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ABSTRACT

The global palm oil industry faces mounting pressure to
balance economic growth with environmental protection
and social equity. This study addresses the critical need
for sustainable and resilient supply chain management
(SCM) strategies in response to deforestation concerns,
regulatory pressures, and stakeholder demands. The
purpose is to develop an integrative conceptual
framework that unites sustainability imperatives, digital
transformations, and multi-stakeholder engagement in
palm oil SCM. Through a systematic literature review of
46 peer-reviewed articles from Scopus and Web of
Science, complemented by bibliometric analysis, this
research consolidates existing knowledge on SCM
practices, emergent technologies, and policy instruments.
Findings indicate that integrating blockchain, machine
learning, and circular economy principles significantly
enhances traceability, resource efficiency, and
compliance with sustainability certifications such as
RSPO and NDPE. However, persistent barriers
including high implementation costs, limited
infrastructure, and smallholder exclusion hinder large-
scale adoption. The proposed framework emphasizes the
interdependence of regulatory frameworks,
technological enablers, circular economy strategies, and
policy alignment. Critical research gaps identified
include the need for longitudinal analyses of certification
impacts, comparative studies beyond Southeast Asia, and
deeper investigations into social sustainability. This
study provides actionable guidelines for industry
practitioners and policymakers to foster a more
sustainable, transparent, and resilient palm oil industry

Keywords: sustainable supply chain, resilient supply chain, palm
oil, circular economy, digital integration.

1. INTRODUCTION

Palm oil is a cornerstone of global agribusiness,
underpinning industries from food and cosmetics to biofuels
(FAO, 2023; Lakshmanan & Yung, 2024). Driven by rising
demand and economic incentives (Alhaji et al., 2024),
production has expanded across Southeast Asia, Latin
America, and Africa (Abideen et al., 2023). While this
growth generates jobs and development, it also intensifies
environmental and social issues such as deforestation,
biodiversity loss, land disputes, and labour inequities
(Murphy et al., 2021; Chiriaco et al., 2024). In response,
stakeholders are calling for solutions that balance economic
and sustainability goals (Meijaard & Sheil, 2019; Purnomo
et al, 2020; Wang et al., 2022).

Supply chain management (SCM) is central to these
efforts. Conventional SCM often neglects ecological and
social consequences, exacerbating degradation and
displacement (Haryati et al., 2022; Karmakar et al., 2023).
Sustainable SCM, by contrast, emphasizes traceability, fair
labour, and resource conservation, offering tools to reduce
deforestation and improve livelihoods (Cammelli et al.,
2022; Lestari et al., 2014a). However, its implementation
across multi-tiered and fragmented palm oil networks,
spanning smallholders to exporters, remains challenging
(Degli Innocenti & Oosterveer, 2020).

Recent research has examined how sustainability
principles, technological innovation, and stakeholder
collaboration can reshape SCM (Dutta ef al., 2020; Shoomal
etal., 2024). Tools like blockchain and IoT improve sourcing
transparency (Kasim ef al., 2021; Wang et al., 2020), while
circular economy practices promote resource reuse and
waste reduction (Abdul-Hamid et al., 2021; Garcia-Orozco
et al., 2023). Yet these efforts remain partial, limited by
costs, regulations, and uneven capacities (Abideen et al.,
2023; Hidayat et al., 2018). Smallholders, in particular, face
exclusion due to financial and infrastructural constraints
(Cafer & Rikoon, 2018).

Prior reviews have provided thematic insights; for
example, on certification barriers (Abideen ef al., 2023),
quality management (Ghani er al., 2019), and resilience
during COVID-19 (Hafiz et al., 2021). Other studies
explored frameworks like SCOR and IoT (Kurniawan, 2022;
Lestari et al., 2014a). However, research remains fragmented
across traceability, economic viability, and risk management
(El Hathat et al., 2023; Piya, 2024), lacking a unified model
that integrates sustainability, technology, and collaboration.
This paper addresses that gap.

We propose an integrative framework grounded in
stakeholder theory and circular economy principles, aimed at
balancing efficiency, resilience, and equity (Chen & Yang,
2024). Focusing on upstream and midstream segments, the
study addresses three questions: How can SCM align with
sustainability? What barriers hinder technology adoption?
How can stakeholders drive systemic change? By linking
policy, technology, and collaboration, this research informs
efforts toward achieving the UN Sustainable Development
Goals in agribusiness.

We propose an integrative framework grounded in
stakeholder theory and circular economy principles, aimed at
balancing efficiency, resilience, and equity (Chen & Yang,
2024; El Hathat e al., 2023). Focusing on upstream and
midstream segments, the study addresses three questions:
How can SCM align with sustainability? What barriers
hinder technology adoption? How can stakeholders drive
systemic change? By linking policy, technology, and
collaboration, this research informs efforts toward achieving
the UN Sustainable Development Goals in agribusiness.

The paper proceeds as follows: Section 2 introduces the
theoretical basis of sustainable SCM. Section 3 details the

research design. Section 4 synthesizes findings on
sustainability initiatives, technology, and stakeholder
engagement. Section 5 discusses challenges and

opportunities. Section 6 presents a conceptual framework,
followed by conclusions and policy implications.

2. THEORETICAL APPROACH

SCM is a strategic framework for coordinating and
optimizing the flow of goods, information, and resources
across production and distribution networks (Islam et al.,
2024). Within the agri-food sector, SCM is instrumental in
tackling  efficiency,  sustainability, = and  market
responsiveness, challenges that are especially pronounced in
the palm oil industry (Yadav et al., 2022; Bhat & Joudu,
2019). By integrating procurement, production, logistics,
and customer delivery, SCM seeks to enhance operational
performance while simultaneously addressing economic,
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Table 1. Search protocol

Protocol

Description

Database
Search field
Search string

Inclusion criteria

Exclusion criteria

Data analysis
Tools used

Scopus and WoS

Title, keywords and abstract

(TITLE-ABS-KEY ("supply chain" OR "logistics

management") AND TITLE-ABS-KEY ("oil industry" OR "oll

production" OR "oil supply chain") AND TITLE-ABS-KEY

("improvement" OR "profitability" OR "performance" OR

"sustainab™" OR "efficiency" OR "strategic planning") AND

TITLE-ABS-KEY ("model*™ OR "strateg™ OR "optimization")

AND NOT TITLE-ABS-KEY ("petroleum" OR "crude oil"))

e Type of document: article and review

e Language: English

e Scopus research areas: Engineering, Management and
Decision Sciences

e \WoS research areas: Engineering, operations research
management science, business economics

e Not aligned with SCM in oil palm industry

e \Written in a language other than English

e Duplicates (same articles found in different databases)

Bibliometric and content analysis

VOSviewer®© for bibliometric analysis

environmental, and social objectives (Ayyildiz, 2023;
Kazancoglu et al., 2018).

Over the past decades, SCM theories and models have
evolved to capture growing complexity and
interconnectedness in global supply chains. Foundational
frameworks, such as the Supply Chain Operations Reference
(SCOR) model, emphasize performance metrics like
reliability, responsiveness, and agility (Kusrini et al., 2019;
Rezaei et al., 2023). Governance-oriented approaches
highlight compliance with regulatory standards and the
importance of transparency and traceability (Cemberci ef al.,
2024; Pacheco et al., 2020). Meanwhile, resilience-based
models underscore adaptability and robustness in the face of
environmental and social uncertainties, factors particularly
relevant in palm oil production, where extreme weather
events and socio-political pressures can significantly disrupt
supply flows (Ben Abdallah er al., 2024; Afrasiabi et
al.,2022).

Sustainability has emerged as a central pillar in modern
SCM, driven by the imperative to balance profitability with
environmental stewardship and social responsibility
(Ciccullo et al., 2018). Green supply chain management
(GSCM) frameworks promote eco-friendly practices
throughout the supply chain (Singh & Trived, 2016; Gawusu
et al., 2022). Extending this focus, the triple bottom line
evaluates economic, social, and environmental impacts
collectively, thus offering a more holistic yardstick of
performance (Gimenez et al., 2019; Rashidi et al., 2020;
Svensson et al., 2018). While these sustainability-driven
paradigms provide a robust conceptual foundation, their
scalability and real-world impact in industries like palm oil
warrant further investigation (Hadiguna & Tjahjono, 2017;
Macdonald et al., 2024).

Simultaneously, technological innovation is reshaping
SCM practices. Breakthroughs in blockchain, artificial
intelligence, and big data analytics have substantially
improved traceability, decision-making, and resource
allocation (Darbanian et al., 2024; Tsolakis et al., 2023;
Epiphaniou ef al., 2020). These advancements hold promise

for overcoming persistent inefficiencies in complex sectors
such as palm oil, where transparency and accountability are
increasingly demanded by consumers, regulators, and civil
society (Zamri et al., 2022; Rashid et al., 2021). Nonetheless,
questions remain regarding the level of adoption, cost-
effectiveness, and long-term sustainability of these
technologies, particularly among smallholder farmers with
limited capital and infrastructure (Liu & Panagiotakos, 2022;
Dehghani et al., 2022).

In this context, the palm oil industry represents both a
critical economic driver and a case study in managing
extensive global supply chains marked by environmental and
socioeconomic trade-offs (Teng et al., 2020; Sarpong et al.,
2022). Although existing SCM models provide valuable
insights into governance, risk mitigation, and operational
efficiencies, the implementation of sustainability principles
and emerging technologies in palm oil supply chains remains
underexplored (de Oliveira et al., 2023; Matarneh et al.,
2024). By grounding our analysis in these theoretical
constructs, this review seeks to identify key gaps and
opportunities for innovation. Through this lens, we aim to
contextualize how various SCM frameworks, sustainability
strategies, and digital tools could converge to foster a more
responsible and robust palm oil supply chain (Jackson et al.,
2024).

3. METHODOLOGY

This study employs a systematic literature review (SLR)
to consolidate and evaluate research on SCM in the palm oil
industry. A bibliometric review complements the SLR,
offering a quantitative lens on emerging trajectories
(Linnenluecke et al., 2019; Kraus et al., 2022). This
combined approach ensures a comprehensive understanding
of the knowledge base while identifying gaps and
opportunities for future work (Snyder, 2024). Table 1
presents the structured review protocol, and Figure 1
illustrates the sequential phases of the SLR, detailed in the
following subsections.
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Search protocol (Table 1) |
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Stage 2: Search and ¢
Identification of — Database
Documents Scopus Wos
258 237
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(Table 1)

Exclusion of Documents | —

l 121 documents
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l 46 documents

Stage 4: Literature |
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!
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!
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Identification of gaps in the literature |

Opportunities

!

Future research opportunities |

Figure 1. SLR Search Methodology

3.1 Database Selection and Search Strategy

To ensure quality and scope, Scopus and WoS
databases were selected for their extensive coverage in
engineering, business, and decision sciences. In January
2025, a refined query was applied to titles, abstracts, and
keywords to ensure relevance to both palm oil and SCM
(Table 1).
3.2 Inclusion and Exclusion Criteria

Following SLR protocols, eligible studies were peer-
reviewed, written in English, and focused on SCM in
agricultural or oil production contexts. Priority was given to
work addressing sustainability, efficiency, or technological
innovations. Studies unrelated to palm oil SCM, particularly
those on petroleum or crude oil, were excluded. Duplicates
and articles lacking methodological clarity were also
removed.

3.3 Study Selection Process

Selection followed three phases. 1) Initial Screening:
The search returned 495 articles. Titles and abstracts were
reviewed to exclude irrelevant and duplicate records,
yielding 169 candidates. 2) Full-Text Review: Articles were
assessed for relevance and methodological rigour, resulting
in 46 eligible studies. 3) Final Inclusion: 35 articles from
Scopus and 11 from WoS comprised the final dataset,
reflecting a robust multi-database approach.
3.4 Data Analysis

Bibliometric analysis using VOSviewer© identified co-
authorship patterns, keyword co-occurrence, and citation
networks to uncover influential topics and contributors
(Linnenluecke et al., 2019). Each article was coded via a

standardized protocol, capturing bibliographic data, research
objectives,  methodology,  theoretical  frameworks,
geographic scope, sustainability focus, and digital tools.
Multiple researchers conducted cross-checks to ensure
coding consistency and reliability. This was complemented
by qualitative synthesis.

4. RESULT

4.1 Bibliometric Analysis

Academic publications on SCM in the palm oil industry
have grown notably over the past two decades (Figure 2).
Prior to 2010, research in this area remained limited,
suggesting that the complexities of palm oil SCM were not
yet a focus of widespread academic inquiry. A pronounced
surge is evident from 2016 onward corresponding to global
events such as the Paris Agreement (2015) and major
companies’ commitments to sustainable sourcing. Peaks
observed in 2022 and 2024 align with heightened regulatory
measures, particularly the European Union’s deforestation-
free supply chain policies, and an increasing demand for
RSPO-certified palm oil.
Table 2 lists the top-cited works that have substantially
influenced research on palm oil SCM. Pettit et al. (2013),
with 723 citations, offers foundational insights into
resilience-based SCM frameworks, while Trkman et al.
(2007) contributes theoretical perspectives on supply chain
integration. More recent studies, such as Ayyildiz & Taskin
(2021), propose SCOR 4.0 for integrating Industry 4.0
metrics into SCM optimization, and Garcia-Orozco et al.
(2023) explore the deployment of blockchain for traceability
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Figure 2. Documents by year
Table 2. Most cited publications and key contributions
Document Citations Citations per Year
Pettit et al. (2013) 723 66
Trkman et al. (2007) 152 9
Ayyildiz & Taskin (2021) 69 23
Nikoloyuk et al. (2010) 67 5
Wang et al. (2018) 59 10
Manzini et al. (2014) 55 6
Abdulrazik et al. (2017) 53 8
Furumo et al. (2020) 47 12
Harahap et al. (2019) 47 9
Larsen et al. (2018) 45 8
Zahraee et al. (2022) 27 14
Haryati et al. (2022) 25 13
Garcia-Orozco et al. (2023) 12 12
and emissions monitoring. Environmental concerns Additionally, distinct keyword clusters indicate
dominate works by Furumo et al. (2020) and Larsen et al. specialized research paths. 1) Sustainability and

(2018), which evaluate the effectiveness of certification
schemes in mitigating deforestation. Overall, these
publications demonstrate the evolution of the field from
conceptual risk-management frameworks toward applied,
technology-driven solutions.
4.2 Keywords Analysis

A co-occurrence network of keywords (Figure 3)
depicts the thematic structure of SCM research in the palm
oil industry. The centrality of “supply chain management”
and “supply chains” reaffirms their foundational role. Strong
linkages to “sustainability,” “profitability,” “modelling,” and
“risk management” signify the tension between economic
performance and environmental or social considerations.
“Sustainability” forms one of the largest clusters,
incorporating terms like “deforestation,” “carbon footprint,”
“greenhouse gases,” and “RSPO,” reflecting a robust focus
on environmental impacts and responsible sourcing.

99 ¢

Environmental Impact: Emphasizing carbon emissions,
waste management, and certification. 2) Modelling and
Optimization: Centred on simulation, discrete-event models,
and advanced algorithms for operational efficiency. 3)
Economic and Strategic Focus: Incorporating profitability,
cost analysis, and strategic decision-making tools. 4)
Governance and Certification: Highlighting institutional
frameworks, policy interventions, and collaborative models.
5) Technology and Innovation: Concentrating on disruptive
tools like blockchain, big data, and IoT to enhance
traceability and transparency. Chronologically, purple nodes
(e.g., “deforestation”) represent earlier focal points in palm
oil SCM research, while green or yellow nodes (e.g.,
“sustainability,” “biofuels,” “simulation,” “blockchain”)
reflect more recent emphasis on advanced methodologies,
renewable energy, and digital solutions. The emergence of
terms like “resilience” and “blockchain” underlines the
growing interest in adaptive, tech-driven supply chains in the
face of regulatory and environmental uncertainties.
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Figure 3. Keywords co-occurrence network

4.3 Geographical Context Analysis

Indonesia and Malaysia stand out as primary
contributors to palm oil SCM research, mirroring their global
production leadership. Studies in this region (e.g., E1 Hathat
et al., 2023; Harahap et al., 2019) underscore sustainability
issues such as deforestation, carbon emissions, and labour
conditions, while highlighting the influence of policy
frameworks like RSPO and ISPO. Despite growing emphasis
on certification, smallholder inclusion remains limited,
reflecting persistent barriers in capacity-building and market
access. Latin America explored on smallholder dynamics
and biofuel expansion. Investigations in Colombia (Furumo
et al., 2020) and Brazil (Vasquez et al., 2019) emphasize
smallholder participation and biofuel development.

Research from Iran and Kuwait (e.g., Babaveisi et al.,
2023; Erfani & AlEdan, 2024) largely addresses oil and gas
supply chains, offering parallels with palm oil in terms of
resource dependency, logistics bottlenecks, and regulatory
constraints. The emphasis here lies in resilience, which may
yield transferable insights for palm oil sector stability.
Additionally, there is a global perspectives and emerging
regions. Some studies adopt a broader lens, assessing macro
trends in sustainability and risk management (Piya, 2024;
Min, 2023). Nevertheless, Africa and China remain
underrepresented despite their expanding roles in palm oil
production and trade. Africa, for instance, faces unique land-
tenure and governance challenges, while China’s growing
demand significantly shapes global market dynamics.
4.4 Categorisation of Research Themes

Table 3 classifies the literature into broad thematic
categories and subcategories. Studies predominantly
investigate deforestation, labour conditions, and certification
schemes as central themes (Nikoloyuk ef al., 2010; Larsen et
al., 2018). The integration of blockchain for traceability (El
Hathat et al., 2023) reflects a growing demand for

transparent and ethical sourcing. However, complex
certification requirements often marginalize smallholders,
indicating a critical need for more inclusive supply chain
models. Research on renewable energy (Leong et al., 2019;
Wang et al., 2024) and biomass utilization (Abdulrazik ez al.,
2017; Harahap et al., 2019) showcases the potential for
circular economies within palm oil supply chains. Waste-to-
energy systems and biofuel production exemplify an industry
shift toward low-carbon operations, suggesting overlapping
strategies for both energy and agricultural supply chains.
There is a supply chain segmentation. Upstream studies
focus on raw material procurement, land-use policy, and
resource optimization (Harahap ef al., 2019). Midstream
studies emphasis is on processing, refining, and traceability,
especially in milling operations (Chong Tan & Ndubisi,
2014; Gallemore & Jespersen, 2019). Downstream research
addresses distribution, market access, and consumer
preferences, including price volatility and ethical sourcing
(Gassler & Spiller, 2018).
4.5 SCM Models in The Palm Oil Industry

The palm oil industry operates within highly complex
and interdependent supply chains, necessitating innovative
management approaches to achieve efficiency, resilience,
and sustainability (Macdonald et al., 2024; Williams ef al.,
2021). To address these challenges, SCM models in this
sector can be broadly classified into three categories: 1)
Optimisation Models, which focus on maximizing
efficiency, profitability, and overall performance; 2)
Resilience Models, aimed at strengthening supply chains
against disruptions and improving adaptive capacities; and
3) Sustainability Models, designed to incorporate
environmental, social, and governance (ESG) dimensions
into SCM practices. Table 4 highlights representative
models, their core purposes, and relevant case studies
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Table 3. Thematic categorisation of research in palm oil SCM

Category

Subcategory

Description

Source

Sustainability and
Environmental
Impact

Technological
Integration and
Optimisation

Governance and
Collaborative
Frameworks

Resilience and Risk
Management

Economic
Optimisation and
Value Chain
Analysis

Social Dimensions
and Stakeholder
Engagement

Renewable Energy
and Biomass
Integration

Consumer
Behaviour and
Market Dynamics

Regional and
Sectoral Focus

Biomass Utilisation
and Emission
Reduction
Sustainability
Certifications

Life Cycle
Assessments

Industry 4.0 and
Digital
Transformation
Optimisation Models

Simulation and
System Dynamics
(SD)

Collaborative
Governance Models

Policy Implications
Pandemic-Driven
Resilience

Risk Management
Economic Potential
of Biomass

Value Chain
Optimisation

Social Performance
Metrics

Stakeholder
Collaboration

Bioenergy Supply
Chains

Renewable Energy
Systems

Consumer
Preferences

Market Conditions
Asia and Southeast
Asia

Sector-Specific
Applications

Evaluation of biomass residue
utilisation to enhance sustainability
and reduce emissions

Analysis of the impact of
certifications like RSPO and
IFOAM on socio-environmental

practices

Life cycle assessments to
measure environmental impact in
agricultural and energy systems
Expansion of the SCOR model
with Industry 4.0 metrics to
improve performance
Development of robust models for
network optimisation and inventory

management

Use of modelling and SD to
improve productivity and efficiency

Analysis of collaborative models to
tackle sustainability challenges

Assessment of regulatory policies
promoting sustainable SCM

Impacts of COVID-19 on SCM and

resilience strategies

Tools and frameworks for risk
management in volatile supply

chains

Evaluation of biomass profitability

in supply chains

Optimisation of added value in the

palm oil supply chain

Assessment of social performance
in the palm oil industry

Credibility of corporate
commitments in collaboration with

stakeholders

Integrated bioenergy systems to

optimise SCM

Multi-criteria methodologies
applied to renewable energy
technology development
Consumer preferences for
transparency versus cost in palm

oil markets

Disruptions and competitive
dynamics in global markets

Geographic context in Malaysia,
Indonesia, and other Southeast

Asian regions

Case studies in industries such as
oil and gas and food supply chains

Abdulrazik et al. (2017); Harahap et al.
(2019); El Hathat et al. (2023); How et al.
(2018); Sadeghi & Haapala (2019)
Furumo et al. (2020); Nikoloyuk et al.
(2010)

Mankong et al. (2024); Vasquez et al.
(2019)

Ayyildiz & Taskin (2021)

Dehghan et al. (2018); Babaveisi et al.
(2023); Jafarzadeh et al. (2019)

Kim et al. (2023); Handaya et al. (2022);
Suryani et al. (2018)

Larsen et al. (2018); Nikoloyuk et al. (2010)
Mareeh et al. (2023); Heryani et al. (2022)
Zahraee et al. (2022); Piya (2024)

Pettit et al. (2013); Utari et al. (2022);

Jenkins & Wright (1998)

Abdulrazik et al. (2017); Sadeghi &
Haapala (2019)

Hidayati & Hasibuan (2019); How et al.
(2018); Lestari et al. (2014b)

Haryati et al. (2022)

Grabs (2023)

Leong et al. (2019); Wang et al. (2024);
Mangzini et al. (2014)

Garcia-Orozco et al. (2023)

Gassler & Spiller (2018)

Tang et al. (2017); Karmakar et al. (2023)

Harahap et al. (2019); Handaya et al.
(2022); Tang et al. (2017)

Piya (2024); Erfani & AlEdan (2024); Wang
et al. (2018); Min (2023); Primadasa &
Christata (2023)
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Table 4. SCM Models Applied in the Palm Oil Industry

Category Model Purpose Application Examples
Optimisation = SCOR Provides a framework for process SCOR 4.0 integrated with Industry 4.0
Models improvement and benchmarking metrics in oil & gas SCM (Erfani &
AlEdan, 2024)
MILP Offers mathematical optimization for BeWhere model used for energy SCM
energy systems & resource allocation  (Wang et al., 2018)

Resilience Economic Models Maximizes profits while accounting for ~ Optimization of EFB (Empty Fruit Bunch)
Models processing routes & costs supply chain in Malaysia (Abdulrazik et

System Dynamics

Supply Chain Identifies vulnerabilities & capabilities
Resilience for disruption management
Framework

Sustainability MCDM Evaluates multiple sustainability

Models

Blockchain

Simulates supply chain behaviour
under different policies & scenarios

criteria for informed decision-making
LCA Analyses environmental impacts
across entire product lifecycles

al., 2017)

Replantation policy evaluation in
Indonesia (Lestari et al., 2014b; Suryani
et al., 2018)

SCRAM™ tool used in palm oil SCM
(Mankong et al., 2024)

Prioritization of key sustainability drivers
in renewable energy (Pettit et al., 2013)
Well-to-wake biofuel evaluation from
palm oil (Harahap et al., 2019)

Enhances traceability & accountability =~ GHG emission tracking in the palm oil

industry (El Hathat et al., 2023)

Table 5. Sustainability approaches in the palm oil supply chain

Authors

Sustainability Approach

Mankong et al.,
2024
Suryani
2018
Vasquez et al,
2019

El Hathat et al.,
2023

Furumo et al.,
2020

Haryati et al,
2022

et al.,

Wang et al,
2018

How et al., 2018
Piya, 2024

Integrated strategies such as reducing diesel use, optimising pesticide applications, and using pig
manure to mitigate human and ecotoxicity impacts.

System dynamics modelling to improve productivity and efficiency, reduce deforestation, and address
policy-related challenges.

Renewable hydrogen production through biomass gasification, reducing greenhouse gas emissions by
66.2%.

Blockchain technology for real-time GHG monitoring, predictive modelling, and satellite imagery for
emissions tracking.

Adoption of RSPO and IFOAM certification schemes to ensure compliance with environmental standards.

Focus on labour standards, social benefits, and compliance with human rights regulations.

Sustainability in supplier selection using criteria such as carbon footprint, environmental planning, and
material usage.

Debottlenecking with sustainability indices addressing economic, environmental, and social dimensions.
Use of fuzzy methods to calculate sustainability indices and identify key drivers like risk management,

regulations, and health and safety.

5. INTEGRATION OF
SUSTAINABILITY APPROACHES

INTO SCM MODELS

5.1 Sustainability Approaches in the Palm Oil

Supply Chain

The literature highlights a variety of sustainability
approaches in palm oil SCM, including green supply chain
initiatives, certification schemes, and digital innovations
(Table 5). Technological tools such as blockchain and
system dynamics modelling are increasingly used for
traceability and impact assessment, while certifications like
RSPO and IFOAM remain vital for ensuring environmental
compliance and market credibility.

5.2 Sustainability Approaches in the Palm Oil

Supply Chain
Evaluating sustainability in palm oil SCM requires
multidimensional  indicators across  environmental,

economic, and social domains. Table 6 presents a shift from
isolated metrics to integrated assessment frameworks like

LCA and sustainability indices. However, the lack of
standardized global indicators hampers cross-regional
comparability. Blockchain tools enable real-time GHG
tracking and regulatory compliance (El Hathat et al., 2023),
enhancing transparency. Renewable hydrogen via biomass
(Vasquez et al., 2019) represents a viable emissions-
reduction strategy, reinforcing biofuel potential. Financial
viability, measured by NPV and OPEX, remains crucial for
adoption, especially given high upfront costs and limited
readiness among SMEs (How et al., 2018). This underscores
the role of public-private partnerships and financial
incentives. On the social side, compliance with human rights,
safe working conditions, and equitable pay are increasingly
central (Haryati et al., 2022). However, smallholders often
face barriers to certification, such as prohibitive costs and
administrative burdens. More inclusive schemes and
stakeholder training are vital for advancing social
sustainability. Holistic tools like fuzzy multi-criteria
methods (Piya, 2024) and LCA (Vasquez et al., 2019) offer
robust, data-driven sustainability assessments. To scale their
use, harmonized indicators, sector-wide cooperation, and
enabling policies are needed.
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Table 6.Sustainability metrics in the palm oil supply chain
Dimension Metric/Indicator Example Source
Environmental GHG emissions (PAS 2050), energy efficiency (LCEE), fossil energy Vasquez et al., 2019; EIl

ratio (FER), and carbon footprint.

Economic
operating expenditures (OPEX).
Social
standards.
Integrated
Metrics solution (NIS).
Lifecycle
Analysis SOx), and resource utilisation.

Net Present Value (NPV), benefit-cost ratio (BCR), cost of logistics, and
Workplace safety, job creation, and compliance with human rights
Sustainability index, positive-ideal solution (PIS), and negative-ideal

Metrics for water footprint (WF), emissions of pollutants (PM, NOX,

Hathat et al., 2023
How et al., 2018

Haryati et al., 2022
Piya, 2024

Vasquez et al., 2019; How et
al., 2018

Table 7. Barriers to implementing sustainable SCM strategies

Type of Barrier

Description

Example Source

Economic Constraints

Technological
Limitations
Operational
Inefficiencies

Policy and Regulatory
Gaps

Sociocultural
Resistance
Environmental
Challenges

Labour and Workforce
Issues

High initial costs for adopting sustainable practices, limited funding
for technology upgrades.

Lack of advanced infrastructure, reliance on outdated technologies,
and challenges in digital transformation.

Suboptimal utilisation of resources such as EFB and liquid waste,
limited scope of analysis.

Inconsistent or insufficient regulations to support sustainable
practices; high export taxes.

Resistance from stakeholders, such as farmers and vendors, to shift
to sustainable practices.

Monoculture practices leading to poor soil health and higher pest
levels; vulnerability to climate impacts.

Dependence on foreign labour and inadequate mechanisation in
high-demand periods.

Vasquez et al. (2019);
Mareeh et al. (2023)

Wang et al. (2024); How et
al. (2018)

Hidayati & Hasibuan (2019)

Larsen et al. (2018); Suryani
et al. (2018)

Mareeh et al. (2023); Chen
& Yang (2024)

El Hathat et al. (2023)

Zahraee et al.
Haryati et al. (2022)

(2022);

Table 8. Strategies to mitigate SCM barriers

Barrier

Proposed Strategy

Example Source

Economic Constraints

Technological

Subsidies or incentives for adopting renewable technologies;
collaboration with financial institutions.
Investment in modernising infrastructure; fostering public-private

Vasquez et al. (2019)

El Hathat et al. (2023);

Limitations partnerships for technology development. Wang et al. (2024)
Operational Comprehensive value chain analysis; optimising resource utilisation Hidayati & Hasibuan (2019)
Inefficiencies through advanced planning systems.

Policy and Regulatory Harmonised international standards; government-led initiatives to  Suryani et al. (2018); Larsen
Gaps support sustainable practices. et al. (2018)

Sociocultural Educational campaigns for stakeholders; engagement with local Mareeh et al. (2023); Chen
Resistance communities to foster acceptance. & Yang (2024)
Environmental Promoting crop diversification; integrating sustainable agricultural El Hathat et al. (2023)
Challenges practices to restore soil health.

6. CHALLENGES AND BARRIERS
IN IMPLEMENTING
SUSTAINABLE SCM MODELS

Despite increased awareness and technological
progress, multiple barriers hinder the widespread adoption
and scalability of sustainable supply chain management
(SCM) in the palm oil sector. Table 7 categorizes the key
challenges identified in the reviewed literature

Economic barriers, notably the high costs of renewable
energy systems and blockchain infrastructure, often
discourage small and mid-sized producers from pursuing
sustainability (Vasquez et al., 2019). Technological
constraints, including limited access to digital tools and
infrastructure, further complicate implementation (How et
al., 2018). Inefficiencies in resource utilization—such as
underused biomass or waste—add cost and environmental
burdens (Hidayati & Hasibuan, 2019)..

From a regulatory standpoint, fragmented and
inconsistent policies, including burdensome export taxes,

reduce the attractiveness of sustainable markets (Suryani et
al., 2018). Socially, certification schemes can seem
inaccessible to smallholders due to high costs, complex
procedures, and limited short-term benefits (Mareeh ef al.,
2023). Environmental degradation from monocropping
intensifies soil depletion and emission levels (El Hathat et
al., 2023), while low mechanisation and labour dependency
impair responsiveness during harvest peaks (Haryati et al.,
2022).

Addressing these multifaceted barriers calls for
coordinated action across technological, economic, and
policy domains. Table 8 summarizes mitigation strategies
recommended by the literature. Financial incentives and risk-
sharing mechanisms can lower entry barriers for smaller
producers (Vasquez et al., 2019). Infrastructure upgrades are
essential for enabling digital adoption, including IoT and
blockchain (El Hathat et al., 2023). Equally important is
policy harmonization at national and international levels,
which can provide regulatory clarity and enhance market
confidence (Larsen et al., 2018; Rehman ef al., 2025).
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Table 9. Process innovations in SCM

Authors Technology/Innovation Application
Babaveisi et al., Heuristic and genetic algorithms Optimising spare parts supply chains by addressing
2023 uncertainty and integrating inventory decisions.
El Hathat et al., Blockchain, machine learning, satellte Enhancing traceability, real-time GHG monitoring, and
2023 imagery emissions analysis in palm oil supply chains.

How et al., 2018  P-graph framework, AHP

Suryani et al, System dynamics modelling

2018

Wang et al, Energy conversion optimisation
2024

Manzini et al., Closed-loop monitoring systems
2014

Véasquez et al., Biomass gasification, water electrolysis
2019

Chen & Yang, Edible coatings

2024

Kim et al., 2023 Advanced bioconversion technologies
Hidayati &
Hasibuan, 2019
Mareeh et al.,
2023

Ayyildiz &
Taskin, 2021

Technological upgrades in
transportation, and communication
Sustainable replanting techniques

Digital mapping and machine learning

processing,

Identifying bottlenecks in biomass supply chains and
prioritising sustainability dimensions for optimisation.

Understanding systemic behaviours and improving
supply chain productivity and efficiency in the palm oil
sector.

Improving the operational efficiency of coal-based
energy supply chains.

Evaluating logistics and environmental impacts on food
quality during transportation.

Renewable hydrogen production for aviation biofuels,
reducing GHG emissions and improving lifecycle
efficiency.

Extending the shelf life of perishable goods to reduce
waste and improve replenishment capabilities.

Reducing GHG emissions and water consumption in
ethanol production.

Enhancing value chain efficiency and reducing resource
waste in CPO supply chains.

Eliminating burning practices and adopting efficient
transportation methods to reduce emissions.
Integrating Industry 4.0 tools for data analysis and
predictive insights in supply chains.

7. TECHNOLOGICAL AND
INNOVATIVE CONTRIBUTIONS
TO SCM

The integration of advanced technologies and
innovative approaches has significantly enhanced the
efficiency, transparency, and sustainability of SCM in the
palm oil industry.

* Process-Oriented Technological Advancements. Process
innovations focus on streamlining operations, logistics, and
decision-making to boost overall supply chain performance.
These advancements help mitigate operational risks, enhance
traceability, and raise efficiency. Table 9 summarizes the key
process-related technologies in use. Among these,
blockchain (El Hathat et al, 2023) is particularly
transformative, enabling real-time traceability, emission
tracking, and tighter regulatory compliance. Meanwhile,
heuristic and genetic algorithms (Babaveisi et al., 2023)
streamline inventory management and spare parts logistics in
multi-tier supply chains.

* Product-Focused Technological Advancements. Product
innovations primarily target waste reduction, improved
processing techniques, and value-added transformations.
Table 9 highlights key product-oriented technologies aimed
at sustainability and market competitiveness. Biomass
gasification (Vasquez et al., 2019) notably reduces reliance
on fossil fuels, while edible coatings (Chen & Yang, 2024)
prolong product lifespan, thereby curbing food waste.
Industry 4.0 applications (Ayyildiz & Taskin, 2021),
encompassing machine learning and digital mapping, further
bolster strategic decision-making in palm oil SCM.

8. PROPOSED CONCEPTUAL
MODEL FOR SUSTAINABLE
PALM OIL SCM

Given the multifaceted challenges facing palm oil
supply chains, ranging from environmental, social, and
economic pressures to technological barriers and policy
complexities, an integrated conceptual framework is
essential. Drawing on the Triple Bottom Line (TBL) concept
(Elkington, 1997), supply chain resilience theory (Pettit et
al., 2013), and innovation diffusion models (Rogers, 2003),
the proposed model aims to: capture the interdependencies
among supply chain actors and their operational contexts;
identify key enablers and barriers that influence sustainable
SCM implementation; integrate multiple dimensions of
sustainability within a unified framework; and establish
feedback mechanisms that promote continuous improvement
and adaptive learning. Figure 4 presents the proposed
conceptual framework, which is structured around five
interconnected components that collectively shape the
sustainability and resilience of palm oil supply chains. The
external driver’s component encompasses three critical
dimensions that influence supply chain operations.
Regulatory frameworks include international standards,
certification schemes, and compliance requirements that
establish the operational boundaries for the industry. Market
dynamics reflect evolving consumer demands, sustainability
premiums, and quality requirements that shape competitive
strategies. Environmental context captures climate
variability, resource constraints, and conservation
imperatives that pose both challenges and opportunities for
the sector.
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Figure 4. Conceptual framework for sustainable palm oil supply chain management

The palm oil supply chain structure represents the
operational core of the framework, organized across three
main segments. The upstream segment comprises
smallholder systems and industrial plantations, each facing
distinct challenges related to resource access, knowledge
capabilities, and market integration. The midstream segment
encompasses processing mills and logistics operations,
where time-critical processes, capacity constraints, and
efficiency optimization intersect. The downstream segment
includes refineries and end users across various industries,
where product differentiation, quality standards, and market
segmentation drive value creation

Enablers represent the mechanisms that facilitate
sustainable transformation. Technological enablers include
digital innovations for traceability, process optimization
tools, data analytics capabilities, and automation systems
that enhance operational efficiency. Managerial enablers
comprise resilience capabilities, sustainability integration
strategies, collaborative governance models, and continuous
improvement processes that strengthen adaptive capacity.

Barriers identify the key constraints that impede
sustainable SCM implementation. Economic barriers include
high implementation costs, limited financing options, and
uncertain return on investment. Socio-cultural barriers
encompass stakeholder resistance, traditional practice
persistence, knowledge gaps, and trust deficits.

Technological barriers involve infrastructure limitations,
expertise shortages, system integration challenges, and
standardization gaps.

The framework culminates in measurable outcomes
and feedback mechanisms. Performance indicators across
environmental, economic, and social dimensions provide

objective measures of progress. The continuous
improvement loop enables system learning, policy
cdcdrefinement, innovation diffusion, and adaptive

responses to emerging challenges. This iterative process
ensures that the framework remains dynamic and responsive
to changing conditions.

The proposed framework offers several theoretical and
practical contributions. It integrates multiple theoretical
perspectives within a unified model, providing a holistic
view of sustainable palm oil SCM. The framework explicitly
acknowledges the multi-level nature of supply chain
challenges, from individual actors to systemic issues. By
incorporating feedback mechanisms, it recognizes SCM as a
dynamic, evolving system rather than a static structure.
Finally, the framework balances comprehensiveness with
parsimony, offering sufficient detail for practical application
while maintaining conceptual clarity for theoretical
development.
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Palm Oil SCM

Research Trends

Figure 5. Emerging research trends in palm oil SCM

9. EMERGING TRENDS AND
RESEARCH GAPS IN PALM OIL
SCM

Despite progress in sustainability, resilience, and
digital integration, key gaps continue to limit the long-term
effectiveness of SCM models in the palm oil industry. This
section identifies these shortcomings, highlights emerging
trends, and outlines future research priorities.

9.1 Identified Research Gaps

One critical gap is the scarcity of longitudinal studies
examining the lasting effects of sustainability certifications
and digitalization efforts (Furumo et al., 2020; El Hathat et
al., 2023). Most research emphasises short-term
improvements, leaving unclear whether such interventions
sustainably reduce deforestation or enhance smallholder
livelihoods.

Another persistent issue is the regional imbalance in
research. While Indonesia and Malaysia dominate scholarly
focus, Latin America and Africa remain underrepresented
despite their expanding roles in palm oil production
(Harahap et al., 2019; Vasquez et al., 2019). These regions
possess distinct governance, infrastructure, and regulatory
conditions, necessitating comparative studies to adapt
sustainability strategies accordingly.

Social sustainability also remains insufficiently
explored. While environmental and economic aspects are
well-covered, issues like labour conditions, fair wages, and
smallholder inclusion receive limited attention (Haryati et
al., 2022; Chen & Yang, 2024). This is particularly
problematic in an industry reliant on migrant labour and
small-scale producers, who face barriers in accessing
certifications and financial support.

Additionally, although digital technologies such as
blockchain, AI, and IoT are widely acknowledged as
enablers of traceability and efficiency, practical
implementation challenges are seldom addressed (Ayyildiz
& Taskin, 2021; El Hathat et al., 2023). High costs, limited
infrastructure, and lack of technical expertise restrict

adoption among smallholders and SMEs, widening the gap
between innovation and applicability.

Lastly, research on circular economy models in palm
0il SCM is fragmented (How et al., 2018; Wang et al., 2024).
Interest is growing in valorising waste streams like empty
fruit bunches (EFB) and palm oil mill effluent (POME), but
most studies focus on isolated applications rather than
integrated supply chain-wide strategies. A more systemic
approach is needed to assess economic viability, scalability,
and regulatory implications.

9.2 Emerging Research Trends in Palm Oil
SCM

As shown in Figure 5, palm oil SCM is increasingly
shaped by regulatory scrutiny, the proliferation of Industry
4.0 tools, and the growing role of stakeholder collaboration.
9.3 Priority Areas for Future Research

Closing the identified gaps will require
interdisciplinary efforts across academia, industry, and
policy. First, future studies should prioritise longitudinal
analyses to evaluate the real-world impacts of certifications
on deforestation, carbon emissions, and smallholder income.
Second, the roles of Al and automation in predictive
analytics, demand forecasting, and risk management deserve
further empirical validation. Third, more inclusive
approaches are essential to integrate smallholders and SMEs
into sustainable SCM practices, including financial
incentives, supportive policy frameworks, and capacity-
building initiatives.

Fourth, circular economy strategies should be explored
more comprehensively to evaluate how palm oil by-products
can be transformed into high-value, low-carbon alternatives.
Finally, expanding regional studies to
encompass Latin America and Africa would yield a deeper
understanding of how diverse governance and supply chain
conditions influence sustainable transitions. Bridging these
knowledge gaps will help construct more globally adaptable
SCM strategies that align efficiency, inclusivity, and
sustainability in the palm oil sector.
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10.CONCLUSION

This study underscores the urgency of transforming
SCM within the palm oil industry to meet rising demands for
sustainability, efficiency, and resilience. By synthesizing
both theoretical models and real-world applications, the
findings demonstrate that emerging technologies can
substantially boost traceability and transparency, thereby
aligning palm oil production with global sustainability
standards. Nevertheless, persistent obstacles remain,
particularly around high initial costs, limited infrastructure,
and insufficient training for smallholders. These challenges
necessitate stronger collaboration between governments,
businesses, and local communities, supported by enabling
policies that foster inclusive adoption of sustainable
practices.

Looking ahead, future research should delve into
longitudinal studies that measure the long-term impacts of
sustainability certifications on deforestation and smallholder
livelihoods, as most existing work emphasizes short-term
outcomes. Another pressing need is to develop policies and
financial instruments that integrate smallholders more
effectively into sustainable supply chains, reducing the
barriers they face in certification processes. Moreover,
deeper exploration of artificial intelligence and blockchain
applications would clarify how such innovations can address
current gaps in traceability and operational efficiency.
Lastly, adopting circular economy approaches emerges as a
key strategy to mitigate environmental harm while creating
new revenue streams. In conclusion, although notable strides
are being made, Achieving fully responsible palm oil SCM
demands a long-term vision, coordinated efforts, and
continuous research, alongside strong policy alignment to
facilitate the adoption of sustainable and digital solutions. By
bridging these knowledge gaps, stakeholders can move the
industry closer to a more sustainable and resilient future.
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