis approach.
Following the guidelines of Braun and
Clarke (2021), each document was
systematically coded to identify recurring
themes, such as “technological inequality,”
“digital inclusion,” and “policy adaptation.”
The coding process was performed
manually and verified through NVivo-
assisted cross-checking to ensure reliability
and thematic coherence. Codes were then
clustered into higher-order categories that
represent  structural and institutional
dimensions of smart farming adoption.
Through iterative synthesis, patterns of
convergence and divergence across studies
were identified, enabling a conceptual
framework that links digital transformation
with social inclusion and sustainability
outcomes. Data analysis was conducted
using manual synthesis supported by
thematic coding through NVivo 14 software,
allowing the identification of dominant
patterns, co-occurring concepts, and
evidence gaps across the reviewed studies.
This method enhanced analytical
transparency and ensured replicability in
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identifying key determinants of digital
transformation in the palm oil industry.
The thematic coding process revealed five
dominant themes across the literature: (1)
digital infrastructure inequality, (2) cost
barriers and financial exclusion, (3)
governance fragmentation, (4) socio-
economic inequality in digital adoption, and
(5) policy innovation toward inclusion. These
themes form the analytical backbone of the
discussion, allowing the synthesis of
empirical findings  with theoretical
frameworks of digital justice and inclusive
innovation

RESULTS AND DISCUSSION

The Digital Divide in Smart Farming
Practices in the Palm QOil Sector

The empirical findings of this study
reveal a significant digital divide between
corporate palm oil estates and smallholder-
managed plantations in Indonesia. This gap
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manifests not only in the level of technologi-
cal adoption but also in infrastructure
access, financial capacity, digital literacy,
and institutional support. The divide
underscores the dual reality of Indonesia’s
palm oil industry: while major corporations
have rapidly advanced toward Smart
Plantation 4.0, smallholders remain largely
dependent on conventional, labor-intensive
methods often referred to as old farming.
Data synthesized from GAPKI (2023),
BPDP (2022), and several peer-reviewed
studies (Purwanto et al. 2022; Setiawan et
al. 2021) show that only 8-12% of
smallholder plantations in Indonesia have
adopted at least one form of smart farming
technology such as loT-based monitoring,
drone mapping, or Al-driven yield prediction
systems. In contrast, over 75% of corporate
plantations operate using integrated digital
systems that connect field sensors, satellite
imagery, and management software for
precision agriculture.

Table 3 Comparative Adoption of Smart Farming Technologies in Palm Oil Plantations

Corporate Smallholder
Technology Plantations (% Plantations (% Source
adoption) adoption)
0T soil & humidity o o Purwanto et al. (2022);
sensors 8% 9% GAPKI (2023)
Drone_ surveillance & 7904 6% BPDP (2022)
mapping
Al-based yield 61% <5% FAO (2023)
prediction
Digital traceability & 0 0 GAPKI (2023);
certification 89% 28% Kominfo (2023)
Data management
via cloud/ERP 75% 4% Setiawan et al. (2021)
systems

These data demonstrate that smart
technologies have been predominantly
concentrated in large-scale operations,
reflecting both capital intensity and
technological path dependence.
Corporations such as Astra Agro Lestari and
Sinar Mas have invested heavily in
Integrated Plantation Management Systems
(IPMS), combining remote sensing, IoT, and
Al for real-time decision-making (Astra Agro
Lestari  Sustainability = Report 2023).

Meanwhile, smallholders in provinces like
Riau, Jambi, and Central Kalimantan
operate  under limited access to
infrastructure and information networks.
This unequal technological landscape
represents not merely a difference in
production tools but a structural asymmetry
in innovation capacity. Smart farming in
Indonesia has thus evolved as a corporate-
driven phenomenon, raising concerns about
inclusivity and sustainability equity across
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the supply chain. Structural and Contextual
Causes of the Digital Divide, the persistence
of this technological gap can be attributed to
three interrelated factors: (1) digital
infrastructure inequality, (2) high capital and
operational costs, and (3) limited digital
literacy and institutional support.

a.

a. Digital Infrastructure Inequality

Rural digital infrastructure remains a
major constraint to smart farming adoption.
According to the Ministry of Communication
and Information (Kominfo 2023), only 61%
of rural plantation regions in Sumatra and
Kalimantan have stable 4G coverage. The
absence of reliable connectivity hinders the
installation and operation of loT devices,
real-time data transmission, and cloud-
based management systems. Furthermore,
electricity instability in remote areas restricts
the use of sensor-based monitoring tools
that require constant power supply.

In contrast, large corporate estates
often operate in industrial clusters equipped
with private communication networks and
centralized data servers, enabling seamless
automation. This infrastructural disparity
results in spatial inequality, where the same
technology vyields different levels of
effectiveness depending on geographic and
network accessibility.

b. High Investment Costs and Financial
Barriers

Smart farming technologies are
capital-intensive. A single 10T soil sensor
costs approximately IDR 4-7 million, while
drone-based aerial mapping services may
reach IDR 20-30 million per 100 hectares
(BPDP 2022). For smallholders with
average land ownership of only 2.1 hectares
(GAPKI 2023), such investments are
economically unfeasible without external
subsidies or cooperative models.

By contrast, large corporations benefit
from economies of scale, they can amortize
technological costs across thousands of
hectares, reducing per-unit cost by up to
60%. This financial asymmetry perpetuates
a situation in which technological innovation
becomes a privilege rather than a public
good. Although several government
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programs such as Peremajaan Sawit
Rakyat (PSR) and Smart Cooperative
Initiative aim to bridge this gap, their scope
remains limited, covering less than 10% of
total smallholder areas nationwide (BPDP
2022).

c. Low Digital Literacy and Limited
Institutional Support

Even when digital tools are available,
the level of digital literacy among
smallholders is often inadequate for
effective utilization. Studies by Wulandari et
al. (2022) and Syahputra et al. (2023) reveal
that only 27% of smallholder farmers can
operate mobile-based monitoring
applications, and less than 15% fully
understand the data generated by sensors.
The lack of consistent extension services
and training exacerbates this gap.
Moreover, institutional arrangements such
as cooperatives, farmers’ unions, and local
governments often lack the capacity to
facilitate digital integration. The absence of
standardized digital governance, combined
with  fragmented policy frameworks,
prevents systemic scaling of smart farming
solutions.

Implications on Productivity and
Efficiency, the consequences of this digital
divide are evident in  productivity
performance and resource efficiency. On
average, smallholder plantations yield 3.5—
4.0 tons of CPO per hectare per year, while
corporate  plantations reach 6.5-7.2
tons/halyear (BPDP 2022). This nearly
twofold productivity difference cannot be
fully explained by soil quality or plantation
age alone but correlates strongly with
technological intensity. Smart farming
technologies enable precision agriculture,
optimizing fertilizer and pesticide use based
on real-time soil and weather data.
Purwanto et al. (2022) demonstrated that
loT-based monitoring reduced fertilizer
wastage by 22%, pesticide usage by 15%,
and water consumption by 18% in
corporate-managed test plots. The
cumulative effect of these efficiencies
translates into significant economic gains
and reduced environmental impact.
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Smallholders, in contrast, rely on visual
observation and traditional knowledge to
make cultivation decisions. Such methods,
though culturally ingrained, are vulnerable to
human error, leading to over-fertilization,
pest outbreaks, and vyield fluctuations.
Without digital support systems, they cannot
access predictive analytics or early warning
systems that inform adaptive management
strategies. This disparity reflects a dual-
speed agricultural transformation, where
corporate efficiency advances under digital
capitalism while smallholders stagnate
under analog constraints. The productivity
gap not only affects individual livelihoods but
also undermines Indonesia’s national
efficiency in global markets, as aggregate
yield and sustainability performance remain
below potential.

Broader Economic and Environmental
Consequences, the digital divide extends
beyond productivity metrics, influencing
economic inclusion, environmental
governance, and supply chain integrity.
Economically, the exclusion of smallholders
from digital systems risks marginalizing
them in value chains that increasingly
demand traceable, sustainable, and certified
production. Under the European Union
Deforestation Regulation (EUDR), exporters
must provide geolocation-based traceability
for all palm oil sources. Smallholders without
digital traceability tools face the risk of being
excluded from export markets, as their
produce cannot be verified through satellite-
linked systems (Kementerian Perdagangan
2024).

Environmentally, the absence of
precision monitoring among smallholders
contributes to inefficiencies in land and
resource use. Satellite analyses show that
smallholder areas are associated with
higher deforestation rates per hectare,
largely due to unoptimized replanting
practices and limited access to sustainability
training (FAO 2023). Conversely, smart

farming systems using Al and remote
sensing allow corporations to monitor
deforestation boundaries, carbon

emissions, and biodiversity indicators in real
time, aligning with global sustainability
standards such as RSPO and ISPO. These
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dynamics reinforce a technological paradox:
while smart farming enhances sustainability
for corporations, its inaccessibility to
smallholders exacerbates inequality and
environmental vulnerability. In this sense,
digitalization in palm oil production risks
becoming a double-edged sword a tool for
innovation and compliance on one hand,
and a mechanism for exclusion on the other.

Toward Digital Inclusion: Emerging
Policy and Institutional Responses, Recent
policy initiatives have begun to recognize
the urgency of addressing this divide. The
National Digital Transformation Roadmap
2021-2024 emphasizes rural connectivity
and agricultural digitalization as national
priorities (Kominfo 2023).

Furthermore, BPDP has launched pilot
programs integrating smallholders with Al-
assisted mobile applications (e-Tani Sawit)
for monitoring fertilizer usage and pest
detection. Early evaluations in Riau and
West Kalimantan indicate a 15-20% yield
increase among patrticipating farmers within
the first two years of implementation (BPDP
2022). Nevertheless, these initiatives
remain fragmented and insufficiently scaled.
To transform digitalization into an inclusive
movement, policy interventions must extend
beyond technological provision. They must
establish financial incentives, cooperative
data platforms, and capacity-building
mechanisms that empower smallholders as
active participants in digital transformation.

Summary of Findings, the findings
from this subchapter affirm that the digital
divide in Indonesia’s palm oil industry is

multidimensional rooted in infrastructure
disparities, economic inequities, and
institutional fragmentation. While smart

farming technologies have demonstrated
measurable improvements in productivity
and sustainability, their benefits remain
unevenly distributed. Addressing this divide
requires a paradigm shift: from technology-
centric innovation toward human-centered
digital inclusion. The future of sustainable
palm oil depends not merely on advanced
algorithms or Al systems but on the
equitable access of farmers to those
technologies. Bridging this gap is not only an
economic necessity but also a moral and
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developmental imperative aligned with
Indonesia’s vision of sustainable palm oil
plantation 4.0 and the UN Sustainable

Development Goals (SDG8, SDG9,
SDG12).
Socio-Economic Implications of the

Smart Farming Transition

The transition toward Smart and
Sustainable Palm Oil Plantation 4.0 has far-
reaching socio-economic implications for
Indonesia’s  rural landscape.  While
technological innovation promises
efficiency, productivity, and sustainability, it
simultaneously raises critical questions
regarding equity, inclusion, and social
justice. The empirical literature suggests
that the digital transformation of the palm oil
sector is not a neutral process it redistributes
economic power, alters labor dynamics, and
reshapes rural livelihoods.

Economic Polarization and Inequality
in the Value Chain, smart farming has
introduced a new economic stratification in
Indonesia’s palm oil industry. Large
corporations equipped with advanced digital
infrastructure,  Al-based  management
systems, and data analytics have achieved
significant productivity gains and cost
efficiencies. BPDP (2022) estimates that
digitalized plantations experience
operational cost reductions of 18-25% due
to optimized input management and
predictive maintenance. In contrast,
smallholder-managed plantations continue
to operate with low economies of scale and
high production volatility, leading to unstable
income patterns.

A comparative financial model from
GAPKI (2023) indicates that corporate
plantations, after adopting Al and loT
systems, achieved a net profit margin of
28%, while smallholders remained at 8-
10%. This disparity is not only a reflection of
differing production efficiency but also of
unequal access to market intelligence,
digital finance, and certification systems.
Smart farming has also facilitated vertical
integration within corporate supply chains,
allowing companies to manage production,
logistics, and export operations through
centralized digital platforms. While this
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enhances competitiveness in  global
markets, it marginalizes smallholders who
cannot afford or access such platforms. In
effect, technological progress consolidates
market power among  corporations,
potentially reducing the bargaining position
of smallholders in contract farming or
nucleus-plasma arrangements.

Impacts on Employment and Labor
Structure, the introduction of automation,
sensors, and Al-driven analytics is
reshaping the labor market in palm oil
plantations. While smart technologies
reduce the need for manual observation and
repetitive tasks, they also generate demand
for digitally skilled workers such as data
analysts, drone operators, and IloT
technicians. According to a study by the
Ministry of Manpower (Kemnaker 2023),
approximately 18% of traditional plantation
jobs such as manual monitoring, fertilization,
and record-keeping are projected to be
replaced by automation by 2030. However,
at the same time, new employment
categories are emerging in the field of digital
agricultural management.

Yet, this labor transformation is
asymmetric. Corporate plantations benefit
from access to formal training and internal
upskilling programs, whereas smallholders
and local workers often lack the technical
competencies required to transition into
digital roles. This leads to a skill gap and
potential social displacement within rural
communities. Without inclusive training
mechanisms, automation could
inadvertently exacerbate rural unemploy-
ment and poverty contradicting the
developmental goals of inclusive growth and
social sustainability. Wulandari et al. (2022)
found that 73% of smallholder farmers
expressed concern about the potential
“replacement effect” of drones and sensors
on manual labor, fearing reduced work
opportunities for local workers. However,
these fears can be mitigated if smart farming
Is introduced through community-based
cooperative models, where technology
complements rather than replaces human
labor.

Income Stability, Productivity, and
Welfare Effects, despite the risks, several
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pilot programs show that inclusive smart
farming initiatives can enhance income
stability and welfare among smallholders
when designed equitably. In the BPDP
Smart Cooperative Pilot Project (2022—
2023) in Riau and West Kalimantan,
smallholders equipped with mobile-based
data systems and drone monitoring
achieved a 15-20% increase in yield and a
12% reduction in input costs within two
growing seasons. Moreover, income
volatility decreased due to improved harvest
predictability and pest management. These
results affirm the positive welfare potential of
digital inclusion when accompanied by
appropriate institutional support.

However, a broader nationwide
evaluation by FAO (2023) emphasizes that
such gains remain geographically limited.
The majority of rural farmers especially
those in Papua, Maluku, and remote
Kalimantan still lack access to both
hardware and software components of
digital agriculture. Consequently, the digital
economy within the palm oil sector risks
reproducing the same spatial inequalities
that characterize Indonesia’s general
economic development: coastal versus
inland, western versus eastern regions. In
this context, digitalization should be seen
not only as a technical transformation but as
an opportunity to restructure socio-
economic relationships ensuring that
technology serves as a bridge rather than a
barrier between corporate and smallholder
economies.

The Question of Digital Justice and
Empowerment, from a governance and
ethical perspective, the concept of digital
justice becomes central to evaluating the
socio-economic impacts of smart farming.
As Srinivasan (2021) argues, digital
transformation can reinforce inequality if
data ownership, access, and benefits are
monopolized by a limited group of actors.
This phenomenon is increasingly visible in
Indonesia’s palm oil industry, where
corporations control the majority of data
infrastructure, traceability platforms, and
cloud-based management systems.
Smallholders, by contrast, often become
data providers without ownership rights, as
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their plantation data are uploaded into
corporate or government systems without
clear benefit-sharing mechanisms. This
asymmetry raises fundamental questions
about data sovereignty who owns, controls,
and profits from agricultural data generated
through digital technologies.

To ensure digital justice, smallholders
must be integrated as co-owners and co-
users of technological systems, not passive
beneficiaries. Cooperative data governance
models, supported by the state and local
institutions, could help redistribute digital
value more equitably. This approach aligns
with  the principles of Sustainable
Development Goal 10 (Reduced Inequality)
and the Indonesian government’s One Data
Policy (Satu Data Indonesia), which seeks
to democratize access to digital information
across sectors.

Community Empowerment and Local
Innovation, an often-overlooked dimension
of the smart farming transition is its potential
to empower local innovation ecosystems.
When smallholders and communities are
actively involved in technology design and
adaptation, smart farming can strengthen
local resilience and autonomy. For example,
in North Sumatra, the Petani Go Digital
initiative  launched by Kominfo (2023)
enabled farmer groups to develop open-
source monitoring applications using locally
available data. Within two years,
participating cooperatives reduced fertilizer
costs by 19% and increased collective
bargaining power by selling directly through
e-commerce platforms connected to mill
operators. Such cases demonstrate that the
success of digital transformation is not
solely dependent on high-end technology,
but on institutional flexibility, social
participation, and adaptive learning.
Empowerment occurs when farmers shift
from being technology users to becoming
technology co-creators. This participatory
approach builds social capital and enhances
the sustainability of innovation.

Policy Implications, the socio-
economic implications discussed above
highlight the need for a comprehensive
policy framework that integrates digital
transformation ~ with  social inclusion
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objectives. Key policy priorities should
include; Digital financial inclusion, providing
subsidized credit and fintech access for
smallholders to invest in technology;
Capacity-building programs, developing
community-based digital literacy and data
governance training; Public—private
partnerships (PPP), fostering collaboration
between corporations, government
agencies, and cooperatives to share data,
infrastructure, and innovation benefits;
Incentive mechanisms, offering fiscal or
certification rewards for companies that
integrate smallholders into digital supply
chains; Gender and youth mainstreaming,
ensuring targeted digital inclusion for
women and young rural workers.

These measures align with Indonesia’s
Digital Economy Framework Agreement
(DEFA) under ASEAN cooperation and
reinforce the country’s commitment to an

inclusive, data-driven agricultural
transformation.
Strategic Innovation in Bridging the

Technology Gap and Driving Sustainable
Palm Oil Transformation

Strategic Innovation in Bridging the
Technology Gap and Driving Sustainable
Palm Qil Transformation. The
transformation towards smart farming
systems in the palm oil sector requires not
only the adoption of advanced technology,
but also strategic innovation that
comprehensively integrates social,
economic and environmental dimensions. In
Indonesia, the technological gap between
old farming, which still relies on manual
methods based on experience, and smart
farming based on data and automation, has
widened the productivity gap. According to a
report by the Palm Oil Plantation Fund
Management Agency (BPDP 2023), land
efficiency in plantations with digital systems
reaches 26.7 tonnes of fresh fruit bunches
(FFB) per hectare per year, while in
conventional systems it is only around 18.9
tonnes. This gap not only illustrates the
difference in crop yields, but also reflects the
gap in access to information resources,
infrastructure, and technological capital
among smallholders. Therefore, strategic
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innovation must be directed not only at the
application of technology, but also at the
creation of a digital ecosystem that is
inclusive and adaptive to the social realities
of Indonesian palm oil farmers. The
transformation of the palm oil sector in
Indonesia requires an approach that not
only adopts the latest technology but also
adapts it to the local capacity of farmers.
One key strategy is the application of
appropriate technology that serves as a
bridge between old farming and smart
farming systems. The application of this
technology enables increased productivity
without sacrificing the accessibility and
operational capabilities of smallholders.
Simple sensor-based technologies, such as
Wireless Sensor Network (WSN) systems to
monitor  soil  moisture,  microclimate
conditions, and soil nutrients, have been
proven to improve water and fertiliser use
efficiency in palm oil plantations. This model
can be operated at low cost using
microcontrollers such as Arduino or ESP32
connected to Android devices via cellular
networks. This integration minimises the
need for expensive I0T infrastructure, while
maintaining the effectiveness of farmers'
real-time data-based decision-making.

The results of Demirel and Gurkan's
research show that the implementation of
smart agriculture solutions in the palm oil
sector increases productivity by up to 18%
with a 12% reduction in production waste.
This proves that innovation does not have to
be high technology, but rather the
optimisation of technology that is targeted
and appropriate to the socio-economic
context. The application of the precision
agriculture concept, adapted to local
capacities, also enables supply chain
efficiency. Through the integration of simple
data systems, farmers can monitor land
conditions, estimate crop yields, and adjust
fertilisation strategies according to actual
needs. Thus, the digital divide can be
bridged without creating new inequalities
between small farmers and large
corporations. Institutionally, the technology
bridging approach also requires the active
role of local governments, research
institutions, and universities. Collaboration
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in applied research and technology transfer
is fundamental. Research from the Food
and Fertilizer Technology Centre for the
Asian and Pacific Region (FFTC)
emphasises the importance of developing
community-based digital business
technology to accelerate the transformation
of Indonesian agriculture, including the palm
oil sector. This approach positions farmers
not only as users of technology, but also as
key actors in the innovation ecosystem. The
successful  adoption of  appropriate
technology depends on the ability to
integrate technical and social aspects.
Technology designed in a participatory
manner, involving farmers from the design

stage, will have a higher level of
sustainability than top-down adoption
models. Thus, appropriate innovation

serves not only as a bridge to digitalisation,
but also as a means of economic and social
empowerment for palm oil farmers in
Indonesia.

Social Empowerment and Digital
Institutions as the Foundation for
Sustainable Palm Oil Transformation
The success of digital transformation in
the palm oil sector does not solely depend
on technological capabilities, but also on the

social and institutional strength that
supports its adoption. Digital literacy,
collective participation, and data

governance are the main pillars in building a
sustainable smart farming ecosystem. In
this case, the establishment of farmer
institutions based on digital platforms, such
as digital smart cooperatives, is a strategic
step to strengthen the bargaining position of

farmers in the supply chain. Digital
institutions enable decentralised
management of harvest data, market

information, and access to green financing.

Through the blockchain ledger system,
palm oil transactions can be recorded
transparently and securely, thereby
supporting sustainable palm oil certification
and open data-based carbon trading. This
approach is in line with the digital agriculture
model implemented in Southeast Asia,
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which emphasises farmer involvement in the
entire value chain process. In addition to
institutionalisation, social empowerment
through community-based training and
technical assistance is key to increasing
farmers' trust and readiness to adopt
technology. Research on Wireless Sensor
Network Servers for Smart Agriculture
Optimisation emphasises the importance of
farmers' basic digital literacy so that WSN
systems can be optimally utilised without
complete  dependence on  external
technicians. Thus, technological literacy is
not merely the ability to use tools, but also to
understand the underlying data logic. The
government and universities play a role as
facilitators in expanding the reach of this
digital transformation.

Programmes such as Smart Village for
Palm Oil, which integrates rural internet

infrastructure  development, geospatial
information  systems, and agricultural
technology  education, are concrete

examples of sustainability-based policies.
Synergy between the government, the
private sector, and academic institutions in
a  public-private-academic  partnership
model can create social innovation while
strengthening rural economic resilience.
Digital transformation in palm oil agriculture
must always be oriented towards
environmental sustainability. The
implementation of air sensor-based
monitoring systems and satellite data can
help minimise land expansion that damages
ecosystems.

The study Smart Sensors and Smart
Data for Precision Agriculture emphasises
the importance of integrating environmental
big data with local farmers'’ wisdom to
maintain the ecological balance of modern
agriculture. Thus, social empowerment and
digital institutions serve as the main
foundation for sustainable palm oil
transformation. When the technological,
social and environmental dimensions are
connected in an adaptive system, Indonesia
has a great opportunity to become a pioneer
of equitable and environmentally friendly
digital  agriculture in  the  tropics.
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Table 4 Model of Strategic Innovation for Sustainable Palm Oil Transformation Source:
Processed from FFTC-ASPAC (2022), Demirel & Gurdil (2025)

Innovation Old Farming Smart Bridge Innovation Impact on
Aspects Farming Sustainability
Production Manual and loT, Al, and Simple sensors, Production
Technology conventional automatic local applications efficiency
sensors increased by 25—
40%
Information Limited to Real-time Community-based Increased price
Access middlemen data platform  Android application and market
transparency
Institutional Individual and Data-based  Digital partnerships Improving farmers'
informal digital between farmers bargaining
cooperatives and companies position
Economy Low and Stable and Micro green Significant
volatile margins  data-driven financing schemes improvement in

Environment Intensive land

Environment-

farmers' welfare

Local ecosystem- Emissions

exploitation based data based adaptive reduction and land
monitoring systems conservation
CONCLUSION include integrating BPDP digital inclusion

The findings of this study underscore
that Indonesia’s transition toward Smart and
Sustainable Palm Oil Plantation 4.0
presents both opportunities and challenges.
Digital technologies such as artificial
intelligence (Al), the Internet of Things (loT),
and blockchain have demonstrated their
potential to enhance productivity, efficiency,
and sustainability in palm oil management.
However, the benefits of these innovations
remain unevenly distributed along the value
chain, with smallholders often excluded due
to digital infrastructure gaps, cost barriers,
and limited literacy. This digital divide risks
reinforcing socio-economic disparities if left
unaddressed.

Bridging these gaps requires more
than mere technological investment; it calls
for systemic inclusion policies, cooperative
data governance, and targeted capacity-
building measures. The integration of
smallholders into digital ecosystems must
be treated as a national priority rather than
a peripheral component of corporate
modernization. To operationalize inclusive
digital transformation, Indonesia needs clear
and actionable policy commitments. These

programs into the 2025-2030 Palm Oil
Roadmap to ensure equitable access to 10T
tools, literacy training, and traceability
systems; establishing a National Digital
Agriculture Inclusion Fund (NDAIF) to
subsidize digital devices and data systems
for smallholders through public private
partnerships and carbon credit revenues;
enforcing interoperability standards and
data sovereignty protections in the
forthcoming Peraturan Pemerintah on Smart
Agriculture Governance to prevent data
monopolization; expanding rural digital
infrastructure under the Kominfo BPDP
collaboration to achieve full 4G/5G coverage
in plantation regions by 2030; and
institutionalizing digital cooperatives as
intermediaries that enable shared access to
technology, financing, and market
inteligence for farmer groups. To
operationalize inclusive transformation, this
paper proposes a three-tier implementation
strategy:

1. Technology Accessibility Program:
Introduce IoT Leasing Schemes and
Smart Cooperative Platforms funded by
BPDP and regional governments. These
initiatives can lower the entry barrier for
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smallholders and create shared data
systems at the cooperative level.

2. Capacity-Building and Digital Literacy:
Establish regional Digital Agriculture
Training Centers in collaboration with
universities and local governments,
focusing on basic data interpretation,
mobile application usage, and
maintenance of low-cost sensors.

3. Policy and Governance Framework:
Develop an integrated Digital Agriculture
Regulation under the Ministry of
Agriculture, addressing data governance,
financing incentives, and interoperability
standards among public and private
platforms. This aligns with the National
Digital Transformation Roadmap (2021-
2024) and supports the Net Zero
Emissions 2060 target.

By embedding these policy directions into
Indonesia’s agricultural digitalization
agenda, the nation can transform Smart
Farming into a platform for shared prosperity
and sustainability rather than a new form of
exclusion. Ultimately, digital transformation
in the palm oil sector must not only aim to
increase productivity but also advance
digital justice, ensuring that smallholders
become equal beneficiaries and co-creators
of innovation within Indonesia’s green and
inclusive economic future.
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