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Sammanfattning 

Alternativa bränslen såsom biodiesel inom transportsektorn blir allt viktigare för att nå klimatmålen och 

minska beroendet av fossila bränslen. Ett råmaterial av växande betydelse i biodieselsektorn är palmolja. 

Indonesien är världsledande inom produktion av palmolja och landets mål är att ha nått en andel på 25% 

biodiesel inom transportsektorn till år 2025. Oljepalmen har fördelar såsom större skördar och mindre 

solljusberoende jämfört med andra grödor som används för produktion av biobränslen och anges i 

allmänhet som ett rent och hållbart alternativt bränsle. Detta är dock för närvarande mycket omdebatterat, 

främst på grund av utsläpp av växthusgaser i samband med förändrad markanvändning, men också ur ett 

vattenperspektiv. De senaste har blivit ett växande fråga, särskilt inom jordbrukssektorn där stora mängder 

vatten används. Produktionen biodiesel från palmolja i Indonesien består av fyra olika stadier: förändrad 

markanvändning, odlingsstadiet (uppdelat i plantuppodling och plantering), palmoljeverket och 

oljeraffinaderiet. 

Denna masteravhandling innefattar en LCA samt ett WFA som de två huvudkomponenterna. Med hjälp 

av dessa verktyg är målet att utföra en LCA av hela produktionskedjan av biodiesel från palmolja i 

Indonesien i syfte att utföra en växthusgasbalans och en energibalans; de frågor som ställs är (i) Vad är 

utsläppen av växthusgaser samt energiförbrukningen för palmoljebaserad biodieselproduktion i 

Indonesien, och (ii) hur ska miljöbelastningen fördelas på de olika produktionsstegen? För att utföra ett 

WFA av samma produktionskedja ställs även frågan (iii) Vad är miljöpåverkan från denna industri med 

avseende på vattenförbrukningen?  

LCA är en brett använd metod för att bedöma produkter eller processer i form av deras miljöpåverkan 

genom hela livscykeln. I denna rapport har en så kallad "vagga till grind" studie utförts. Detta innebär att 

användningen av produkten – i det här fallet distribution och förbränning av biodiesel – är utesluten då 

fokus ligger på produktionen. Undersökningen består av fyra faser (målbeskrivning och omfattning, 

inventeringsanalys, miljöpåverkan och resultattolkning) och utfördes med hjälp av LCA mjukvaran 

SimaPro samt Biograce för att beräkna direkt förändring av markanvändningen. Systemgränsen utgörs av 

samtliga produktionssteg, men utelämnar produktion av oljepalmssäd på grund av dess mindre 

miljöpåverkan samt arbetskraft. "Liter biodiesel per hektar plantage per ett år" togs som funktionell enhet 

(FU). 

WFA, "water footprint (WF) av en produkt" beräknas enligt den metod som utvecklats av Hoekstra 

(2011). Det innebär den totala volymen som används och förorenas för att framställa produkten genom 

hela produktionskedjan. WF är indelad i tre delar - blått, grönt och grått WF. Den totala WF är summan 

av dessa. Den blå WF hänvisar till konsumtion av färsk yt- och grundvatten, grönt vatten innebär 

regnvatten och grått vatten anger graden av vattenföroreningar. I denna avhandling har en ”accounting” 

WF för biodiesel av palmolja (m3/ton) genomförs. CROPWAT modellen användes för att uppskatta grön 

och blå evapotranspiration. Systemavgränsningen är nästan identisk med den som används för LCA. 
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Data för analysen samlades in under en forsknings vistelse på Indonesian Oil Palm Research Institute 

(IOPRI) i Medan, Indonesien och hämtades via personlig kommunikation med lokala forskare samt i form 

av dokument och relevant litteratur. Baserat på data från IOPRI, gjordes beräkningarna med en skörd på 

26 ton färska fruktklasar per hektar per år.  

Studien resulterade i en positiv netto energibalans (15.26 MJ/kg biodiesel), vilket innebär att mindre 

energitillförsel krävs än den totala energi som ingår i slutprodukten. Majoriteten av energi för 

produktionen kommer från icke-förnybara energikällor, vilket resulterade i en ny förnybar energibalans av 

102 500 MJ/FU. Det senare värdet kan dock vara felaktigt på grund av den datamängd som används i 

SimaPro. 

Totala utsläpp växthusgaser resulterade i 11 810 kgCO2eq/FU, med tanke på att förändring av 

markanvändning inte sker före odling. Detta motsvarar utsläpp på 1.62 kgCO2eq per liter biodiesel som 

produceras. Studier har visat att växthusgasutsläpp från produktion av biodiesel är 35-45% lägre än de för 

produktion av fossilt diesel. De flesta utsläpp sker i palmoljeverket, som står för nästan hälften av 

produktions utsläpp (48%), medan utsläpp från odlingsfasen och raffinaderiet delas lika (26%). De höga 

utsläppen i palmoljeverk resulterar från utflödet, som ofta behandlas i öppna dammsystem, där stora 

mängder metan släpps ut i atmosfären. Om utflödesvattnet behandlades med rötning som en teknik, kan 

de totala utsläppen minska med cirka 17%. När utsläpp från direkt ändring av markanvändning räknas in 

visade sig de totala utsläppen vara mycket högre. Baserat på Biograce beräkningarna frigörs 28.10 

tCO2eq/FU, vilket leder till totalt 39 910 kgCO2eq/FU. Dessa värden beror på många faktorer, och det 

finns stora spann av resultat när man jämför med andra studier. Bortsett från palmoljeverkutflödet, står 

kvävegödselmedel för en anmärkningsvärd andel av utsläppen (nästan 50 % av utsläppen i odlingsledet), 

vilket är i enlighet med andra studier. 

Det totala WF för biodiesel från palmolja är 1 225 m3/t, där grönt, blått och grått WF står för 992, 233 

respektive 255 m3/t. Resultaten är relativt låg jämfört med många studier, troligen på grund av skillnader i 

CROPWAT modellen. Det gröna WF är det högsta på grund av vattenanvändningen (regnvatten) i 

plantagen. Det blå WF är främst processvattnet i raffinaderiet och den största delen av den grå WF 

kommer från palmoljeverkutflödet. Det bästa alternativet för att minska det totala WF baserat på 

resultaten från denna studie är att öka skörden per hektar genom att säkerställa rätt odlingsförhållanden 

för oljepalmer tillsammans med bättre reningsutrustning för POME samt besparing av 

processvattenanvändning i raffinaderiet. 
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Summary 

Alternative fuels such as biodiesel in the transportation sector are becoming more and more important to 

achieve climate targets and reduce the dependency on fossil fuels. One feedstock of growing relevance in 

the biodiesel sector is palm oil. Indonesia is the global leader in palm oil production and the country’s 

target is to have reached a share of 25% of biodiesel in its transportation sector by 2025. The oil palm has 

benefits such as higher yields and less required sunlight compared to other biofuel crops and is generally 

referred to as being a clean and sustainable biofuel. However, this is currently highly debated, mainly due 

to greenhouse gas (GHG) emissions related to land use change (LUC) and other stages of the supply 

chain and water requirements, which have become a serious issue in the agricultural sector. The 

production chain of palm oil biodiesel in Indonesia consists of four distinct stages: land use change (if 

any), cultivation (divided into nursery and plantation), CPO mill and biodiesel refinery.  

This thesis comprises an LCA as well as a WFA as the two major components. Using these tools, the 

objectives are to perform an LCA of the entire production chain of palm oil biodiesel in Indonesia in 

order to set up a GHG balance and an energy balance; the questions being asked are (i) what are the GHG 

emissions and the energy consumption of the palm oil biodiesel production in Indonesia, and (ii) how is 

the environmental load divided among the production steps? To perform a WFA of palm oil biodiesel 

production in Indonesia, the question being asked is (iii) what is the environmental impact of this industry 

with respect to water consumption? 

LCA is a widely used approach to assess products or processes in terms of their environmental 

performance throughout their life cycle. In this thesis, a so-called “cradle-to-gate” study was performed. 

This means that the use of the outcome product – in this case the distribution and combustion of palm oil 

biodiesel – is excluded, since the focus lies on the production. POME treatment is however included as a 

step of the production chain. The study consists of four phases (goal and scope definition, inventory 

analysis, impact assessment and interpretation) and was done with the aid of the LCA software SimaPro. 

The system boundary is comprised by all production stages, but leaves out seed production due to its 

minor environmental impact. Also labor is excluded. “Liters of biodiesel produced per hectare plantation 

per one year” was taken as a functional unit (FU).  

When it comes to the WFA, the “water footprint (WF) of a product” was calculated, following the 

method developed by Hoekstra (2011), which calculates the total volume used and polluted to produce 

the product throughout its production chain. The WF is divided into three different parts – blue, green 

and grey WF. The total WF is the sum of these. The blue WF refers to consumption of fresh surface and 

groundwater, green water refers to rainwater and the grey water indicates the rate of freshwater pollution. 

In this thesis, an accounting WF for palm oil biodiesel (cubic meters per ton) was carried out. The 

CROPWAT model was used to estimate green and blue evapotranspiration. The system boundary is 

almost similar to the one used for the LCA. 
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Data for the assessments were collected during a research stay at the Indonesian Oil Palm Research 

Institute (IOPRI) in Medan, Indonesia, which included personal communication with local researchers as 

well as documents and literature. Missing data were taken from relevant secondary sources. Based on data 

from the IOPRI, we made our calculations considering a yield of 26 tons of fresh fruit bunches per 

hectare per year. Though yields are lower in most cases, they can also range up to 34 tons. 

It turned out that the production in Indonesia has a positive net energy balance (15.26 MJ/kg biodiesel), 

meaning that less input energy is required than the total energy contained in the outcome product. The 

majority of energy for the production comes from non-renewables, which resulted in a new renewable 

energy balance of 102 500 MJ/FU. The latter value might however be inaccurate due to the dataset used 

in SimaPro. 

When it comes to GHG emissions, our study resulted in a total of 11 810 kgCO2eq/FU, given that LUC 

did not occur prior to the cultivation. This equals emissions of 1.62 kgCO2eq per liter of biodiesel 

produced. Most emissions occur in the CPO mill stage, which accounts for almost half of the 

production’s emissions (48%), while the loads of the cultivation stage and the refinery stage are divided 

equally (26%). The high emissions in the CPO mill result from effluent, which is commonly treated in 

open pond systems, so that high amounts of methane are released into the atmosphere. If the effluent 

were treated with anaerobic digestion, the overall emissions could be reduced by about 17%. When taking 

emissions from direct LUC into consideration, the total emissions turned out to be dramatically higher. 

Based on the Biograce calculations, 28.10 tCO2eq/FU are released, which leads to a total of 39 910 

kgCO2eq/FU. These values depend on many factors so that the range of results is very wide when 

comparing with other studies. Nevertheless, most available cases do not focus on Indonesia. Apart from 

the mill effluent, nitrogen fertilizer accounts for a remarkable share of emissions (almost 50% of emissions 

in the cultivation stage), which is in accordance with other studies. 

The total WF for oil palm biodiesel is 1 225 m3/t, with a green, blue and grey WF of 992, 233 and 255 

m3/t respectively. The results are relatively low compared to many studies, probably due to differences in 

the CROPWAT model. The green WF is the highest due to the crop water use (rainwater) in the 

plantation. The blue WF is mainly process water in the refinery and the biggest part of the grey WF comes 

from the POME. The best option to decrease the total WF based on the results from this study is to 

increase the yield per hectare through ensuring right growing conditions for the oil palm together with 

better treatment equipment for POME as well as the saving of process water use in the CPO mill and the 

refinery. 

 

Keywords: life cycle assessment, water footprint assessment, palm oil, biodiesel, Indonesia, fresh fruit 

bunches, crude palm oil, greenhouse gas balance, energy balance  
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Abbreviations and nomenclature  

am  ante meridiem 

ASEAN  Association of Southeast Asian Nations 

BMP  Best Management Practice 

BOD  Biological Oxygen Demand 

C  Carbon 

CH3CH2OH  Ethanol 

CH3OH   Methanol 

CH4  Methane 

CO2  Carbon Dioxide 

CO2eq  Carbon Dioxide Equivalent 

COD  Chemical Oxygen Demand 

CPO   Crude Palm Oil 

CWU  Crop Water Use 

d  Day 

e.g.  For Example (exempli gratia) 

ECS  Unit of Energy and Climate Studies 

EFB  Empty Fruit Bunch 

EIA  Environmental Impact Assessment 

EMS  Environmental Management System 

etc.  et cetera 

EU  European Union 

FAO  Food and Agriculture Organization of the United Nations 

FFB  Fresh Fruit Bunches 

FU  Functional Unit 

g  Gram  

GHG  Greenhouse Gas(es) 

GWP  Global Warming Potential 

h  Hours 

H2  Molecular Hydrogen 

ha  Hectare 

i.e.  id est (thus, that is) 

INSISTS  Indonesian-Swedish Initiative for Sustainable Energy Solutions 

IOPRI  Indonesian Oil Palm Research Institute 

IPCC  Intergovernmental Panel on Climate Change 

IPNI  International Plant Nutrition Institute 

ISO  International Organization for Standardization  
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K2O  Potassium Oxide 

kg  Kilogram 

KOH  Potassium Hydroxide 

kWh  Kilowatt Hour 

l  Liter 

LCA  Life Cycle Assessment 

LUC  Land Use Change 

m  Meter 

m3  Cubic Meter 

MJ  Mega Joule 

mm  Millimeter  

n.d.  No Date 

N2O   Nitrous Dioxide 

NaOH   Sodium Hydroxide 

NEB  Net Energy Balance 

NGO  Non-governmental Organization 

No.   Number 

NPK  Nitrogen, Phosphorous, Potassium 

NREB  Net Renewable Energy Balance 

p.   Page 

pm  post meridiem  

POME  Palm Oil Mill Effluent 

RSPO  Roundtable on Sustainable Palm Oil 

SEI  Stockholm Environment Institute  

t  Ton 

tkm  Ton-Kilometer 

UGM  Gadjah Mada University  

US  United States 

USD  US Dollar  

WF  Water Footprint 

WFA  Water Footprint Assessment 

y-1  Per Year 
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1 Introduction 

1.1 Background 

Alternative fuels are becoming more and more important as part of the solutions to greenhouse gas 

emissions in transport. The growing scarcity of conventional fuels paired with an increasing need of the 

world’s population for transport facilities are among the reasons for the growing relevance of biofuels in 

general (Demirbas, 2007). Biofuels can be produced by a very diverse range of feedstocks. Depending on 

the feedstock used, the process to gain a fuel as an outcome differs. The two most common types of 

biofuels are ethanol and biodiesel (NREL, 2015). While ethanol is the outcome of a fermentation process 

of any biomass with a high amount of carbohydrates such as sugarcane and corn, biodiesel is made by 

combining alcohol (usually methanol) with vegetable oil (NREL, 2015). 

One widespread feedstock of growing relevance in the biodiesel production is palm oil (Koh and Wilcove, 

2008). However, since biodiesel is defined as the monoalkyl esters of vegetable oils or animal fats 

(Demirbas, 2007), other feedstocks such as soybean, sunflower and rapeseed are eligible as well. Figure 1 

shows the global share of different biodiesel feedstocks in 2013 and highlights the prevailing role of 

soybean oil which accounts for more than half of the total biodiesel production while palm oil as the 

fourth biggest share stands for less than 10 percent. 

 
Figure 1: Major biodiesel feedstocks in 2013 (Joyce, 2014) 

According to statistics from the US Energy Information Administration, the global biodiesel production 

increased from 15 000 barrels per day in 2000 to 431 000 barrels per day in 2012 (Eia.gov, 2015a). When 

looking at production statistics of palm oil, one can easily ascertain that Indonesia and Malaysia are the 

two global leaders in palm oil production (figure 2 below). Together, they account for almost 90% of the 

worldwide production. The remaining share is divided among many other countries along the equator, 

since tropical climate conditions are required in order for oil palms to grow properly (Corley and Tinker, 

2007). 
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Figure 2: Global palm oil production in 2015 (in 1000 tons) (Indexmundi, 2016). 

Indonesia took over Malaysia as the world’s leading palm oil producer in 2006 and according to Mekhilef 

et al. (2010), it is very likely that Indonesia will maintain its role in the future. In 2015, Indonesia produced 

roughly 33 million tons, which is 12.5 million tons more than Malaysia (Indexmundi, 2016). 

Even though most of the palm oil produced is being used for other purposes than fueling vehicles (food, 

industrial usage etc.), biodiesel with palm oil as fuel feedstock is likely to become more important in the 

future due to biofuel mandates made by many countries to for instance achieve climate targets or reduce 

dependency on fossil fuels1. The current target of the European Union for example is to have reached a 

biofuel share of at least 10% in the transport sector by 2020 (European Commission, 2015). According to 

Flach et al. (2014), palm oil biodiesel imports in the EU increased from 600 000 tons in 2008 to more than 

1.5 million tons in 2015 (projected), making it the second most important feedstock behind rapeseed oil.  

At a first glance, there are some noticeable benefits of palm oil diesel on the agricultural level. Compared 

to other vegetable oils, palm oil has a remarkably higher yield. While soybean reaches an average of only 

about 0.36 tons/hectare annually, palm oil gains 3.68 and thus also surpasses sunflower (0.42) and 

rapeseed (0.59) by far (Yee et al., 2009). This comes along with less required sunlight than for example 

soybean or rapeseed (Mekhilef et al., 2011). In addition, the oil palm produces fruits all year round so that 

these can be harvested three to four times per year (Accenture, 2013). An LCA study from Malaysia 

revealed that production of palm oil biodiesel emits about 38% less carbon dioxide than fossil diesel, using 

the combustion of 1 liter as a reference (Yee et al., 2009). A noticeable number of studies also conducted 

comparisons of different feedstocks for biodiesel production. Uusitalo et al. (2014) for example compared 

the carbon footprint of palm oil, rapeseed oil and jatropha oil and concluded that palm oil as feedstock 

comes along with the highest reduction rate of greenhouse gases (GHG) analyzed in comparison to fossil 

diesel.  

                                                      
1 An overview of biofuel mandates of different countries is offered by the Global Renewable Fuels Alliance 

(http://globalrfa.org/biofuels-map/).   

http://globalrfa.org/biofuels-map/
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Because of such benefits, biodiesel is often referred to as being a clean and sustainable alternative to fossil 

fuels. However, sighting respective literature leads to the impression that this is currently highly 

questionable and debated. Many studies point out socio-economic issues such as forced resettlement due 

to the establishment of new plantations and the subject of land use change (LUC) and its consequences 

for the environment are main reasons to scrutinize the sustainability of biodiesel from palm oil. Between 

1975 and 2005, land in Indonesia was expanded from 0.1 to7 million hectares only for palm oil 

production, which equals about half of the total agricultural land expansion in that period (Wicke et al., 

2011). Values about the current land coverage for palm oil production differ and range from about 8 to 10 

million hectares (Colchester and Chao, 2011). Constant deforestation in favor of the establishment of new 

oil palm plantations comes along with an incremental destruction of the world’s biggest carbon sink. 

Turning not only secondary, but also peat-rich primary forest into plantations leads to a massive release of 

carbon dioxide (Fargione et al., 2008). The cumulative energy demand is besides the assessment of 

greenhouse gases another factor to make statements about the performance of palm oil biodiesel 

production. Even though the evaluation of energy inputs and outputs of biofuel production is not new, 

only few studies exist on this issue so far (de Souza et al., 2010). 

Water consumption is another issue worthy of discussion. At a global stage, agricultural activity is the 

sector where most of the fresh water use occurs, but also the industrial and domestic sector contribute 

significantly to big volumes of water consumed and polluted (Hoekstra, 2011). Today, a growing demand 

for water comes from the bioenergy sector, producing biofuels from agricultural crops. A study by 

Kaenchan and Gheewala (2013) compared the water use of the biofuel crops cassava, sugarcane and oil 

palm in which the latter turned out to consume most water per hectare. In addition, oil palms also have 

the highest freshwater consumption per square meter among the three. Freshwater is a global resource of 

increasing importance due to growing international trade in water-intensive products (Hoekstra, 2011).  

Indonesia is not a water-scarce country as their water resources represent nearly 6% of the world's water 

resources (Ardhianie, 2015). It has an average rainfall on about 2600 mm y-1, over 5590 rivers and 

groundwater resources are estimated at 455 cubic kilometer per year (FAO, 2015). However, scarcity of 

fresh water has become an issue in consequence of cases of mismanagement by many parties, including 

overuse and activities that pollute water (FAO, 2015). When it comes to palm oil activities, there have for 

example been grievances from local communities about dried up community wells, adverse impacts on 

drinking water qualities and fishing in the Central Kalimantan Province. These grievances have not been 

addressed by the governmental mechanisms and there are many weaknesses about the water resource 

regulations in the province. Conflicts between different levels of government over forest resources also 

affect how palm oil cultivation is governed (Larsen, 2012). 

Since palm oil cultivation is done first and foremost in countries of Southeast Asia, these are the main 

areas the academic debate focuses on. When it comes to the assessment of climate change contribution of 

palm oil production, substantially more research was found on Malaysia than on Indonesia. Concerning 

water consumption, Thailand and its palm oil biodiesel sector were in the spotlight of research, while there 
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are no studies in which Indonesia’s production was assessed in particular. Since the water footprint (WF) 

varies considerably due to regional conditions in terms of for example climate and topography, it is 

difficult to project findings of studies about Thailand to Indonesia. 

Since insufficient research on Indonesian palm oil (diesel) production systems has been conducted so far, 

no generally valid statements on its sustainability can be made yet. By assessing climate change 

contribution, energy demand and water consumption of the palm oil biodiesel production system in 

Indonesia, this thesis aims at contributing to close the above outlined research gaps. In terms of 

methodology, life cycle assessment (LCA) and water footprint assessment (WFA) are the tools used for 

the analysis. LCA is a commonly applied method for analyzing potential environmental impacts associated 

with a product’s life cycle and in this study used for the climate change and energy assessment. WFA is a 

relatively new method and utilized to calculate the overall water demand from producing palm biodiesel as 

well as the contribution to water pollution from the production process.   

When it comes to the intended audience of this thesis, one can say that it is diverse due to the variety of 

issues addressed. First and foremost, the conducted study can be of interest for research institutes and 

universities. The literature review for this thesis generally revealed that the palm oil biodiesel production in 

Indonesia is so far unsustainable. When it comes to quantified in-depth assessments however, results vary 

considerably. This thesis can therefore be seen as another contribution to the collection of conducted 

studies on palm oil in Indonesia and be of value to get a better understanding of the production system 

and the environmental impact associated with it.  

Apart from that, state authorities such as ministries, but also energy agencies could make use of the study, 

since it is in their interest to decrease for example energy use in the production process. The highlighting 

of energy usage in each production step can be taken as a basis for discussion.  

State-owned as well as private operators of refineries, mills and plantations on the other hand can use the 

research findings for potential technological improvements in order to decrease for example GHG 

emissions or water use.  

In addition to the mentioned stakeholders, for example investors, energy suppliers, NGOs, consulting 

companies, other researchers or individuals and even foreign countries might see a value in the study.  

1.2 Objectives and research questions 

This research aims at assessing the Indonesian palm oil biodiesel production sector in terms of its 

environmental impact, with particular focus on GHG emissions and resource utilization, water and energy 

in particular.  

These issues can generally be addressed with the aid of different quantitative indicators. In this thesis, the 

focus lies on the following:  

1. the contribution of palm oil biodiesel production in Indonesia to climate change, 
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2. the consumption of energy along the entire production chain of palm oil biodiesel in Indonesia, 

and 

3. the overall fresh water demand of palm oil biodiesel production in Indonesia. 

The comprehensive research aim demands the definition of more specific objectives. Concerning the 

methodological approach, the thesis comprises an LCA as well as a WFA as the two major components. 

Using these tools, the objectives are to perform an LCA of the entire production chain of palm oil 

biodiesel in Indonesia in order to set up a GHG balance and an energy balance; the questions being asked 

are (i) what are the GHG emissions and the energy consumption of the palm oil biodiesel production in 

Indonesia, and (ii) how is the environmental load divided among the production steps? To perform a 

WFA of palm oil biodiesel production in Indonesia, the question being asked is (iii) what is the 

environmental impact of this industry with respect to water consumption? 

Due to the vast increase in consumption of palm oil, there is a strong need to devote more attention to 

the sector. The expansion of the production, which is likely to continue with high growth rates, is 

inevitably connected to increasing environmental, economic and social impacts and changes. It is 

therefore necessary to illuminate the issue to a higher extent. This involves the analysis of general 

production processes from all perspectives of sustainability, but also the geographically limited assessment 

of specific procedures.   

Because of that, the functions of academia are in this case manifold and range from awareness rising for 

the fact that palm oil production needs improvement regarding its sustainability to indications of what 

must be improved in particular. By performing an LCA and WFA, this thesis intends to serve these 

functions.  

1.3 Structure of the thesis 

The thesis is, as can also be seen in figure 3 below, divided into 6 chapters, starting with an introduction to 

the subject, including intended audience, objectives and research questions in chapter 1.  

The second chapter describes the general process steps of palm oil biodiesel production in Indonesia. It 

starts with briefly presenting the history and characteristics of the oil palm tree and continues with 

describing the different productions stages from the nursery through plantation (summarized as 

cultivation), CPO mill and the refinery. The chapter finally deals with the issue of LUC from the oil palm 

plantations.  

Chapter 3 defines and describes the research methodologies. It starts with information about the research 

stay in Medan, Indonesia and data collection methods and then defines the LCA and WFA tools. 

Moreover, a detailed description of the modelling and calculation approaches is presented. The chapter 

eventually includes some limitations of the study.  
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The results of the study are presented in chapter 4 and discussed and validated subsequently in chapter 5. 

Here, comparisons with other studies are made as well. The chapter ends with a sensitivity analysis.  

Chapter 6 contains conclusions from the study as well as indications for future research.  

 
Figure 3: Outline of the thesis structure.   
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2 Palm oil biodiesel production systems in Indonesia 

As of 2013, it is believed that about 3.7 million people are working in the palm oil industry of Indonesia 

(Potts et al., 2014). This number highlights the growing importance of the sector for the country’s 

economy, especially since it almost doubled since 2006, (Zen et al., 2008; cited in Resosudarmo et al., 

2012).  

The production of palm oil in Indonesia has a history that dates back to 1848. In that year, the Dutch 

imported four oil palm seedlings from Africa to a botanical garden on Java (Caroko et al., 2011). 

Commercial planting began in 1911 on Sumatra and from then onwards the industry developed rapidly, so 

that 110 000 ha plantation existed in Indonesia in 1940 (Obidzinski, 2013). By 2013, about 9 million ha of 

land were covered with plantations (Obidzinski, 2013). 

Biodiesel from palm oil in Indonesia has a much shorter history than the commercial extraction of the oil. 

Until the turn of the millennium, Indonesia was heavily dependent on fossil fuels, since no actions were 

undertaken to force an emergence of biofuels apart from small-scale research in the 1980s (Dillon et al., 

2008). In the 2000s, when Indonesia turned from a net exporter to a net importer of petroleum, the 

government worked together with research institutes and universities in order to establish alternatives to 

fossil fuels on the market and the biodiesel production was initiated (Dillon et al., 2008). In 2006, a 

number of important regulations such as Presidential Regulation No. 5/2006 concerning the National 

Energy Policy came into force which finally contained mandatory biofuel targets, following the intention 

of the government to ensure the domestic energy security (Caroko et al., 2011). In the same year, biodiesel 

blended with fossil diesel began to be sold as “Bio Solar” by Pertamina, a state-owned oil and gas 

enterprise (Dillon et al., 2008). The introduction of mandatory targets was obviously in favor of the palm 

oil industry, which got an additional market outlet with biodiesel (Caroko et al., 2011). This fits to the fact 

that it was in 2006, when Indonesia overtook Malaysia by experiencing a sudden production rise and 

became the world’s biggest palm oil producer. Information on the actual production of biodiesel in 

Indonesian refineries is hard to obtain. In 2008, there were only 11 commercial biofuel refineries (Dillon 

et al, 2008). Since then the number has increased to at least 14 (Dillon et al, 2008). Even though the share 

of palm oil that is processed further to biodiesel is still relatively low compared to the overall palm oil 

production, it has become an essential pillar of the national economy.  

Driven by resource scarcity and climate change, countries all over the world have established biofuel 

mandates that have helped boost production. For the transportation sector, the biodiesel mandate has 

been adjusted from a biodiesel share of 5% respectively 7% in between up to 10% of the total diesel use in 

the sector according to the latest regulation by the Indonesian Ministry of Energy and Mineral Resources 

(MEMR) in 20132. By 2020, the biodiesel share shall be 20% and five years later even 25% in the 

transportation sector (Thomson Wright and Wiyono, 2014). The effect of the mandates has been an 

                                                      
2 The different percentages of the biodiesel share until 2013 (5 and 7) originate from the distinction between public service 
obligation (PSO) and non-PSO. In this case, one can say that transportation with PSO means subsidized fuels by the state. 
However, after 2013 the same share applies to both sectors. 
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increase in consumption of biodiesel from 0.06% in 2006 to 5.57% in 2013 (Thomson Wright and 

Wiyono, 2014). A small share of the country’s production is consumed internally, while most of it makes 

its way to other countries. The most important export market for biodiesel from Indonesia is Europe, 

which has limited feedstock supplies compared to North America. The abundance of feedstock combined 

with environmental issues is the reason why North America remains irrelevant as an export market for 

Indonesia (Thomson Wright and Wiyono, 2014).  

The palm oil biodiesel production process can be divided into three main steps: The agriculture stage 

consists of nursery and oil palm plantation; the crude palm oil is produced in the milling stage and the 

biodiesel is produced in the refinery stage. The following explanation of the biodiesel production 

procedure should however only be considered as a rough outline, since there are many possible 

production techniques. The reader must be aware that this study looks into large-scale production 

processes of palm oil biodiesel, meaning that plantations, mills and refineries are mainly run by companies 

with an interest in growth and commerce or by government authorities. Smallholders also produce palm 

oil but on a much smaller scale, with limited capacities and simpler techniques. Due to limited access to 

know-how and financial resources for smallholders, it is difficult to compare the efficiency differences 

between small and large holder production. 

Before the process is outlined in this chapter, the oil palm and oil palm fruits are examined in a nutshell. 

2.1 The oil palm 

The oil palm gives the highest yield per hectare of all oil crops (Anon, 2015). The tree is 20-30 m high and 

bears its fruits in bunches with weigh between 10 and 25 kg. The bunches contains of 1000-3000 fruits 

which are made up of different layers: the outer skin, called exocarp; an orange-yellow pulp called 

mesocarp which contains most of the oil for commerce in a fibrous matrix; a central nut consisting of a 

shell called endocarp; and the kernel from which palm kernel oil is extracted (Poku, 2002). These different 

layers are normallyquite easy to identify (figure 4). The palm kernel oil is more saturated than regular palm 

oil and comparable to coconut oil. The kernel oil is commonly used in commercial cooking since it 

remains stable at high cooking temperatures and can be stored longer than many other cooking oils. Palm 

kernel oil is also suitable for producing products such as soap, washing powder, cosmetics and other 

industrial products since it contains a lot of lauric and myristic fatty acids in contrast to the usual palm oil 

(Americanpalmoil.com, 2015). 
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Figure 4: Oil palm fruit in profile (Picture from field visit at Kebun Sei-Aek Pankur Plantation, May 2015). 

2.2 Cultivation  

The cultivation or agricultural stage consists of the nursery and the plantation in the field. In 2011, the 

International Plant Nutrition Institute Southeast Asia Program (IPNI SEAP) initiated the so-called “Best 

Management Practice All Stages” project in Malaysia and Indonesia (IPNI, 2015). Figure 5 shows the 

steps of the cultivation stage. The nursery and the plantation stage are explained according to this practice, 

while LUC is left out due to the fact that it is only required when land needs to be cleared to establish new 

nurseries or plantations. It is explained separately in chapter 2.5.  

 
Figure 5: Outline of cultivation process. 



- 22 - 
 

2.2.1 Nursery 

The nursery is where the seeds are planted and the seedlings are produced. In Indonesia, the Indonesian 

Oil Palm Research Institute (IOPRI) is the first and biggest oil palm seed producer. It is estimated that 

about 80% of the standing palms in the country originate from seeds produced by IOPRI (IOPRI, 2012). 

The seeds are either sold to plantations which have their own nurseries or to separate nurseries which 

produce and sell seedlings ready for field planting. The price for one seed is about 7 500 rupiah (~0.56 

USD) according to information received during a visit on the Kebun Sei-Aek Pankur Plantation in May 

2015. 

Seedlings for field planting are produced by using a double stage nursery approach during approximately 

one year. The nursery stage requires big amounts of water and it is therefore important to choose a 

location with a sufficient water source for the nursery. Commonly in Indonesia, the water source is 

groundwater or water from rivers (Personal communication on Kebun Sei-Aek Pankur Plantation, May 

2015). In the pre-nursery, meaning during the first three months of a plant, the seeds are implanted in 

plastic bags called polybags, which contain a mixture of mineral soil and sand (figure 6). The polybags are 

placed under a cover in order to protect the seedlings from sun radiation. During this time, irrigation and 

urea fertilizers are applied to the plants. Under good conditions, plants should gain one or two leaves each 

month. Bad plants are selected and composted every month. 

 
Figure 6: Pre-nursery stage with sun radiation protection cover (Picture from field visit at Kebun Sei-Aek Pankur 

Plantation, May 2015). 

After three months, those plants which have three to four leaves are replanted into bigger polybags with 

20-25 kg of soil per polybag and moved to the so-called main nursery. Here, the plants are exposed to sun 
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radiation. The area in the main nursery holds up to 40 000 plants per hectare (figure 7). Daily irrigation, 

often carried out manually, and the application of urea and NPK (nitrogen, phosphorous and potassium) 

fertilizers are done in this stage. Bad plants are again destroyed and composted. After nine to twelve 

months in the main nursery, the seedlings are ready for being moved to a plantation (Personal 

communication on Kebun Sei-Aek Pankur Plantation, May 2015). 

 
Figure 7: Manual irrigation at main nursery (Picture from field visit at Kebun Sei-Aek Pankur Plantation, May 2015). 

2.2.2 Plantation 

The young oil palms are planted in the field which holds between 134 and 140 plants/ha. The best time to 

do this is in the beginning of the rain season (November to March), so that the plant can develop its root 

system before the dry season starts. The average oil palm starts yielding fruits about one year after planting 

in the plantation, but the productivity is rather low in the first few years. The plant has a continual 

productive lifespan of 25-30 years which often is called its economic lifetime but the oil palm tree can 

technically live more than 200 years. During the time in the plantation, fertilizer application is made on an 

irregular basis depending on for example soil type. When the oil palm is young, it is particularly in need of 

mineral salt and nitrogen to form leaves and a fruit cluster. After the oil palm has started to produce fruits, 

it needs a lot of potassium which increases the number of fruit bunches and makes them bigger. The best 

time to apply fertilizers is in the end of the rain season. Fertilizers are usually spread around the palm tree 

in a ring to ensure that they reach the roots (figure 8). According to information received on the visit to 

the Kebun Sei-Aek Pankur Plantation in May 2015, empty fruit bunches (EFB) sent back from crude palm 

oil (CPO) mills are commonly used as fertilizers as well, since they contain a lot of potassium. Dry leaves 

must always be cut away during the plantation phase to not prevent growth. The trees are also protected 
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from insects by the use of pesticides. In addition, owls and specific bugs can be used to protect the trees 

against rats. Any other diseases must be treated individually if possible. 

 
Figure 8: Fertilizer application at a plantation (Picture from field visit at Kebun Sei-Aek Pankur Plantation, May 2015). 

One oil palm tree produces about 20-25 fruit bunches per year and one fruit bunch weights around 10-25 

kg. Harvesting is done on a perennial basis. It is important to harvest the bunches at the right time to yield 

as much oil as possible. The fruits should be harvested when they begin to become red and some of them 

have fallen to the ground. Each worker harvests around 1.5 tons of fresh fruit bunches (FFB) per day 

during a common working time from 7 am to 2 pm in five days per week. At plants of 4-7 years of age, 

the bunches are harvested with a chisel without cutting the leaves underneath while for plants of 7-12 

years of age, a machete is used and leaves below the bunches are taken away. For oil palms older than 12 

years, a long armed sickle is used. The harvested fruit bunches are collected, loaded on trucks and finally 

transported to a nearby palm oil mill (figure 9). The average distance between a plantation and a CPO mill 

in Indonesia is assumed to be 8-9 km. To avoid quality losses, the bunches must be delivered to the CPO 

mill within 24 hours (Sustainablepalmoil.org, 2015). 
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Figure 9: Fresh fruit bunches in a transport vehicle (Picture from field visit at Kebun Sei-Aek Pankur Plantation, May 

2015). 

After about 30 years, when the oil palm is no longer productive, the trees are cut down and the soil is 

plowed. The roots are left in the soil for decomposition. Cover crops such as leguminous plants are 

planted in the beginning of a new cycle to capture carbon and fix nitrogen in the soil in order to increase 

its fertility. Replanting of new oil palms takes place after about one year according to information received 

from the Indonesian Oil Palm Research Institute (IOPRI) in May 2015. 

In 1999, the ministers for the environment of the ASEAN (Association of Southeast Asian Nations) 

member states agreed to introduce the so called zero burning technique as a response to the many land 

and forest fires that affected the region in 1997/1998. The zero burning technique is a method of land 

clearing where in the case of oil palm plantations old trees are felled, shredded, stacked and left on the 

plantations to decompose naturally (ASEAN, 2003). Some of the main environmental benefits of the zero 

burning approach are according to the ASEAN less air pollution, reduced GHG emissions and improved 

soil characteristics in terms of moisture retention and soil fertility which reduces requirement of fertilizers 

and lowers the risk of water pollution through leaching. However, as mentioned above, the most common 

way in Indonesia is to leave only the roots in the soil to decompose to enable faster replanting (Personal 

communication on Kebun Sei-Aek Pankur Plantation, May 2015).  

A reasonable equilibrium between environmental impact, economic expense and product output is 

important when managing oil palm plantations. Many plantation managers have adapted IPNI’s best 

management practice for oil palm cultivation. Due to lack of resources, smallholders in particular face 

difficulties with managing in accordance with the BMP. This leads to lower yields and subsequently lower 
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revenues which assure the livelihood of the workers. In 2006, the Decree No. 117/PMK.06/2006 was 

issued by the Indonesian Ministry of Finance with the intention to reinforce financial support to farmers. 

This is done in the form of loans with interest rates below those offered by commercial banks (Caroko et 

al., 2011). 

Another incentive from the Indonesian government to solidify the national biofuel sector and to attract 

large companies to run plantations is the simplification of land rights. This is regulated in the investment 

law (No. 25/2007). Prior to this law, investors were granted cultivation rights for 35 years with a possible 

25 year extension. According to the new law, it is possible to rent land for 60 years with a 35 year 

extension (Caroko et al., 2011). 

When new plantations are established, an environmental impact assessment (EIA) is required if the area is 

larger than 3 000 ha. Plantations which already exist do not come under this rule. Doubts about the 

effectiveness of EIAs are however justified, since stakeholders tend to neglect larger landscape impacts. In 

contrast to EIA, land use requirements by the Roundtable of Sustainable Palm Oil (RSPO) seem however 

more appropriate, since they apply to both new and existing plantations and furthermore involve the 

determination of areas of a high social and environmental value (WWF, FMO and CDC, 2012).  

2.3 CPO mill 

In the CPO mill, the FFB are treated in order to produce CPO. After the FFB have reached the CPO mill 

by road transport, they are put into heat-proof lorries which are then moved into a sterilizer. In the 

sterilizer, they are treated with hot steam tosoften the fruits’ mesocarp in order to increase the release of 

oil later on. The FFB stay in the sterilizer for about 100 minutes (Personal communication at Pabrik 

Kelapa Sawit Adolina, May 2015). 

After sterilizing, the FFB go to a thresher which contains a rotating drum in which the fruits are separated 

from bunches. The EFB are either sent back to the plantation where they can be composted and used as 

fertilizers or incinerated, giving potash fertilizer or fuel to the boiler in the mill where the first mentioned 

practice is the most common The boiler is necessary to produce both thermal energy (steam) and 

electricity through affiliated turbines and generators.  

The stripped fruits are then moved to a digester where rotating knifes are used to digest them. The fruits 

are reheated with steam to easier loosen the pericarp from the nuts. Afterwards, the fruits are passed into 

a screw press and the oil/water mix is separated from the nuts and fibers, the so called press cake (figure 

10). The press cake is sent to a vertical column to separate the fibers from the nuts. The nuts in turn enter 

a polishing drum where pieces of stalks are removed. A nutcracker then cracks the nuts and shells so that 

cracked nuts, kernels and shells become separated. The oil which is contained in the kernels is usually sold 

and extracted in separate mills. Shells and fibers are typically used as fuels in the boiler, so this is also 

assumed in our scenario later on. 
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Figure 10: Unpurified CPO (Picture from visit at Pabrik Kelapa Sawit Adolina, May 2015). 

At the same time, the mix of oil, water and solids from the fruits is heated to about 85-90 °C and goes to a 

purifier, where separation of oil and water takes place by gravity in tanks. In these tanks, a settling time of 

1-3 hours is common. The final product in the form of CPO is cooled down and eventually sent to big 

storage tanks (Lipidlibrary.aocs.org, 2015). The entire process of the CPO mill is outlined in figure 11. The 

average distance between a CPO mill and a refinery in Indonesia is estimated to be no more than about 72 

kilometers (45 miles) (Ministry of Agriculture, 2012). 
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Figure 11: Outline of CPO milling process. 

The average palm oil mill produces about 0.65 t palm oil mill effluent (POME) per tFFB processed 

(Personal communication at Pabrik Kelapa Sawit Adolina, May 2015). POME is the waste product of the 

oil extraction process and can be described as a viscous brown liquid, containing suspended solids (Poh 

and Chong, 2008). The composition of POME varies a lot, depending on factors like raw material quality, 

season and the production process (Madaki and Seng, 2013). In any case, it mainly consists of water (95-

96%), while oil (0.6-0.7%) and solids (4-5%) account for the rest (Langerak, Dekker and Dirkse, 2015). It 

is moreover characterized by a high acidity and a high biological oxygen demand (BOD) as well as 

chemical oxygen demand (COD) (Sustainablepalmoil.org, 2015). It subsequently accounts for the biggest 

share of the overall environmental pollution originating from the mill. The POME needs to be treated 

before it is released into the environment and the pollutants must be below the allowable values regulated 

by the Indonesian Government.  

Despite the general consensus of the need to lower emissions and the environmental impact from palm oil 

production in general, the majority of CPO mills are still equipped with rather primitive POME treatment 

facilities. It can particularly be distinguished between aerobic and anaerobic approaches, as done so in a 

study by Poh and Chong (2008). Aerobic treatment in open ponds is by far the most common way of 

POME treatment, since the anaerobic approach requires higher investments into the mill’s infrastructure. 

While lower construction and maintenance costs are the prevailing factor to argue in favor of open ponds, 

the release of large amounts of methane and carbon dioxide into the atmosphere constitute the downside 

of this technique. Figure 12 shows an open pond at the immediate vicinity of a CPO mill. 
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Figure 12: Effluent treatment with an open pond system (Picture from visit at Pabrik Kelapa Sawit Adolina, May 2015). 

POME treatment in open ponds comprises a number of steps which in fact demand more than just one 

single pond. The exact amount differs and depends on the capacity of the mill (Poh and Chong, 2008). 

Yakob et al. (2006) for example assessed POME treatment in a Malaysian mill with 12 ponds, 10 of which 

are for digestion purposes. In addition to a deoiling pond, mills have other kinds of ponds in order to 

particularly reduce the content of BOD and COD in the POME. When applying open/aerobic digestion, 

COD levels can be reduced by around 81% while it is around 97-98% when using closed ponds and an 

anaerobic digestion (Langerak, Dekker and Dirkse, 2015; Chin et al., 2013).  

By applying the latter, methane as the biggest contributor of CPO production to climate change can be 

captured as part of the treatment process and used afterwards to either generate energy for the internal use 

of the CPO production or sold to the grid for electricity supply of for example a neighboring village. A 

reason however why surplus energy of CPO mills is in many cases not sold to power supply companies is 

their often very rural location (Milman, 2015). When electricity from methane is generated, the mill 

operators benefit from the fact that fibers and shells are not needed as feedstock for the boiler anymore. 

These can accordingly be sold so that the revenue lowers for example maintenance costs of the methane 

capture system. Even though establishing methane capture facilities is beneficial from an environmental 

point of view, the number of CPO mills with those kinds of constructions still remains at a low level due 

to different reasons. Of more than 600 CPO mills in Indonesia in 2014 only a few captured methane. 

Moriarty et al. (2014) mention 24 mills which captured methane, while the Indonesian Palm Oil Board 

talks about 33 mills (IPOB, 2012). Not all of them however produced electricity from biogas (Moriarty et 
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al., 2014). Cahyat (2013) stresses that apart from willingness of palm oil companies, the lack of supporting 

governmental facilities are the main hindrance. 

In contrast to open pond systems with aerobic conditions, covered ponds tend to be much larger as can 

be seen in figure 13. The typical size of an anaerobic pond is 60*29.6*5.8 m (length*width*depth), so that 

the question whether an open or closed pond system is used is also a matter of available land (Poh and 

Chong, 2009). Schuchardt and Stichnothe (2015) conducted a study on the composting process of EFB 

and POME and consider anaerobic treatment with closed ponds only as a short term solution due to the 

sophisticated maintenance (de-sludging). 

 
Figure 13: Methane capture facility for POME in Riau, Indonesia (Musimmas.com, 2015). 

Anaerobic digestion can basically be divided into different stages, which lead to the degradation of POME 

into methane, carbon dioxide and water through the use of bacteria, which breaks down the biomass (Poh 

and Chong, 2009). CO2 can also be transformed into methane by hydrogen (CO2+4H2 → CH4+2H2O) 

(E-inst.com, 2015). The methane can finally be used as fuel for the boiler in the mill or to generate 

electricity.  

2.4 Refinery  

In the refinery stage, the biodiesel, or alkyl ester is produced from the CPO. This can be done in different 

ways: First, through a base catalyzed transesterification process of the oil with alcohol; second by a direct 

acid catalyzed esterification of the oil with methanol or thirdly through conversion of the oil to fatty acids 

and then to alkyl esters with acid catalysis. The base catalyzed transesterification process however is the 

most efficient one in economic terms for reasons such as low temperature and pressure processing, high 

conversion (about 98%) with small side reactions and little reaction time and direct conversion to methyl 

ester with no intermediate steps (National Biodiesel Board, United States, n.d.). Due to these aspects, the 

base catalyzed transesterification process is most commonly applied to produce biodiesel and described 

here (see figure 14 for the process steps in a refinery). 
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Figure 14: Outline of biodiesel refinery stage.  

In the base catalyzed transesterification process, the oil is purified and reacted with an alcohol, which is 

usually methanol (CH3OH) or ethanol (CH3CH2OH) in the presence of a catalyst. For the latter, potassium 

hydroxide (KOH) or sodium hydroxide (NaOH) is used. During this reaction, the triglyceride (oil or fat) is 

transformed to form esters and glycerol of which the ester is called biodiesel (Khalid, 2011). Figure 15 

describes this reaction process. 

 
Figure 15: Base catalyzed transesterification process (Kolesárová et al., 2011). 

Generally, biodiesel production takes place in a two stage mixer-settler unit. CPO, methanol and the 

catalyst first go into a mixing section where the transesterification takes place. After that, the separation of 

the methyl ester and the glycerin takes place in the settling section in which the methyl ester is the light 

phase and the glycerin water is the heavy phase. The methyl ester then goes to a wash column with the 

purpose of removing by-product components and after a final drying step, the biodiesel is ready for usage.  
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For the purpose of quality assurance, the National Standardization Agency introduced a biodiesel standard 

in 2006. This standard is similar to the ones established by the EU and the US to ensure that Indonesia’s 

biodiesel does not face any purchasing obstacles (Caroko et al., 2011). Based on the standard, biodiesel 

must have a density of 850-890 kg/m3 (at 40 °C) (BPPT, 2015).  

2.5 Land use change 

Even though LUC is not part of every planting cycle of oil palms, it must be considered, since the 

conversion of land (if any) into new plantation areas is a major contributor to the total GHG emissions 

resulting from producing palm oil biodiesel. In general, LUC comprises not only the transformation of 

rainforest. Instead, peat swamp forests, cropland and other types are included as well (Wicke et al., 2011). 

One can furthermore distinguish between direct and indirect LUC. Direct LUC means the conversion of 

uncultivated land for the purpose of growing biofuels, while indirect LUC occurs if they are grown on 

already cultivated land for food production, because of the unchanged demand of food. In the latter case, 

new land will be cultivated at other sites as a consequence (Edwards et al., 2010).  

The compilation of data on LUC is usually rather complicated and inevitably connected to high 

uncertainty. Wicke et al. (2011) state that it is particularly difficult to find information on a national scale. 

The lack of available data might be a reason why it is surprisingly often unconsidered in LCA research, as 

it turned out in our literature review. According to a study by Koh and Wilcove (2008), a majority of 

Indonesian oil palm plantations established between 1990 and 2005 were built at the expense of either 

primary, secondary or plantation forests. On Sumatra, oil palm plantations reached an extent of 10% of 

the total land area in 2010 and at least one fifth of all peat soil land on the island is now used for oil palm 

cultivation (Gunarso et al., 2015).  

There is no consensus yet in research, to which extent palm oil agriculture is responsible for the 

transformation of forest into cultivated land. The study by Wicke et al. (2011) highlights multiple reasons 

which account for LUC in Indonesia. Besides oil palm plantations, the study mentions for instance 

corruption, land tenure conflicts, privatization of timber and tree crop estates and even the demographic 

development of population growth in coherence with the governmentally planned domestic migration as 

drivers of LUC (Wicke et al., 2011). Corley (2009) even believes that there is enough other land available 

in Indonesia on which plantations could be established on so that no additional forest would have to be 

taken away. The author sees the drivers for the ongoing LUC in an ineffective management of land due to 

regulatory issues (Corley, 2009). The same applies to a study done by Resosudarmo et al. (2012). They 

blame a combination of marked failure, inappropriate policy implementations, missing governance and 

broader socio-economic and political issues for the situation (Resosudarmo et al., 2012). Supratikto (2007) 

mentions however that bureaucratic reforms and deregulation programs are underway to achieve better 

efficiency.  
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3 Methodological approach and data sources 

3.1 Research stay and data collection 

A prerequisite to carry out our assessment was to conduct a field visit. Therefore, the IOPRI in Medan, 

Indonesia was visited from the 15th of April until the 29th of May 2015. Medan is a city with a population 

of roughly 4 million and located in the northeast of Sumatra. Due to the long history of oil palm 

cultivation in the area, it is the location of IOPRI’s head office. 

During the research stay, we had a strong cooperation with the institute so that a substantial amount of 

data and information required for the assessment could be obtained in that time through conversations, 

interviews and meetings with staff members. Visiting local oil palm plantations, oil palm nurseries as well 

as CPO mills was also crucial to understand the production of palm oil diesel in-depth, since most of the 

knowledge gained in advance just resulted from sighting respective literature. Different competences at 

IOPRI led to a wide variety of data sources which had to be clustered before the assessment could be 

carried out in Sweden. For the purpose of simplification, an Excel file was created towards the end of the 

research stay to gather a majority of the information and data in one single document. A lot of relevant 

primary data could be gained orally, but also internal documents must be mentioned as a source.  

Data that could not be obtained in Indonesia was taken from the web, literature or databases of the 

software we used. However, some assumptions had to be made as well.  

3.2 Life cycle assessment 

3.2.1 Defining life cycle assessment 

Before the precise methodology and procedure of our LCA is explained, the general concept is outlined in 

this part.  

LCA is an approach to assess products or services in terms of their environmental impact. The term “life 

cycle assessment” usually means the assessment of an entire life cycle of a product or a process with the 

intention to make statements about its environmental performance (EPA, 2006). This involves all major 

parts of a product’s life cycle from raw material acquisition, manufacture, use, and maintenance to its final 

disposal (EPA, 2006). Such a practice in LCA terms is called “cradle-to-grave”. However, not every LCA 

includes all of the steps mentioned above. Another common practice, named “cradle-to-gate” leaves out 

the use phase and the final disposal of a product and looks at the production and possible raw material 

acquisition phases only (Baumann and Tillman, 2004). Reasons for excluding phases in the LCA are wide-

ranging and can for example be dependent on time, data or financial resources (Baumann and Tillman, 

2004).  

LCA is one tool among others used for environmental decision making and crucial for companies to 

become aware of the harm that their actions cause to the environment (EPA, 2006). In contrast to other 
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impact assessment approaches such as “environmental impact assessment” (EIA) or “environmental 

management system” (EMS), which can be described as procedural tools, LCA is of a more quantitative 

and analytical kind and therefore also classified as a quantitative and analytical tool (Baumann and Tillman, 

2004). However, assessment tools of both categories could be combined so that a LCA can for example 

be part of an EIA (Baumann and Tillman, 2004). 

When it comes to the question how an LCA can be carried out, a big achievement was the introduction of 

uniform assessment guidelines in terms of an ISO standard (ISO 14040 series) in the 90s. Since then, 

enhancements are issued constantly, so that the standard has become a common reference for all kinds of 

participants in LCA work (Baumann and Tillman, 2004).  

In general, an LCA study consists of four main phases: goal and scope definition, inventory analysis, 

impact assessment, interpretation. In the goal and scope definition, it is mainly decided on the 

product/process that shall be investigated as well as the purpose of the study (Baumann and Tillman, 

2004). This involves sub-steps such as deciding on a so-called system boundary and also a functional unit 

(FU). The system boundary determines first and foremost which processes to include in the study. 

Deciding on this is inevitable due to for example the fact that production chains of products are just never 

ending if tracking them backwards. The functional unit however “corresponds to a reference flow to 

which all other modelled flows of the system are related” (Baumann and Tillman, 2004; p. 76). The 

performance of a product or process must be expressed in quantitative terms so that it can be referred to 

the functional unit, in which the performance of the respective system is expressed (Gyetvai, 2012). If one 

process fulfills multiple functions, it must be decided on one.  

Inventory analysis as the next phase describes the actual modelling and includes the creation of a mass and 

energy balance of the system studied. Baumann and Tillman (2004) highlight that only flows with 

environmental relevance are taken into consideration. Part of this is also to collect all relevant data (inputs 

and outputs of all activities within the system boundary) and to express the use of resources as well as 

emission amounts in relation to the functional unit.  

This phase is followed up by the impact assessment, in which the results from the inventory analysis are 

connected to environmental impact categories (e.g. global warming, land use) in order to make statements 

about what specifically is affected by the product system and to what extent. 

Life cycle interpretation as phase 4 means to evaluate the results of the impact assessment. In order to 

study the robustness of the results and their sensitivity to uncertainty factors, a so-called sensitivity 

analysis can be conducted (EPA, 2006). The LCA process is outlined in figure 16 below. 
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Figure 16: Order of a standard LCA procedure (own illustration, based on Baumann and Tillman, 2004). 

Differentiations can also be made regarding the type of LCA. One can generally distinguish between an 

accounting/attributional LCA, which is carried out in this study, and a change-oriented/consequential 

LCA (Baumann and Tillman, 2004). An accounting LCA aims at answering the question “What 

environmental impact can be associated with this product?” and is therefore retrospective, while a change-

oriented LCA is prospective (“What would happen if…?”) (Baumann and Tillman, 2004; p. 78). The 

intention of an accounting LCA is to display the average use of a product and its respective emissions. A 

consequential LCA however deals with the change of for example the amount of emissions or the 

electricity used when the product system is changed marginally. The distinction between the different 

types is important since this decides how the system boundary is made and which data is used for the 

assessment (Baumann and Tillman, 2004).  

3.2.2 Defining energy balance 

An energy balance can be calculated for any type of biofuel with the intention to make statements about 

the energy efficiency (Khatiwada, 2013; EBTP, 2015). To calculate the net energy balance (NEB), the total 

input of primary energy of the whole production chain of the biofuel must be substracted from the energy 

content of the biofuel produced.  

𝑁𝐸𝐵 = 𝐸𝑓 − 𝐸𝑖      (1) 

in which  

Ef = energy content (lower heating value),  

Ei = total input of fossil based and renewable primary energy.  

A positive net energy balance hence means that the energy content of the respective biofuel is higher than 

the sum of all energy inputs from the production.   
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Net renewable energy balance (NREB) however expresses the energy content of a biofuel after deducting 

the fossil fuel input so that judgements about the energy balance only of renewables as input can be made.  

𝑁𝑅𝐸𝐵 = 𝐸𝑓 − 𝑁𝐸𝑖      (2) 

in which 

NEi = input of non-renewables. 

Calculating the energy yield ratio indicates the proportion between the required fossil energy to produce a 

biofuel and the energy content of the latter.  

𝐸𝑛𝑒𝑟𝑔𝑦 𝑦𝑖𝑒𝑙𝑑 𝑟𝑎𝑡𝑖𝑜 =
𝐸𝑓

𝑁𝐸𝑖
 

3.2.3 Defining greenhouse gas balance 

A GHG balance shows the total net emissions of GHG while taking both release and absorption during 

the entire life cycle into consideration (Khatiwada, 2013). Compared to fossil fuels, which inevitably have 

a positive GHG balance, biofuels can be carbon-neutral or even carbon-negative, which is the case when 

fuels absorb a certain amount of CO2 in their growing period and release the same or less than this 

amount in the subsequent combustion process.  

A GHG balance usually comprises more than just one single gas. Instead of only considering carbon 

dioxide (CO2) as probably the most known one, also methane (CH4) and nitrous oxide (N2O) are included 

in the balance. It is scientifically proven that the global warming potential (GWP) of methane and nitrous 

oxide is a multiple of the GWP of carbon dioxide (UNFCCC, 2015). In our assessment, we calculated 

with a time horizon of 100 years, so that CO2 as a baseline has a GWP of 1, while 25 is used for methane 

and 298 for nitrous oxide. These values derive from the IPCC (Ipcc.ch, 2015). The unit to express the 

total GWP is there for carbon dioxide equivalent (CO2eq).  

3.2.4 System boundary and functional unit 

As mentioned earlier, the type of LCA modelled has effects on both the data used as well as on the design 

of the system boundary. For this thesis, an accounting LCA was conducted since we are interested in 

information about the average production of palm oil biodiesel in Indonesia and not just in the causes of 

potential changes in that system. An accounting LCA comes along with the use of mainly average data, 

because it is not only the marginal changes which are modelled and included in the system boundary (like 

in a consequential LCA), but the whole system. Since the scope of the thesis comprises an LCA of the 

entire production chain of palm oil biodiesel, the resulting system boundary is relatively wide as can be 

seen in figure 17. 
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Figure 17: System boundary for GHG and energy assessment.  

It is evident from the flowchart that all major production processes are within the system boundary and 

thus part of the assessment. The production of seeds as the first stage of the process was however 

excluded due to the generally very limited environmental impact compared to the other stages (Personal 

communication at IOPRI, May 2015). Based on data gathered during the research stay, values for 

transportation from the plantation to the CPO mill and further to a biodiesel refinery could have been 

obtained. The value chain ends with biodiesel and glycerol as outcomes and no distribution of these 

products is part of the system boundary and thus of the assessment. It can also be seen that labor was 

completely excluded, which conforms to the majority of other studies.  

The functional unit used in this study is “liters of biodiesel produced per one hectare oil palm plantation 

per one year”. 

3.2.5 Modelling with SimaPro 

To carry out the LCA, we made use of a combination of relevant software. For the main process 

modelling, SimaPro (Classroom, version 8.0.4.30) was used. In SimaPro, the model of the palm oil diesel 

production process was built in accordance with the system boundary defined earlier. It generally consists 

of one main assembly which is in turn comprised of three sub-assemblies. The subassemblies express the 

major palm oil biodiesel production steps (Cultivation, CPO mill, Refinery). These eventually include all 

input data. An overarching life cycle stage is not required, since we conducted a “cradle-to-gate” and not a 

“cradle-to-grave” analysis, which would include a recycle or waste treatment stage. However, the POME 

treatment is included which is seen as a part of the production step. The model can nevertheless still be 

called life cycle, despite of the exclusion of the use phase in which the biodiesel is combusted. The 

structure of the model is illustrated in figure 18 below.  
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Figure 18: Setup of the LCA model in SimaPro. Cultivation, CPO mill and Refinery are sub-assemblies of the main 

assembly, while the bottom squares depict processes which lead into the sub-assemblies. 

Since it is impossible to only use primary data when conducting an LCA, we made use of predefined 

datasets from the Ecoinvent database. This database was developed by the same-named Swiss based 

organization and is among the most common ones in LCA practice. In general, the database makes 

distinctions regarding the type of the processes it contains. Processes can either be of a system or a unit 

type. Even though a combination of both system and unit processes is of course possible, only unit 

processes were chosen in our modelling. Compared to system processes, unit processes include the 

consideration of upstream processes in the production chain of a product. The choice does not influence 

the result significantly, but unit processes are usually used when carrying out full LCAs, while system 

processes are more eligible for LCA screenings (Goedkoop et al., 2013). Ecoinvent furthermore separates 

between market and transformation processes. Market processes do in contrast to transformation 

processes include the environmental load of transportation and are available for different geographic 

areas, meaning that a respective dataset consists of average transportation data of a specific product (Pre-

sustainability.com, 2015). In our case, market processes were used in order to include the burden 

originating from transportation of products related to the production of palm oil biodiesel (e.g. fertilizers).  

To run a model in SimaPro, it must be decided on a suitable assessment method in the software, 

depending on the focus of the study. To conduct the GHG analysis, we used “ReCiPe Midpoint (H) 

world”. ReCiPe is a commonly applied method and offers 18 midpoint indicators. In general, one can say 

that midpoint indicators describe the affected environmental system(s), while endpoint characters bundle 

those systems to show the consequences of impacts. Of interest for our study is the midpoint character 

“climate change” in ReCiPe. It examines the greenhouse gases carbon dioxide, methane and nitrous oxide. 
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In order to analyze the energy demand however, we had to make use of another type of method and 

decided to apply “Cumulative Energy Demand”. Similar to ReCiPe, this method has a long tradition and is 

proven to be commonly suitable whenever energy use throughout the life cycle shall be assessed 

(Frischknecht et al., 2007). The method differs between five characterization factors (non-renewable, 

fossil; non-renewable, nuclear; renewable, biomass; renewable, wind/solar/geothermal; renewable, water). 

The following subchapters give an overview of the input data for each stage in the production process. 

Based on information from the IOPRI, an average yield of 26 tFFB/ha plantation y-1 was assumed.   

3.2.5.1 Material process “Nursery” 

In order to adapt all data to the functional unit, input required for modelling the nursery stage in SimaPro 

was converted and related to the output of 1 ha nursery y-1. The pre-nursery stage in which the young 

palm plants stay for three months is excluded in our study since we believe that its environmental impact 

is comparably small. Table 1 summarizes the input data for the nursery stage.  

Input  Amount Unit 

Water 1 367.027 m3/ha nursery y-1 

Nitrogen fertilizer 3 141.5 kg/ha nursery y-1 

Phosphate fertilizer 3 141.5 kg/ha nursery y-1 

Potassium fertilizer 3 891.5 kg/ha nursery y-1 

Urea 833.9 kg/ha nursery y-1 

Diesel 89.23 kg/ha nursery y-1 

Polyethylene  2 951.5 kg/ha nursery y-1 

Polyethylene incineration 2 951.5 kg/ha nursery y-1 

Table 1: Nursery input data (data obtained during field visit at Kebun Sei-Aek Pankur Plantation, May 2015). 

The water needed for irrigation is known to be pumped up from the ground with diesel engines, which is 

also the most common way. Based on data from the research stay, 89.23 kg (107.25 liters) are used per 

year. Fertilizers are usually applied as an NPK combination. In this study, we used P205 as phosphate 

fertilizer and K2O as potassium. Polyethylene accounts for the polybags in which the young palms grow 

and due to deterioration, they are incinerated after use. Chee et al. (1997) suggested a reusable version of 

polybags in the form of plastic trays which fit 24 instead of just one plant each and Mathews et al. (2008, 

2010) even highlighted that much less soil would be required in addition to lower transportation costs, less 

space and fewer labor force (Corley and Tinker, 2007). These plastic trays did however not become 

prevalent. The delivery of both fertilizers and polybags is not included, since no respective reliable data 

could be collected. The environmental impact resulting from this is comparably low anyhow. To only take 

the environmental load of CPO production into account, a mass allocation was applied for this process. 

66.5% of all nursery emissions are allocated to the production of CPO, while the remaining share of 

33.5% is excluded and represents a later kernel processing. These values result from summations of the 

share of each output product in the CPO mill. This is once more described in section 3.3.5.3.   
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3.2.5.2 Material process “Plantation” 

The plantation stage was calculated in relation to 1 tFFB as an output. The input data is listed in table 2 

below.  

Input Amount Unit 

Nitrogen fertilizer 5.55 kg/tFFB 

Phosphate fertilizer 3.75 kg/tFFB 

Potassium fertilizer 7.33 kg/tFFB 

Diesel 6.59 kg/tFFB 

Transportation 233.64 tkm/tFFB 
Table 2: Plantation input data (data obtained during field visit at Kebun Sei-Aek Pankur Plantation, May 2015). 

Due to an irregular fertilization scheme, the plantation stage requires much lower demands of NPK 

fertilizers. EFB can as stated earlier be used as fertilizer, which was also done at places we surveyed during 

our study visit. The output of EFB from a CPO mill is however not sufficient to substitute non-organic 

fertilizers completely. It rather constitutes just a small share, so that the values for the application of non-

organic fertilizers were as a consequence not lowered in our assessment. Transportation means the 

transfer of harvested fruit bunches to a CPO mill and is conducted with trucks of 7-15 t of loading 

volume. Due to the lack of availability of a suitable dataset in SimaPro, a truck model (Euro 2 standard) of 

10-20 t was taken instead, while we assumed a loading volume of 11 t (mean of 7 and 15) for calculating 

ton-kilometer (tkm).This is according to Clean Air Asia Country Networks (2014) the current standard for 

heavy-duty vehicles in Indonesia. Even though Euro 4 is alleged to be implemented in cities since 2013, it 

is very unlikely that the majority of currently utilized vehicles meet this standard already. As mentioned in 

chapter 2.2.2, the average distance is around 9 km, which was taken for the calculations as well. 

Transportation of fertilizers is once more excluded. For the plantation process, the same mass allocation 

as for the nursery was applied.  

3.2.5.3 Material process “CPO mill” 

Due to the challenge of multiple outputs, mass allocation was once more required. The output values and 

their allocation ratio are listed in table 3. Palm kernel production was not considered so that only CPO, 

fibers/shells and EFB account for the environmental load from the mill (these three output products also 

result in the allocation value of 66.5% for the nursery and the plantation). The environmental burden 

associated with EFB must be considered because of the return to plantations, so that EFB as a material 

process is part of the input of the CPO mill. 

Output Amount Unit Allocation (mass) 

CPO 6 500 kg/ha plantation y-1 0.25 

Fibers, shells 5 330 kg/ha plantation y-1 0.205 

Kernels 1 430 kg/ha plantation y-1 0.055 

EFB 5 460 kg/ha plantation y-1 0.21 

Waste 7 280 kg/ha plantation y-1 0.28 
Table 3: CPO mill output and mass allocation. 
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By choosing kg per ha plantation as an output unit, we used another one than for the previous steps. Due 

to the use of assemblies in SimaPro, different units between single processes can however easily be 

harmonized. Despite the amount of output products, this stage does only have two inputs (POME and 

Electricity from boiler) in the SimaPro model and both had to be created first in the form of material 

processes (see 3.3.5.4 and 3.3.5.5). A small amount of diesel is used to start the processes in the mill which 

require electricity after a shutdown. Due to the low number, this is neglected in this study.  

3.2.5.4 Material process “POME” 

Data in this process was related to the output of 1 kg of POME. As explained above, this entire process 

was included in the material process “CPO mill” with a value of 16 250 kg/ha plantation y-1. Table 4 

contains the input data. 

Input  Amount Unit 

Methane 0.0144 kg/kgPOME 

Carbon dioxide 0.00576 kg/kgPOME 
Table 4: POME input data. 

POME contains a range of pollutants, which can be left out because they do not occur as airborne 

emissions.  

3.2.5.5 Material process “Electricity from boiler” 

Based on information obtained from the research stay, 1 tFFB requires 16 kWh of energy in the 

production, which is the output value of this process. Input data was therefore related to 1 tFFB (see table 

5 for input data). This whole process was also included in the CPO mill material process. 416 kWh as the 

value used results from multiplying 16 kWh with the yield of 26 tFFB/ha plantation y-1.  

Input  Amount Unit 

Water 16 m3/tFFB 

Fibers, shells 205 kg/tFFB 

Carbon dioxide 30.8 kg/tFFB 

Carbon monoxide 0.427 kg/tFFB 

Oxygen 167 kg/tFFB 

Nitrogen oxides 0.083 kg/tFFB 

Sulfur dioxide 0.01448 kg/tFFB 

Table 5: Boiler electricity input data. 

Fibers and shells are part of the input, since they are used as fuels in a conventional CPO mill. All other 

substances occur as airborne emissions. 

3.2.5.6 Material process “Biodiesel” 

This material process has the following two outputs (table 6): 

Output Amount Unit Allocation (mass) 
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Biodiesel 6 435 kg/ha plantation y-1 0.9083 

Glycerine 650 kg/ha plantation y-1 0.0917 

Table 6: Biodiesel refinery output and mass allocation.  

6 435 kg of biodiesel is the amount that can be produced from one hectare plantation during one year. 

This is therefore in accordance with the functional unit (l biodiesel/ha plantation y-1). At 15 °C, biodiesel 

from palm oil has a density of roughly 0.88 kg/l (Alptekin and Canakci, 2008). Following this, the output 

can be expressed as 7 312.5 liters as well.  

Values of all input data in the refinery stage can be obtained from table 7.  

Input  Amount Unit 

Water 1 365 m3/ha plantation y-1 

Methanol 2 210 kg/ha plantation y-1 

Sodium methoxide 175.5 kg/ha plantation y-1 

Hydrochloric acid 13 kg/ha plantation y-1 

Sodium hydroxide 16.9 kg/ha plantation y-1 

Water, deionized 1 950 kg/ha plantation y-1 

Steam 6 500 kg/ha plantation y-1 

Electricity 260 kWh/ha plantation y-1 

Transportation 520 tkm/ha plantation y-1 

Table 7: Biodiesel refinery input data. 

The total amount of methanol required to receive 6 435 l of biodiesel as an output is 2 652 kg. 442 kg can 

however be constantly recovered so that only 2 210 kg/ha plantation y-1 need to be added. Following that, 

the amount of recovered methanol was not considered in the life cycle, since it does not involve any 

emissions. The transportation value was calculated by taking 80 km as a distance, multiplied with 6.5 

tCPO/ha plantation y-1. Even though the Ministry of Agriculture (2012) suggested a lower threshold of 72 

km, we decided to use 80 as a more conservative value due to the lack of information on this issue.  

3.2.5.7 Alternative scenario: POME treatment with anaerobic 

digestion 

As mentioned earlier, methane capture from POME can be used to either generate thermal energy in the 

boiler of a mill or to furthermore supply a mill and private households with electricity. Electricity 

generation and a feed-in into a local grid is however not considered in the methane capture scenario due 

to lack of precise information and its relatively low relevance because of the in many cases isolated 

location of the mills.  

In order to assess the life cycle with anaerobic digestion in a pond system as a POME treatment method, 

the following input data in SimaPro had to be changed. Methane and Carbon dioxid for the POME were 

set to zero and Table 8 includes changes in the material process in “Electricity from boiler”.  

 

Input  Amount Unit 
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Fibers, shells 0 kg/tFFB 

Carbon dioxide  211.76 kg/tFFB 

Carbon monoxide 0 kg/tFFB 

Oxygen 0 kg/tFFB 

Table 8: Boiler electricity input data with anaerobic digestion system.  

It must be mentioned that no data about the anaerobic digestion process could be obtained during the 

field visit. The scenario is therefore entirely based on secondary data. Fibers and shells are assumed to not 

be used as a boiler fuel at all in this scenario (since biogas from the captured methane is used) so that the 

input value is 0. The CO2 emission value for the boiler was calculated based on the prerequisite that 13 

235 kgCO2 per kWh of combusted methane occur (Eia.gov, 2015b). This implies that this value increases 

compared to our standard scenario. Furthermore, carbon monoxide is only emitted in case of insufficient 

oxygen supply (Abdullah et al., 2015).  

3.2.6 Land use change modelling with Biograce 

LUC as a very critical matter in terms of environmental harm is often excluded in LCA studies due to 

different reasons such as the complexity of its modelling or a lack of data about the previous use of the 

land cultivated by palm oil. It is however part of this LCA, even though analyzed separately and just 

briefly with aid of the software tool Biograce. It must be stated that direct LUC was considered only. 

While taking indirect LUC into account would have exceeded its scope, it is beyond that rather difficult to 

obtain reliable data on indirect LUC.  

Biograce is a Microsoft Excel-based tool to calculate GHG emissions. It was developed with the purpose 

to harmonize European GHG calculations of biofuels (Biograce.net, 2015). Complementary to the tool, 

the European Commission adopted the “Commission Decision of 10 June 2010 on guidelines for the 

calculation of land carbon stocks for the purpose of Annex V to Directive 2009/28/EC”, which contains 

rules how GHG impacts of biofuels must be calculated. Biograce calculates the total GHG emissions as 

tCO2eq/ha y-1 based on the Commission Decision and we therefore also made use of the paper as a 

guideline to derive the input values. 

In Biograce, the user can choose between two calculation options. Option 1 is suitable if no actual or 

accurate data is available and the guidelines have to be used instead, while option 2 can be applied if the 

opposite is the case and own carbon stock values are available. This study was conducted by using option 

1. Table 9 contains the input in the Biograce LUC calculation sheet. The differentiation between actual 

and reference land use originates from the calculation method which is explained below. 

  Actual land use (CSa) Reference land use (CSr) 

Climate region Tropical wet Tropical wet 

Vegetation/crop (land use) Palm oil/perennial Native forest 

Cveg 60 tC/ha 230 tC/ha 

Soil type Low activity clay soils Low activity clay soils 

Soil management Reduced tillage No till 
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Input High without manure No input 

SOCst 60 tC/ha 60 tC/ha 

Flu 1 1 

Fmg 1.15 n/a 

Fl 1.11 n/a 
Table 9: LUC input data with inputs from the respective European Commission guideline. 

Cveg = above and below ground vegetation carbon stock [ton C / ha] 

SOCst = soil organic carbon [ton C / ha] 

Flu = land use factor reflecting the difference in soil organic carbon associated with the type of land use 

compared to the standard organic carbon [-] 

Fmg = management factor reflecting the difference in soil organic carbon associated with the principle 

management practice compared to the standard soil organic carbon [-] 

Fl = input factor reflecting the difference in soil organic carbon associated with different levels of carbon input 

to soil compared to the standard soil organic carbon [-] 

The total annual emissions from carbon stock changes caused by LUC (el) are calculated with the 

following equation: 

𝑒𝑙 = 𝐶𝑆𝑟 − 𝐶𝑆𝑎      (4) 

in which  

CSr = carbon stock per unit area associated with the reference land use (measured as mass of carbon per unit 

area, including both soil and vegetation) [ton C / ha], 

CSa = carbon stock per unit area associated with the actual land use (measured as mass of carbon per unit 

area, including both soil and vegetation) [ton C / ha]. 

CSr and CSa in turn result from the equation below, which must be applied once with the values for CSr 

and once with those for CSa. 

𝐶𝑆𝑙 = 𝐶𝑣𝑒𝑔 + 𝑆𝑂𝐶𝑠𝑡 ∗ 𝐹𝑙𝑢 ∗ 𝐹𝑚𝑔 ∗ 𝐹𝑙    (5) 

Calculating LUC in Biograce is as seen above based on generalizations which subsequently come along 

with high uncertainty of the calculated emission value. It is for example unclear, how land is eventually 

transformed. Timber could be logged or burned down illegally, which is still a common practice in 

Indonesia (Suyanto et al., 2004; Uryu et al., 2008; cited in Lee et al., 2013).  

3.3 Water footprint assessment 

The WF concept was introduced by Hoekstra in 2002. WFs can be calculated for products, consumers, 

nations, administrative units or businesses within a geographically delineated area or for river basins or 

catchments. In order to investigate how much freshwater is used and polluted during the biodiesel 

production process, an accounting product WFA is carried out.  
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3.3.1 Defining water footprint assessment of a product 

The WF of a product defined by Hoekstra (2011) is the total volume of freshwater used directly or 

indirectly to produce the product, measured over the full supply chain. The components in the product 

WF are specified geographically and temporarily and show water consumption volumes by source and 

polluted water volumes by type of pollution. The WF is divided into three different parts – blue, green 

and grey WF. The blue WF refers to consumption of fresh surface and groundwater, so called blue water 

sources, along the supply chain. The term consumption refers to loss of water from the available water 

body. This could for example occur when water evaporates or is incorporated into the product. 

Evaporation is generally the most significant component and consumptive use is often equated with 

evaporation. However, the other components have to be included when relevant. The green WF is an 

indicator of the use of so called green water and is the volume of rainwater consumed during the 

production process. Green water refers to rainwater that does not run off or recharge the groundwater. 

The grey WF indicates the degree of freshwater pollution associated with the product. It is defined as 

volume of freshwater required to assimilate the load of pollutant based on natural background 

concentrations and existing ambient water quality standards. The grey WF can be expressed in terms of 

the volume of water that is required to dilute pollutants so that they become harmless. The total WF is the 

sum of the blue, green and the grey WF.  

The goal of assessing product WFs is broadly to investigate how the product relates to issues of water 

scarcity and pollution and to see how the product can become more sustainable from a water perspective. 

The full WFA of a product involves four phases – (i) setting goal and scope; (ii) quantify and locate the 

WF of the product or quantify the WF in time and space in a specified geographic area (WF accounting); 

(iii) assess the environmental, social and economic sustainability of the WF (WF sustainability assessment) 

and (iiii) formulate a response strategy (WF response formulation) (Hoekstra, 2011). It is not necessary to 

include all phases in one study and the choice of focus of the study may depend on who the audience is 

and what the goal of the study is. For example, if a company wants to know how much water is used to 

produce their product, an accounting WF can be enough, but if the company wants to increase their 

sustainability work from a water perspective, an iteration of all four phases may be necessary.   

3.3.2 Goal and scope of assessment  

The goal of calculating the WF of palm oil biodiesel is to find out and highlight how much water is 

consumed during the different production steps of the product. This is to raise awareness and to create a 

foundation for sustainability studies in the biodiesel production sector of Indonesia. The calculations in 

this thesis comprise the cultivation stage, the CPO production in the mill and the biodiesel production in 

the refinery. This implies that the WF for FFB and CPO will also be calculated.  

The study is limited to the accounting phase and includes the blue, green and grey WF with the functional 

unit of m3 water/t biodiesel. Direct and partly indirect water use are taken into account. Partly indirect 

implies in this case that the water use for the growth of the oil palm (irrigation) and production of palm oil 
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(water use in mill) are included but water used in other components such as fertilizer and chemical 

production are not taken into account.  

3.3.3 System boundary 

The system boundary for the WFA for biodiesel can be seen in figure 19. 

 
Figure 19: System boundary for water footprint assessment. 

The WF of transport is excluded since basically fossil fuels are used for transportation. It has been shown 

that transportation with fossil fuels has a small contribution to the total WF compared to biofuels due to 

the large use of water in the agricultural sector (Hoekstra, 2011). Energy use is also excluded since the 

biomass used for energy production within the mill origins from the FFB and does not contribute to any 

further WF. The energy in terms of fossil fuels is excluded for the same reason as for the transportation. 

The grey WF for the biodiesel is assumed to be 0 since the water can be reused within the refinery and 

therefore it does not contribute to any significant water pollution (Pongpinyopap et al., 2014). The grey 

WFs from the cultivation and the milling stage are however included to the total biodiesel WF.  

A summarizing table including data sources of all input data can be found in the appendix (appendix 1). A 

yield from 26-34 t can according to personal communication at the IOPRI in Indonesia be generated. 

However, when studying relevant literature, one gets the impression that these values are rather high, so 

that 26 tFFB/ha plantation y-1 is applied in this study. The yield of CPO per tFFB was set to 0.25.  

The detailed procedure, including methods and used data is described subsequently for the WF 

calculations. The WF for the FFBs in the cultivation stage is calculated by using the method adapted to 

calculations for a growing crop. The CPO and biodiesel WF are both calculated by using the product WF 

method.  

3.3.4 Water footprint of FFB 

To calculate the WF for the cultivation stage, the method of the blue, green and grey WF of a growing 

crop or tree is used. The WF is calculated per tFFB. The blue and green WF is calculated by: 

𝑊𝐹𝑝𝑟𝑜𝑐(𝑏𝑙𝑢𝑒, 𝑔𝑟𝑒𝑒𝑛) =  
𝐶𝑊𝑈 (𝑏𝑙𝑢𝑒,𝑔𝑟𝑒𝑒𝑛)

𝑌
 [volume/mass]  (6) 

𝐶𝑊𝑈(𝑏𝑙𝑢𝑒, 𝑔𝑟𝑒𝑒𝑛) = 10 ∗ ∑ 𝐸𝑇(𝑏𝑙𝑢𝑒, 𝑔𝑟𝑒𝑒𝑛)
𝑙𝑔𝑝
𝑑=1   [volume/area]   (7) 
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in which  

Y = yield,  

ET = evapotranspiration mm/day over the complete growing period, 

D = 1 = day of planting, 

lgp = length of growing period in days (day of harvest). 

Factor 10 converts water depths in mm into water volumes per land surface in m3/ha. 

The Food and Agricultural Administration’s CROPWAT model is used to estimate the blue and green 

evapotranspiration, ETc. The “Irrigation option” is used, since it allows the user to specify actual irrigation 

scenarios, which the simpler CWR option cannot do. The modelling is divided into two separate scenarios 

– one for the nursery with the actual irrigation as input and one for the plantation phase with no irrigation 

specified. Furthermore, parameters for the soil type, crop height and rooting depth differ between both 

scenarios. Data for the CROPWAT model is provided by the IOPRI and contains rainfall, temperatures, 

humidity and sun hours for a period of five years (2009-2013) (appendix 2). Additional data for the model 

is taken from literature. The model uses climate data, soil data and crop parameters to calculate ETo and 

the effective rainfall Peff. ETo is a reference evapotranspiration from an ideal crop which assumes that it is 

calculated under “ideal conditions”. Ideal conditions means that adequate water is maintained by either 

rainfall or irrigation so it does not limit the growth and the crop yields. The ETo value only needs climate 

data as input. From ETo, ETc can be calculated by multiplying it with the Kc value, which is the crop 

coefficient and taken from Allen (1998) for palm trees. ETc is calculated by: 

𝐸𝑇𝑐 = 𝐸𝑇𝑜 ∗ 𝐾𝑐     (8) 

The effective rainfall is the part of the total amount of the rainfall that is retained by the soil and 

potentially available for the crop. The blue and green evapotranspiration can then be calculated by using 

equations 9 and 10: 

𝐸𝑇𝑔𝑟𝑒𝑒𝑛 =  𝑚𝑖𝑛 (𝐸𝑇𝑐, 𝑃𝑒𝑓𝑓)   [length/time]  (9) 

𝐸𝑇𝑏𝑙𝑢𝑒 =  𝑚𝑎𝑥 (0, 𝐸𝑇𝑐 –  𝑃𝑒𝑓𝑓)    [length/time]  (10) 

Averages were built from data of the period 2009-2013 for each plantation (Bukit Sentang and Aek 

Pancur). The outcome was included in the Climate/ETo table in CROPWAT. The altitude of 45 m is an 

average of the two different elevations (40 m and 50 m). Lat/lon was taken from Aek Pancur. The ETo 

results were validated/checked again with the ETo-calculator by the FAO. The latter tool uses own 

parameters for the missing wind data which is assumed to be 55 km/d in the CROPWAT model. ETc as 

the calculated evapotranspiration under idealistic conditions is 3.56, resulting from Kc (1) * ETo (3.56 - 

result from CROPWAT). Due to lack of information on the soil type, we do not consider soil stress (Ks) 

or assume no soil stress so that the value is 1 which results in ETc = ETo. 
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The Kc value is taken from Allen (2000) and due to lack of data for the oil palm we made the assumption 

that the values are the same as for palm trees. All data used in the CROPWAT model for the nursery can 

be seen in appendix 3. Table 10 shows the CROPWAT outputs from the nursery.  

Results nursery Value Unit 

total gross irrigation 897.5 mm 

total net irrigation 718 mm 

total irrigation losses 0 mm 

actual water use by crop 1 188.2 mm 

potential water use by crop 1 188.2 mm 

efficiency irrigation schedule 100 % 

deficiency irrigation schedule 0 % 

total rainfall 2 033.7 mm 

effective rainfall 466.3 mm 

total rain loss 1 567.4 mm 

moist deficit at harvest 3.9 mm 

actual irrigation requirement 721.9 mm 

efficiency rain 22.9 % 
Table 10: CROPWAT output for the nursery. 

The blue water evapotranspired (ETblue) for the nursery (with the specified irrigation) is equal to the 

“actual irrigation requirement” in the model output. In our case, this number is 721.9 mm. The green 

water evapotranspired (ETgreen) for the nursery is equal to the total water evapotranspired, “actual water 

use by crop” minus the blue water evapotranspired (ETblue) as calculated above (Hoekstra, 2011). This is 

in our case 466.3 mm. 

Table 11 shows the CROPWAT outputs from the plantation. 

Results plantation Value Unit 

total gross irrigation 0 Mm 

total net irrigation 0 Mm 

total irrigation losses 0 Mm 

actual water use by crop 743.8 Mm 

potential water use by crop 1131.3 Mm 

efficiency irrigation schedule - % 

deficiency irrigation schedule 34.3 % 

total rainfall 2033.7 Mm 

effective rainfall 2033.7 Mm 

total rain loss 0 Mm 

moist deficit at harvest 98.9 Mm 

actual irrigation requirement -902.3 Mm 

efficiency rain 100 % 
Table 11: CROPWAT output for the plantation. 

The green evapotranspiration for the plantation is estimated as the “actual water use by crop” model 

output, calculated in the “no irrigation” option. This is in our case 743.8 mm. The blue evapotranspiration 
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is 0, since no irrigation is applied. Input data for the CROPWAT model for the plantation can be seen in 

appendix 4. The total crop water use (CWU) is the sum of the part of the evapotranspiration for the 

nursery that corresponds to 1 ha plantation (nursery*0.3675) and the evapotranspiration for the 

plantation. The factor 10 is used to convert the water depth from mm to m3/ha. The WF for the growing 

crop is then calculated by dividing the CWU with the FFB yield for 1 ha in 1 year as shown in the 

respective equation (1). The total lifespan of the oil palm is assumed to be 25 years. The result of 1 year of 

nursery together with 24 years of plantation is summed and then divided with 25.  

The grey WF is calculated as follows: 

𝑊𝐹 (𝑝𝑟𝑜𝑐, 𝑔𝑟𝑒𝑦)  =  
(𝛼 ∗ 𝐴𝑅)/(𝑐 𝑚𝑎𝑥 – 𝑐 𝑛𝑎𝑡)

𝑌
  [volume/mass]  (11) 

in which 

α = leaching runoff fraction, 10 % for nitrogen  

AR = chemical application rate [kg/ha], 

cmax = maximum acceptable concentration [kg/m3], 

cnat = natural concentration [kg/m3]. 

The grey WF is calculated only for the most critical pollutant which is assumed to be nitrogen. The 

leaching runoff fraction for nitrogen is 10 % (Hoekstra, 2011). Since the grey WF can be seen as the water 

volumes needed to dilute the pollutant to acceptable levels, the water volumes needed for the worst 

pollutant are enough to dilute the other pollutants as well. Maximum and acceptable concentrations are 

taken from national guidelines. The inputs for the grey WF calculations are included in table 12 and 

sources for them can be found in appendix 5. 

Input Value Unit 

α 0.1 -  

AR 1 154.5 kg/ha 

cmax 0.01 kg/m3 

cnat 0.001 kg/m3 
Table 12: Input values for the grey water footprint in the cultivation stage. 

3.3.5 Water footprint of CPO 

The WF for the CPO is calculated by using the product WF method: 

𝑊𝐹𝑝𝑟𝑜𝑑 [𝑝]  =  (𝑊𝐹 𝑝𝑟𝑜𝑐 [𝑝]  +  ∑
𝑊𝐹𝑝𝑟𝑜𝑑[𝑖]

𝑓𝑝[𝑝,𝑖]

𝑦
𝑖=1  )  ∗  𝑓𝑣 [𝑝]   [volume/mass] (12) 

in which 

WFprod[p] = WF of output product p [volume/mass],  

WFprod[i] = WF of input product i [volume/mass],  

WFproc[p] = process WF of the processing steps that transforms the y input products into the z output 

products, expressed in water use per unit of processed product p [volume/mass],  

fp[p,i] = product fraction,   
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fv[p] = value fraction. 

The product fraction of an output product p that is processed from an input product i (fp[p,i], mass/mass) 

is defined as the quantity of the output product (w[p], mass) obtained per quantity of input product (w[i], 

mass) 

𝑓𝑝 [𝑝, 𝑖]  =  
𝑤[𝑝]

𝑤[𝑖]
      (13) 

The value fraction of an output product p (fv[p], monetary unit/ monetary unit) is defined as the ratio of 

the market value of this product to the aggregated market value of all output products (p=1 to z) obtained 

from the input products. 

𝑓𝑣 [𝑝]  =  
(𝑝𝑟𝑖𝑐𝑒 [𝑝] ∗ 𝑤 [𝑝])

∑ (𝑝𝑟𝑖𝑐𝑒 [𝑝]∗𝑤 [𝑝])𝑧
𝑝=1

    (14) 

The blue component of the process WF is simply the water input in the CPO mill, since this water comes 

from rivers. The value is taken from interviews conducted at the Adolina mill. Evaporation of the effluent 

in the ponds as well as precipitation is however not considered. The green process WF is set to 0 

rainwater used in the mill. Table 13 shows the input for the calculations of the blue and the green WF in 

the mill. Data for calculations of the product fraction and the value fraction can be found in appendix 6. 

Input Blue Green Unit 

WFproc[p] 6.4 0 m3/tCPO 

WFprod[i] 4.08 288.7 m3/tFFB 

fp[p,i] 0.25 0.25 - 

fv[p] 0.85 0.85 - 
Table 13: Input values for the blue and green water footprint in the CPO mill. 

The grey WF for the CPO is the water pollution from the production in the mill which in this case is 

the pollution from the POME. This is calculated by using a calculation method for a point source.  

𝑊𝐹(𝑝𝑟𝑜𝑐, 𝑔𝑟𝑒𝑦)  =  
𝐿 

 (𝑐 𝑚𝑎𝑥 – 𝑐 𝑛𝑎𝑡)
 =  

𝐸𝑓𝑓𝑙 ∗ 𝑐 𝑒𝑓𝑓𝑙 −𝐴𝑏𝑠𝑡𝑟∗𝑐 𝑎𝑐𝑡

(𝑐 𝑚𝑎𝑥 − 𝑐 𝑛𝑎𝑡)
  [volume/time] (15) 

in which 

Effl = effluent volume (volume/time), 

ceffl= concentration of pollutant in effluent (mass/volume), 

Abstr = volume of abstraction (volume/time), 

cact= actual concentration of intake water (mass/volume), 

cmax = maximum acceptable concentration [kg/m3], 

cnat = natural concentration [kg/m3]. 

Table 14 shows the input for the grey WF for the CPO and appendix 7 comprises the table with sources.  

Input Value Unit 

Effl 18 m3/h 

ceffl 0.75 kg/m3 
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Abstr 48 m3/h 

cact 0.001 kg/m3 

cmax (nitrogen) 0.01 kg/m3 

cnat 0.001 kg/m3 
Table 14: Input values for the grey water footprint in the CPO mill.  

3.3.6 Water footprint of biodiesel 

The WF of biodiesel from the refinery is calculated in the same way as for the CPO, i.e. using the method 

of calculating the WF of a product described in previous section. Input data for the refinery is shown in 

table 15. 

Input  Blue Green Unit 

WFproc[p] 213.41 0 m3/t biodiesel 

WFprod[i] 19.3 982.6 m3/tCPO 

fp[p,i] 0.99 0.99 - 

fv[p] 1 1 - 
Table 15: Input values for the blue and grey water footprint in the refinery. 

The product fraction is calculated by using data from a process applied by Lurgi, an engineering and 

chemical processing company  The price of biodiesel used to calculate the value fraction is taken from 

economic predictions (Yulisman, 2015). This is the only price included since the other products are 

byproducts and mainly result from inputs that are not included in the calculation. For this reason we 

assumed the value fraction to be 1.  

3.4 Limitations of the study 

When this project was carried out, we were faced with a number of limitations for conducting both the 

LCA and WFA. Particularly during the research stay in Medan, we were provided with a very high amount 

of information and data on the whole production process of palm oil biodiesel. A substantial part was 

gained via interviews, meetings and informal conversations with the staff of the IOPRI. Even though the 

material and data given could partly be verified by other studies, it implies a certain level of uncertainty, 

since it is not fully impossible that communication obstacles might have led to the provision of for 

example wrong numbers. Furthermore, one must bear in mind that the research stay at the IOPRI lasted 

no longer than five weeks. This time limitation led to the necessity of using a combination of primary and 

secondary data as well as relatively many assumptions and generalizations when it comes to input values 

for our assessment.  

A particular limitation is that we could not visit any refinery on Sumatra due to either lack of permission 

or because of them being closed. As a consequence, input data used in this production stage is only based 

on information from IOPRI staff or secondary sources. The accuracy can therefore not be guaranteed. To 

assess the cultivation stage, data was provided by four plantations of the same region, so that average 

values were made. Since the goal of the study was to compile a general picture of palm oil biodiesel 

production in Indonesia without focusing on any particular region or company, the number of four 
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plantations is comparably low. When it comes to the CPO mill, data from only one mill was used which is 

assumed to be somewhat representative for the majority of mills in Indonesia.  

Regarding the WFA, the lack of reliability of the data can be seen as a limitation. No WFA was conducted 

at the IOPRI prior to our study, so that much of the data needed for the calculations could not be 

provided because it was simply unknown. Water used for cooling systems in mills and refineries is for 

example not properly documented and following that and other data gaps, it is not sure if the water input 

covers the total water use or only the share that takes part in the process. Furthermore, the origin of water 

used in different processes was not documented and had to be assumed.  

In addition to that, there are some uncertainties for calculations of the blue and green WF in the nursery. 

These occur mostly due to the limitation of calculating the CWU in the CROPWAT model. Impacts of 

polybags on the soil is neglected in terms of that the moisture and infiltration rates are affected by the 

polybags. The leaching runoff fraction for example is probably lower for the nursery. This is however 

assumed to have a relatively low impact on the overall result. In the nursery it is assumed that irrigation 

takes place every day even if there are days when it is not needed. This makes the blue WF slightly higher 

than it would have been otherwise. The loss of water due to irrigation between the plants in the nursery is 

not considered either. Furthermore, the result of the grey WF is probably higher in our study than in 

reality due to the neglect of nitrogen capture by the legume cover crop.  

When it comes to the LCA, one major limitation is the lack of data on energy consumption in the 

different processes within the CPO mill. Following that, it is not possible to analyze each sub-process 

separately, which would have been interesting. 
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4 Results 

4.1 Energy analysis 

Cradle-to-gate 

The total energy consumption from the nursery to biodiesel as a final product is according to our 

calculations 139 877 MJ/ha y-1. This equals an energy requirement of 21.74 MJ/kg biodiesel produced.  

70.9% of the total energy is required in the refinery stage. The remaining share is consumed in the 

cultivation process, in which only a small amount falls on the nursery (17.4% of total cultivation energy). 

71.65% of the energy in the refinery stage results from the production of methanol. Methanol production 

demands high amounts of gas, composed of carbon monoxide and hydrogen as main components 

(Methanol.org, 2011). Because of that, the production of that gas is also the biggest consumer of energy 

when looking at processes. It accounts for about 7 661 MJ/FU.  

Net energy balance 

37 𝑀𝐽 (𝑙𝑜𝑤𝑒𝑟 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑣𝑎𝑙𝑢𝑒 𝑝𝑒𝑟 𝑘𝑔) ∗ 6 435 𝑘𝑔 (𝑏𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙 𝑜𝑢𝑡𝑝𝑢𝑡) −

139 877 𝑀𝐽 (𝑡𝑜𝑡𝑎𝑙 𝑙𝑖𝑓𝑒 𝑐𝑦𝑐𝑙𝑒 𝑒𝑛𝑒𝑟𝑔𝑦) = 98 218 𝑀𝐽/𝐹𝑈  

The NEB of the total life cycle based on the system boundary is 98 218 MJ/FU when using a lower 

heating value of 37 MJ/kg as done so by among others Fehrenbach (2007). This means that the energy 

input required to produce palm oil biodiesel is less than the final energy content, since the latter is 238 095 

MJ/FU. The NEB per kg biodiesel is thus 15.26 MJ.  

Net renewable energy balance 

37 𝑀𝐽 (𝑙𝑜𝑤𝑒𝑟 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑣𝑎𝑙𝑢𝑒 𝑝𝑒𝑟 𝑘𝑔) ∗ 6 435 (𝑏𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙 𝑜𝑢𝑡𝑝𝑢𝑡) −

135 595 𝑀𝐽 (𝑛𝑜𝑛 − 𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡) = 102 500 𝑀𝐽/𝐹𝑈  

The NREB is 102 500 MJ/FU. This comparably low value is due to a relatively high non-renewable 

energy input of 135 595 MJ/FU. Calculating the NREB for 1 kg biodiesel gives a result of 15.93 MJ.  

Energy yield ratio 

37 𝑀𝐽 (𝑙𝑜𝑤𝑒𝑟 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑣𝑎𝑙𝑢𝑒 𝑝𝑒𝑟 𝑘𝑔)∗6 435 (𝑏𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙 𝑜𝑢𝑡𝑝𝑢𝑡)

135 595 𝑀𝐽 (𝑛𝑜𝑛−𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡)
= 1.76  

The energy yield ratio is 1.76, meaning that this amount of output can be acquired by 1 unit of fossil 

energy input. 
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4.2 Greenhouse gas analysis 

The overall cradle-to-gate emissions of palm oil biodiesel production in Indonesia are according to our 

system boundary 11 810 kgCO2eq/7 312.5 l biodiesel per ha plantation y-1, hence per FU. This equals 

emissions of about 1.62 kgCO2eq per liter palm biodiesel produced. Comparisons with emissions from 

fossil diesel production are difficult to obtain due to differences in the system boundary and the inclusion 

of the use phase in particular. Other studies however mention savings of roughly 35 to 45% when 

producing biodiesel (Esru.strath.ac.uk, n.d.; Yee et al., 2009). Carbon dioxide is the highest contributor to 

all emissions resulting from producing palm biodiesel. It accounts for 5 526.8 kgCO2eq/FU or about 0.76 

kgCO2eq per liter palm biodiesel. Methane gas (CH4) accounts for 5 415.3 kgCO2eq, which is thus just 

slightly less and marks the second highest share of all emissions. Methane gas is the most harmful GHG 

when it comes to the effect to climate change, since it is 25 times stronger than CO2 (Siangjaeo et al., 

2011). Table 16 summarizes the emissions of GHG of the palm oil biodiesel life cycle based on our 

functional unit.  

Substance Cultivation CPO mill Refinery Total 

Carbon dioxide 2 107.3 748 2 670.38 5 525.68 

Methane 93.15833 4 890 429.658794 5 412.817124 

Dinitrogen monoxide 844 0 22.5 866.5 

Sulfur hexafluoride 3.86 0 2.33 6.19 

Ethane 0.18314 0 0.18682 0.36996 

Hydrocarbons 0.00435 0 0.00281 0.00716 

Chloroform 0.000466 0 0.000496 0.000962 

Total 3 048.51 5 638.00 3 125.06 11 811.57 
Table 16: Inventory of the whole cradle-to-cate process (emissions in kgCO2eq/FU). 

Looking at the different production steps, one can say that the CPO mill has by far the highest share of 

the total life cycle emissions (47.76%), given our mass allocation which was described earlier in chapter 

3.2.5. 5 640 kgCO2eq are released in this production stage. Emissions of the remaining stages are much 

lower as can be seen in figure 20. 

 
Figure 20: GHG emissions of each process stage in kgCO2eq/FU. 
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The high emissions in the mill result from the POME, which accounts by far for the highest share in total 

emissions when looking at individual processes. This is due to the application of an open pond system as a 

treatment method. The amount of emissions from POME is 4 970 kgCO2eq, which corresponds to 

88.12% of the total CPO mill emissions. The remaining share occurs from the combustion process, since 

airborne CO2 emissions occur in the boiler. As mentioned earlier, the POME embodies such a remarkably 

high share of the mill’s climate change contribution due to the self-supplying system when it comes to 

energy needed for processing the FFB. 

Emissions from heat production constitute the second highest contributing process type. More surprising 

might however be the high emissions which originate from transportation of FFB from plantations to 

CPO mills. 914 kgCO2eq are released from this process. Those processes which contribute most to the 

total emissions are presented in table 17 in a summarized way, meaning that processes of a similar type 

were summed up.  

Process Cultivation CPO mill Refinery Total 

POME 0.00 4 970.00 0.00 4 970.00 

Heat production 68.84 0.00 899.30 968.14 

Transportation 914.00 0.00 0.00 914.00 

Electricity from boiler 0.00 670.00 0.00 670.00 

Nitric acid 547.00 0.00 0.66 547.66 

Electricity  60.26 0.00 321.70 381.96 

Diesel 113.00 0.00 11.00 124.00 

Ammonia  119 0 0.284 119.284 

Other 955.00 0.00 1 890.00 2 845.00 

Total 2 777.10 5 640.00 3 122.94 11 540.04 
Table 17: GHG emissions of individual processes of the whole production chain in kgCO2eq/FU (cut-off 1%).  

Cultivation 

A closer look at the cultivation stage shows that the emissions of 3 050 kgCO2eq are divided into 2 430 

kgCO2eq (79.7%) from plantation and 618 kgCO2eq (20.3%) from nursery activities. In contrast to the 

overall life cycle, carbon emissions in the cultivation stage are remarkably higher than those of methane. 2 

107.3 kgCO2eq account for carbon dioxide, while only 93.16 kgCO2eq of methane are released here (table 

18).  

Substance Plantation Nursery Total 

Carbon dioxide 1719.00 389.30 2108.30 

Dinitrogen monoxide 641.00 203.00 844.00 

Methane 68.15 24.99 93.14 

Sulfur hexafluoride 1.10 0.43 1.53 

Ethane 0.14 0.05 0.18 

Hydrocarbons 0.00 0.00 0.00 

Chloroform 0.00 0.00 0.00 

Total 2429.39 617.76 3047.16 
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Table 18: Summarized inventory of the cultivation stage (emissions in kgCO2eq/FU).  

Even though POME, heat and transportation of FFB turned out to be the three largest contributors of all 

input processes, they do not stand for the highest share of aggregated processes which form one output 

product. This fact makes nitrogen fertilizer the most environmentally harming product in the cultivation 

stage (47.9% of emissions from cultivation), while transportation follows (33.7% of emissions from 

cultivation). The high emissions of nitrogen fertilizer result from nitric acids, which lead to a release of 

approximately 817 kgCO2eq/FU. 

CPO mill 

Within the CPO mill stage, the contribution to climate change is only comprised by carbon dioxide and 

methane due to the CPO mill’s self-supply when it comes to energy consumption. Total methane 

emissions are as stated before 4 890 kgCO2eq and those of carbon dioxide are 748 kgCO2eq.  

Refinery 

Emissions from the refinery stage are in the same range as those resulting from the cultivation stage. The 

main greenhouse gases are once more carbon dioxide and methane, while others complete the list (table 

19). 

Substance Biodiesel 

Carbon dioxide 2 670.38 

Methane 429.73 

Dinitrogen monoxide 22.50 

Sulfur hexafluoride 2.33 

Ethane 0.19 

Hydrocarbons 0.00 

Chloroform 0.00 

Total 3 125.135 
Table 19: Summarized inventory of the refinery stage (emissions in kgCO2eq/FU). 

Heat generation at a conventional power plant turned out to be the most relevant individual process here, 

accounting for 409 kgCO2eq. As it is in the cultivation stage, this process does not depict the highest 

contributor in terms of production steps. The most harmful production step for climate change is steam 

production, which makes out almost 43% of the total emissions from the refinery. If a small share of 

methanol was not reused, the emissions would obviously be higher.  

Alternative scenario: POME treatment with anaerobic digestion 

If POME was treated with anaerobic digestion instead through open ponds, the effect of the CPO 

extraction process to climate change could be reduced drastically, as the assessment reveals. Emissions in 

the mill can be reduced from 5 640 to 3 660 kgCO2eq, which leads to a value of 9 830 kgCO2eq for the 

whole production chain. This equals a total reduction of 16.76%. When applying anaerobic digestion, 

electricity from boiler as a process substitutes POME as the one with the highest emissions.  
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Emissions from direct land use change 

According to Biograce, direct LUC for oil palm growth entails annual GHG emissions of 28.10 tCO2eq/ha 

y-1 (figure 21). When considering direct LUC as a part of the production process of palm oil biodiesel and 

adding its emissions to those of the remaining process, climate change contribution increases drastically. 

39 910 kgCO2eq/ha y-1 are emitted in case land is cleared prior to cultivation, so that it makes out 70% of 

the total emissions.  

 
Figure 21: GHG emissions of process stages when LUC is considered (in kgCO2eq/FU). 

4.3 Water footprint assessment 

Table 20 shows the final WF result for FFB, CPO and biodiesel from a general production process in 

Indonesia. 

Product WFtot (m3/t) WFgreen (m3/t) WFblue (m3/t) WFgrey (m3/t) 

FFB 349 289 4 56 

CPO 1 201 983 19 255 (56+199) 

Biodiesel 1 225 992 233 255 
Table 20: Total water footprint of biodiesel production in Indonesia.  

The total WFs of biodiesel, CPO and FFB are 1 225, 1 201 and 349 m3/t respectively. The green WF, 

which means the rainwater during the cultivation stage, is the biggest contributor to the total for all 

products.  

The blue WF, i.e. the process water is only 4 m3/t, which is rather small for FFB. This is because the oil 

palm plantations are not irrigated. It is however higher for the biodiesel with 233 m3/t. This is due to the 

high amount of process water used in the biodiesel plant.  

The CPO stands for the highest grey WF (199 m3/t) which comes from the POME.    
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5 Discussion 

5.1 Energy analysis 

Our assessment came up with an annual energy demand of 139 877 MJ/ha, which equals 21.74 MJ/kg 

biodiesel. Similar to GHG emissions in our study, this value seems high when looking at other studies. 

The study conducted by Kamahara et al. (2010) on Indonesian production systems calculated an energy 

input of 11.9 MJ/kg biodiesel y-1. However, in their case a much lower yield of only 17.9 t FFB/ha y-1 was 

used. Applying this energy input value to our study would result in a total input of 76 576.5 MJ/ha y-1. 

The system boundary in that study can be one explanation for the divergent result, since for example 

primary energy and also glycerin as a byproduct of the production process were not taken into account. 

Papong et al. (2010) looked into energy efficiency of the production in Thailand and came up with a 

consumption of 16.17 MJ/kg biodiesel, which is somewhat closer to our result.  

Our study revealed that methanol production marks out a considerable consumer of energy within the 

refinery stage, which accounts for the highest share of energy needed among all three production stages. 

The same finding was made by Papong et al. (2010), who mention 73.9% of refinery energy for the 

production of methanol, while our study came up with 71.65%.  

Furthermore in accordance with results from other studies is the NEB for the whole production chain of 

98 218 MJ/FU. Pleanjai and Gheewala (2009) for example analyzed the energy demand of production 

systems in Thailand and mention a NEB of 100.84 GJ/ha. It must be mentioned however, that the study 

calculated with a lower yield of only 17 tFFB/ha and used a more comprehensive system boundary which 

included the use phase of biodiesel and also the production of seeds. Another study on palm biodiesel 

production in Thailand was done by Papong et al. (2010), which resulted in a NEB of 24.03 MJ/kg 

biodiesel. The NEB value in this thesis is 15.26 MJ/kg and therefore not within the range of similar 

studies on other countries such as Malaysia, Brazil and Colombia, which came up with value between 22 

and 30 MJ/kg (Papong et al. 2010). Reasons for this gap are difficult to identify, since the assessment is 

influenced by many factors.  

The value obtained from the NREB, 102 500 MJ/FU, must be questioned, since the high non-renewable 

energy input which was used in our study is highly speculative and may therefore be remarkably different. 

This means very high inputs from for example fossil sources. Unfortunately, no precise data on the origins 

of energy provision could be obtained within the short time of the field visit, so that this parameter is fully 

based on average data from the Ecoinvent database in SimaPro. Indonesia is however a major coal 

producer so that energy from coal is beside petroleum a substantial part in the country’s electricity mix. 

The latter is composed by a high share of fossil fuels, since also the extraction of natural gas plays an 

important role for the country (Eia.gov, 2015c).  
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5.2 Greenhouse gas analysis 

The total emissions of 11 810 kgCO2eq/ha y-1, which result from our cradle-to-gate modelling, are within 

the range of results of other studies on palm biodiesel production systems, as literature comparisons 

prove. It must be stated however that the span of numbers is extremely wide, since LCA research on 

biodiesel production systems does still come along with high uncertainty due to multiple variables such as 

the extent of the system boundary, the method used in the LCA software, the input dataset used, the 

geographic location and climate conditions of the area studied, the management practice in the cultivation, 

the type of CPO and biodiesel production processes, the type and method of LUC assessment, data and 

information availability and assumptions made. 

de Souza et al. (2010) looked into palm oil biodiesel production in Brazil and mention a total emission 

value of only 1 901.23 kgCO2eq/ha y-1. A lower yield than in our case was used in that study, which does 

nevertheless not belie the big gap to our total emission result. Kittithammavong et al. (2014) on the other 

side calculated emissions of 2.83 kgCO2/l biodiesel. When multiplying this value with our yield of 7 312.5 

liters of biodiesel/ha y-1, emissions reach an annual amount of 20 694.38 kgCO2eq. Even when cutting the 

yield down to just half of the one we assumed, emissions according to Kittithammavong et al. (2014) 

would still be in the same range as ours. The study conducted by Reijnders and Huijbregts (2008) 

highlights the problems and difficulties associated with GHG assessments about palm oil production. 

Their study is limited to a cradle-to-gate assessment of CPO, but the emission width of 2.8-19.7 

tCO2eq/tCPO as their finding indicates the high dependence of the results and their sensitivity on the 

input factors.  

Regardless of discordancy when it comes to the total emissions, it is in general not questioned that the 

highest share of emissions results from the CPO mill stage, provided that POME is not reused but treated 

in open ponds and LUC is excluded. In the case of Kittithammavong et al. (2014), the CPO mill 

contributes almost 60% to the total emissions. In our study, it is around 48%. The fact that the cultivation 

and the refinery stage contribute to climate change with almost equal shares in our study is albeit coherent 

with the analysis by Kittithammavong et al. (2014), even though the percentages of 19% and 18% 

respectively are a bit lower than in our analysis (26% and 26% respectively).  

Our assessment reveals once more, how environmentally harmful the high amount of POME is. The 

application of more technical impact reduction measures is therefore desirable. By applying closed ponds 

and an anaerobic digestion procedure, emissions from the CPO mill could be reduced by more than one 

third according to our study. Despite the hesitation of practitioners and mill operators concerning the 

installation of more advanced technology due to financial obstacles or doubts, sophisticated POME 

treatment is beneficial from both a financial and environmental point of view as Poh and Chong (2009) 

state. Through the utilization of biogas for heat or electricity, the operational costs can be reduced (Poh 

and Chong, 2009). Furthermore, the treatment process could be accelerated without quality losses. In 

order to achieve this, POME must be treated within the thermophilic temperature range (~ 55 °C). Poh 
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and Chong (2009) mention that retention times can be reduced by more than 4 times compared to a 

standard ponding system.  

When it comes to the transportation of FFB, which accounts as stated before for the third highest 

emissions in the total production chain, it is very unlikely that the environmental impact which results 

from it can be lowered noticeably due to economic aspects. The generally high emissions from this 

component could in the short to medium term only be reduced by a juvenescence of the transport fleet of 

plantations and CPO mills, since the observation was made that the vehicles are most commonly old, 

which means that they do not meet high emission standards etc. A shifting to other transport modes such 

as rail is problematic because of infrastructural reasons. The rural location of many mills and their limited 

accessibility play as role as well as insufficient railway networks. On Sumatra in particular, less than 1 350 

km of the existing railway network is operational, which seems far too little for utilization in the oil palm 

sector (Jatmiko, 2013). Rail is although utilized to some extent at least in Malaysia, where for example 

United Plantations as one of the biggest operators of plantations and mills makes use of about 500 km 

railway in order to ensure cost effective transportation (Unitedplantations.com, 2015).  

While no significant changes are expected in terms of transportation in the future, adaptations could be 

made concerning the application of fertilizers in the cultivation stage. Nitrogen fertilizer is responsible for 

almost half of the GHG emissions of the cultivation stage. This severity is also highlighted by for example 

Pleanjai, Gheewala and Garivait (2007), which mention nitrogen as the biggest contributor. In order to 

reduce the impact from fertilizer application, the amount used must be lowered. One option for this is to 

intensify and generally encourage the fertilization with EFB on the field in case it is meant to be feedstock 

for energy generation in the CPO mill stage. In that case however, fibers and shells could most likely not 

be sold by mill operators. More feasible from an economic point of view is hence a POME treatment 

which enables land application. Treating POME in a way that it can be used as fertilizer afterwards 

constitutes the most advanced treatment stage (Personal communication at IOPRI, May 2015). Despite its 

high aquatic pollution potential, it is a non-toxic waste which contains different nutrients such as N, P, K, 

Mg and Ca (Rupani et al., 2010). This option can particularly be reasonable for companies which run both 

plantations and CPO mills. Other options to decrease the application of non-organic nitrogen fertilizer are 

to make use of legume cover crops and animal manure. 

In general, one can say that the result of the GHG balance in this study has led to relatively high emission 

values in every production step. As mentioned earlier, a comparison reveals that considerably different 

results circulate in scientific literature when it comes to GHG balances of palm oil production. One 

reason for these high results might be the combination of input data in our assessment model. As stated in 

chapter 3.5, we had to make use of secondary data and assumptions, since the data provision by the 

IOPRI was insufficient to model the entire cradle-to-gate process with primary data only. Much of the 

primary data is however in line with values used in other studies. Similar to our study, many other ones 

calculate the GHG emissions per hectare instead of per kilogram or liter of biodiesel as the outcome 

product. It must therefore be stated, that the yield of FFB is the most indicatory input and as it becomes 
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clear from reviews, a lower value than 26 t/ha plantation y-1 was used in almost all cases. Very high 

uncertainty follows from using Biograce as a software tool to assess the GHG emissions from LUC. The 

result of 28.10 tCO2eq/FU needs to be viewed with caution due to the use of guideline input values from 

the European Commission. Plevin et al. (2010) state that especially the carbon stocks in tropical countries 

have neither been systematically studied nor well quantified as of now.  

5.3 Water footprint assessment 

There are very few earlier studies about palm oil biodiesel WF assessments in Indonesia which makes it 

hard to make a comparison between national studies. Table 21 however shows palm oil and palm oil 

biodiesel WF results from a study made with a global perspective by Mekonnen and Hoekstra (2011). 

Furthermore, this study makes a comparison between biodiesel derived from seven biofuel crops which is 

briefly discussed later on.   

Product WFtot (m3/t) WFgreen (m3/t) WFblue (m3/t) WFgrey (m3/t) 

Palm oil 1 098 1 057 0 40 

CPO  4 971 4 787 1 182 

Biodiesel  5 166 4 975 1 190 
Table 21: Water footprint results of the study by Mekonnen and Hoekstra (2011).  

The results in the study by Mekonnen and Hoekstra (2011) are about one third of the global average WFs 

of palm oil biodiesel. A thorough comparison of our results with the global average WF is however not 

possible, since parameters such as climate, origin of water and system boundaries play a central role for 

the results. The proportions between the WFs of the different palm oil derived products are however 

similar in the study by Mekonnen and Hoekstra (2011) and ours, which implies that the lower results in 

our case origins from a lower result from the plantation hence the FFB WF.   

The green WF is the main contributor of the total biodiesel WF and origins from the plantation. It is 

derived from the CWU and the yield according to equation 6. The actual water use of the oil palm is still 

relatively unknown and so far only very few studies have been done on the subject (ILSI, 2011). Ranges of 

CWU for oil palm in Thailand were calculated to be between 2 880 mm y-1 and 7 040 mm y-1, depending 

on the optional choice in CROPWAT (Seewiseng et al., 2012). It is argued by Kaenchan and Gheewala 

(2013) that the CROPWAT model is not an accurate model to use when analyzing CWU for perennial 

crops which is one of the reasons why such assessments are not carried out in similarly wide ranges as for 

other oil crops. The authors reviewed WFAs of biofuel crops including oil palm from Thailand. The green 

WF for oil palm ranges between 474 and 1 071 m3/t fresh fruits (which account for about 70% of the 

FFB) (Ohimain et al., 2013). These corresponded to yields between 16 and 5.5 t/ha. A yield of 26 t like in 

our case is quite high, which is also an explanation of the relatively low WF in the study. Changes of the 

yield are further discussed in the sensitivity analysis in chapter 5.4.2. 

The low blue WF for the FFB of 4 m3/t in this study and 1 m3/t for the global average. This is due to the 

fact that the oil palm does not need any irrigation apart from during the nursery period. This is included in 
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our study and excluded in the global study, which is why a higher number is reached in our case. This 

could be an advantage for the oil palm derived biodiesel from a water perspective compared to other 

common biodiesel crops, not only because of the water requirement itself but also in terms of energy used 

for irrigation equipment. The global average of the blue WF for example is between 300 and 600 times 

bigger for sunflower, rapeseed and soybean derived biodiesel (Mekonnen and Hoekstra, 2011), but also 

the green WF is apart from rapeseed, which is in the same range, lower for the oil palm derived biodiesel.  

In general, the biggest contribution to the WF for all oil palm products is the green one. This is due to the 

big amount of rainwater needed for the CWU in the plantations. The oil palm CWU of rainwater does 

certainly affect the surrounding environment such as groundwater sources and other crops. This is not 

included in this study but local communities in Central Kalimantan Province for example reported that oil 

palm plantations have polluted local rivers, lakes and aquifers which has harmed their drinking water and 

killed fishes. Furthermore, community wells dried up (Larsen, 2012). Worth to mention is also that there 

might be other water related issues with increased areas of palm oil plantations than the water use itself. 

The conversion from tropical forest into oil palm plantations might change the hydrological function since 

it can alter the physical and biochemical inputs to streams (Carlson et al., 2014). In a study conducted in 

Kalimantan, it was found out that the temperature in streams through oil palm plantations was 

considerably higher than in intact forest streams. Warmer streams have shown to have an impact on 

aquatic organisms. Also sediment concentrations and yields were higher in the plantation streams. 

Indonesia has few impoundments that prevent sediment flows into the ocean, which is why a higher 

sediment flow can be of particular consideration (Carlson et al., 2014). The relation between these issues 

and the CWU for the oil palm should be further investigated.  

The biggest contribution to the grey WF is the POME. Since this is a point source pollution, it is easier to 

control and to reduce than the pollution in the cultivation stage. Furthermore, this does not affect the 

productivity in the plantation and the IPNI’s recommendations of fertilizer usage. Better treatment 

facilities for lowering the water pollution in the mill should be introduced. Many pollutants could also be 

recovered and used as for example fertilizers on oil palm plantations. 

5.4 Sensitivity analysis 

A sensitivity analysis was carried out for the GHG analysis and the WFA to assess the sensitivity of the 

results regarding the change of input parameters. Such an analysis is conducted by changing particularly 

those input parameters which come along with a significant change of the results (Baumann and Tillman, 

2004). Our sensitivity analysis was done by changing the input of FFB, meaning the yield/ha plantation y-

1. In the literature study it became obvious that the yield has a very high range, depending on how and 

where the research was carried out. Using yield as a regulating screw to assess alternative scenarios to the 

baseline scenario was also done by for example Wicke et al. (2008). For the standard scenario, an FFB 

yield of 26 t/ha y-1 was assumed based on data provided on the study visit. In the sensitivity analysis, we 

changed this input parameter once to 20 t/ha y-1 and also to 34 t/ha y-1. According to literature, 20 t as an 
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annual yield per hectare is despite yield improvements over the years still a lot more common than the 

comparably high yield of 26 t. 34 t however, which was mentioned by staff from the IOPRI as the upper 

limit of achievable yields, are totally uncommon, but can be generated when the fields are optimally 

managed, as field trials have shown (Hoffmann et al., 2014).  

5.4.1 Greenhouse gas analysis 

Table 22 presents the results of the sensitivity analysis for the GHG balance. The change in emissions is 

linear, since the input values were adapted to the respective amount for 20 and 34 tFFB. As can be seen in 

the table, the total climate change contribution remains quite high even with a yield of only 20 tFFB. 9 050 

kgCO2eq as the result for the 20 tFFB scenario might in the end be closer to the real situation, while the 

values for the 26 tFFB scenario could apply to research plantations and particular plantations with 

idealistic management and maintenance.  

Yield Cultivation CPO mill Refinery Total 

20 2 310 4 340 2 400 9 050 

26 3 049 5 638 3 125 11 812 

34 4 210 7 380 4 070 15 660 
Table 22: Results of sensitivity analysis of the GHG balance (in kgCO2eq). 

5.4.2 Water footprint assessment 

Table 23 shows the results of the sensitivity analysis for the WFA 

  FFB (m3/t) CPO (m3/t) Biodiesel (m3/t) 

Yield 
(tFFB/ha y-1) 

Green Blue Grey Green Blue Grey Green Blue Grey 

20 375 5 65 1 277 24 264 1 290 237 264 

26 289 4 56 983 19 255 992 233 255 

34 221 3 38 751 16 237 759 230 237 
Table 23: Results of the sensitivity analysis of the WFA. 

What can be said in general is that the WF is lower per ton of product when the yield increases. When it 

comes to the grey WF, the result is not only dependent on the yield but also on the fertilizer application 

rates and soil properties. To lower the grey WF, it could therefore be important to consider if the soil is 

even feasible for a palm oil plantation. 

Even though the fertilizer application rate does only influence the grey WF directly, it might indirectly 

have an effect on the yield. The IPNI’s best management practice was developed to increase the 

production efficiency in the field and it is important to follow these recommendations not only from a 

perspective of pollution, but also from the whole production chain. It is for example shown that an N 

deficiency has an adverse effect on the bunch size, while too high levels of N in the leaves can result in 

increased crop water consumption (Haifa-group.com, 2015). Furthermore, it was shown on four sites in 

Indonesia that relatively high yields are often obtained on soils with low pH values (Nelson et al., 2011), 

which is also depending on the fertilizer application. To follow these recommendations might ensure that 
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the resources in terms of land use and fertilizer will not be wasted, but instead utilized in the best possible 

way. Regarding the green WF, it is not considered that it is possible that the CWU is higher for a high 

yielding oil palm than for a palm with less or smaller bunches. This could possibly make the result 

independent of the yields. To properly examine the relationship between WFs for different yields, the 

correlation between yields and CWU needs to be analyzed.  

Since the WF is calculated per ton of product, the process WF is not depending on the yield. 

Furthermore, the land use for the oil palm plantations is highly debated and efficiency in production per 

land area is an important goal. It is therefore interesting to look at the WF for biodiesel produced per area 

plantation with the different yields. Table 24 shows the biodiesel WF for the amount of diesel produced 

per ha during 1 year.  

Yield 
(tFFB) 

Biodiesel (t) Green (m3/ha) Blue (m3/ha) Grey (m3/ha) Tot (m3/ha) 

20 4.95  6 386 1 173 1 312 8 870 

26 6.44 6 384 1 499 1 641 9 524 

34 7.27 5 516 1 671 1 730 8 917 
Table 24: Annual water footprint per hectare plantation, distinguished by yield and type (green, blue, grey).  

With a higher yield per ha, the green WF decreases for the reason that the same amount of rainwater is 

distributed over a higher yield. This is without taking for example changes in CWU into account, as 

discussed above. The blue and the grey water on the other hand increase with a higher yield due to more 

process water needed and more POME produced per ha. This makes the total WF per ha biggest for the 

medium alternative (26 t), where we in this study have a breakpoint. Due to the lower blue and grey WF, 

the 20 t scenario comes along with the lowest overall WF. 

However, because of an increased demand of biodiesel, the production needs to increase and the 

alternative of increasing the oil palm plantation area is as mentioned highly debated due to issues related 

to for example climate change and wildlife. The best alternative, based on the results from this study is an 

increased yield per ha together with savings of water use for processing the product as well as better 

equipment of treating POME.  
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6 Conclusions and future work 

The intention of the study was to assess the environmental impact associated with palm oil biodiesel 

production in Indonesia by looking at climate change, energy use and freshwater consumption in 

particular.  

The GHG emissions from cradle to gate (cultivation to biodiesel) are 11 810 kgCO2eq/FU. This result is 

very high compared to those of the majority of other studies, even though many values we used as input 

parameters are in accordance with those of the scientific literature we looked into. The system boundaries 

are however always at least slightly different from study to study, which obviously influences the results. 

The emission value in this thesis is unexpectedly high, but the fact that there are also studies which came 

up with an immensely wide range of possible results does not declare such high emissions like those 

calculated by us to be totally impossible. After all, not many similar studies were conducted about palm oil 

biodiesel production in Indonesia in particular so that precise options for comparison are lacking. 

The GHG balance can be taken as an indicator for the current lack of sustainability in the Indonesian 

production chain of palm oil biodiesel from an environmental perspective. This is mainly caused by high 

carbon and methane emissions, which turned out to contribute to climate change almost equally. The 

highest share results from the CPO mill stage. It is therefore important to begin at this part when trying to 

reduce the overall impact from the production. Due to the variety of the production in terms of 

technology and procedure, this stage offers some effective set screws. The impact from POME in the 

CPO mill can be lowered by about one third when applying anaerobic digestion and the total cradle-to-

gate emissions can furthermore be lowered when land application of POME is integrated. Prior research 

encourages making use of the full potential of POME in terms of using anaerobic digestion in order to 

produce biogas, which can explicitly be feasible from a financial perspective. 

The cultivation stage however does also offer some possibilities to decrease the climate change 

contribution from it. First and foremost, emissions come from the application of nitrogen fertilizer, which 

is responsible for almost half of the impact from the cultivation stage, as our study reveals. The future 

goal must be to decrease the application of nitrogen fertilizer in general without yield or quality losses. 

Besides that, the plantation operators should use organic nitrogen sources such as EFB, legume cover 

crops or animal manure, since this would decrease the impact which results from the production and 

distribution of the fertilizer.  

The most crucial part of the production chain is without a doubt LUC, which accounts for more than two 

third of the climate change contribution of palm oil biodiesel production in Indonesia, given that land is 

cleared in advance. With this result, the thesis joins the ranks of other studies that highlighted the 

markedly high emissions accompanied by LUC. Even though LUC for palm oil cultivation has decreased 

in the last decade, it still occurs and can according to earlier research be curbed by a better administrative 

management. The question of the actual extent of LUC is extremely difficult to quantify in terms of CO2 
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emissions due to for example the lack of accurate values on the carbon stock in tropical countries in 

particular. Further research on this issue is necessary to calculate LUC more precisely. 

Similar to the values obtained in the GHG assessment, the results of the energy assessment are 

comparably high as well, which is obvious since only one LCA was conducted for both sustainability 

indicators. According to this study, palm oil biodiesel production in Indonesia has a positive NEB. The 

issue of concern is however the very high input of non-renewable energy, which has led to a low NREB 

result. Due to the lack of information, this value is albeit questionable so that more research on that must 

be done in order to decrease uncertainty.  

When it comes to the WFA, we must state that our results are lower than others of similar assessments, 

probably mainly due to uncertainties in the CROPWAT model. The green, blue and grey WFs to produce 

1 t of palm oil biodiesel are 992, 233 and 255 m3 respectively. It could be beneficial to develop a tool 

which can calculate the CWU for perennial crops in a more reliable way. However, not many WF studies 

for palm oil and palm oil derived biodiesel were carried out until now, what makes it difficult to make 

comparisons. The ranges between the FFB, CPO and biodiesel WF in the results of other studies are 

however about the same, which implies that the low values in this study originate from a low value for the 

FFBs. 

An advantage of the oil palm is that almost no irrigation is needed compared to other biofuel crops such 

as sunflower and rapeseed. This advantage leads to a lower need for fresh water extraction and less energy 

use for irrigation equipment. However, the green WF, including a high CWU might have other adverse 

impacts on the surrounding environment such as dried out wells and impacts on other plants and animals. 

Further investigation about the correlation between CWU and impacts on the surrounding environment is 

therefore needed. 

The POME accounts for the biggest part of the grey WF. Similar to the issue of GHG emissions, more 

effective treatment equipment can reduce the water pollution from the POME. Nutrient recovery on the 

other hand could be increased in order to reuse fertilizers to a higher extent which would lower the WF 

from fertilizer production. Apart from that, the consideration of soil feasibility as well as following the 

recommendations by the IPNI in order to gain the highest possible yield without any fertilizer overuse is 

important to lower the grey WF. Different growing conditions do also affect the CWU, which could be a 

subject for further research. 

Our study shows that the green WF decreases when the yield in terms of FFB increases. This is assuming 

that the CWU remains the same if the yield increases. The relation between yield and CWU could be 

further investigated in the future to be able to draw proper conclusions about the WFs for different yields. 

Even though palm oil biodiesel seems like a good alternative from a water perspective compared to many 

other biofuel crops, there are still some improvements to make. The best option to decrease the total WF 

based on the results from this study is to increase the yield per ha through ensuring right growing 
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conditions for the oil palm together with better treatment equipment for POME as well as the saving of 

process water use in the CPO mill and the refinery. 

Due to the earlier mentioned limitations of our study, it is difficult to make a concluding remark about the 

environmental sustainability of the Indonesian palm oil biodiesel production. With respect to our findings, 

it can albeit be stated that there is room for improvement in terms of lower GHG emissions, less energy 

use and a lower fresh water demand in order to make the production more sustainable. The biggest threat 

to the environment remains the issue of LUC, whose control must continue to be encouraged.  
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Appendix 

 
Input Amount Unit Source 

Nursery 

Water 1 367 

m3/ha y-1 

Personal communication at 

IOPRI, May 2015. 

Averages from Aek Pankur and 

Bukit Sentang plantations. 

Nitrogen fertilizer 3 141.5 

Phosphate 

fertilizer 
3 141.5 

Potassium 

fertilizer 
3 891.5 

Urea 833.9 

Diesel 89.23 

Polyethylene 2 951.5 

Polyethylene 

incineration 
2 951.5 

Plantation 

Input Amount Unit Source 

Nitrogen fertilizer 5.55 

kg/t FFB 
Personal communication at 

IOPRI, 25-05-2015. Averages 

from Aek Pankur, Bukit 

Sentang and Dalu Dalu 

plantations. 

Phosphate 

fertilizer 
3.75 

Potassium 

fertilizer 
7.33 

Diesel 6.59 

Transportation 233.64 tkm/t FFB 

Output Amount Unit Source 

Yield FFB 26 t/ha y-1 Personal communication at 

Kebun Sei-Aek Pankur 

plantation, 25-05-2015. 
Yield Plants 147 plant/ha y-1 

CPO mill 

Input Amount Unit Source 

Capacity, FFB 30 t/h 
Personal communication at 

Pabrik Kelapa Sawit Adolina 

mill, 25-05-2015. 

Operation 24 h/d 

Water 16 

m3/t FFB 
Fibres, shells 205 

Carbon dioxide 30.8 

Rashid et al. (2012) 

Carbon monoxide 0.427 

Oxygen 167 
kg/t FFB 

Nitrogen oxides 0.083 

Sulphur dioxide 0.01448 kg/t FFB 

Output Amount Unit Source 

CPO 6 500 

kg/ha plantation 

y-1 

Personal communication at 

Pabrik Kelapa Sawit Adolina 

mill, 25-05-2015. 

Fibres, shells 5 330 

Kernels 1 430 

EFB 5 460 

Waste 7 280 

POME Input Amount Unit Source 
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Methane 0.0144 
kg/kg POME 

RS                                                                                                                                                                                                                                                                           

PO (2009) Carbon dioxide 0.00576 

Refinery 

Input Amount Unit Source 

Water 1 365 

m3/ha plantation 

y-1 
Personal communication with 

Tjahjono Heriwan, IOPRI, May 

2015. 

Methanol 2 210 

Sodium 

methoxide 
175.5 

Hydrochloric acid 13 

Sodium hydroxide 16.9 

Water, deionized 1 950 

Steam 6 500 

Electricity 260 
kWh/ha 

plantation y-1 

Transportation 520 
tkm/ha 

plantation y-1 

Output Amount Unit Source 

Biodiesel 6 435 
kg/ha plantation 

y-1 Personal communication with 

Tjahjono Heriwan, IOPRI, May 

2015. Glycerine 650 
kg/ha plantation 

y-1  

Appendix 1      

                                                                                                              

 
Appendix 2 

 

CROPWAT input - nursery Value Source 

Crop (perennial)      

Kc 0, 95, 1, 1  Allen (2000) 

Stages (days) 90, 90, 90, 90 
Own assumption 

Rooting depth (m) 0.1 and 0.3 

Critical depletion fraction  0.65 (all stages)  
Allen (2000) 

Yield response factor 1 

Sun

mm days hours 07:00 13:00 18:00
mean 

(°C)

max. 

(°C)

min. 

(°C)
07:00 13:00 18:00

mean 

(°C)

Jan 159.3 9.3 5.2 23.3 29.4 28.3 26.1 30.9 22.5 98.4 65 85.6 90.5

Feb 81.4 6.7 5.4 23.6 30.1 28.7 26.5 31.6 22.6 98.2 59 84.2 89.2

March 156.3 10.3 6.3 23.7 30.8 29 26.8 32.2 23 98.1 63.1 83.7 89.1

April 137 9.2 5.9 24 31 29.2 27 32.2 23.3 98.1 61.8 83.8 88.7

May 225 11.5 6.2 24.3 30.6 29.1 27.1 32 23.3 98.4 64.9 84.6 89.7

June 135.1 8.6 6.8 24 30.4 29.3 26.8 32.4 23.3 98 61.5 83 88.5

July 130.4 9.5 6 23.6 30.7 29.4 26.8 32 23.4 97.7 61.5 83.7 88.8

Aug 207.6 12.3 5.1 23.6 30.2 29 26.6 31.9 22.3 97.7 64.1 84.6 89.8

Sep 242.8 14.3 4.5 23.8 30.2 28.6 26.5 31.5 22.5 98.4 67 85.8 90.3

Oct 248.2 14 4.7 23.5 30 28.4 26.4 31.1 22.6 98.2 67.6 86.9 90.9

Nov 153.4 13.5 4.1 23.6 29.3 28.6 26.2 30.9 22.5 98.2 66.4 80.4 89.5

Dec 188 11.5 3.5 23.7 29.2 28.3 26.2 30.7 22.7 98.3 66.8 87.1 91.5

sum 2 064.50 130.7 63.8 284.8 362 346 319 379.4 274 1 177.70 768.6 1 013.30 1 076.60

mean 172 10.9 5.3 23.7 30.2 28.8 26.6 31.6 22.8 98.1 64.1 84.4 89.7

min. 81.4 6.7 3.5 23.3 29.2 28.3 26.1 30.7 22.3 97.7 59 80.4 88.5

max. 248.2 14.3 6.8 24.3 31 29.4 27.1 32.4 23.4 98.4 67.6 87.1 91.5

Rain Air temperature Relative humidity

Month
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Soil (red sandy)      

Total available soil moisture  

Optional choice  Own assumption  

Maximum  rain infiltration rate 

Maximum  rooting depth 

Initial soil moisture depletion 

Initial available soil moisture 

Schedule     

Irrigation timing 
Irrigate at fixed interval per 
stage. 1 per stage (irrigation 
every day)  

Personal communication 
at Kebun Sei-Aek Pankur 
plantation, 25-05-2015. 

Irrigation at 80% critical 
depletion 

  Standard setting 

Irrigation application  
Fixed application depth 2 
mm Own assumption 

Irrigation efficiency  0.8 
Appendix 3 

 

CROPWAT input - plantation Value Source 

Crop (perennial)      

Kc 0, 95, 1, 1 Allen (2000) 

Stages (days) 90, 90, 90, 90 Own assumption  

Rooting depth (m) 0.3 and 1 RSPO (2013) 

Critical depletion fraction  0.65 (all stages)   

Yield response factor 1 Own assumption  

Soil (red sandy)      

Total available soil moisture  

Optional choice  Own assumption  

Maximum  rain infiltration rate 

Maximum  rooting depth 

Initial soil moisture depletion 

Initial available soil moisture 

Schedule     

Irrigation timing No irrigation                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

Irrigation at 80% critical depletion 
 

Standard setting  
Appendix 4 

 

Input grey WF - nursery Value Unit Source 

α 0.1 -  Hoekstra (2011)  

AR 1 154.50 kg/ha Paper handout, Adolina mill (2015) 

cmax 0.01 kg/m3 Www2.epa.gov (2015) 

cnat 0.001 kg/m3 Hoekstra (2011)  
Appendix 5 

 

Product Price (USD/t) Source Fraction of FFB Source 

CPO 700 Change (2015) 0.25 Paper handout, 
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Kernels 400 0.055 Adolina mill 
(2015) EFB 15 0.21 

Fiber 27 
NREL (2014) 

0.14 

Shell 27 0.065 
Appendix 6 

 

Input grey WF - mill Value Unit Source  

Effl 18 m3/h Paper handout, Adolina mill (2015) 

ceffl 0.75 kg/m3 Madaki and Seng (2013) 

Abstr 48 m3/h Paper handout, Adolina mill (2015) 

cact 0.001 kg/m3 Own assumption  

cmax (nitrogen) 0.01 kg/m3 Www2.epa.gov (2015) 

cnat 0.001 kg/m3 Hoekstra (2011) 
Appendix 7 

 


