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1 � Introduction

Quantifying environmental impact is becoming a requirement for agricultural commodity 
chains. Given the various pollution risks (e.g. eutrophication, global warming, ecotoxicity), 
and the opportunities to mitigate those risks (e.g. increasing nitrogen utilisation efficiency, 
nutrient recycling, carbon sequestration to reduce global warming), it is crucial to apply 
models and tools that allow for the identification of best practices in order to reduce 
the environmental impact of agriculture. It is particularly crucial for increasingly important 
crops such as oil palm that may impact the environment both during cultivation and due 
to land use change (LUC) for new plantations.

Over the last 20 years, the area of oil palm plantations has increased drastically. The total 
productive area reached 18.7 Mha in 2014 compared with 7.5 Mha in 1994, according to 
FAO1. This expansion was particularly remarkable in Indonesia and Malaysia, where the 
productive areas increased by a factor of two and seven, respectively, over the same time 
period1. Oil palms have the highest oil yield per hectare and palm oil can be used for 
various purposes. Given the growth of the world’s population and the consequent growing 
demand for food and fuel, the increase in oil palm production is expected to continue, 
albeit at a slower pace than over the last decade (OECD and FAO, 2013). This increase 
is also expected to extend to other developing or emerging countries in Africa and Latin 

1. http://www.fao.org/faostat consulted on 28 January 2017.

Chapter taken from: Rival, A. (ed.), Achieving sustainable cultivation of oil palm Volume 2: Diseases, pests, quality and sustainability, 
Burleigh Dodds Science Publishing, Cambridge, UK, 2018, (ISBN: 978 1 78676 108 8; www.bdspublishing.com)

http://www.fao.org/faostat


Life cycle assessments of oil palm products2

© Burleigh Dodds Science Publishing Limited, 2018. All rights reserved.

America, where governments are promoting palm oil development in order to alleviate 
poverty and increase energy security (Pirker et al., 2016).

Over the last decade, life cycle assessment (LCA) has become the worldwide standard 
for reporting environmental product declarations (ISO 14025 Type III Environmental 
Declarations) and the baseline model behind various greenhouse gas (GHG) calculators 
(BIOGRACE2, GREET3, CCaLC4) and GHG certification schemes (European Commission, 
2009, BSI 2008, ISCC5). Initially developed in the 1980s to assess the environmental 
impact of industrial products and services, such as packaging, life cycle approaches 
were rapidly applied in increasingly diverse contexts urging for the development of 
harmonised guidelines. In the 2000s, the framework and methodological aspects of 
LCA were standardised through international norms (ISO 14040 series 2000–2006), 
particularly through the structuring and formalisation work led by SETAC6. LCA has 
been applied to agricultural commodities primarily for the purpose of assessing various 
environmental impacts and trade-offs, for example, bioenergy chains compared with fossil 
ones. Adaptation of the LCA framework to agricultural products requires scientific and 
methodological developments that are still ongoing and represent specific challenges for 
tropical perennial crops such as oil palm (Basset-Mens et al., 2010; Bessou et al., 2013; 
Bellon-Maurel et al., 2013).

In this chapter, first we briefly present LCA modelling principles and methodological 
steps, and then review the results from published LCA and GHG assessments of palm 
oil products. Finally, we discuss the available information on the environmental impact of 
palm oil and remaining challenges regarding LCA development and applications to palm 
oil products.

2 � LCA principles and methodology

LCA is based on two fundamental principles. Firstly, environmental burdens are gathered 
throughout the commodity chain or ‘life cycle’, from raw material extraction (‘cradle’) 
to the end-of-life of products or services (‘grave’). Secondly, environmental impacts are 
quantified with respect to a functional unit (FU), either a product quantity (one kilo, one 
car, etc.) or a usage or service [hours utilised, tonne-kilometre (tkm), etc.]. The entire life 
cycle of a product has to be taken into account so that local environmental improvements 
at one production stage or in one location do not result in a problem shifting to another 
stage or location (Jolliet et al., 2010). Similarly, the comparison of two or more products 
or services, based on the same FU, is paramount in order to identify all environmental 
impacts of every compared product, which enables decision-makers to avoid hidden 
problem shifting. Finally, LCA assesses environmental performance across numerous 
impact categories, such as climate change, acidification or ozone layer depletion. Such a 
multi-criteria approach does not focus on any one impact but rather pinpoints the relevant 
impacts and their origins at given production stages. This holistic approach enables 
identification of trade-offs and makes decision-making more transparent.

2. http://www.biograce.net/home consulted on 28 January 2017.
3. https://greet.es.anl.gov/consulted on 28 January 2017.
4. http://www.ccalc.org.uk/consulted on 28 January 2017.
5. http://www.iscc-system.org/consulted on 28 January 2017.
6. �SETAC: Society of Environmental Toxicology and Chemistry, one of the most important international scientific organisations dealing 

with structural issues of life cycle assessment (Jolliet et al., 2010).

https://greet.es.anl.gov/consulted
http://www.ccalc.org.uk/consulted
http://www.iscc-system.org/consulted
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LCA employs a four-stage methodology (ISO 14040 series 2000–2006):

•• definition of the objectives and boundaries of the system to be studied from the 
beginning to the end of the chain;

•• inventory of mass and energy flows used within the system and those released into 
the environment;

•• characterisation or modelling of impacts based on the inventory; and
•• interpretation of the results.

Definition of the study objectives (stage 1) implies definition of the FU and the scope of 
the system processes to be assessed: for example, the LCA of FU = 1 t fresh fruit bunch 
(FFB) includes accounting for all burdens from all processes, from raw material extraction 
up to the harvest of FFB at the edge of the palm block, in the relative proportions needed 
to produce 1 t of FFB. The flows (resources used and substances emitted) are inventoried 
(stage 2) according to the technical specificities of the studied system. Effects of resource 
use and emissions generated are quantified and grouped into a limited number of impact 
categories (stage 3), which are expressed as problem-orientated indicators (global warming 
potential, eutrophication potential, etc.) or damage-orientated indicators (human health, 
biotic and abiotic resources, etc.). The respective indicators are calculated based on a 
linear model (Eq. 1):

I m CFP
i

n

i i P=∑ . ,

�
(1)

where:
Ip is the indicator for the potential impact P,
mi is the mass of the substance i contributing to the potential impact P,
CFi,P is the characterisation factor for the contribution of substance i to the potential 

impact P.
This linear model – a simplification of actual environmental impact mechanisms – does 

not usually account for local medium sensitivity or threshold effects; hence, LCA impacts 
are potential and not actual impacts. The interpretation of results (stage 4) is achieved 
considering uncertainties related to all the previous steps. LCA allows for the identification 
of environmental impact hot spots, process impact contributions and potential trade-offs 
between impact categories or process stages.

For example, the impact on climate change is calculated by taking into account an 
inventory of all GHG emissions per unit product. The emissions are then aggregated 
into a single impact indicator (global warming potential or climate change) using IPCC’s 
model, which characterises what happens to GHGs in the atmosphere and their relative 
contributions to the global greenhouse effect. Characterisation factors in the case of 
climate change are expressed in CO2 equivalent (CO2e) based on mass.

Despite the intuitive methodological stages and well-documented guidelines, LCA 
implementation poses some problems because of insufficient data or scientific knowledge, 
which gives rise to a number of uncertainties, notably when inventorying field emissions 
and characterising final impacts. Several characterisation methods exist that provide 
varying environmental profiles, that is, a set of potential impact indicators. In the following 
section, we review palm oil LCA results, which are available in the literature, without further 
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discussion regarding the underlying issues for LCA implementation. The challenges for 
LCA implementation to oil palm products are then discussed in detail, that is, stage by 
stage, in Section 4.

3 � Results of LCA applied to oil palm products

3.1 � Oil palm LCA studies
Several full or partial LCAs of oil palm products have been published over the last 
20 years, with a drastic increase in publication rate over the last ten years (Fig. 1). A 
review of the Web of Science 1975–2017 database provided 106 publications related 
to palm LCA, with a large proportion of the published LCA studies focusing on palm 
oil-based bioenergy. Energy Fuels is the top research field covered, concerning almost 
40% of the literature (Fig. 2), and Biomass & Bioenergy and Applied Energy are among 
the top five journals (Fig. 3). These publications were notably motivated by the debate 
on potential net advantages of biofuel compared with their fossil fuel equivalents and 
the subsequent release of the European Directive on Renewables (2009/28/EC), which 
details sustainability criteria including minimum GHG savings compared with the use of 

fossil fuels. Hence, most of the published palm oil-based LCA studies focused on GHG 
(or climate change impact) and energy balance (or fossil resource depletion) (Manik and 

Figure 1 Published items during each year over the last 20 years from the Web of Science (February 
2017). Searching terms were TOPIC: (palm NEAR/1 oil) AND TOPIC: (lca OR ‘life cycle assessment’ 
OR ‘life cycle’ OR ‘lifecycle’); the total output included 248 items, some were then withdrawn due to a 
mistake in the Web of Science KeyWords Plus. The final item count was 106 publications.
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Halog, 2013; Bessou et al., 2013). A small number of published LCA have actually looked 
over the available panel of environmental impacts provided by LCA methodology. In the 
following sections, we first review environmental information on palm biofuel and then 
focus on palm oil LCA.

3.2 � Environmental impact of palm oil-based bioenergy
Most LCA studies on palm oil-based bioenergy have been conducted in Malaysia and 
Thailand (with 29% and 12% of the total 106 recorded items, respectively); the few 
remaining predominantly cover Indonesia (more recent publications), Brazil, Colombia 
and Cameroon. The large majority of these studies assessed the cradle-to-grave (well-
to-wheel) system boundary of palm methyl ester (PME), that is, including all processes 
from background input production (e.g. fertiliser manufacture) up to the vehicle tank, 
assuming total combustion or including engine efficiency to calculate final energy and 
GHG indicators.

The two main energy indicators commonly used are the Net Energy Ratio (NER = output/
input) and the Net Energy Gain or Balance (output-input). Although the common LCA 

Figure 2  Published items classified according to their research topics, that is, Web of Science 
Categories.

Figure 3 Published items classified according to journal titles.
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indicator for energy use is usually expressed in total used fossil resource equivalents, 
these indicators give an approximation of the environmental impact in terms of fossil 
resource depletion. Energy indicators may include or exclude co-products depending 
on the allocation ratios or whether system expansion was applied. Results vary greatly 
among studies (with a mean NER value of approximately 2.9) notably regarding yields, 
the handling of co-products, the inclusion or exclusion of capital goods (infrastructure) 
and discrepancies in terms of transport scenarios. Despite some differences, all studies 
highlight the great importance, in terms of energy costs, of both the agricultural production 
of palm oil feedstock and transesterification. The oil extraction stage at the mill shows low 
energy requirement in comparison due to the internal recycling of co-products for energy 
purposes. During the agricultural stage, the upstream production of fertilisers and fruit 
transport are the most energy-intensive steps. The upstream production of methanol is 
the main contributor to the energy costs of both industrial phases; however, if bioethanol 
replaced methanol, the NER could be improved up to ~3.6 (Papong et al., 2010).

GHG balances also vary greatly among studies and the main influencing factor is whether 
LUC is accounted for or not, as the type of previous land use determines the final GHG 
balance. The mean GHG balance (Fig. 4), accounting for various LUC scenarios, reaches 
40 g CO2e/MJ (9 g CO2e/MJ without LUC), but is multiplied tenfold when peatland forest is 
converted to palm plantations (in the upper range of the min-max values). Net savings of 
GHG are possible when palms are planted on degraded lands or grasslands, and depend 

Figure 4 Comparison of LCA results on palm biodiesel (PME) based on data collected in Manik and 
Halog 2013: Mean GHG balance and minimum and maximum values with or without including land 
use change (LUC).
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upon the existing carbon stock of previous land uses. Compared with fossil fuels, palm 
biodiesel is disadvantageous in terms of GHG if peatlands are converted or if tropical 
forests are cleared and the palm plantation lasts less than a century (Reinhardt et al., 2007). 
Otherwise, GHG savings ranging between 55% and 89%, compared with fossil diesel, can 
be achieved (Wicke et al., 2008; Pleanjai et al., 2009; Thamsiriroj and Murphy, 2009; Achten 
et al., 2010). Besides LUC, the main GHG sources are fertilisers (70–90% in field emissions, 
10–30% emissions at the manufacturing site), methane emissions from the treatment of 
palm oil mill effluent (POME) when methane is not captured and the transesterification 
process (methanol and electricity) (Pleanjai et al., 2009; Thamsiriroj and Murphy, 2009; 
Achten et al., 2010; Choo et al., 2011).

Moreover, not all studies that include LUC use the same methodology to calculate GHG 
impact, which hinders any comparison. The major calculation parameters that vary are the 
carbon stocks accounted for (considered biomass compartments and amount of carbon 
released/stored) and the time frame for amortisation (Wicke et al., 2008; Hansen et al., 
2014). Some of the studies that do not include LUC-related GHG emissions directly in 
the balance give information on the carbon debt or payback time7 together with other 
results. This carbon debt varies between 8 and 169 years for palm biodiesel with mean 
and median values of 54 and 43 years, respectively (Fargione et al., 2008; Wicke et al., 
2008; Pleanjai et al., 2009; Achten et al., 2010; de Souza et al., 2010; Harsono et al., 2012).

It is important to note that GHG accounting methodologies adopted by regulators within 
existing biofuel directives can also differ quite substantially. These regulations impose 
thresholds of minimum GHG emission reductions that biofuels must achieve, relative to 
fossil fuels, to show compliance. The adoption of a well-to-wheels LCA-based accounting 
perspective within regulations helps to ensure that such policies lead to actual reductions 
in global emissions as opposed to shifting the burden to a different economic sector or 
geographical region. Despite this, there are still many regulations today that continue to 
mandate the use of biofuels in transport without imposing a minimum GHG emissions 
reduction criterion, and therefore risk worsening global GHG emissions by forcing the 
substitution of fossil fuels with a biofuel that can potentially have higher emission intensity 
(Abdul-Manan et al., 2015).

Two of the most advanced biofuel regulations currently available are the EU’s Renewable 
Energy Directive (RED) and the US Renewable Fuels Standard 2 (RFS2). The EU’s RED 
requires biofuels to initially achieve a minimum reduction of 35% GHG emission, which is 
then increased to 50% for new plant installations operating from October 2015, and 60% 
for all biofuels effective from 2018 (European Commission, 2015). The US RFS2 stipulates 
that for a biofuel to be granted ‘renewable fuel’ status, it has to demonstrate a minimum 
GHG emission reduction of 20% (EPA, 2010). Although these regulations both adopt an 
LCA approach, the detailed GHG accounting methodologies they relied on are in reality 
very different, which prohibits any direct comparison.

An important distinction between the US RFS2 and the EU’s RED is the way they take LUC 
into account. Presently, both regulations require the incorporation of direct LUC (dLUC) 
effects when accounting for biofuel GHG emissions. dLUC is the direct alteration of lands 
by the farmers themselves to produce biofuel crops. Indirect LUC (iLUC) is the unintended 
change of land use worldwide, typically from carbon-rich non-agricultural land to carbon-
poor agricultural land, in response to economic pressures arising from the increasing 

7. �Years needed to recover the carbon loss due to LUC based on the annual GHG savings allowed by biofuel when displacing fossil 
fuel (Fargione et al., 2008; Gibbs et al., 2008).
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demand for biofuels. iLUC requires a sophisticated economic modelling of global supply 
and demand of lands worldwide and how they respond to economic pressures. Today, 
both regulators acknowledge the importance of iLUC in terms of GHG emissions and its 
potential influence on reducing GHG from biofuels. The US RFS2 and the California Low 
Carbon Fuels Standard have included iLUC GHG penalties in their regulatory LCA, while 
policymakers in the EU opted for a virtual control of iLUC through limiting the maximum 
amount of conventional first-generation biofuels, like palm biodiesel, to be claimed under 
the EU’s RED (Abdul-Manan, 2017), thus assuming that first-generation biofuel feedstocks 
are more likely to drive iLUC.

Using their respective methodologies, both the US RFS2 and the EU’s RED have provided 
estimated reduction potentials of GHG emissions for palm biodiesel. Under the EU’s RED 
framework, the GHG savings potential for typical palm biodiesel processes without and 
with methane capture are 36% (54  g CO2e/MJ) and 62% (32  g CO2e/MJ), respectively. 
These values exclude dLUC, which operators need to estimate to show compliance. 
However, according to the EU’s RED sustainability criteria, no dLUC should occur after 1 
January 2018 at the expense of lands with high carbon stock or high biodiversity value. 
In comparison, the GHG emissions reduction potential for palm biodiesel under RFS2 has 
been estimated to average approximately 17% (76 g CO2e/MJ); this value includes both 
dLUC and iLUC. The large difference between the regulatory values in the EU and the 
United States are attributable to the methodological distinctions, including the treatment 
of LUC but also allocation, fossil references and so on.

Although the control of GHG emissions is a major issue in biofuel regulations, they also 
include further pass-or-fail sustainability criteria such as elements relating to the protection 
of land with high conservation value, prevention of habitat loss, fair and equitable treatment 
of workers and communities and so on. Only GHGs are quantified using an environmental 
LCA approach in spite of the much wider potential for the use of LCA techniques in 
biofuel sustainability impact assessments. The scientific literature details many studies 
which evaluate other environmental impacts of biofuel production (Achten et al., 2010; 
Puah et al., 2010; Arvidsson et al., 2011; Silalertruska and Gheewala, 2012). These studies 
concomitantly highlight the important contribution of the agricultural phase to other impact 
categories, for example, eutrophication and acidification potentials, carcinogens and 
respiratory inorganics. Fertilisers which leak into the environment contribute significantly to 
eutrophication and acidification. The use of biodiesel in engines also adds to the potential 
impact of eutrophication and acidification (Arvidsson et al., 2011), and contributes 
significantly to the impact category of respiratory inorganics (Puah et al., 2010).

3.3 � Environmental impact of oil palm fruits and palm oil
LCA studies on palm fruits and oil are less numerous than those focusing on palm 
biodiesel, but they globally cover more impact categories and provide more details on 
the agricultural phase (Yusoff and Hansen, 2005; Reijnders and Huijbregts, 2008; Zulkifli 
et al., 2009; Vijaya et al., 2010; Schmidt, 2010; Stichnothe and Schuchardt, 2011). A few 
studies also focus on GHG assessment (Chuchuoy et al., 2009; Choo et al., 2011; Kaewmai 
et al., 2012; Bessou et al., 2014).

As expected, the main contributors to the GHG balance of crude palm oil (CPO) are the 
same as for palm biodiesel, except transesterification, with LUC and peat oxidation being 
critical and potentially overwhelming drivers (Schmidt, 2007; Reijnders and Huijbregts, 
2008; Zulkifli et al., 2009), followed by methane emissions from the treatment of POME 
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and fertiliser-related emissions, notably N2O field emissions (Schmidt, 2007; Choo et al., 
2011; Chase et al., 2012; Bessou et al., 2014). Nevertheless, the impact of POME can 
be significantly reduced if biogas is captured at the mill level (Chavalparit et al., 2006; 
Choo et al. 2011; Bessou et al., 2014; Harsono et al., 2014) or, to a lesser extent, if raw or 
partially treated POME are injected into a composting process for organic residues (Singh 
et al., 2010; Stichnothe and Schuchardt, 2010).

In a pilot application of palm GHG (RSPO GHG calculator, Chase et al., 2012) on mills in 
Southeast Asia and Latin America, the average GHG balance was 1.67 t CO2e/t CPO and 
ranged from −0.02 to +8.32 t CO2e/t CPO (Bessou et al., 2014). Of the mills not supplied 
by a peat area, land clearing, POME methane emissions and fertiliser-related emissions 
accounted for 41–80%, 15–35% and 3–19% of total GHG emissions, respectively. The 
impact of fossil fuel use was not significant (0–5% and 0–2% of total emissions at the field 
and mill levels, respectively). Such a low impact was due to the low mechanisation level 
in the plantations and the recycling of numerous residues providing heat and power to 
operate the mill (with the potential production of excess electricity). Most field fuel use is 
dedicated to FFB transport; hence, the impact of fuel use may vary greatly according to 
FFB harvesting logistics.

Published GHG balances (or the climate change impact indicator) range between −0.55 
and 24 t CO2e/t CPO with median values around 1–2 t CO2e/t CPO when LUC is applied 
to mixed previous land uses and less than 10% peatland, and methane is not captured 
(Reijnders and Huijbregts, 2008; Schmidt, 2010; Choo et al., 2011; Bessou et al., 2012).

Looking at the other impact categories, the agricultural phase remains the main 
contributor, except for human toxicity or respiratory inorganics impact categories, which 
are mainly caused by boiler emissions (Stichnothe and Schuchardt, 2011; Bessou et al., 
2012). Mill emissions can also contribute to eutrophication which is driven by the emission 
of nitrogen and phosphorus compounds. The main eutrophication factors at the agricultural 
stage are nitrate leaching, and phosphorus and nitrate run-off. Other N-compound 
emissions also contribute to acidification and photochemical ozone impact categories. 
While palm oil generally performs worse than other oil crops on climate change impact, 
when LUC occurs and leads to carbon loss from previous land use (e.g. in the case of 
deforestation or peat oxidation), palm oil can perform better than rapeseed oil with regard 
to eutrophication, acidification, ozone depletion and photochemical ozone impacts when 
effective management is in place (Schmidt, 2010).

4 � Challenges in building LCA of oil palm products

4.1 � Issues at the Goal and Scope level
The Goal and Scope steps of the first stage of LCA are critical as they define the validity 
domain of the final outputs. The boundary of the studied system must be delineated in 
order to ensure that all potential environmental impacts linked to the investigated product 
or service are taken into account. At the same time, there might be trade-offs needed 
between an exhaustive system assessment and gathering representative and consistent 
data. Iterative adjustments from stage-to-stage are often needed to carry out a robust LCA.

Being a perennial crop, oil palms last for at least 25 years in the field, during which time 
the crop stand goes through different development phases. The whole life cycle of oil palms 
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includes the nursery stage (three months in pre-nursery and nine months in the main nursery), 
the early growing stage of immature non-productive palms (2–3 years) in addition to the 
productive harvest period (Stichnothe et al., 2014). Palm trees older than 25–28 years old 
(depending on planting material and site conditions) are often too high for harvesting to be 
kept longer in the field. The early growing stages account for 10–15% of the entire plantation 
cycle. These long and partitioned cycles require specific management, which usually combines 
long-term management strategies and short- or medium-term adjustments. Moreover, it also 
implies complex and evolving interactions with the ecosystem, which can affect the potential 
performance of the crop and management efficacy. Nevertheless, in most published studies, 
only the productive area of the plantation and the associated FFB yield are considered. Given 
the potential significant contribution of the early stages and the variability in practices and 
performances throughout the long productive period, the modelling choices to account or 
not for the whole perennial cycle can influence LCA results (Bessou et al., 2016). Hence, 
when defining the goal and scope of an oil palm product LCA, attention should be paid to 
the whole perennial cycle in order to produce representative results. Considering the whole 
growing cycle is particularly relevant for nitrogen losses (Pardon et al., 2016a) and hence for 
the life cycle inventory (LCI).

Another peculiar aspect of perennial compared with annual crops is the potential 
importance of changes in carbon stocks (Mithraratne et al., 2008). Henson showed that 
mature oil palms on coastal soil in Malaysia generated a net carbon fixation of 11 t ha−1 y−1 
based on the eddy covariance technique (Henson, 1999). This fixation rate varies depending 
on the plantation age and management, and it does not represent an actual net carbon 
fixation in the biosphere. Indeed, a large proportion of the assimilated carbon is exported 
to the oil mill (Melling et al., 2010).The temporary storage of carbon in oil palm stipes 
might improve the GHG balance of palm plantations (Lam et al., 2009), but there is no 
generally accepted method for quantifying temporary carbon storage (Levasseur et al., 
2012). The most generally used and reproduced guidelines are those from IPCC (IPCC, 
2006). Further guidelines developed on the same basis, such as PAS2050 (BSI, 2011) or 
the European Renewable Directive (European Commission, 2009), all consider potential 
carbon storage in biomass as long as it represents a stable stock at equilibrium for at 
least 20 or 25 years. The way stocks are calculated and changes are modelled varies 
considerably across methods and published studies. Whether or not oil palm plantations 
are a net sink or source of carbon depends on the soils, climate, cultivation and residue 
management practices; however, the history of the site, especially LUCs (Melling et al., 
2005, Melling et al., 2010), may significantly affect the GHG balance of end products such 
as palm biodiesel (see Section 3.1). Defining if and how LUC should be included in the 
LCA is a crucial parameter in the goal and scope definition of the LCA of palm products.

4.2 � Issues related to LCI data collection
Specific quantified LCI data, for example, history of LUCs, influence of plantation 
management practices, nitrogen budget of oil palms, residue treatment, etc., are frequently 
missing, which is a current issue in tropical crop LCA (Basset-Mens et al., 2010). In the oil 
palm sector, the lack of representative data is accentuated by the concomitant lack of 
detailed institutionalised agricultural census for certain key producing countries and the 
great diversity in oil palm practices observed in the field (Lee et al., 2014; Moulin et al., 
2016). Current knowledge regarding the influence of different management practices on 
the plantation and/or the palm oil mills varies from fragmented to non-existent. Examples 
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include nutrient management, water level management on peat soils, pest control, residue 
treatment (empty fruit bunches (EFB), POME and nutshells), energy efficiency in oil mills, 
to name just a few. This critical lack of data persists despite the recent growing number of 
LCA studies driven by environmental concerns notably due to the expansion of oil palm 
areas.

LUC and peat oxidation lead to severe damage to the environment in terms of both 
biodiversity loss and GHG emissions. The proper identification of LUCs, from the type and 
extent of land cover, and subsequent land use fluxes and related emissions is therefore 
critical. Assessing the impact of oil palm area expansion requires the identification of LUCs 
and LUC impacts, as well as the impact of oil palm land use, for example, the impact on 
soil or carbon sequestration. Impacts of land use and LUCs are highly sensitive to soil type 
and climate conditions so that site or region-specific assessment is required to adequately 
cover this aspect. The development of region-specific LCI methods is hampered by the 
lack of regional and site-specific data. Moreover, there is still a lack of consensus on the 
methodology to address LUC history, carbon stock accounting, fluxes and therefore a lack 
of adequate and representative site-specific data sets.

Over the past 20 years, 95% of the Indonesian palm oil production area has been located 
in Sumatra and Kalimantan, and palms have been increasingly cultivated on peatlands 
(Afriyanti et al., 2016). Tropical peatlands store a huge amount of carbon, roughly 7000 t 
C ha−1 in below-ground biomass (Moore et al., 2013) and are highly vulnerable to natural 
and human disturbance. Under normal weather conditions, peatland in Indonesia is almost 
entirely waterlogged, which must be drained via hydrological engineering prior to oil 
palm planting. The water level is the main control for GHG fluxes from tropical peat soils. 
Crouwenberg et al. (2010) calculated emissions of at least 9 t CO2 ha−1 y−1 and considered 
that to be a conservative estimate, because the role of oxidation in subsidence and the 
increased bulk density of the uppermost drained peat layers are insufficiently quantified 
(Couwenberg et al., 2010). The decomposition of biomass due to the lowering of the water 
table levels also goes along with nitrous oxide emissions. Despite dedicated research 
(Melling et al., 2007; Jauhiainen et al., 2012a,b) and recent guidelines (IPCC, 2013), 
there is still considerable uncertainty on the impact of various water level management 
practices on peat emissions and on the various direct and indirect fluxes and impacts of 
peat cultivation; hence, LCI for oil palm plantations on peat soil are not comprehensive.

Nitrogen losses in agroecosystems are a major environmental and economic issue. 
Indeed, agroecosystems receive approximately 75% of the reactive nitrogen created 
by human activity (Galloway et al., 2008; Galloway et al., 2013). In oil palm plantations, 
nitrogen fertilisation is a common practice that is associated with water pollution risks and 
GHG emissions (Corley and Tinker, 2008; Choo et al., 2011; Comte et al., 2012), notably 
nitrous oxide, a very potent GHG8. Furthermore, fertilisers constitute 46–85% of plantation 
field costs (Caliman et al., 2001; Goh and Härdter, 2003; Silalertruksa et al., 2012). Oil palm 
plantations have three main peculiarities affecting nitrogen dynamics in a way that differs 
from other cropping systems: the long duration of the growing cycle, the marked spatial 
heterogeneity and the large internal fluxes and pools of nitrogen. Substantial losses of 
reactive nitrogen can occur during the immature phase, when palms are still young and 
legume cover is vigorous; as well as during the mature phase in areas with sparse or no soil 
cover; or where high amounts of organic and mineral fertilisers are applied (Pardon et al., 

8. Nitrous oxide has a global warming potential 298 times greater than carbon dioxide on the same mass basis (IPCC, 2007).
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2016a). Pardon et al. investigated several models to estimate nitrogen losses of oil palm 
plantations; most of the models indicated substantial losses at the early growing stage of 
oil palms. On average, 31% of nitrogen losses occur during the immature growing phase 
(Pardon et al., 2016b), which is frequently not taken into account in an LCA of oil palm 
plantations (see Section 4.1). The greatest uncertainty involves the loss of nitrogen via 
the emission of gaseous nitrogen compounds (N2O, NOx, N2, NH3) (Pardon et al., 2016a). 
Reactive nitrogen emissions contribute to several environmental problems, such as climate 
change, eutrophication or acidification. The lack of precise estimation of the nitrogen 
compounds released into the environment thus causes a great deal of uncertainty in the 
associated impact categories, emphasising the need for representative and robust LCI 
data on nitrogen fluxes as far as possible.

The management of organic residues from palm oil mills is paramount to emission 
reduction and nutrient recycling (Stichnothe and Schuchardt, 2010, Kaewmai et al., 2013). 
Given the diversity of residues generated by the production of palm oil (EFB, fibres, 
shells, etc.) and their respective large amounts (e.g. POME), there are very diverse ways 
to reuse these products via various processes and potential impacts. One cubic metre 
of POME treated in conventional open ponds can generate up to 12  m³ of methane 
emission, equivalent to approximately 200  kg CO2e. Biogas production from improved 
POME treatment is associated with a highly favourable GHG budget (Bessou et al., 
2014). A worst-case scenario is dumping EFB, causing GHG emissions equivalent to 
1000 kg CO2e t

−1 (Stichnothe and Schuchardt, 2011; Langeveld et al., 2016). POME and 
EFB can also be co-composted, which can lead to emission reductions as well as benefits 
to soil quality (Stichnothe and Schuchardt, 2010). Indeed, EFB are generally applied back 
to the plantation to maintain soil fertility through increasing the organic matter content 
(Saletes, 2004, Carron et al., 2015). The application of palm oil mill residues back to the 
field may not only reduce GHG emissions but also preserve resources as it reduces the 
demand for mineral fertilisers. The impact of compost or EFB on soil quality, as well as 
upstream emissions during the various composting processes, are still poorly quantified. 
Further data collection is needed to better account for these practices within both LCI and 
life cycle impact assessment (LCIA).

4.3 � Challenges in impact pathway characterisation
The development of several LCIA methodologies has created confusion partly due to 
differing results even for some midpoint or endpoint indicators. Several areas/indicators 
(soil property change, ecotoxicity, biodiversity, etc.) are still under development and 
consequently not fully ready for general use.

Land use causes various chemical, physical and biological changes to soil properties and 
functions such as life support or nutrient cycling. Despite recent developments by the LCA 
community (Milà i Canals et al., 2007; Oberholzer et al., 2012; Garrigues et al., 2013; Saad 
et al., 2013; Bos et al., 2016), there is currently no comprehensive impact assessment of 
the various branches of the cause–effect chains implemented in LCIA. In particular, impacts 
related to co-variations in the associated physico-chemical and biological soil properties 
and soil functions are hardly addressed in LCIA. Moreover, physical and chemical changes 
of surface and soil have further effects on flora and fauna and hence affect biodiversity 
within and above the soil. The accounting of land use and LUC impacts is critical for oil 
palms given the issue of area expansion and the peculiarities of oil palm as a perennial crop, 
that is, the long-term cultivation cycle with constant land cover and biomass accumulation, 
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and the deep rooting system of the plant (see Section 4.1). In addition, practices related 
to the recycling of residues back to the field may also influence soil quality (see Section 
4.2). Comprehensive impact pathways to relate the long-term trends and the influence 
of practices on the temporary storage of soil carbon, improvement of soil quality and 
protection from soil erosion are not currently part of the LCIA (Stichnothe and Schuchardt, 
2011) as the existing level of knowledge impedes the modelling of all potential correlated 
processes and impacts. To design the best environmentally friendly scenarios of residues 
and global plantation management, the proper modelling of impact on soil is crucial.

The modelling of land use impacts on biodiversity is also considered a priority in LCA. 
Biodiversity can be considered at different levels, namely ecological diversity (ecosystems), 
population diversity (species) and genetic diversity (genes). The quantification is complex 
and many diverging approaches have been proposed in an expanding literature on the 
topic (Curran et al., 2016). Biodiversity loss can be linked to four midpoint indicators 
(land use, ecotoxicity, acidification and eutrophication) but also to the endpoint indicator 
‘Natural Environment’. Curran et al. (2016) evaluated the performance of 31 models to 
assess the biodiversity loss from both the LCA and the ecology/conservation literature. 
The authors concluded that there is room for improvement and suggested working on 
a ‘consensus model’ by the weighted averaging of existing information to complement 
future development (Curran et al., 2016). Currently, there is no agreed and harmonised 
approach which addresses how to quantify the spatially distinct environmental impacts of 
LUC in palm oil-producing countries.

Spatially explicit methods are needed in LCA in order to accurately quantify impacts 
of products and processes. Chaudhary et al. (2015) used the countryside species−area 
relationship to quantify regional species loss due to land occupation and transformation 
(Chaudhary et al., 2015; de Baan et al., 2015). These authors combined regional 
characterisation factors with vulnerable scores to calculate global characterisation factors. 
Oil palms grow in tropical areas and tropical biomes have higher characterisation factors 
than those of boreal biomes mainly because of their higher species richness per area.

Finally, dry peat soils are prone to subterranean fires, which smoulder and emit thick white 
smoke laden with hazardous particles (Goldstein, 2016). Such fires in Indonesia became an 
international health concern in 2015, enhanced by long and intense drought periods related 
to a severe El Niño episode occurring in the region; a similar catastrophe occurred in 1997. 
Such fires cause smog, haze and respiratory problems as far away as Malaysia, Singapore and 
the Philippines. Those were obviously extreme events that, by definition, have the potential 
to cause considerable health and other environmental impacts but whose occurrence is 
rare. The frequency, intensity and persistence of such extreme events are still important 
characteristics for deriving characterisation factors, for example, for human toxicity. Such 
information requires dedicated modelling work in combination with LUC and climate models.

4.4 � The challenge of interpreting results
Results have to be discussed with respect to the particular goal and scope of the study, 
which in turn also define data requirements but also the limitation of the analysis. 
Describing the consequences of modelling choices, such as total or productive plantation 
area, LCI models (IPCC, crop model, etc.), time period (year, plantation cycle or several 
plantation cycles) considered and so on, is crucial, as all such factors can influence the 
results. The spatial dimension is given by the scope of the study, for example, a specific 
plantation, a particular region or national production. The obtained results are only valid 
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for the system under investigation. Although this may seem obvious, results are frequently 
generalised without proper evidence.

Palm oil mills are multi-output systems and the difficulty is quantifying and identifying 
which product contributes to the emissions. System subdivision is not feasible as palm 
kernels cannot be obtained separately. System expansion is possible but difficult to interpret 
and the substitution method is prone to arbitrary choices for co-product substitutes, for 
example, can kernel meal be a substitute for soya meal or wheat? In attributional LCA, 
emissions can be allocated among the various products, for example, CPO, nuts or other 
downstream products such as palm kernel oil and palm kernel meal, while using physical 
(mass, energy content, nutrient content, etc.) or economic relationships. Obviously, 
all these choices will alter the results for a particular product (Wiloso et al., 2015). It is 
highly recommended to conduct a sensitivity analysis for the different options as well 
as an uncertainty analysis before discussing results. The epistemic uncertainty analysis 
is particularly crucial for LCI field emission models that are not well parameterised for 
tropical perennial crops such as oil palm, and for cause–effect processes, notably those 
related to soil functions, which are still not fully understood and modelled.

5 � Oil palm LCA improvement tracks

5.1 � The search for representative data sets
LCA studies of oil palm systems and their derived products are frequently restricted by 
data gaps. Consequently, the principal challenge is to build a consensus-based modelling 
framework, to gather regional- and management-specific inventory data and to define 
inventory models in order to estimate emissions and temporary carbon storage effects. 
Building a national LCI database for oil palm plantations and subsequent conversion 
processes would be a valuable asset.

Independent to the system boundaries studied, the agricultural phase, in particular 
fertiliser input, plays a key role in determining the final environmental profile. It is hence 
paramount to adjust fertiliser input to enhance productivity while limiting loss to the 
environment. To do so, there is an urgent requirement for adapted models (mechanistic 
or operational models) that allow for more precise estimation of field emissions linked to 
fertilisers. Indeed, the great majority of LCAs use IPCC emission factors to estimate nitrate 
leaching and run-off as well as ammoniac or nitrous oxide emissions. These emission 
factors are poorly calibrated for tropical regions (Bouwman et al. 2002a,b; Stehfest and 
Bouwman, 2006) and they do not take into account the specificities of perennial cropping 
cycles such as palm plantations. A recent review emphasised that the combined initial 
structure and long-term evolution of oil palm plantations induce specific spatio-temporal 
patterns in nitrogen fluxes that are poorly quantified and thus need further research. This 
review also highlighted that nitrogen losses through leaching and volatilisation may be 
important and all nitrogen gaseous losses remain unknown (Pardon et al., 2016). More 
field measurements are needed to establish more relevant emission factors.

Research projects are ongoing that will shed some light on ways to reduce uncertainty 
in the LCA results. Development work on other approaches, such as agro-ecological 
indicators, are complementary as they enable a better account of local conditions and 
practices to build up the LCA inventories. New knowledge and model developments are 
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also expected to accurately account for the comprehensive role of organic fertilisers in soil 
quality and potential field emissions.

5.2 � The need for comprehensive impact assessments
There are 13–18 impact category indicators in the current standard LCA methods (ILCD, 
ReCiPe; respectively). Nevertheless, a great proportion of published LCA studies on oil palm 
products solely focus on GHG and energy balances. Many LCA impact indicators need to be 
more widely explored across palm oil production systems such as the impacts of pesticides 
(e.g. paraquat or glyphosate) on terrestrial or freshwater ecotoxicity, or the impact of irrigation 
systems on water depletion (Nilsalab et al., 2016; Silalertruska et al., 2016). Given the 
important contribution of fertilisers to environmental impact during the agricultural phase, the 
eutrophication and acidification impacts related to nitrogen and phosphate inputs would also 
need to be further investigated. Several other environmental impact indicators (ecotoxicity, 
biodiversity, etc.) are still under development and consequently not ready for use.

The accounting of land use impacts on soil is critical for oil palm given i) the important 
challenge related to oil palm expansion and related LUCs and ii) the peculiarities of oil palm 
as a perennial compared with annual crops and due to the various and abundant recycled 
residues. Particular impacts related to co-variations in the associated physico-chemical and 
biological soil properties and soil functions are hardly addressed in LCIA due to limited 
knowledge. The impact of peat drainage on soil quality and causal relationship with increased 
risk of peat fires also need to be further investigated, and modelled within the LCA framework.

Finally, the limits of the linear globalised model may be overcome by developing regional 
characterisation factors that can be used to adapt the linear model to the sensitivity of the 
local environment. Such factors are particularly critical in the case of very local impacts that 
are more sensitive to changes in the immediate environment – such as eutrophication – or 
resources unequally distributed on the global scale, such as water in dryland areas. Such 
regional factors have not yet been highly developed in regions where palm plantations 
are established and in the context of LUC may affect the medium sensitivity during the 
transition phase in particular.

6 � Conclusion

LCA is a very useful tool for assessing the environmental impacts of oil palm products 
as it helps to identify the hot spots across the whole commodity chain while avoiding 
hidden trade-offs between different environmental impacts. Studies show that the oil palm 
cultivation stage contributes to a major share of several impacts including climate change, 
acidification and eutrophication, though the palm milling stage can also release significant 
GHGs if wastewater is not properly managed. Palm mills also contribute significantly to 
toxicity effects due to the particulate emissions from boilers.

The assessment of GHGs that contribute to climate change has been widely 
carried out and a large contribution is from LUC and nitrogen fertiliser production 
and application. For palm LCAs, delineation of the system boundaries is critical to 
provide consistency to studies, which can be particularly confounded by the challenge 
of accurately defining and calculating the impacts from LUC and carbon stocks. This 
is in part linked to a lack of consensus on the methodologies for the calculation and 
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also to the limited availability of robust and reliable inventory data on the history of 
LUCs, influence of plantation management practices, nitrogen budget of oil palms and 
residue treatment.

In the oil palm sector, the lack of representative data is accentuated by the great diversity 
in cultivation practices observed in the field. Currently, specific data and consequently 
knowledge on the influence of different management practices on the plantation and the 
palm oil mills are limited. The nitrogen dynamics of oil palm are complicated due to the 
long growing cycle, spatial heterogeneity and large internal fluxes and pools of nitrogen, 
which lead to great uncertainty in the assessment of climate change, acidification and 
eutrophication impacts. There is also a considerable lack of data on the various options of 
residue management which can affect the assessment results.

Significant challenges also remain when selecting impact assessment methods for 
characterising land use, biodiversity and including the effects of temporary carbon storage. 
Land use causes various chemical, physical and biological changes to soil properties and 
functions such as life support or nutrient cycling. There is currently no comprehensive 
impact assessment of the various branches of the cause–effect chains implemented in 
LCIA. In particular, impacts related to co-variations in the associated physico-chemical and 
biological soil properties and functions are insufficiently addressed. Moreover, physical 
and chemical changes of surface and soil have further effects on flora and fauna and hence 
affect biodiversity. Comprehensive impact pathways to relate long-term trends and the 
influence of practices on the temporary storage of soil carbon, improvement of soil quality 
and protection from soil erosion are not currently part of the LCIA. To design the best 
environmentally friendly scenarios of residues and global plantation management, correct 
modelling of impact on the soil is crucial.

To address the challenges of conducting palm LCAs, a consensus-based modelling 
framework is needed which can consistently define the inventory data needs for estimating 
emissions from fertiliser application and temporary carbon storage. Regionalised land use 
models need to be developed along with complementary agro-ecological indicators for 
better characterisation of the effects of oil palm cultivation. Finally, the obtained results 
have to be discussed with respect to the particular goal and scope of the study, including 
model, allocation and other methodological choices as well as data quality assessment, 
which when combined, define the validity domain of the results and hence the application 
limitation of the analysis. Such limitations should be estimated by scenario analysis. It 
is highly recommended to support the final interpretation of results by sensitivity and 
uncertainty analyses.

7 � Where to look for further information

Key organisations for LCA development:

SETAC: http://www.setac.org/
UNEP SETAC Life Cycle Initiative: http://www.lifecycleinitiative.org/

LCA networks in Southeast Asia:

Indonesian LCA Network (ILCAN): http://www.ilcan.or.id/
Thai LCA Agri Food Asia Network: http://www.lcaagrifoodasia.org

http://www.setac.org/
http://www.lifecycleinitiative.org/
http://www.lcaagrifoodasia.org
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LCA networks in Europe:

European Platform: http://eplca.jrc.ec.europa.eu/
French Environmental Lifecycle and Sustainable Assessment: http://www.elsa-lca.
org/?lang=en
German LCA network: http://www.lcanet.de/en/

Dedicated journals and conferences:

International Journal of LCA: http://link.springer.com/journal/11367
Journal of Cleaner Production: https://www.journals.elsevier.com/journal-of-cleaner- 
production
Indonesian Journal of LCA and Sustainability: http://ijolcas.ilcan.or.id/index.php/IJoLCAS

Environmental Toxicology and Chemistry: 

http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1552-8618

Integrated Environmental Assessment and Management:

http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1551-3793
LCA-Food conferences: http://lcafood2016.org/
SETAC Europe LCA Case Study Symposium: http://events.setac.eu/?contentid=179
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