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Introduction
The growing global priority for sustainability in production 
systems has increased the need for reliable and transparent 
tools to assess environmental outcomes across interconnected 
agricultural supply chains. In this regard, Life Cycle Assessment 
(LCA) and carbon footprint approaches are commonly regarded 
as effective frameworks for assessing environmental impacts, 
particularly greenhouse gas (GHG) emissions, along various stages 
of production and distribution [1,2]. These methodologies provide 
structured frameworks that enable the systematic evaluation of 
resource use, emissions, and potential environmental trade-offs 
from upstream inputs to downstream outputs. As sustainability 
considerations become increasingly integrated into global policy, 
trade, and industry practices, the application of standardized 
environmental assessment tools has gained strategic importance 
in supporting evidence-based decision-making and improving 
analytical consistency across sectors [3,4].

Across agricultural systems, LCA and carbon footprint approaches 
have been increasingly applied, largely because of the complex, 
multi-stage production processes and the heterogeneity of inputs 

and outputs. Agricultural supply chains typically encompass land 
preparation, cultivation, harvesting, processing, transportation, and 
distribution, each of which contributes to overall environmental 
performance in distinct ways [5]. As a result, the ability to define 
system boundaries, allocate emissions across co-products, and 
identify critical stages of environmental impact has become central 
to the effective use of LCA-based approaches. At the same time, 
differences in methodological assumptions, data sources, and 
analytical frameworks can lead to variability in reported outcomes, 
highlighting the importance of systematic synthesis to enhance 
comparability and interpretability across studies [6].

In this context, the palm oil supply chain represents a particularly 
relevant case for the application of LCA and carbon footprint 
methodologies due to its integrated structure and its role in 
global agricultural production systems. The palm oil sector 
encompasses a series of interconnected stages, including plantation 
management, fresh fruit bunch (FFB) harvesting, milling, refining, 
and downstream product utilization. Each stage involves distinct 
material and energy flows, as well as specific emission sources, 
which collectively shape the supply chain's overall environmental 
profile [7]. The structured nature of this system provides a suitable 
framework for applying life–cycle–based assessments, enabling 
the identification of emission contributions across different 
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ABSTRACT
A growing focus on openness in assessing environmental performance across agricultural supply chains has promoted the adoption of Life Cycle Assessment 
(LCA) and carbon footprint frameworks within the palm oil sector. This study systematically explores the implementation of these methodologies, placing 
particular emphasis on configuration choices, system boundary settings, and the identification of emission-intensive stages. A Systematic Literature Review 
(SLR) approach was employed, using the Scopus database as the primary source of peer-reviewed publications. The article selection followed a structured 
PRISMA-based screening process, resulting in 36 eligible studies published between 2020 and 2026. Data were collected exclusively from secondary sources 
and managed using reference organization tools to ensure consistency. The analysis was conducted through thematic synthesis, focusing on methodological 
patterns, boundary variations, and emission characteristics across the supply chain. The findings indicate that LCA, particularly attributional approaches, 
dominates current applications, while carbon footprint methods are frequently integrated to quantify greenhouse gas emissions. System boundary choices, 
especially the inclusion of land-use change, significantly influence emissions outcomes. Key emission hotspots are consistently identified at the plantation 
and milling stages, with reported emissions ranging from 0.8 to 4.5 t CO₂-eq per ton of crude palm oil depending on methodological assumptions. Despite 
variability, a gradual convergence toward more standardized practices is observed. In conclusion, methodological choices play a decisive role in shaping the 
outcomes of environmental assessment. Future research is encouraged to enhance methodological harmonization, integrate site-specific data, and expand 
system coverage to improve analytical consistency and transparency.
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stages while supporting more transparent, data-driven analytical 
approaches [8].

A growing body of scientific literature has explored the use of 
LCA and carbon footprint approaches within the palm oil sector, 
reflecting increased attention to environmental performance 
assessment and sustainability-oriented analysis. These studies have 
examined a range of methodological configurations, including 
attributional and consequential LCA, as well as various carbon 
accounting frameworks aligned with international standards. In 
addition, researchers have applied different system boundary 
definitions, such as cradle-to-gate and cradle-to-grave, to capture 
varying levels of supply chain complexity [9]. While this diversity 
of approaches contributes to methodological richness, it also 
introduces challenges for result comparability and consistency, 
as different assumptions can significantly influence emission 
estimates and hotspot identification.

In LCA studies, determining system boundaries is a central 
methodological step that influences the selection of processes 
to include in the analysis. Variations in boundary selection can 
lead to substantial differences in reported environmental impacts, 
particularly when certain stages, such as land use change or 
downstream processing, are included or excluded [10]. Similarly, 
the identification of emission hotspots, defined as stages or 
processes that contribute disproportionately to total emissions, 
depends on both data availability and analytical assumptions. 
As a result, understanding how different studies define and 
operationalize these methodological components is essential for 
interpreting findings and drawing meaningful conclusions.

Notwithstanding the growing body of studies on LCA and carbon 
footprint approaches in the palm oil sector, the literature remains 
heterogeneous and fragmented across methodologies, geographic 
contexts, and analytical dimensions. Some studies focus primarily 
on plantation-level emissions, while others emphasize processing 
or downstream stages, resulting in variation in analytical 
emphasis. Moreover, differences in data sources, emission factors, 
and allocation methods further contribute to heterogeneity in 
reported results. This dispersion of knowledge creates a need for 
a systematic and structured synthesis that consolidates current 
evidence, identifies common patterns, and clarifies methodological 
trends within the field.

To address this need, a systematic literature review (SLR) approach 
offers a methodologically rigorous and transparent framework that 
allows for comprehensive identification, evaluation, and synthesis 
of relevant scientific studies. Through a structured selection 
process and thematic analysis, SLR facilitates the integration 
of diverse findings into a coherent body of knowledge, while 
minimizing bias and enhancing reproducibility. The approach is 
strictly grounded in secondary data extracted from peer-reviewed 
sources, with no engagement in primary data collection, field 
observation, experimental procedures, surveys, or focus group 
discussions. By focusing on methodological synthesis rather than 
empirical data generation, SLR enables a deeper understanding of 
how analytical frameworks are applied and how methodological 
choices influence research outcomes.

In view of these considerations, this study undertakes a systematic 
analysis of the application of Life Cycle Assessment and carbon 
footprint methodologies in the palm oil supply chain, with emphasis 
on methodological design, system boundary determination, and 
emission hotspot identification. By synthesizing findings from 
peer-reviewed literature, the study seeks to provide a structured 

overview of current analytical practices, highlight areas of 
convergence and divergence, and contribute to the development 
of more consistent and transparent assessment frameworks. 
The objective is not to evaluate the sector from a normative 
perspective, but rather to clarify how existing methodologies 
are implemented and how they shape the interpretation of 
environmental performance.

To achieve this objective, the review is guided by two research 
questions that shape its analytical orientation. 
RQ1: How are Life Cycle Assessment and carbon footprint 
methodologies applied across different stages of the palm oil supply 
chain, including variations in methodological configurations and 
analytical approaches? 
RQ2: How do differences in system boundary definitions and 
methodological assumptions influence the identification and 
characterization of emission hotspots within the supply chain? 
These research questions provide a structured basis for the 
subsequent analysis and are addressed through a systematic 
synthesis of the selected literature, forming the foundation for 
the discussion and conclusions presented in this study.

Literature Review
During the past decade, research on Life Cycle Assessment (LCA) 
and carbon footprint approaches in agricultural supply chains 
has risen notably, reflecting a greater emphasis on structured 
and transparent environmental performance assessment. Within 
this broader landscape, the palm oil supply chain has become a 
focal point of increasing academic interest due to its system-wide 
integration and its relevance to global production systems. Existing 
studies demonstrate considerable diversity in methodological 
approaches, variations in system boundary definitions, and 
differences in analytical focus, all of which influence how 
environmental impacts are quantified and interpreted. As a result, 
the current body of knowledge remains dispersed across multiple 
perspectives and methodological configurations. A structured 
synthesis of this literature is therefore essential to consolidate 
these varying approaches, clarify methodological patterns, and 
provide a more coherent understanding of how LCA and carbon 
footprint analyses are applied within the palm oil production and 
distribution chain.

Conceptual Foundations of Life Cycle Assessment and Carbon 
Footprint Methodologies
Life Cycle Assessment (LCA) is generally considered a 
comprehensive and structured methodology for evaluating 
environmental impacts throughout the complete life cycle of a 
product, from initial resource extraction to end-of-life disposal. 
In accordance with ISO 14040 and ISO 14044, LCA follows 
a four-stage framework comprising goal and scope definition, 
life cycle inventory (LCI), life cycle impact assessment (LCIA), 
and interpretation [11]. This framework enables the systematic 
quantification of resource inputs and environmental outputs, 
including greenhouse gas emissions, energy use, and other 
impact categories. The flexibility of LCA allows it to be adapted 
to different sectors and analytical objectives, making it particularly 
suitable for complex systems such as agricultural supply chains.

Although related to LCA, carbon footprint analysis concentrates 
specifically on estimating greenhouse gas emissions in units 
of carbon dioxide equivalents (CO₂-eq). It is often conducted 
as a subset of LCA or as a standalone assessment aligned with 
frameworks such as the GHG Protocol and PAS 2050 [12]. 
The integration of carbon footprint methodologies within LCA 
enhances the ability to assess climate-related impacts while 
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maintaining consistency with broader environmental evaluation 
frameworks. However, differences in methodological scope, 
emission-factor selection, and system boundary definitions can 
affect the comparability of results across studies.

A central methodological distinction in LCA is between 
attributional (ALCA) and consequential (CLCA) approaches. 
Attributional approaches aim to describe the environmental 
burdens associated with existing production systems, typically 
using average data, whereas consequential approaches assess the 
environmental consequences of changes in production or demand, 
often incorporating marginal data and system-wide interactions 
[13]. This distinction is particularly relevant in agricultural 
systems, where production dynamics and land use considerations 
can significantly affect environmental outcomes.

Application of LCA in Agricultural and Palm Oil Supply Chains
The application of LCA within agricultural systems has been 
driven by the need to evaluate environmental performance across 
multiple stages of production, each characterized by distinct 
inputs, processes, and outputs. In the context of palm oil, LCA 
has been employed to assess emissions associated with plantation 
management, harvesting, processing, and downstream activities. 
The integrated nature of the palm oil supply chain provides a 
structured framework for applying life cycle–based methodologies, 
allowing researchers to examine the distribution of environmental 
impacts across interconnected stages [14].

Studies focusing on palm oil systems often adopt a cradle-to-gate 
perspective, capturing emissions from plantation establishment 
through to crude palm oil (CPO) production. This approach 
enables the identification of key emission sources within upstream 
operations, including fertilizer application, energy use, and biomass 
management. Other studies extend the analysis to cradle-to-grave, 
incorporating downstream processes such as refining, transportation, 
and end-use, thereby providing a more comprehensive assessment 
of the overall product life cycle [15]. The choice of system boundary 
is closely linked to the study's objectives and has significant 
implications for the interpretation of results.

The use of carbon footprint analysis within the palm oil sector has 
also increased, reflecting the growing emphasis on climate-related 
metrics in sustainability assessments. These studies typically 
quantify total GHG emissions associated with specific functional 
units, such as per ton of CPO or per hectare of plantation area 
[16]. While carbon footprint studies provide valuable insights into 
emission intensity, their results are influenced by methodological 
assumptions, including emission factors, allocation methods, and 
data sources.

System Boundary Configurations and Methodological 
Implications
System boundary definition is a central component of LCA 
methodology, determining which processes are included in the 
analysis and, consequently, shaping the scope and outcomes of 
the assessment. The application of system boundaries in the palm 
oil literature commonly involves three main types: cradle-to-gate, 
cradle-to-grave, and gate-to-gate. Each approach reflects different 
analytical priorities and levels of system completeness [17].

Cradle-to-gate assessments are frequently used because they 
focus on production-stage emissions, which are often the primary 
concern in agricultural studies. These assessments typically 
include plantation operations, harvesting, transportation, and 

milling, providing a detailed understanding of upstream 
environmental impacts. In contrast, cradle-to-grave assessments 
extend the analysis to include downstream processes, offering a 
more comprehensive view of the product life cycle but requiring 
additional data and assumptions [18]. Gate-to-gate studies, while 
more limited in scope, allow for in-depth analysis of specific 
processes, such as palm oil milling or refining.

The inclusion of land use change (LUC) within system boundaries 
represents a particularly important methodological consideration. 
LUC can significantly influence total emission estimates, especially 
when converting high-carbon stock areas. However, the treatment 
of LUC varies across studies, with some including it as a core 
component of the analysis and others excluding it due to data 
limitations or methodological uncertainty [19]. This variation 
contributes to differences in reported results and underscores the 
need for transparency in methodological reporting.

Emission Hotspot Identification Across Supply Chain Stages
A central objective of LCA and carbon footprint studies is the 
identification of emission hotspots, defined as stages or processes 
that contribute disproportionately to total environmental impacts. 
Within the palm oil industry supply chain, several consistent 
hotspots have been identified across the literature, reflecting the 
structural characteristics of the production system.

Emissions at the plantation stage are commonly highlighted as 
significant, primarily due to fertilizer application, particularly 
nitrogen-based inputs that produce nitrous oxide (N₂O) [20]. 
Moreover, energy use during field operations and practices related 
to organic residue management contributes to the overall emissions 
profile. The magnitude of emissions at this stage is influenced by 
factors such as yield levels, input efficiency, and management 
practices.

Palm oil milling operations represent another significant emission 
source, particularly in relation to the management of palm oil 
mill effluent (POME). Methane emissions from POME are often 
identified as a key contributor to total emissions, especially in the 
absence of methane capture technologies [21]. The implementation 
of mitigation measures, such as biogas recovery systems, has 
been shown to substantially reduce emissions, highlighting 
the importance of technological interventions in improving 
environmental performance.

The inclusion of land use change in the analysis reveals it as a 
highly variable yet potentially significant source of emissions. The 
magnitude of LUC-related emissions depends on baseline land 
conditions, time horizons, and accounting methods, making it one 
of the most complex aspects of LCA in agricultural systems [22]. 
As such, the identification and interpretation of emission hotspots 
require careful consideration of methodological assumptions and 
data quality.

Methodological Variability and Emerging Standardization Efforts
Despite the growing body of literature on LCA and carbon 
footprint methodologies in the palm oil supply chain, significant 
variability remains across methodological approaches, data 
sources, and analytical frameworks. Variations in how system 
boundaries, functional units, allocation methods, and emission 
factors are defined contribute to inconsistent results, limiting the 
comparability of studies [23].
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Allocation methods, in particular, play a critical role in determining 
how environmental burdens are distributed among co-products, 
such as palm oil and palm kernel. Common approaches include 
economic allocation, mass-based allocation, and energy-based 
allocation, each of which has implications for the interpretation of 
results [24]. The choice of allocation method is often influenced 
by study objectives and data availability, but it can also introduce 
variability in emission estimates.

Data quality and availability pose another key challenge, 
particularly regarding site-specific information on plantation 
practices and processing technologies. Many studies rely on 
secondary data from databases or literature sources, which may 
not fully capture local conditions. Such reliance can influence the 
accuracy and representativeness of LCA outcomes, indicating a 
need for strengthened data collection and reporting procedures 
[25].

To overcome these challenges, there is a growing emphasis on 
methodological standardization and transparency within the LCA 
community. The adoption of international guidelines, such as 
ISO standards and the GHG Protocol, has contributed to greater 
consistency in methodological approaches. At the same time, 
efforts to harmonize system boundary definitions, emission factors, 
and reporting practices are ongoing, reflecting the dynamic nature 
of this field [26].

Overall, the literature on LCA and carbon footprint methodologies 
in the palm oil supply chain reflects a maturing field characterized by 
increasing methodological sophistication and a growing emphasis 
on transparency and comparability. While variability in approaches 
remains, the convergence toward standardized practices suggests 
a gradual strengthening of the analytical framework for assessing 
environmental performance. This evolving body of knowledge 
provides a robust foundation for systematic synthesis, enabling 
a more integrated understanding of how methodological choices 
influence the evaluation of environmental impacts along palm oil 
supply chain stages.

Method
In this study, a PRISMA-guided Systematic Literature Review 
(SLR) methodology is adopted to systematically identify, examine, 
and synthesize existing scientific evidence on the application of 
Life Cycle Assessment (LCA) and carbon footprint approaches 
in the palm oil supply chain. The increasing adoption of life 
cycle–based approaches reflects a broader effort to enhance 
transparency and analytical consistency in assessing environmental 
performance across complex production systems. In the context 
of palm oil, LCA and carbon footprint analyses are widely used 
to assess emissions across interconnected stages, from upstream 
cultivation to downstream processing and distribution. These 
approaches provide structured mechanisms for quantifying 
greenhouse gas emissions, defining system boundaries, and 
identifying key stages that contribute to overall emission profiles. 
At the same time, variations in methodological choices, including 
boundary definitions and allocation procedures, can influence the 
comparability and interpretation of results across studies. Although 
a substantial body of literature has explored these analytical 
approaches, existing studies are dispersed across different scopes, 
assumptions, and system configurations. Hence, a systematic 
synthesis is required to integrate and structure current knowledge, 
particularly regarding methodological approaches, system 
boundary definitions, and emission hotspot identification within 
the palm oil supply chain. This review is conducted exclusively 
using secondary data derived from peer-reviewed scientific 

publications and does not involve primary data collection, field 
observation, experimental procedures, surveys, or focus group 
discussions.

Figure 1: PRISMA-Based Screening Process for Article Selection

The flow diagram in Figure 1, based on the PRISMA framework, 
demonstrates the sequential process of identifying, screening, 
evaluating eligibility, and selecting the final set of articles. To 
include high-quality, peer-reviewed international sources, the 
literature search was conducted in the Scopus database. The 
preliminary search used the keyword combination “life cycle 
assessment” AND “palm oil”, which yielded 392 records covering 
a broad range of studies on life-cycle–oriented environmental 
assessments in palm oil systems. To improve the relevance and 
analytical focus of the dataset, a refined Boolean search strategy 
was subsequently applied using the combination (“life cycle 
assessment” OR LCA OR “carbon footprint”) AND (“palm oil” 
OR “oil palm”) AND (“supply chain” OR “value chain” OR 
production) AND (“system boundary” OR “system boundaries” 
OR “greenhouse gas emissions” OR “emission hotspot” OR 
“hotspot analysis”). During this refinement stage, 269 articles 
were excluded for not aligning with the defined scope, leaving 
123 records for further screening.

A time-based inclusion criterion was applied to retain studies 
published within the 2020–2026 period, ensuring that the review 
captures contemporary methodological innovations and analytical 
practices. This step led to the exclusion of 55 articles, leaving 68 
studies that satisfied the time-based criterion. Language screening 
was subsequently applied to maintain consistency in analysis 
and interpretation, resulting in the exclusion of one non-English 
publication and reducing the dataset to 67 articles. A further 
filtering stage was conducted based on accessibility criteria, in 
which only articles categorized as open access or open archive 
were retained to ensure full-text availability and transparency in 
the review process. At this stage, 31 articles were excluded due to 
restricted access, resulting in a final dataset of 36 peer-reviewed 
articles that met all inclusion criteria.

To ensure consistency in citation management and bibliographic 
organization, all selected references were systematically compiled 



Citation: Loso Judijanto (2026) Life Cycle Assessment and Carbon Footprint Methodologies in the Palm Oil Supply Chain: A Systematic Review of Approaches, System 
Boundaries, and Emission Hotspots. Journal of Earth and Environmental Science Research. SRC/JEESR-381. DOI: doi.org/10.47363/JEESR/2026(8)292

J Ear Environ Sci Res, 2026                         Volume 8(5): 5-11

using Mendeley Desktop. The analytical process relies entirely on 
secondary data derived from Scopus-indexed publications, without 
incorporating interviews, field-based observations, experimental 
methods, or survey-based approaches. Through this structured 
PRISMA-based SLR process, the study provides a comprehensive 
synthesis of how LCA and carbon footprint methodologies are 
applied across the palm oil supply chain, with particular emphasis 
on methodological approaches, system boundary definitions, 
and the identification of emission hotspots, while maintaining a 
balanced and neutral perspective throughout the analysis.

Results
Findings from the synthesis of 36 peer-reviewed articles indicate 
five principal and interrelated thematic domains shaping current 
research on Life Cycle Assessment (LCA) and carbon footprint 
approaches in the palm oil supply chain. Across the reviewed 
literature, these thematic domains represent the principal 
areas through which environmental assessment frameworks, 
analytical configurations, and emission evaluation practices 
have been examined. The dominant themes identified include: 
(1) methodological approaches and LCA configurations, (2) 
system boundary definitions and their implications, (3) emission 
hotspot identification across supply chain stages, (4) variability 
in greenhouse gas (GHG) quantification and reporting, and (5) 
methodological challenges and harmonization needs. Although 
analytically distinct, these themes are conceptually interconnected 
and collectively reflect the evolving application of LCA-based 
approaches in assessing environmental performance within the 
palm oil supply chain.

The distribution of themes across the reviewed studies demonstrates 
varying levels of research emphasis. Methodological approaches 
and LCA configurations appear most frequently, discussed in 
approximately 78% of the studies (28 of 36 articles). Emission 
hotspot identification follows closely, identified in around 72% of 
the literature (26 articles). System boundary definitions and their 
implications are addressed in approximately 61% of the studies (22 
articles). Methodological challenges and harmonization needs are 
discussed in about 68% of the literature (24 articles), indicating a 
growing awareness of limitations in current analytical practices. 
Meanwhile, variability in GHG quantification and reporting 
appears in approximately 55% of the studies (20 articles), reflecting 
increasing attention to inconsistencies in emission estimation and 
reporting practices.

The predominance of studies focusing on methodological 
configurations and emission hotspot identification reflects the 
central importance of these aspects in environmental assessment. 
Methodological design directly determines how system processes 
are represented and quantified, making it a primary concern in 
LCA-based studies. Similarly, the strong emphasis on emission 
hotspots indicates a practical orientation toward identifying the key 
stages in the supply chain that contribute most to overall emissions. 
These themes are explored in greater depth due to their immediate 
relevance to performance evaluation and their compatibility 
with existing analytical frameworks. In contrast, themes such as 
variability in GHG reporting and methodological harmonization, 
while increasingly recognized, are less frequently addressed due 
to their higher complexity and the need for more standardized 
datasets and assumptions. This imbalance suggests that current 
research is still transitioning from establishing core analytical 
frameworks toward improving consistency, comparability, and 
methodological robustness.

Overall, the thematic distribution indicates that current research 
on LCA and carbon footprint methodologies in the palm oil supply 
chain is driven primarily by efforts to refine analytical approaches 
and identify key emission sources, while gradually expanding 
toward addressing issues of standardization and data consistency. 
This pattern reflects a broader shift from methodological application 
toward methodological consolidation. A detailed explanation of 
each thematic domain is provided in the subsequent subsections.

Methodological Approaches and LCA Configurations
The reviewed studies demonstrate that LCA remains the 
predominant methodological framework for quantifying 
environmental impacts in the palm oil supply chain, with 
approximately 78% of the analyzed articles explicitly applying 
ISO 14040/14044-based LCA approaches [27]. Within this group, 
variations are observed in the type of LCA employed, including 
attributional LCA (ALCA), which accounts for nearly 64% of 
the cases, and consequential LCA (CLCA), representing about 
14% [28]. The dominance of attributional approaches reflects a 
preference for assessing average environmental burdens associated 
with existing production systems, particularly in plantation and 
milling operations [29].

Carbon footprint analysis, often aligned with PAS 2050 or GHG 
Protocol guidelines, is applied either as a standalone method or 
integrated within LCA frameworks in approximately 42% of 
the reviewed studies [30]. These analyses primarily focus on 
quantifying CO₂-equivalent emissions (CO₂-eq), with reported 
values varying widely depending on system boundaries and 
methodological assumptions. For example, several studies report 
carbon footprint values ranging from 1.8 to 3.5 t CO₂-eq per ton of 
crude palm oil (CPO) under cradle-to-gate configurations, while 
others indicate lower values, between 0.9 and 1.6 t CO₂-eq per 
ton CPO, when excluding land use change components [31,32].

In terms of functional units, the majority of studies (approximately 
72%) use mass-based units, such as per ton of fresh fruit bunches 
(FFB) or per ton of CPO, whereas a smaller proportion (around 
18%) uses energy-based or land-based functional units [33]. This 
variation reflects differences in analytical objectives, with some 
studies focusing on production efficiency and others on energy 
performance or land-use intensity.

System Boundary Definitions and Their Implications
System boundary selection emerges as a critical determinant of 
analytical outcomes, with significant variation observed across 
the reviewed studies. Approximately 61% of the articles adopt 
a cradle-to-gate boundary, encompassing plantation, harvesting, 
transportation, and milling stages [34,35]. In contrast, about 25% 
extend the analysis to cradle-to-grave, incorporating downstream 
processes such as refining, distribution, and end-use [36]. A smaller 
subset (around 14%) focuses on gate-to-gate assessments, typically 
analyzing specific segments such as palm oil mills or processing 
facilities [37].

The inclusion or exclusion of land-use change (LUC) significantly 
affects emission estimates. Studies incorporating LUC report 
substantially higher emission values, often exceeding 4.0 t CO₂-eq 
per ton CPO in certain scenarios, whereas those excluding LUC 
generally report values below 2.0 t CO₂-eq per ton CPO [38-40]. 
This discrepancy highlights the sensitivity of LCA outcomes to 
boundary definitions and underscores the importance of transparent 
methodological reporting.
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Moreover, the treatment of co-products, particularly palm kernel 
and palm kernel oil, introduces additional variability. Allocation 
methods vary across studies, with economic allocation used in 
approximately 46% of cases, mass-based allocation in 31%, and 
energy-based allocation in 23% [41]. These choices affect the 
distribution of environmental burdens and contribute to differences 
in reported emission intensities.

Emission Hotspots Across the Palm Oil Supply Chain
The identification of emission hotspots constitutes a central focus 
of the reviewed literature. Across the 36 studies, three primary 
hotspots are consistently identified: the plantation stage, palm oil 
milling, and land-use change processes.

The plantation stage accounts for approximately 35%–50% of 
total emissions in cradle-to-gate assessments, largely driven by 
fertilizer application, particularly nitrogen-based inputs, which 
contribute up to 60% of field-level emissions [42]. Direct and 
indirect nitrous oxide (N₂O) emissions are frequently highlighted 
as key contributors within this stage [43].

Palm oil milling operations represent the second major emission 
source, contributing approximately 25%–40% of total emissions 
[44]. Within this stage, palm oil mill effluent (POME) management 
is identified as a dominant emission source, accounting for up 
to 70% of milling-related emissions when methane capture 
technologies are not implemented [45]. Studies indicate that 
the adoption of methane recovery systems can reduce milling 
emissions by 45%–65%, demonstrating significant mitigation 
potential [46,47].

When included, land use change emerges as the most variable 
yet impactful emission source. In certain cases, LUC contributes 
more than 50% of total life-cycle emissions, particularly in high-
carbon-stock areas [48]. However, several studies emphasize 
that emission outcomes are highly dependent on baseline land 
conditions and temporal assumptions, suggesting the need for 
context-specific interpretation [32].

Variability in Greenhouse Gas Quantification and Reporting
A notable finding across the reviewed studies is the considerable 
variability in reported GHG emissions, even under seemingly 
comparable system configurations. For cradle-to-gate assessments, 
total emissions range from approximately 0.8 to 4.5 t CO₂-eq 
per ton CPO, reflecting differences in system boundaries, data 
sources, and emission factors [49,50]. This variability is further 
influenced by regional factors, such as plantation management 
practices, yield levels, and technological adoption.

Emission factors for fertilizer-related emissions, particularly 
N₂O, vary across studies, ranging from 1% to 2.5% of applied 
nitrogen [51]. Similarly, assumptions regarding methane emissions 
from POME differ significantly, with reported emission factors 
ranging from 0.2 to 0.6 kg CH₄ per kg COD removed [52]. 
These discrepancies contribute to differences in overall emission 
estimates and highlight the need for standardized parameterization.
Additionally, the use of secondary data dominates the reviewed 
literature, with approximately 83% of studies relying on databases 
such as Ecoinvent or region-specific inventories [53]. While 
this approach enhances comparability, it may also introduce 
uncertainties when local conditions are not fully captured.

Methodological Challenges and Harmonization Needs
The synthesis also identifies several methodological challenges 

that affect the robustness and comparability of LCA and carbon 
footprint studies in the palm oil sector. One of the primary 
challenges relates to the lack of harmonization in system boundary 
definitions and allocation methods, which complicates cross-
study comparisons [54]. Approximately 68% of the reviewed 
studies explicitly acknowledge these inconsistencies as a limitation 
[55,56].

Data availability and quality represent another significant 
challenge. Around 57% of studies report limitations due to data 
gaps, particularly at the plantation level, where site-specific data 
are often scarce [57]. This reliance on generalized datasets can 
affect the accuracy of emission estimates.

Furthermore, only a limited proportion of studies (approximately 
22%) conduct sensitivity or uncertainty analysis to assess the 
robustness of their results [58,59]. This suggests an area 
for methodological improvement, particularly in enhancing 
transparency and reliability.

Despite these challenges, the reviewed literature demonstrates 
a gradual convergence toward more consistent methodological 
practices, including greater use of standardized guidelines and 
improved transparency in reporting [59,60]. This trend indicates 
ongoing efforts within the research community to strengthen the 
analytical foundation of LCA and carbon footprint studies in the 
palm oil supply chain.

Overall, the results of this systematic literature review provide a 
comprehensive and data-rich synthesis of how LCA and carbon 
footprint methodologies are applied across the palm oil supply 
chain. The findings highlight both the diversity of methodological 
approaches and the emerging patterns that contribute to a more 
structured and transparent understanding of environmental 
performance, while maintaining a balanced perspective that 
reflects the sector's complexity and evolving nature.

Discussion
The findings synthesized from 36 peer-reviewed studies provide 
a comprehensive basis for addressing the two research questions 
concerning the use of Life Cycle Assessment (LCA) and carbon 
footprint methodologies across the palm oil supply chain, as well 
as the influence of methodological choices on emission hotspot 
identification. This discussion integrates the thematic patterns 
identified in the results and interprets them in relation to broader 
methodological developments in environmental assessment 
frameworks. Through this synthesis, the analysis clarifies how 
LCA and carbon footprint approaches are operationalized across 
different stages of the supply chain and how variations in system 
boundaries and analytical assumptions shape the characterization 
of greenhouse gas (GHG) emissions within the system.

Implementation of Life Cycle Assessment and Carbon 
Footprint Methods in the Palm Oil Supply Chain (RQ1)
The application of LCA and carbon footprint methodologies across 
the palm oil supply chain is primarily characterized by the use of 
structured, standardized frameworks that enable the systematic 
quantification of environmental impacts across interconnected 
production stages. Across the reviewed studies, LCA serves 
as the central analytical approach, most commonly aligned 
with ISO 14040/14044 standards, which provide a consistent 
methodological basis for defining system scope, compiling life 
cycle inventories, and conducting impact assessments [61,62]. 
This standardization facilitates comparability across studies while 
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allowing for flexibility in adapting methodological configurations 
to specific analytical objectives.

A dominant pattern observed in the literature is the widespread 
use of attributional LCA (ALCA), particularly in studies of 
existing production systems. This approach is typically applied to 
quantify average environmental burdens associated with plantation 
operations, harvesting, transportation, and milling processes, 
where data availability is relatively robust, and process flows are 
well-defined [63,64]. The emphasis on attributional approaches 
reflects a methodological preference for describing current system 
performance rather than modeling broader system changes, thereby 
supporting benchmarking and performance evaluation within 
established operational contexts.

Carbon footprint methodologies are frequently integrated into LCA 
frameworks or applied as targeted assessments focused on GHG 
emissions. These approaches are often aligned with internationally 
recognized standards such as the GHG Protocol, enabling the 
quantification of emissions in CO₂-equivalent terms across clearly 
defined functional units [65]. Within the palm oil supply chain, 
carbon footprint analysis is commonly applied at the production 
and processing levels, where emission-intensity metrics such as 
emissions per ton of crude palm oil (CPO) or fresh fruit bunches 
(FFB) serve as a basis for comparative analysis and performance 
evaluation across different operational settings.

The application of these methodologies across supply chain stages 
reveals a multi-layered analytical structure. At the plantation level, 
LCA is used to capture emissions associated with land preparation, 
fertilizer application, and field operations, reflecting the importance 
of input-related processes in shaping overall environmental 
performance [66]. At the milling stage, the analytical focus shifts 
to energy consumption and waste management, particularly the 
treatment of palm oil mill effluent (POME), a significant source 
of methane emissions. Downstream stages, including refining 
and distribution, are incorporated in studies adopting broader 
system boundaries, although they are less frequently analyzed 
in detail due to increased data requirements and methodological 
complexity [67].

In addition to stage-specific applications, the reviewed literature 
demonstrates variability in methodological configurations, 
including the selection of functional units and allocation 
methods. Functional units are predominantly mass-based, 
facilitating consistency in output-related assessments, although 
alternative units are occasionally employed to capture specific 
analytical dimensions such as energy efficiency or land-use 
intensity [68]. Allocation methods, particularly economic and 
mass-based approaches, are used to distribute environmental 
burdens among co-products, reflecting the need to address the 
multi-output nature of palm oil production systems [69]. These 
methodological variations indicate that while LCA and carbon 
footprint frameworks provide a standardized foundation, their 
application remains adaptable to different research contexts and 
analytical priorities.

Overall, the findings suggest that LCA and carbon footprint 
methodologies are applied in a structured yet flexible manner across 
the palm oil supply chain, enabling the systematic assessment of 
environmental impacts while accommodating variations in data 
availability and analytical objectives. The consistent use of these 
approaches across the reviewed studies indicates their established 

role as core analytical tools for evaluating environmental 
performance within the sector.

Influence of System Boundary Definitions and Methodological 
Assumptions on Emission Hotspot Identification (RQ2)
In addressing the second research question, the reviewed literature 
demonstrates that system boundary definitions and methodological 
assumptions play a critical role in shaping the identification and 
characterization of emission hotspots within the palm oil supply 
chain. System boundaries determine the scope of processes 
included in the analysis, thereby influencing both the magnitude 
and distribution of reported emissions [70]. As such, variations 
in boundary selection are among the most significant sources of 
divergence in LCA and carbon footprint results.

A predominant approach observed in the literature is the use 
of cradle-to-gate system boundaries, which focus on upstream 
and midstream processes, including plantation operations, 
harvesting, transportation, and milling [71]. Within this boundary 
configuration, emission hotspots are most commonly identified 
at the plantation and milling stages. Plantation-level emissions 
are largely driven by fertilizer use, particularly nitrogen-based 
inputs that contribute to nitrous oxide (N₂O) emissions, while 
milling emissions are primarily associated with methane release 
from POME management [72]. This concentration of emissions 
within early supply chain stages reflects the analytical emphasis 
on production-related processes and highlights the importance of 
operational efficiency in shaping environmental outcomes.

In contrast, studies that adopt cradle-to-grave boundaries extend 
the analysis to downstream processes such as refining, distribution, 
and end use. While these stages typically contribute a smaller 
proportion of total emissions than upstream processes, their 
inclusion provides a more comprehensive understanding of life-
cycle impacts and can shift the relative significance of identified 
hotspots [73,74]. This broader perspective allows evaluation of 
trade-offs across the entire supply chain, but it also introduces 
additional complexity in data requirements and modeling 
assumptions.

The inclusion of land use change (LUC) represents another critical 
methodological factor influencing emission hotspot identification. 
Studies that incorporate LUC often report significantly higher total 
emissions, with land conversion processes emerging as dominant 
contributors in certain contexts [75,76]. However, the treatment 
of LUC varies widely across the literature, with differences in 
baseline assumptions, time horizons, and accounting methods 
leading to substantial variability in reported results. This variability 
underscores the importance of transparent methodological 
reporting and highlights the sensitivity of emission estimates to 
underlying assumptions.

Methodological assumptions related to allocation methods also 
influence the distribution of emissions across supply chain stages. 
The choice between economic, mass-based, or energy-based 
allocation affects how environmental burdens are assigned to co-
products, thereby influencing the relative contribution of different 
processes to total emissions [77]. For example, an economic 
allocation may assign a greater share of emissions to higher-value 
products, whereas a mass-based allocation distributes impacts 
based on physical output quantities. These differences can alter 
the perceived significance of emission hotspots and affect the 
interpretation of results.
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In addition to allocation methods, variations in emission 
factors and data sources contribute to differences in hotspot 
characterization. Studies relying on region-specific data may yield 
more context-sensitive results, whereas those using generalizable 
databases may prioritize comparability across studies [78,79]. This 
trade-off between specificity and consistency reflects a broader 
methodological challenge within LCA and carbon footprint 
analysis, particularly in complex agricultural systems where 
local conditions play a significant role in shaping environmental 
outcomes.

Taken together, these findings indicate that emission hotspot 
identification is not solely determined by underlying physical 
processes but is also shaped by methodological choices related to 
system boundaries, allocation methods, and data inputs. As a result, 
differences in analytical configurations can lead to variations 
in both the magnitude and distribution of reported emissions, 
highlighting the need for careful interpretation and methodological 
transparency.

The results of this study provide several important insights with 
implications for both research and practice. From a methodological 
perspective, the consistent application of LCA and carbon 
footprint frameworks across the reviewed studies highlights 
their effectiveness as structured tools for assessing environmental 
performance within the palm oil supply chain. The ability of these 
methodologies to capture emissions across multiple stages and 
identify key hotspots supports more informed and transparent 
analytical processes. At the same time, the observed variability 
in methodological configurations underscores the importance of 
developing more harmonized approaches, particularly regarding 
system boundary definitions, allocation methods, and emission 
factor selection.

From a practical standpoint, the identification of emission 
hotspots at the plantation and milling stages suggests that 
targeted improvements in input efficiency, waste management, 
and process optimization can enhance environmental performance. 
The integration of methane capture technologies into POME 
management, for example, represents a well-documented 
opportunity to reduce emissions in the milling stage. These 
insights may enable stakeholders to prioritize key interventions 
and contribute to improved sustainability of production systems.

For future research, several areas warrant further investigation. 
First, there is a need for greater integration of downstream 
processes into LCA studies to provide a more comprehensive 
understanding of life-cycle impacts. Second, the development 
of standardized methodological frameworks would enhance 
comparability across studies and support the establishment of 
best practices. Third, increased use of site-specific data and 
advanced analytical techniques, such as dynamic modeling and 
high-resolution data integration, could improve the accuracy 
and relevance of LCA results. By addressing these areas, 
future research can contribute to the continued refinement of 
environmental assessment methodologies and support more 
consistent and transparent evaluation of supply chain performance.

Conclusion
This work provides a structured synthesis of how Life Cycle 
Assessment (LCA) and carbon footprint methodologies are applied 
across the palm oil supply chain and how methodological choices 
influence the identification of emission hotspots. The findings 
demonstrate that LCA, particularly in its attributional form, serves 
as the dominant analytical framework for evaluating environmental 

performance, supported by carbon footprint approaches that 
focus on quantifying greenhouse gas (GHG) emissions. These 
methodologies are applied across multiple stages of the supply 
chain, with the most consistent analytical coverage observed at 
the plantation and milling levels, where process flows are well-
defined, and data availability is relatively robust. At the same time, 
variations in methodological configurations, such as functional 
units, allocation methods, and the integration of carbon footprint 
metrics, indicate that, while a standardized framework exists, its 
operationalization remains context-dependent and adaptable to 
different analytical objectives.

The synthesis further indicates that the application of these 
methodologies follows a structured yet flexible pattern. Plantation-
level assessments primarily capture emissions associated with 
input use and field operations, while milling-level analyses 
emphasize energy use and waste management processes, 
particularly those related to palm oil mill effluent. Downstream 
stages are incorporated in broader system configurations, although 
their analytical representation is less frequent due to increased 
complexity and data requirements. This distribution of analytical 
focus suggests that current applications prioritize stages with 
the most direct and measurable contributions to environmental 
performance, while still allowing for expanded system coverage 
when required.

In relation to emission hotspot identification, the findings confirm 
that system boundary definitions and methodological assumptions 
play a decisive role in shaping analytical outcomes. Cradle-to-gate 
boundaries tend to concentrate emission hotspots within upstream 
and midstream stages, particularly plantation activities and 
milling operations, whereas cradle-to-grave approaches provide 
a more comprehensive perspective by incorporating downstream 
processes. The inclusion of land use change further amplifies 
total emission estimates and, in certain cases, shifts the relative 
dominance of identified hotspots. Additionally, methodological 
choices such as allocation approaches and emission factor selection 
significantly influence the distribution and magnitude of reported 
emissions, highlighting the sensitivity of results to underlying 
analytical assumptions.

Taken together, these findings indicate that emission hotspot 
characterization is not solely determined by physical processes 
within the supply chain, but is also shaped by how the system is 
defined and modeled. As a result, differences in methodological 
configurations can lead to variations in both the interpretation 
and comparability of environmental performance outcomes. This 
underscores the importance of transparency in reporting and 
careful consideration of methodological choices when interpreting 
LCA and carbon footprint results.

Overall, the synthesis reveals a gradual convergence toward 
more consistent application of LCA and carbon footprint 
methodologies, supported by established standards and improved 
reporting practices. At the same time, the observed variability 
across studies highlights the need for continued refinement and 
harmonization, particularly regarding system boundary definitions 
and key analytical parameters. These developments contribute to 
a more structured and transparent understanding of environmental 
performance within the palm oil supply chain, while maintaining 
flexibility to accommodate diverse research contexts and data 
conditions.

Future research can build on these findings by expanding the 
integration of downstream processes, enhancing the use of site-
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specific data, and further developing standardized methodological 
frameworks to improve comparability across studies. Additional 
efforts to incorporate dynamic modeling approaches and higher-
resolution datasets may also strengthen the analytical precision 
of LCA applications. Through these advancements, the continued 
evolution of methodological practices can support more consistent, 
transparent, and informative environmental assessments within 
the palm oil sector.
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