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Abstract
The increasing emphasis on circular economy principles has encouraged agro-industrial sectors, including palm oil 
processing, to reconsider conventional linear production models and explore more resource-efficient and value-
oriented systems. Within this context, palm oil biorefineries have attracted growing scholarly attention due to their 
substantial biomass availability and potential for integrated waste valorization. This study aims to systematically identify, 
categorize, and synthesize peer-reviewed evidence on how waste-to-value technologies, resource recovery strategies, 
and zero-waste or near-zero-waste production models contribute to the implementation of the circular economy in 
palm oil biorefineries. This research adopts a Systematic Literature Review (SLR) approach based on transparent and 
replicable procedures. Scientific articles were collected exclusively from the Scopus database using predefined keyword 
combinations and eligibility criteria. Following multi-stage screening, 34 peer-reviewed articles published between 2019 
and 2025 were selected for analysis. Data were analyzed using qualitative thematic coding and comparative synthesis 
to identify dominant technological pathways, system-level strategies, and integration patterns reported in the literature. 
The results reveal five recurring thematic domains: waste-to-value conversion of solid and liquid residues, bioenergy 
generation and energy recovery systems, bioproduct and biomaterial development, resource efficiency and closed-loop 
process integration, and zero-waste or near-zero-waste production models. Collectively, these approaches demonstrate 
how circular economy principles are operationalized through integrated biorefinery configurations rather than isolated 
technological solutions. The review concludes that progressive integration of valorization and recovery strategies enables 
palm oil biorefineries to enhance resource efficiency, value retention, and system sustainability. Future research is 
recommended to focus on comparative system assessments, scalability analysis, and standardized circular performance 
indicators across regional contexts.

Introduction
The global transition toward more sustainable production and consumption systems has intensified scholarly and policy 
interest in the circular economy as a strategic framework for decoupling economic growth from resource depletion 
and environmental pressure. The circular economy concept emphasizes optimizing material and energy flows through 
strategies such as waste reduction, reuse, recycling, and valorization, thereby extending resource lifecycles and 
minimizing residual outputs [1]. Within this framework, industrial systems are increasingly expected to move beyond 
linear “take–make–dispose” models toward more integrated and regenerative configurations that enhance resource 
efficiency while maintaining economic viability [2].

In recent years, bio-based industries have been widely recognized as key enablers of circular economy implementation 
due to their inherent reliance on renewable biological resources and their potential for cascading biomass utilization [3]. 
Among these industries, agro-based processing sectors play a particularly important role, as they generate substantial 
volumes of biomass residues that can be transformed into value-added products, energy, and secondary raw materials. 
The integration of circular economy principles within agro-industrial systems is therefore frequently associated with 
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biorefinery concepts, where multiple products and services are generated from a single feedstock through interconnected 
conversion pathways [4].

Palm oil production represents one of the most significant agro-industrial activities globally, supplying a wide range of 
food, oleochemical, and bio-based product markets. Beyond its primary outputs, the palm oil industry is characterized 
by the generation of diverse biomass residues, including empty fruit bunches, palm kernel shells, mesocarp fiber, and 
palm oil mill effluent, which collectively constitute a substantial renewable resource base [5,6]. From a circular economy 
perspective, these residues are increasingly viewed not merely as by-products of processing, but as strategic inputs for 
waste-to-value systems that can enhance overall resource productivity and support integrated biorefinery development 
[7].

The concept of palm oil biorefineries has thus gained growing attention in the academic literature as a pathway for 
advancing circular resource utilization within the sector. Palm oil biorefineries typically involve the conversion of biomass 
residues into bioenergy, biochemicals, biomaterials, and recovered nutrients through thermochemical, biochemical, 
and mechanical processes [8]. When effectively integrated, these conversion pathways can reduce material losses, 
improve energy self-sufficiency, and contribute to the development of closed-loop production systems. As such, palm 
oil biorefineries provide a relevant empirical context for examining how circular economy principles are operationalized 
within large-scale agro-industrial settings [9].

Despite the increasing body of research addressing circular economy practices in palm oil processing, existing studies 
remain fragmented across different technological domains and analytical perspectives. Many publications focus on 
specific conversion technologies, such as anaerobic digestion, pyrolysis, or biomass combustion, without systematically 
situating these technologies within broader circular economy frameworks [10,11]. Other studies emphasize environmental 
performance indicators, energy balances, or material efficiencies, but do not comprehensively assess how individual 
waste-to-value pathways interact within integrated biorefinery systems. As a result, the current literature offers valuable 
but dispersed insights, making it challenging to derive an overarching understanding of circular economy implementation 
in palm oil biorefineries.

Systematic Literature Review (SLR) methods offer a robust approach for addressing such fragmentation by synthesizing 
existing peer-reviewed evidence in a transparent, reproducible, and methodologically rigorous manner. Unlike narrative 
reviews, SLRs apply structured search strategies, explicit inclusion criteria, and systematic analysis techniques to 
minimize bias and enhance the reliability of findings. In the context of circular economy research, SLRs have been 
increasingly employed to identify dominant themes, technological trends, and research gaps across diverse industrial 
sectors. However, to date, comprehensive SLRs focusing specifically on waste-to-value technologies, resource recovery 
mechanisms, and zero-waste production models within palm oil biorefineries remain limited.

Moreover, the rapid evolution of the circular economy discourse over the past decade underscores the need for updated, 
time-bounded syntheses that reflect recent technological developments and policy-relevant research directions. 
Advances in bioenergy systems, bioproduct manufacturing, and process integration have significantly expanded the 
scope of circular solutions available to palm oil biorefineries. At the same time, the growing emphasis on zero-waste 
and near-zero-waste production models highlights the importance of system-level analyses that move beyond isolated 
technologies toward holistic assessments of material and energy loops. A systematic consolidation of this evolving 
literature is therefore essential to clarify the current state of knowledge and identify priority areas for future research.

In this context, this study conducts a Systematic Literature Review of peer-reviewed research on the implementation 
of the circular economy in palm oil biorefineries, with a specific focus on waste-to-value technologies, resource 
recovery strategies, and zero-waste production models. The review is based exclusively on secondary data derived 
from academic journal publications and does not involve primary data collection, field observations, interviews, or focus 
group discussions. By applying a structured SLR methodology, this study aims to provide an integrated and evidence-
based overview of how circular economy principles are reflected in the design, operation, and optimization of palm oil 
biorefinery systems reported in the contemporary literature.

The objective of this study is to systematically identify, categorize, and synthesize existing scholarly evidence on the 
technological pathways and system-level approaches by which palm oil biorefineries contribute to the implementation 
of the circular economy. In particular, the review seeks to clarify how waste-to-value conversion technologies, resource 
recovery mechanisms, and zero-waste or near-zero-waste production models are addressed, quantified, and integrated 
across peer-reviewed studies. Through this synthesis, the study aims to enhance conceptual clarity, highlight dominant 
research trends, and identify areas warranting further investigation.

Based on this objective, the study is guided by the following research question: 
RQ: How do waste-to-value technologies, resource recovery strategies, and zero-waste production models collectively 
contribute to the implementation of circular economy principles in palm oil biorefineries, as reflected in the contemporary 
peer-reviewed literature? 
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This research question provides a focused analytical lens for structuring the results and discussion sections, ensuring 
that the synthesized findings contribute coherently to both academic understanding and future research directions 
related to circular economy practices in palm oil biorefineries.

Literature Review
The growing emphasis on circular economy principles has stimulated extensive scholarly attention toward agro-
industrial systems that generate large volumes of biomass residues and by-products. Within this discourse, biorefineries 
have emerged as a central analytical lens for examining how resource efficiency, waste valorization, and closed-loop 
production can be operationalized in practice. The palm oil sector, characterized by high biomass availability and integrated 
processing structures, has therefore become a prominent focus in studies exploring waste-to-value technologies, 
resource recovery strategies, and zero-waste-oriented production models. Existing literature spans a wide range of 
technological, systemic, and conceptual perspectives; however, these studies remain fragmented across disciplinary and 
methodological boundaries. Accordingly, this literature review synthesizes prior research on the implementation of the 
circular economy in palm oil biorefineries by organizing key findings into thematic domains encompassing biorefinery 
concepts, waste-to-value technologies, resource recovery and process integration, and zero-waste production models, 
thereby providing a structured foundation for subsequent analysis and discussion.

Circular Economy and Biorefinery Concepts in Agro-Industrial Systems
The concept of the circular economy (CE) has gained substantial attention as an alternative paradigm to conventional linear 
production systems, particularly in resource-intensive agro-industrial sectors. Circular economy principles emphasize 
resource efficiency, waste minimization, value retention, and the closure of material and energy loops throughout 
production systems [12]. Within this framework, biorefineries are increasingly recognized as key enabling platforms for 
translating circular economy concepts into operational industrial practices, especially in biomass-rich sectors [13].

Biorefineries are commonly defined as integrated processing facilities that convert biomass into a spectrum of value-
added products, including fuels, chemicals, materials, and energy [14]. Unlike single-output production models, 
biorefineries adopt a systems-oriented approach that maximizes biomass utilization while minimizing residual waste 
streams. In recent literature, the integration of circular economy principles into biorefinery systems has been framed as 
a critical pathway toward sustainable bio-based industrial development, particularly in regions with abundant agricultural 
residues.

Agro-industrial biorefineries occupy a strategic position within the circular bioeconomy, as they operate at the interface 
of agricultural production, industrial processing, and resource recovery systems [15]. These characteristics make them 
particularly relevant to the implementation of the circular economy, as large volumes of by-products and residues can 
be valorized through technological, material, and energy recovery pathways. Consequently, the literature increasingly 
emphasizes the need to systematically assess how circular economy principles are operationalized within agro-based 
biorefinery contexts.

Palm Oil Biorefineries as Platforms for Circular Economy Implementation
The palm oil industry represents one of the most prominent agro-industrial systems globally, characterized by high 
biomass productivity and extensive residue generation along the value chain. Palm oil processing generates a diverse 
range of solid and liquid by-products, including empty fruit bunches (EFB), palm oil mill effluent (POME), palm kernel 
shells, mesocarp fiber, and decanter cake. These streams collectively form a substantial biomass base with significant 
potential for implementation of the circular economy through biorefinery integration [16].

In the literature, palm oil biorefineries are increasingly conceptualized as integrated systems that transform processing 
residues into valuable outputs rather than treating them solely as waste streams [17]. This perspective aligns with circular 
economy objectives by repositioning by-products as secondary resources that can contribute to energy generation, 
material production, and nutrient recycling. Several studies highlight that the structural characteristics of palm oil mills, 
such as centralized processing, continuous biomass availability, and existing energy infrastructure, provide favorable 
conditions for biorefinery-based circular economy strategies.

At the same time, the literature acknowledges that the implementation of the circular economy in palm oil biorefineries 
remains heterogeneous across regions and facilities. Variations in technological maturity, regulatory frameworks, 
investment capacity, and market access influence the extent to which circular practices are adopted [18]. As a result, 
existing studies often focus on specific technologies or pathways, underscoring the need for a more integrated synthesis 
of circular-economy strategies within palm-oil biorefineries.

Waste-to-Value Technologies in Palm Oil Biorefineries
Waste-to-value (WTV) technologies are a central pillar of implementing the circular economy in palm oil biorefineries. 
The literature extensively documents a range of technological pathways aimed at converting palm oil residues into 
energy carriers, bio-based products, and functional materials [19]. These technologies are commonly categorized into 
thermochemical, biochemical, and physicochemical conversion routes, each targeting different fractions of palm biomass.
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Thermochemical processes such as pyrolysis, gasification, and combustion are frequently discussed in relation to solid 
residues, particularly EFB and palm kernel shells. Studies report that these residues exhibit favorable calorific values and 
compositional characteristics suitable for energy and material recovery applications [20]. Biochar production through 
pyrolysis is often highlighted for its dual role in energy recovery and soil amendment, while gasification systems are 
explored for syngas generation and downstream energy integration.

Biochemical conversion pathways receive significant attention in the context of lignocellulosic valorization and liquid 
waste treatment. Enzymatic hydrolysis and fermentation processes are widely investigated for converting EFB-derived 
cellulose and hemicellulose into bioethanol and organic acids [21]. Similarly, anaerobic digestion of POME is consistently 
identified as a mature and scalable waste-to-value technology that generates biogas while reducing organic pollutant 
loads.

Across the reviewed literature, waste-to-value technologies are rarely examined in isolation. Instead, many studies 
emphasize their role within integrated biorefinery systems, where multiple conversion pathways operate synergistically 
to maximize overall resource utilization. This systems-level perspective reinforces the alignment between waste-to-value 
strategies and circular-economy principles in palm-oil biorefineries [22].

Resource Recovery and Process Integration Strategies
Beyond waste-to-value conversion, resource recovery and process integration are increasingly recognized as essential 
components of implementing the circular economy in palm oil biorefineries. Resource recovery extends beyond energy 
and product generation to include the recycling of water, nutrients, and process heat within and beyond the mill 
boundary [23].

Water recovery and reuse are frequently discussed in relation to POME treatment systems. Several studies report that 
treated effluent can be recycled for non-potable applications, thereby reducing freshwater demand and improving overall 
water efficiency within palm oil processing operations [24]. Such practices contribute to circular water management 
without compromising operational performance.

Nutrient recovery represents another critical dimension of circularity. Digestate from anaerobic digestion and ash from 
biomass combustion are often evaluated as potential sources of nitrogen, phosphorus, and potassium for plantation 
fertilization [25]. The literature suggests that nutrient recycling can partially substitute synthetic fertilizers, thereby 
closing nutrient loops between processing facilities and agricultural systems.

Process integration strategies, including heat recovery and energy cascading, are also widely examined. Studies 
demonstrate that optimized heat integration networks can significantly reduce energy losses and enhance the overall 
efficiency of palm oil biorefineries [26]. These strategies are commonly framed as enabling mechanisms that support 
the effective integration of waste-to-value technologies within circular production systems.

Zero-Waste and Near-Zero-Waste Production Models
The concept of zero-waste production has emerged as an aspirational goal within circular economy discourse. In the 
context of palm oil biorefineries, the literature often adopts a pragmatic interpretation, focusing on near-zero-waste 
systems in which the majority of material flows are valorized through energy, material, or nutrient recovery pathways 
[27].

Several studies propose integrated biorefinery configurations that combine waste-to-value technologies, resource 
recovery systems, and internal recycling loops to minimize residual waste generation. These models typically emphasize 
incremental optimization rather than radical system redesign, reflecting the operational realities of existing palm oil 
mills. Life cycle assessment studies frequently report substantial reductions in waste disposal and environmental impacts 
when near-zero-waste strategies are implemented holistically [28].

Importantly, the literature positions zero-waste production models as long-term evolutionary pathways rather than 
immediate end states. This perspective underscores the role of continuous technological improvement, policy support, 
and market development in advancing the implementation of the circular economy in palm oil biorefineries.

Synthesis of Research Trends and Identified Gaps
While the reviewed literature demonstrates growing interest in implementing the circular economy in palm oil 
biorefineries, several limitations and gaps remain evident. First, many studies focus on individual technologies or single 
resource streams, resulting in fragmented insights that do not fully capture system-level circularity. Second, comparative 
analyses across different waste-to-value pathways and integration strategies are relatively limited, making it difficult to 
assess trade-offs and synergies within biorefinery systems.

Third, although zero-waste concepts are increasingly discussed, empirical evidence on fully integrated zero-waste 
biorefinery configurations remains scarce. Existing studies often rely on conceptual models or scenario analyses, 
highlighting the need for systematic synthesis of available evidence rather than isolated case assessments. Finally, the 
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literature exhibits variability in methodological approaches, emphasizing the importance of systematic literature review 
methods to ensure transparency, reproducibility, and comprehensive coverage of the research landscape.

In response to these gaps, a systematic literature review offers a structured, rigorous approach to synthesizing existing 
knowledge on the implementation of the circular economy in palm oil biorefineries. By systematically analyzing peer-
reviewed studies on waste-to-value technologies, resource recovery strategies, and zero-waste production models, 
this review aims to integrate fragmented findings into a coherent analytical framework. Such an approach enables the 
identification of dominant research themes, technological trends, and integration pathways that collectively characterize 
circular-economy practices in palm oil biorefineries.

Through this synthesis, the literature review provides a foundation for subsequent discussion on technological maturity, 
system integration, and future research directions. By maintaining a neutral, evidence-based perspective, the review 
contributes to a balanced understanding of how circular economy principles are operationalized in the palm oil sector, 
without normative judgments or speculative assumptions.

Method
This study adopts a Systematic Literature Review (SLR) methodology, guided by the PRISMA (Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses) framework, to systematically synthesize and evaluate scholarly evidence 
on the implementation of circular economy principles in palm oil biorefineries. The review focuses on waste-to-value 
technologies, resource recovery strategies, and zero-waste production models discussed in recent academic literature. 
Rather than generating new empirical observations, this study integrates and analyzes existing peer-reviewed research 
to identify technological pathways, conceptual patterns, and research trends related to circular resource utilization 
within palm oil–based biorefinery systems. The analytical scope is intentionally framed to maintain a neutral perspective 
toward the palm oil industry, emphasizing technological and system-level developments reported in the literature.
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Figure 1. PRISMA-based systematic literature review procedure 

Figure 1 presents the article identification, screening, and eligibility process conducted in 
accordance with the PRISMA protocol. The literature search was performed using the Scopus 
database. An initial search using the broad keywords palm oil AND circular economy yielded 
259 records, reflecting the expanding scholarly attention to circular economy concepts within the 
palm oil context. To enhance thematic specificity and ensure alignment with the objectives of 
this review, a refined Boolean search string was applied: (“circular economy” OR “circular 
bioeconomy” OR “resource efficiency” OR “waste minimization” OR “zero waste”) AND 
(“palm oil” OR “oil palm” OR “palm oil mill” OR “palm biomass”) AND (“waste valorization” 
OR “waste to value” OR “biomass conversion” OR “biomass utilization” OR “by-product 

Figure 1: Prisma-Based Systematic Literature Review Procedure

Figure 1 presents the article identification, screening, and eligibility process conducted in accordance with the PRISMA 
protocol. The literature search was performed using the Scopus database. An initial search using the broad keywords palm 
oil AND circular economy yielded 259 records, reflecting the expanding scholarly attention to circular economy concepts 
within the palm oil context. To enhance thematic specificity and ensure alignment with the objectives of this review, 
a refined Boolean search string was applied: (“circular economy” OR “circular bioeconomy” OR “resource efficiency” 
OR “waste minimization” OR “zero waste”) AND (“palm oil” OR “oil palm” OR “palm oil mill” OR “palm biomass”) AND 
(“waste valorization” OR “waste to value” OR “biomass conversion” OR “biomass utilization” OR “by-product utilization” 
OR “residue utilization” OR “bioenergy” OR “bioproducts”). This refinement step excluded 179 publications that did 
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not align with the scope of waste-to-value pathways, biomass utilization, or resource recovery in palm oil biorefineries, 
leaving 80 articles for subsequent screening. A publication year filter was then applied by restricting the inclusion period 
to studies published between 2019 and 2025 to capture recent research developments and contemporary technological 
perspectives. As a result, 9 articles published outside the specified timeframe were excluded, yielding 71 studies that 
met the temporal criterion. A further screening stage was conducted based on accessibility to ensure transparency and 
feasibility of full-text analysis by limiting the dataset to articles available through open access or open archive sources. 
At this stage, 37 articles were excluded due to restricted access, leaving a final set of 34 peer-reviewed studies that met 
all inclusion criteria and were selected for qualitative synthesis.

All bibliographic records were systematically organized using Mendeley Desktop to facilitate structured reference 
management, consistent citation formatting, and duplicate removal. This study is strictly based on secondary data 
derived from peer-reviewed journal articles; no field observations, surveys, interviews, or focus group discussions were 
conducted. The findings presented in this review are generated exclusively through the critical synthesis of the 34 
included studies, providing a methodologically rigorous overview of the implementation of the circular economy in palm 
oil biorefineries, with particular attention to waste valorization technologies, resource recovery strategies, and zero-
waste production models documented in the literature.

Results
This systematic literature review identified five principal thematic clusters that collectively explain how circular economy 
principles are operationalized within palm oil biorefineries through technological and system-level interventions. These 
themes were derived from an in-depth synthesis of 34 peer-reviewed articles and reflect dominant research trajectories 
addressing material valorization, energy recovery, process integration, and waste minimization in palm oil–based agro-
industrial systems. 

The identified themes are as follows: 
• Waste-to-value conversion technologies for solid and liquid palm oil residues,  
• Bioenergy generation and energy recovery systems, 
• Bioproduct and biomaterial development from palm biomass, 
• Resource efficiency and closed-loop process integration, and 
• Zero-waste and near-zero-waste production models at the mill and biorefinery level. 

Among the identified thematic clusters, waste-to-value conversion technologies were discussed in 24 of the 34 reviewed 
studies (70.6%), reflecting their role as the primary entry point for implementing the circular economy in palm oil 
processing systems characterized by high volumes of solid and liquid residues. Bioenergy generation and energy recovery 
systems were even more prominent, appearing in 26 studies (76.5%), underscoring their technological maturity and 
strategic importance in achieving energy self-sufficiency within existing mill infrastructures.

Bioproduct and biomaterial development was addressed in 17 studies (50.0%), indicating growing scholarly interest 
in higher-value, non-energy pathways, although its moderate representation suggests ongoing technological and 
market-related constraints. Resource efficiency and closed-loop process integration appeared in 15 studies (44.1%), 
highlighting increasing attention to water, nutrient, and heat recovery as supporting mechanisms that enhance overall 
system performance.

Zero-waste and near-zero-waste production models were the least represented theme, identified in 11 studies (32.4%). 
This limited coverage reflects the predominantly incremental and evolving nature of zero-waste implementation in palm 
oil biorefineries, where integrated system-wide configurations are still emerging rather than fully realized.
The dominance of waste-to-value and bioenergy-related themes indicates that contemporary research largely mirrors 
the structural and operational realities of palm oil mills, where residue availability, energy demand, and regulatory 
drivers make these pathways immediately relevant and empirically observable. In contrast, the comparatively lower 
representation of bioproduct diversification, closed-loop integration, and zero-waste models suggests that research 
attention has yet to fully capture the long-term transformative potential of integrated biorefinery systems. This imbalance 
implies that while circular economy implementation in palm oil biorefineries is well documented at the technology level, 
system-level integration and holistic circular configurations remain less comprehensively explored.

These thematic distinctions collectively suggest that the implementation of the circular economy in palm oil biorefineries 
is currently characterized by a progression from residue valorization and energy recovery toward more integrated, 
near-zero-waste production paradigms. The following sections elaborate on each thematic cluster in detail, drawing 
on quantitative indicators, technological performance metrics, and system-level evidence reported across the reviewed 
studies.

Waste-to-Value Conversion Technologies for Palm Oil Residues
A dominant theme emerging from the reviewed literature is the technological valorization of palm oil processing residues, 
particularly empty fruit bunches (EFB), palm oil mill effluent (POME), palm kernel shells (PKS), and mesocarp fiber. 
Across the 34 studies, more than 70% explicitly address at least one waste-to-value pathway that transforms these 
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residues into energy carriers, platform chemicals, or functional materials [29]. EFB is consistently identified as the most 
abundant solid residue, accounting for approximately 20–23% of the fresh fruit bunch (FFB) weight, with annual global 
generation exceeding 90 million tonnes in major palm oil–producing regions  [30,31].

Several studies report thermochemical conversion routes, such as pyrolysis and gasification, as effective strategies for 
valorizing EFB and PKS. Reported biochar yields from EFB pyrolysis range from 28% to 35% by weight, with higher 
heating values between 18 and 24 MJ/kg, indicating suitability for energy and soil amendment applications [32]. 
Gasification-based systems demonstrate cold-gas efficiencies of 65%-78%, depending on reactor configuration and 
feedstock pre-treatment [33]. In parallel, biochemical pathways such as enzymatic hydrolysis and fermentation are 
widely discussed for converting lignocellulosic fractions into bioethanol and organic acids, with reported sugar recovery 
efficiencies exceeding 75% following alkaline or steam-explosion pretreatment [34].

Liquid waste valorization, particularly of POME, is another extensively covered topic. POME generation is estimated at 
0.6–1.0 m³ per tonne of FFB processed, representing a significant resource stream rather than merely a wastewater 
burden [35]. Across the reviewed studies, anaerobic digestion is consistently highlighted as a mature and scalable 
technology, achieving chemical oxygen demand (COD) removal efficiencies of 85–95% while producing biogas yields of 
20–28 m³ per m³ of POME treated [36]. These findings underscore the central role of waste-to-value technologies in 
transforming palm oil residues into economically and environmentally relevant outputs.

Bioenergy Generation and Energy Recovery Systems
Bioenergy production constitutes a second major theme, with 26 of the 34 reviewed studies explicitly quantifying the 
energy recovery potential of palm oil biorefineries [37]. Solid biomass residues such as PKS and mesocarp fiber are 
frequently reported as primary fuels for combined heat and power (CHP) systems. Reported energy self-sufficiency 
levels of palm oil mills range from 60% to over 100%, depending on mill scale and system integration [36]. In optimized 
configurations, surplus electricity generation of 15–25 kWh per tonne of FFB has been documented, enabling grid export 
or internal process electrification [37].

Biogas recovery from POME-based anaerobic digestion systems is identified as a key contributor to renewable energy 
portfolios. Several studies report methane capture rates exceeding 85%, with energy recovery potentials of 1.2–1.8 GJ 
per tonne of FFB processed [38]. When integrated with CHP units, biogas utilization can reduce fossil fuel consumption 
in mills by 30–45%, according to system-level assessments [39,40]. In addition, co-digestion strategies that combine 
POME with EFB or decanter cake have been shown to enhance methane yields by 10–20% compared to mono-digestion 
systems [41].

Beyond energy production, the reviewed literature emphasizes the role of bioenergy systems in supporting circular 
economy objectives by closing material and energy loops. Several studies report greenhouse gas emission reductions 
ranging from 40% to 70% when bioenergy systems are fully integrated into mill operations, compared to conventional 
open-pond treatment and fossil-based energy use [42]. These findings collectively position bioenergy generation as 
a cornerstone of circular palm oil biorefineries, contributing simultaneously to waste reduction, energy efficiency, and 
emissions mitigation.

Bioproduct and Biomaterial Development from Palm Biomass
A third thematic area focuses on converting palm oil biomass into higher-value bioproducts and biomaterials. 
Approximately 50% of the reviewed studies address pathways beyond energy recovery, highlighting the diversification 
potential of palm oil biorefineries [43]. Lignocellulosic residues are frequently explored as feedstocks for the production 
of biopolymers, biocomposites, and specialty chemicals. Reported cellulose contents of EFB range from 38% to 45%, 
providing a substantial basis for material-oriented valorization [44,45].

Several studies report the extraction of nanocellulose from EFB with yields of 20–30% relative to dry biomass input, 
accompanied by tensile strength improvements of up to 40% when incorporated into polymer matrices [46]. In parallel, 
the production of bioplastics and biodegradable packaging materials from palm-derived feedstocks is shown to reduce 
lifecycle greenhouse gas emissions by 25–50% compared to petroleum-based counterparts [47]. Chemical conversion 
pathways, including transesterification and catalytic upgrading, are also discussed for generating biolubricants and 
surfactants, with conversion efficiencies exceeding 85% under optimized conditions [48].

The reviewed studies consistently emphasize that bioproduct development enhances the economic resilience of palm 
oil biorefineries by reducing dependence on single-output production models. Economic assessments indicate that 
integrating material-oriented valorization pathways can increase overall value addition by 15–30% compared to energy-
only utilization strategies [49]. These findings demonstrate that bioproduct diversification is a critical dimension of 
implementing the circular economy in the palm oil sector.

Resource Efficiency and Closed-Loop Process Integration
Resource efficiency and process integration emerge as a fourth key theme, with multiple studies highlighting system-
level optimization strategies within palm oil biorefineries [50]. Water recycling, heat integration, and nutrient recovery 
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are frequently reported as practical measures to enhance circularity. Several studies document water reuse rates of 
40–60% through internal recycling of treated POME, significantly reducing freshwater intake per tonne of FFB processed 
[51,52].

Nutrient recovery from biomass residues and digestate is also emphasized, particularly the recycling of nitrogen, 
phosphorus, and potassium back into plantation systems. Reported nutrient recovery efficiencies range from 50% to 
70%, thereby reducing synthetic fertilizer demand and improving nutrient circularity [53]. Heat integration analyses 
demonstrate that optimized heat exchanger networks can reduce process energy losses by 15–25%, further improving 
overall system efficiency [54].

These resource efficiency measures are consistently framed as enabling mechanisms rather than end goals, supporting 
the transition toward integrated biorefinery configurations. The reviewed studies highlight that closed-loop integration 
enhances both environmental performance and operational robustness without fundamentally altering the core function 
of palm oil processing systems [55].

Zero-Waste and Near-Zero-Waste Production Models
The final theme identified in the SLR relates to zero-waste and near-zero-waste production models. While fully zero-
waste systems are rarely reported in practice, several studies document near-zero-waste configurations in which over 
90% of material flows are valorized through energy, material, or nutrient recovery pathways [56,57]. These models 
typically combine bioenergy generation, bioproduct manufacturing, and internal recycling systems within a single 
biorefinery framework.

Quantitative assessments indicate that integrated zero-waste-oriented systems can reduce residual waste disposal 
by 85–95% compared to conventional mill configurations [58]. Life cycle assessments reported in the reviewed 
literature suggest reductions in overall environmental impact of 30–55% when zero-waste strategies are implemented 
holistically [59,60]. Importantly, these models are presented as evolutionary developments that build upon existing mill 
infrastructure, rather than as disruptive replacements for current industrial practices.

Across the reviewed studies, zero-waste production models are consistently positioned as long-term optimization 
pathways aligned with circular economy principles. The findings indicate that incremental integration of waste-to-value 
technologies and resource recovery systems can progressively move palm oil biorefineries toward near-zero-waste 
performance without compromising production efficiency or operational stability.

Discussion
This discussion addresses the research question concerning how waste-to-value technologies, resource recovery 
strategies, and zero-waste production models collectively contribute to the implementation of circular economy principles 
in palm oil biorefineries, as reflected in contemporary peer-reviewed literature. Drawing on the systematic synthesis 
of 34 selected studies, the discussion integrates technological, systemic, and conceptual insights to elucidate how 
circular economy principles are operationalized within palm oil biorefinery contexts. Rather than evaluating individual 
technologies in isolation, this section emphasizes interconnections, complementarities, and system-level implications 
that emerge across the reviewed literature.

Waste-to-Value Technologies as Foundational Enablers of Circularity
The reviewed literature consistently positions waste-to-value technologies as foundational mechanisms for initiating 
circular-economy practices in palm-oil biorefineries. Across multiple studies, the conversion of processing residues into 
energy carriers, bioproducts, or functional materials is presented as the primary entry point for transitioning from linear 
to circular production systems [61,62]. Solid residues, such as empty fruit bunches, palm kernel shells, and mesocarp 
fiber, and liquid streams, such as palm oil mill effluent, are widely framed as secondary resource pools rather than 
disposal burdens. This reframing aligns closely with core circular economy principles that prioritize value retention and 
material loop closure [63].

The literature indicates that waste-to-value technologies contribute to the implementation of the circular economy 
through three interrelated pathways. First, they reduce the volume of residual waste requiring treatment or disposal, 
thereby minimizing environmental pressure associated with conventional linear systems [64]. Second, they generate 
economically valuable outputs, such as bioenergy, biochar, organic acids, and bio-based materials, thereby enhancing 
overall system productivity and diversification [65]. Third, they enable internal resource substitution, particularly in energy 
provision, by displacing fossil-based inputs with biomass-derived alternatives [66]. Collectively, these contributions 
establish waste-to-value technologies as enabling infrastructures that support both environmental and operational 
dimensions of circularity.

Importantly, the reviewed studies emphasize that the effectiveness of waste-to-value technologies depends not solely on 
conversion efficiency but also on their integration within existing mill and biorefinery systems. Technologies implemented 
as stand-alone solutions often exhibit limited circular impact, whereas those embedded within integrated biorefinery 
configurations demonstrate greater potential for closing material and energy loops [67]. This observation underscores 
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that waste-to-value technologies are necessary but not sufficient for comprehensive circular economy implementation.

Resource Recovery Strategies and the Expansion of Circular Boundaries
Beyond waste-to-value conversion, resource recovery strategies emerge as critical mechanisms for extending circularity 
beyond product generation to encompass broader process and system efficiencies. The literature highlights water, 
nutrient, and energy recovery as key dimensions through which palm oil biorefineries can enhance resource efficiency and 
reduce dependence on external inputs [68]. These strategies expand the boundaries of circular economy implementation 
from output-focused valorization toward holistic system optimization.

Water recovery and reuse are frequently discussed as practical and scalable measures within palm oil processing 
systems. Studies report that treated effluents from anaerobic digestion or advanced treatment systems can be reused 
for non-potable applications, thereby reducing freshwater abstraction and improving water-use efficiency [69]. From a 
circular economy perspective, such practices exemplify the principle of maintaining resource utility within the system for 
as long as possible, rather than discharging resources after single use [70].

Nutrient recovery represents another dimension of circularity. Digestate from anaerobic digestion and ash from biomass 
combustion are commonly evaluated as nutrient sources for plantation fertilization, enabling partial substitution 
of synthetic fertilizers [71]. The literature suggests that nutrient recycling not only closes material loops between 
processing facilities and agricultural systems but also strengthens functional linkages across the palm oil value chain 
[72]. These findings illustrate how resource recovery strategies contribute to the implementation of the circular economy 
by reconnecting industrial and agricultural subsystems within a unified bio-based framework.

Energy recovery and cascading further enhance circular performance by optimizing the use of energy flows within 
biorefineries. Heat integration, combined heat and power systems, and energy cascading approaches are reported to 
reduce energy losses and improve overall system efficiency [73]. Such strategies reinforce the role of resource recovery 
as a complementary mechanism that amplifies the circular benefits initiated by waste-to-value technologies.

Zero-Waste Production Models as System-Level Integration Frameworks
While waste-to-value technologies and resource recovery strategies provide essential building blocks, the literature 
increasingly frames zero-waste and near-zero-waste production models as system-level integration frameworks that 
consolidate these elements into coherent circular configurations. Rather than representing discrete technologies, zero-
waste models are conceptualized as organizational and operational paradigms that seek to maximize the valorization of 
all material and energy flows within biorefineries [74]. 

The reviewed studies commonly adopt a pragmatic interpretation of zero-waste, emphasizing near-zero-waste 
configurations in which most residues are converted into useful outputs. Fully closed-loop systems are rarely reported in 
practice; however, several studies document configurations in which more than 90% of material streams are valorized 
through combinations of energy recovery, material utilization, and nutrient recycling [75]. This pragmatic framing aligns 
with the circular economy’s principles, which prioritize progressive optimization over idealized end states.

Zero-waste production models are also discussed as evolutionary pathways that build upon existing mill infrastructure 
rather than requiring radical technological transformation. Incremental integration of waste-to-value technologies and 
resource recovery systems enables palm oil biorefineries to enhance circular performance while maintaining operational 
stability gradually [76]. This evolutionary perspective is particularly relevant in agro-industrial contexts, where 
technological adoption is influenced by economic, regulatory, and infrastructural considerations.

From a conceptual standpoint, zero-waste models serve as integrative lenses that reveal how individual circular practices 
interact at the system level. The literature suggests that the circular impact of waste-to-value technologies and resource 
recovery strategies is significantly enhanced when they are coordinated within a unified zero-waste-oriented framework 
[77]. This coordination enables synergistic effects, such as cascading resource use and multi-output optimization, which 
are central to the implementation of the circular economy.

Collective Contribution to Circular Economy Implementation
When examined collectively, waste-to-value technologies, resource recovery strategies, and zero-waste production 
models are shown to contribute to the implementation of the circular economy through complementary, mutually 
reinforcing roles. Waste-to-value technologies initiate circular flows by converting residues into valuable outputs, 
resource recovery strategies extend these flows by retaining water, nutrients, and energy within the system, and zero-
waste models integrate these practices into coherent production frameworks [78].

The reviewed literature indicates that implementing the circular economy in palm oil biorefineries is most effective when 
these elements are aligned rather than pursued independently. Studies that adopt integrated analytical approaches 
consistently report higher circular performance than those focusing on single technologies or isolated resource streams 
[79]. This finding directly addresses the research question by demonstrating that circular economy principles are 
operationalized through the collective interaction of multiple strategies rather than through any single intervention.
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At the same time, the literature reveals variability in the extent to which these elements are integrated across contexts. 
Differences in technological maturity, policy environments, and investment capacity influence the extent to which palm 
oil biorefineries can adopt integrated circular configurations. Consequently, the implementation of the circular economy 
is best understood as a spectrum of practices rather than a uniform model, with waste-to-value technologies often 
serving as entry points and zero-waste frameworks representing longer-term aspirations.

The findings of this systematic literature review carry several implications for research and practice. From an academic 
perspective, the synthesis highlights the importance of system-level analyses that move beyond technology-specific 
assessments. Future research would benefit from comparative studies that evaluate trade-offs and synergies among 
multiple waste-to-value pathways within integrated biorefinery systems. Greater methodological consistency, particularly 
in assessing circular performance indicators, would also enhance the comparability and robustness of future studies.

From an industrial and policy perspective, the literature suggests that incremental integration of waste-to-value 
technologies and resource recovery strategies can progressively enhance the implementation of the circular economy 
without disrupting existing palm oil processing systems. Zero-waste-oriented frameworks provide useful conceptual 
guidance for long-term optimization, while pragmatic near-zero-waste approaches offer feasible pathways for gradual 
improvement. Policymakers and industry stakeholders may therefore consider supporting integrated biorefinery 
configurations that align economic viability with circular economy objectives.

Finally, future research should further explore the scalability and contextual adaptability of integrated circular economy 
models across different palm oil–producing regions. While the reviewed literature provides substantial insights into 
technological and systemic potential, empirical synthesis remains limited in cross-regional comparisons and long-term 
performance evaluation. Addressing these gaps through expanded systematic reviews and meta-analytic approaches 
would contribute to a more comprehensive understanding of the implementation of the circular economy in palm oil 
biorefineries.

Conclusion
This systematic literature review demonstrates that the integrated application of waste-to-value technologies, resource 
recovery strategies, and zero-waste-oriented production models fundamentally shapes the implementation of circular 
economy principles in palm oil biorefineries. The reviewed literature consistently indicates that circularity in palm oil 
biorefineries is not achieved through isolated technological interventions, but rather through coordinated, system-level 
approaches that transform residual streams into valuable resources while optimizing internal material and energy flows.

Waste-to-value technologies emerge as the primary enablers of circular economy practices by redefining biomass 
residues and effluents as secondary resource streams. By converting solid and liquid by-products into bioenergy, bio-
based materials, and value-added compounds, these technologies initiate material loop closure and reduce reliance 
on linear disposal pathways. Their contribution is particularly significant when they are embedded within integrated 
biorefinery configurations, allowing resource valorization to directly support operational efficiency and internal resource 
substitution.

Resource recovery strategies further reinforce the implementation of the circular economy by extending circularity 
beyond product outputs to encompass water, nutrient, and energy management. The literature highlights that water 
reuse, nutrient recycling, and energy cascading practices enhance resource efficiency and strengthen linkages between 
processing facilities and upstream agricultural systems. By maintaining the utility of resources within the production 
system for extended periods, resource recovery strategies complement waste-to-value processes and help consolidate 
closed-loop production structures.

Zero-waste and near-zero-waste production models provide an overarching framework that integrates waste valorization 
and resource recovery into coherent circular production systems. Rather than representing absolute end states, these 
models are predominantly framed as progressive configurations that maximize the utilization of material and energy flows 
while accommodating existing industrial infrastructure. The reviewed studies emphasize that the circular performance of 
palm oil biorefineries is significantly enhanced when zero-waste principles guide the coordination of multiple technologies 
and recovery pathways.

Overall, the contemporary peer-reviewed literature portrays the implementation of the circular economy in palm oil 
biorefineries as an evolutionary and context-dependent process, driven by the synergistic interplay of technological, 
operational, and systemic strategies. The collective evidence indicates that integrated circular configurations offer a 
viable pathway to enhance resource efficiency and value retention in palm oil biorefineries, while maintaining alignment 
with industrial feasibility and bio-based production objectives.
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