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Sammanfattning
Utöver att palmoljeindustrin producerar den mest konsumerade vegetabiliska oljan i världen skapar den också en
betydande mängd biomassavfall. Det finns consensus över att användning utav detta biomassanavfall för
energiproduktion har en betydande potential. Men palm oil mill effluent (förkortas POME efter akronym av palm
oil mill effluent), restprodukten som är ansvarig för dem största växthusgasutsläppen i palmoljeproduktion, tas om
hand på ett ohållbart sätt. Metanutsläpp från POME-nedbrytning, i en konventionell palmolja kvarn, ansvarar för
mer än hälften av utsläppen av växthusgaser i produktionsprocessen (exklusive förändring av markanvändningen).
Detta arbete undersöker alternativ för att eftermontera bioraffinaderier i indonesiska palmolja kvarnar som kan
effektivt utnyttja POME för att skapa förädlade produkter (t.ex. el, kompost och pellets) och samtidigt minska
miljöpåverkan. I detta arbete presenterar författaren en litteraturöversikt av kommersiellt mogna
behandlingstekniker för POME och biomassavfall samt framhäver de mest lovande metoderna. Därefter skapas
olika bioraffinaderikoncept genom att kombinera de mest intressanta teknikerna med syfte att maximera intäkter
och sociala effekter samtidigt som minska miljöpåverkan. För varje bioraffinaderikoncept utförs en
hållbarhetsbedömning med hjälp av olika serier av indikatorer som representerar ekonomiska, miljömässiga och
sociala konsekvenser. En multikriterieanalys tillämpas för att kombinera i ett enda index den information som
erhållits genom hållbarhetsbedömningen. Denna metod möjliggör identifiering av lösningen som erbjuder den
bästa avvägningen samtidigt som man integrerar i beslutsprocessens synvinklar från alla parter. Resultaten visar att
det är möjligt att undvika metanutsläpp från obehandlad POME på ett ekonomiskt lönsamt sätt samtidigt som
man genererar positiva sociala konsekvenser. Utsläppsminskningen av de föreslagna bioraffinaderikoncepterna
visar besparingar från 67% till 109% jämfört med det konventionella systemet. Vidare visade sig att alla föreslagna
bioraffinaderikoncept var ekonomiskt och socialt hållbara. De bästa resultaten har erhållits av ett
bioraffinaderikoncept som producerar el från metan som tagits från POME-nedbrytning för att producera
högkvalitativa produkter som pellets från biomassrest och rå kärnolja. Samma lösning visade sig vara bäst också
för off-grid palmolja kvarnar, trots att de tenderar att fördra lösningar med enklare design. Sammanfattningsvis
visar denna studie att bioraffinaderikoncept är en möjlighet för bruksägare att följa de strängaste miljöreglerna
samtidigt som öka vinsten och skapa positiva social påverkan.
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Abstract
The palm oil agroindustry not only produces the most consumed vegetable oil in the world but also a significant
quantity of residual biomass waste. The importance of using some of these by-products for energy production is
widely understood. However, palm oil mill effluent (POME), the residue which is responsible for the highest share
of GHG emissions in palm oil production, is usually disposed of in an unsustainable way. Methane emissions from
POME degradation, in a conventional palm oil mill, are responsible for more than half of the greenhouse gases
emissions in the production process (excluding land use change). This research aims at investigating alternatives
to retrofit Indonesian palm oil mills into biorefineries that could efficiently exploit POME to produce value-added
products (e.g. electricity, compost and pellet) while decreasing the environmental impact. In this research, the
author presents a literature review of commercially mature treatments for POME and biomass residue highlighting
the most promising ones. Subsequently, biorefinery concepts are created by combining the selected technologies
aiming at maximizing revenues and social impact while decreasing environmental impact. For each biorefinery
concept is performed a sustainability assessment calculating a set of indicators representing economic,
environmental and social impact. The multi-criteria analysis is applied to combine in one single index the
information obtained by the sustainability assessment. This method allows identifying the solution offering the
best trade-off while integrating into the decision process stakeholders’ point of view. The results show that
avoiding methane emissions from untreated POME can be done in a profitable way while generating at the same
time positive social impacts. The emissions reduction of the proposed biorefinery concepts demonstrates savings
from 67% to 109% compared to the conventional system. Furthermore, all proposed biorefinery concepts proved
to be economically and socially sustainable. The best results have been obtained by a biorefinery concept that
produces electricity from the methane captured from POME degradation to produce high-value products such as
pellet from biomass residue and crude kernel oil. The same optimal solution has been found for off-grid palm oil
mills even though they tend to favour solutions with simpler layouts. In conclusion, the research demonstrates
that biorefinery concepts are an opportunity for mill owners to comply with the strictest environmental regulations
while producing extra profits and positive social impact.
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1 Introduction
Indonesia is the world’s largest producer of palm oil, accounting for more than the 60% of the global production
in 2016 (Indonesia Investments 2017a). Palm oil is a vegetable oil used in a wide variety of products both in the
food and non-food industries and for energy purposes in form of biodiesel. World’s demand for palm oil is on a
constant rise driven by the growing demand for the food sector coupled with Indonesian biodiesel targets (Thomas
Mielke 2017)(Wright & Rahmanulloh 2017). Therefore, this sector is expected to continue playing a key role in the
Indonesian economy. The palm oil sector had a great impact on Indonesian economic growth creating millions of
jobs mostly in rural areas (Bahuet. Christophe 2017). However, the production of palm oil has been reported as to
cause deforestation of wide areas of the rainforest, biodiversity losses and contribute to climate change (WWF
2017). The biggest share of greenhouse gases emissions comes directly from forest clearing for new plantations,
land use change represents depending on the different location between 41-80% of total emissions (Bessou et al.
2014). However, excluding land use change palm oil is still responsible for important emissions during its
production process. The biggest share comes from the milling process that transforms fresh fruit brunches into
the vegetable oil. Palm oil mill effluent (POME), the liquid portion of mill waste, releases methane during its
degradation accounting for more than half (55%) of the greenhouse gases emissions in the palm oil production
process (Bessou et al. 2014)(GAR 2018). POME is an acid (pH of 3.3–4.6), thick, brownish liquid with high values
of fats, oil and grease, Chemical Oxygen Demand (COD) and Biological Oxygen Demand (BOD) (Ahmed et al.
2015). In the conventional treatment of POME at palm oil mills (POM) the effluent is passing through a series of
open ponds where the degradation process occurs naturally through anaerobic digestion. The bacteria involved in
the digestion process transform the complex organic molecules in methane that is eventually released in the
atmosphere (Rahayu et al. 2015). After 20 to 50 days of retention, the pollutants level is decreased under the limits
imposed by regulations (BOD < 100 mg/L) and POME can be safely released into water bodies or applied on
plantations for irrigation purposes (Paramitadevi & Rahmatullah 2017).
Pathways for the treatment of POME can provide opportunities to increase the environmental sustainability of
palm oil production. In Malaysia, following government’s regulation, methane capture, biogas conversion and
subsequent electricity production is a growing sector. The Malaysian case proved that with proper policies biogas
recovery is a profitable and effective way to reduce carbon footprint in the palm oil sector (Loh et al. 2017).
Although the great potential, in Indonesia the diffusion of such technologies is still low (Paramitadevi &
Rahmatullah 2017). According to estimates from a report produced by Winrock International, in 2014 in Indonesia
the adoption of POME-to-energy projects was between 2 and 10 percent out of the 600 existing palm oil mills
(APEC 2017). Similarly, a survey performed by the Indonesian Oil Palm Research Institute (IOPRI) in 2016 has
shown that only around 15% of mills adopted measures to reduce methane emissions (IOPRI 2018). Thus, the
focus of the research is on the conversion pathways for the treatment of POME in Indonesia.
The methane released in Indonesian palm oil mills in 2016 can be estimated between 30 and 35 million tonnes of
CO2 equivalent1, this figure corresponds to more than half of total greenhouse gases (GHG) emissions in Sweden
in 2015 (SEPA 2017). Therefore, capturing GHG emissions from POME degradation in palm oil mills is a
necessary action to increase the environmental sustainability of Indonesia palm oil industry.

1.1 Research Gap
Important research works analysed the issues of palm oil mills proposing different alternatives to decrease their
environmental impact. Among the first, Wu et al. in 2009 analysed the problem of conventional POME treatment
and highlighted its potential improvements (Wu et al. 2009). The work of Kasivisvanathan introduced the multiobjective design with a fuzzy optimization of palm oil biorefineries considering economic and social aspects
(Kasivisvanathan et al. 2012). The thorough work of Ng et al. adopted a systematic approach for the optimization
of palm oil refinery plants considering economic conflicts in a multi-stakeholders scenario (Ng et al. 2013)(Ng &
Ng 2013). Subsequently, in 2014, Ng et al. used a multi-objective design considering economic and safety issues
(Ng, Hassim, et al. 2014). An interesting technical study with a pilot application of a zero-liquid discharge system
for POME treatment with biogas production was carried out in Malaysia (Tabassum 2015). The multi-objective
Estimated considering yearly production of 31,5 million ton CPO, (Indonesia Investments 2017b), POME/CPO = 3,08 m3
POME/ton CPO (Hasanudin et al. 2015); COD concentration = 50 kg COD/m3 POME (Nasution et al. 2018a); methane
production = 0,25 kg CH4/kg COD (Rahayu et al. 2015); global warming potential CH4 = 28 (Pachauri et al. 2015).
1
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and biorefinery point of views have been pushed by the work of Ali et al; he introduced the concept of sustainably
integrated biorefinery for the treatment of POME promoting the potential positive impacts on all sustainability
categories (economic, environmental and social)(Ali et al. 2015). The doctoral research of Garcia analysed
biorefinery concepts adopting a multi criteria decision analysis for the evaluation of the solution with application
to the Colombian context (Garcia-Nunez 2015). The Indonesian reality has been particularly analysed by the work
of Nasution et al. who analysed POME treatment alternatives including in his analysis economic, environmental
and social aspects (Nasution et al. 2018b). In her licentiate thesis, Harahap compared the economic effectiveness
of different alternatives for the production of biodiesel in Indonesia (Harahap 2018). Finally, Jamaludin et al.
created an index for the evaluation of palm oil mills sustainability considering the point of view of certification
bodies, thus, including economic, environmental and social aspects (Jamaludin et al. 2018).
All the works cited above and many others that have been analysed cover a wide range of the issues related to
palm oil mills and POME treatment. However, the main lack the has been identified regards analysing the
sustainability of the combination of POME treatment pathways with biomass residue. This work aims at creating
biorefinery concepts that could maximize the sustainability of existing palm oil mills integrating POME treatment
with the use of other biomass residue. Additionally, the case studies available in literature mostly focus on grid
connected mills while in Indonesia an important share of POMs is not connected to the electricity grid. Therefore,
this research analyses also the case of off-grid palm oil mills. The approach used for sustainability evaluation is in
accordance with the criteria used by certification organizations (e.g. RSPO), thus, considering economic,
environmental and social aspects. Besides, in the existing literature has been found a lack of the consideration of
stakeholders’ opinion in the decision process. Finally, the applications found in the literature are mostly located in
Malaysia, Thailand and Colombia with few studies focused on the Indonesian reality. This master thesis, as
explained in the following paragraphs, aims at covering these gaps contributing to the scientific literature in this
field.

1.2 Scope of the Thesis
This thesis analyses the production process of crude palm oil (CPO), in specific the operations performed at the
palm oil mill where the vegetable oil is extracted from fresh fruit brunches. Palm oil mill operations have been
analysed to identify the various organic residue available and evaluate their potential utilization. This thesis is
focused on the treatment of biomass residue at palm oil mills aiming at decreasing greenhouse gases emissions
resulting from their degradation. A special attention is given to POME treatment which is responsible for the
largest share of GHG emissions (excluding land use change) in the CPO production process. Thus, the scope of
this thesis is on pathways to upgrade the conventional POMs to adopt sustainable treatment of POME and
biomass residue. The alternatives analysed will combine POME treatment with the use of other biomass residue
available at the POM to produce higher value products (e.g. organic fertiliser, pellets, electricity) aiming at
maximizing the economic, environmental and social impact.
The boundaries of this analysis are set on the palm oil mill plant with the goal of transforming the conventional
palm oil mill into an efficient and integrated plant that exploits the utilization of the biomass residue available from
FFB treatment. For example, will be considered the production of organic fertilizers and pellet fuel which can be
obtained treating the by-products of CPO production.
The concept that best summarizes the systems designed in this thesis is the one of biorefinery. This concept is
defined as the integral use of biomass for the production of fuels, electricity, heat and value-added products
(Garcia-Nunez 2015)(David Botero et al. 2017). In this case, the concept of biorefinery is applied to the palm oil
agro-business aiming at maximizing the exploitation of the incoming biomass resource: fresh fruit bunch. The final
idea of this methodology is to transform the palm oil mill from a business that sells only CPO and Kernel to an
integrated solution with multiple final products (e.g. electricity, organic fertilizer, pellet).
In this work, in addition to grid connected palm oil mills will be considered the issues of facilities located in rural
areas and not connected to the national electricity grid. This decision comes from the fact that this situation is
rather common in Indonesia and existing scientific literature mostly focused on grid connected plants (Nasution
et al. 2014). A field survey performed by Nasution et al. during 2014 in North Sumatra showed that 71% of palm
oil mills fall at a distance to the low voltage grid lower than one kilometre (Nasution et al. 2014). According to
expert’s opinions collected during the field trip, a large part of palm oil mills is off grid due to the high costs of
necessary to install the connection with the national grid (Aghamohammadi et al. 2016). The focus on off grid
2

palm oil mills is important because for this type of application the economics of upgrade projects are more complex
since surplus electricity production cannot be sold to the national grid to generate additional revenues.
Unsurprisingly, off-grid palm oil mills, even in Malaysia where biogas capture is more common, are the ones that
are lagging behind still adopting conventional methods for energy supply and POME treatment (Loh et al.
2017)(Chin et al. 2013).
For these reasons, the results of this thesis work will not be limited to a specific location in Indonesia but are
intended to represent the typical situation of palm oil mills in Indonesia. The outcomes of this research could be
used by different stakeholders to identify the best alternative to upgrade a palm oil mill in any specific situation.

1.3 Objective and Research Question
The main objective of this thesis is to investigate viable pathways to increase the sustainability of palm oil mills in
Indonesia. The starting point of the study is on technologies for reducing the methane emissions related to POME
degradation. Accordingly, various biorefinery concepts are proposed to integrate the treatment technologies with
the current mill’s equipment and to investigate opportunities to take advantage of the remaining biomass residue
(i.e. empty fruit bunches, mesocarp fibres and kernel shells). The thesis aims at assessing the sustainability of the
proposed concepts in a broad term thus including economic, environmental and social aspects.
The main challenge that will be addressed by this work is the fact that currently POM owners do not consider
biorefinery concepts attractive because there is no real need for extra energy production at palm oil mills (Loh et
al. 2017)(Chin et al. 2013). Traditionally, electrical and thermal demands of palm oil mills are provided by combined
heat and power (CHP) systems fueled with biomass residue, namely kernel shells and mesocarp fiber. Therefore,
it is necessary to design appropriate business models that could justify the efforts required to install biogas
technology for the treatment of POME and transform it in an attractive and profitable investment (Loh et al.
2017).
The specific research question addressed by this thesis is: “How can palm oil mills adopt sustainable pathways for the
treatment of palm oil mill effluent and biomass residue?”
Throughout the research work, the following four objectives will be pursued:
1. Explore POME conversion pathways;
2. Identify and model a set of biorefinery concepts;
3. Calculate the economic, environmental and social impact of each concept;
4. Identify the concept that offers the most sustainable solution for different cases (grid connected and offgrid POMs)

1.4 Thesis Structure
The objectives pursued for the completion of this thesis have been reached through a detailed research method
that started with a literature review, to build the basis for the creation the various biorefinery models, concluding
with an evaluation of the results with a critical discussion. The first chapter of the thesis presents an introduction
to the problem and explains the goal and scope of the thesis. In this first part are explained the goals and the
boundaries of the research. The following part presents the results of the literature review offering an introduction
of palm oil sector in Indonesia, a general description of palm oil mills, an analysis of the certifications and
regulations currently existing and a detailed list of technologies available. The literature review is followed by the
methodology chapter where is described in detail the rigorous process adopted to reach the objectives of the thesis.
The following part describes the alternative concepts that have been created following the methodology and that
will be analysed thereafter. The results present economic, environmental and social impacts of proposed
biorefinery concepts. Additionally, in this part, are presented the outcomes of the survey performed during the
field trip and that have been used to create the evaluation method. The multi criteria analysis is used compare the
biorefinery concepts on their sustainability impact. In this part is also presented the issue of off-grid palm oil mills
in order to understand the differences arising in this scenario. Eventually, in the following section is presented a
sensitivity analysis to evaluate the stability of the results. Finally, the discussion chapter analyses critically the results
achieved and highlights the limitations of this study. The conclusion offers a final comment on the results achieved
by the thesis.
3

2 Palm Oil Mills and POME production in Indonesia
Palm oil is the world’s largest source of edible oil. Indonesia is the biggest producer of palm oil, accounting for
more than 60% of the global production in 2016 (Indonesia Investments 2017a). Palm oil plays a central role in
Indonesian economy producing in 2017, according to UNDP, 16 million jobs and contributing between 1.5 –
2.5% of the nation’s GDP (Bahuet. Christophe 2017) (Indonesia Investments 2017a). Almost 70% of Indonesian
palm oil plantations are currently located on Sumatra island and the remaining in Kalimantan island (Indonesia
Investments 2017a). Crude palm oil is extracted from fresh fruit bunches (FFB) in the more than 700 palm oil
mills distributed in Indonesia (Nasution et al. 2018b).

Figure 1: Fresh fruit bunch collection at Sinar Mas Plantation, Riau (picture Lorenzo Sani)

The input entering POMs is fresh fruit bunch that is collected from palm oil trees and transported by truck to the
mill. The principal products of POMs are CPO and palm kernel. Crude palm oil is then shipped to refinery plants
where the product is upgraded for its final use (Corley & Tinker 2016). Palm kernel is usually transported to kernel
crushing plants to extract crude palm kernel oil (CPKO). The extraction process of CPO, represented in Figure 2,
is typically divided into pre-treatment, mechanical pressing, oil clarification and residue separation (Garcia-Nunez
2015). Besides the main products, the extraction of palm oil produces high amount of organic waste resulting from
the various unused parts of fresh fruit bunches, see Figure 3. In terms of mass the most important residue is empty
fruit bunch (EFB) (~ 22% of FFB) followed by mesocarp fibres (MF) (~ 13% of FFB) and kernel shell (KS) (~
6% of FFB) (Nasution et al. 2014) (Garcia-Nunez 2015). The solid biomass waste is commonly used for energy
purposes at the POM or distributed on the plantations for recovering the nutrients (Corley & Tinker 2016). In
fact, conventional POMs are self-sufficient for their energy requirements; electricity and heat are produced in a
combined heat and power system composed by a biomass boiler coupled with a steam turbine (Nasution et al.
2014). The biomass boiler is fuelled with MF and KS residue in a ratio of 70:30 respectively (Field Trip 2018).
Kernel shell needs to be burned with MF in order to maintain a proper moisture content in the combustion
chamber. The boiler produces high pressure steam (21 bar) that is then sent to the steam turbine where is expanded
to produce electricity, the resulting low pressure steam (3 bar) is used in the process for sterilization and digestion
of FFB (Field Trip 2018). The unused KS residue is sold as boiler fuel thank to its high calorific value and low
moisture content. On the other hand, the remaining MF is usually dumped close to plantations. The empty fruit
brunches resulting from the process are either dumped close to the mill or sent back to plantations for mulching
purposes (Nasution et al. 2014). Mulching of EFB has been adopted after that EFB burning was banned for
environmental reasons (Corley & Tinker 2016). A survey performed by Aghamohammadi et al. (2016) during 2014
in Sarawak showed that all the interviewees adopted EFB mulching. The importance of recovering the nutrients
contained in EFB is widely recognised, especially considering its nitrogen and potassium content.
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Figure 2: Crude palm oil extraction process (Garcia-Nunez 2015)

Various studies have shown the importance of mulching to recover the soil nutrients and maintain a healthy
microbial activity in the soil especially in the long term (Tao et al. 2018)(Tao et al. 2017). However, the effect of
EFB mulching in plantations varies greatly according to the type of soil and is related with important costs for
transport and distribution of the organic material (Schuchardt et al. 2002)(Corley & Tinker 2016). A growing
interest is observed in the adoption of a more efficient use of the biomass residue generated at palm oil mills, for
example production of organic fertilizer from EFB residue (Phang & Lau 2017)(Schuchardt et al. 2008). This trend
is driven by a general modernization of the production processes and push for more sustainable use of resources
(MPOB 2014)(Rahayu et al. 2015).
In addition to the solid residue, every ton of FFB processed produces 670 litres of palm oil mill effluent a viscous
brown liquid resulting from the clarification process of brute oil (Nasution et al. 2014)(Garcia-Nunez 2015).
POME is an acid (pH of 3.3–4.6), thick, brownish liquid with high fats, oil and grease, Chemical Oxygen Demand
(COD) and Biological Oxygen Demand (BOD) values (Ahmed et al. 2015). The discharge of untreated POME is
illegal in Indonesia because it pollutes water bodies depleting dissolved oxygen (Nasution et al. 2018b).
Conventionally POME is treated in open lagoons which through series of ponds decrease its pollutants content
until it complies with regulations. After the treatment, wastewater is either released in water bodies or used in
plantations for irrigation purposes. The main negative side effect of the open lagoon treatment is the fact that the
degradation process emits important amounts of biogas (~28 m3/m3 POME) with high content of methane (6070%)(Chiew Wei et al. 2013). Numerous studies including various life cycle assessments of palm oil production
highlighted the importance of avoiding these methane emissions (Bessou et al. 2014)(Chiew Wei et al.
2013)(Harsono et al. 2015)(Theo et al. 2017). In fact, according to Bessou et al (2014), excluding land use change,
methane emission from POME degradation is responsible for 55% of GHG emissions in CPO production
process.
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Figure 3: Example of EFB mulching at plantations (left), Kernel shell residue (top), Mesocarp fibre residue (bottom) (Photos: Lorenzo Sani)

2.1 Regulations and Sustainability standards for POME treatment
National regulations and numerous sustainability standards are progressively increasing the attention on
environmental aspects and on GHG emissions reduction. These stricter standards offer a driver for palm oil mills
to the adoption of more sustainable practices. In Indonesia discharge limits for POME are regulated by the Decree
of Indonesian Ministry of Environment and Forestry No 5/2014 that sets a stringent limit for BOD of 100 mg/L
and for COD of 350 mg/L (Paramitadevi & Rahmatullah 2017). Additionally, all the most important standards for
palm oil certification are mentioning the adoption of GHG emission reduction strategies among their principles.
One worldwide recognised certification scheme is the Roundtable on Sustainable Palm Oil (RSPO), a multistakeholder organisation with the aim of increasing palm oil sustainability. Nearly 20% of the palm oil globally sold
in 2016 was RSPO certified and this number is steadily rising following the allegations against palm oil industry
(RSPO 2018). Among its eight principles and sub criteria is mentioned that millers are encouraged to monitor
GHG emissions and adopt low-emissions practices such as better management of palm oil mill effluent (RSPO
2013). Similarly, Indonesia Sustainable Palm Oil Organization (ISPO), an initiative launched by the Indonesian
government to increase the competitiveness of Indonesian palm oil, embraces the same principles (Nasution et al.
2018b)(ISPO 2017). Besides, other internationally recognised certification schemes such as Palm Oil Innovation
Group (POIG) and International Sustainability & Carbon Certification (ISCC) mention GHG savings among their
criteria. In one report from 2016 ISCC states that methane capture at palm oil mills could achieve GHG emissions
reduction in line with the most recent European biofuel regulations (Novelli 2016). Indeed, RSPO-RED, which is
a facultative certification for biodiesel offered by RSPO, states that methane capture is necessary to comply with
the European Renewable Energy Directive for biofuels (RSPO 2012). Thus, CPO producers aiming at exporting
biodiesel to Europe should adopt methane capture technologies to decrease emissions under European standards.
Additionally, several interviewees indicated that the Indonesian government is considering requiring all mills to
implement methane capture by 2020 (APEC 2017). Finally, also independent companies active in Indonesia are
starting to follow on the regulations considering methane capture as a way to increase their sustainability and
improve their business. For example, Golden Agri Resources Ltd (GAR), owner of 45 palm oil mills in Indonesia,
in its 2017 sustainability report mentions the adoption of methane capture technologies in seven facilities and the
willingness to increase this number furtherly (GAR 2018).
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In the past ,many methane avoidance projects were driven by the Clean Development Mechanism (CDM) trading
system of the UN (Loh et al. 2017)(CDM 2012). Currently, low international carbon price makes the scheme
unattractive. However, in future is expected that a new trading scheme could be developed improving the
profitability of methane avoidance projects (APEC 2017). Thus, the progressive evolution of palm oil mills into
biorefineries is a necessary development that palm oil mills should adopt to satisfy the increasingly tight
environmental standards.

2.2 Technologies identified for treatment pathways
The final goal of the technology review is to create a diagram, like the one shown in Figure 4, that could allow
producing the biorefinery concepts connecting the various blocks. The inputs considered in this system as raw
materials are the by-products of CPO extraction process: mesocarp fibre, kernel shell, empty fruit bunches, palm
kernel and the effluent. In the table will be added the technologies that allow treatment of POME, the biomass
residue and the resulting intermediate products. The technologies analysed for the creation of biorefineries are
divided into groups representing the different stages of the treatment. The first group of technologies is responsible
for the treatment of raw POME, while the intermediate technologies consider the treatment of the products
produced in the previous step (e.g. treated POME and biogas). The technologies to take advantage of the products
generated by the intermediate conversion technologies are grouped in the second intermediate technologies
category. Eventually, the final products exiting the palm oil mills are collected in the last category.

Figure 4: Schematic representation of a generic diagram of technologies for POME treatment

2.2.1 POME treatment
Various technologies have been developed for the treatment of POME; however, without proper incentives, in
the past years the industry developed adopting the most economical, simple but least efficient and environmentally
friendly solution to dispose of the liquid waste (Corley & Tinker 2016)(Garcia-Nunez 2015). Only in recent years,
driven by sustainability issues and international pressures the industry is moving towards more sustainable
technologies (Loh et al. 2017). In the following paragraphs is presented the conventional method and the existing
alternatives that reduce methane emissions. The two most common alternatives adopted for the treatment of
POME to avoid methane emissions are anaerobic digestion and aerobic co-composting. The first technology
avoids the emissions of methane disposing of POME trough aerobic decomposition. The second aims at capturing
the methane produced during the decomposition of POME under anaerobic conditions to produce biogas that
can be used for multiple applications (i.e. electricity and heat production).
Open ponding system
The conventional method adopted in Indonesia to treat POME in order to reduce its pollutants content to levels
compatible with the national regulations is the open ponding system (Ahmed et al. 2015). The high diffusion of
this system is determined by its low investment and operational cost and the simple operating principle. The
ponding system (see Figure 5) is usually composed by a number of interconnected lagoons with different functions:
cooling pond, de-oiling pond, acidification pond, anaerobic pond, aerobic pond and a facultative pond for algae
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and sedimentation (Nasution et al. 2018b)(Ahmed et al. 2015). The number of anaerobic ponds varies according
to the plant configuration and the POME composition. The average retention time of the whole system is around
60 days depending on the characteristics of the mill effluent while the average COD removal efficiency is 97.8%
(Nasution et al. 2018b)(Ahmed et al. 2015). As previously mentioned the degradation process of POME is linked
with high methane emissions. It is estimated that for every kg of COD contained in POME approximately 0.25 kg
of methane are emitted in the atmosphere, with typical COD concentration between 40 to 80 kg/m3 POME
(Rahayu et al. 2015)(Rahayu et al. 2015). As a result, each cubic metre of POME treated emits in the atmosphere
around 12 kg of methane. The open ponding system is estimated to consume 0.105 litres of diesel per cubic meter
of POME treated (Harahap 2018).

Figure 5: Typical open lagoon system: raw POME discharge (Enström et al. 2018)

Co-composting
Co-composting is adopted to capture the nutrients content of POME into a solid organic fertilizer while avoiding
anaerobic decomposition and thus methane production. In this research, co-composting has been considered for
two different applications. First, is direct co-composting between EFB and raw POME collected from the deoiling pond, in this way it is possible to produce valuable organic fertilizer and avoid part of the conventional
ponding system. The second application consists of co-composting between EFB and treated POME exiting the
covered lagoon digester. In this case, additional effluent treatment is needed because the BOD content of treated
POME exiting the anaerobic digester is still higher than the limit imposed by regulations for discharge in water
bodies (Nasution et al. 2018b).
Thus, this process allows the treatment either of raw POME retrieved from the de-oiling pond or treated POME
exiting the anaerobic digestion plant. The effluent is sprayed on piles of shredded EFB, organized in windrows,
with an optimal rate of 3.2 m3 POME/ton EFB (Schuchardt et al. 2002). Addition of POME to composting piles
is necessary to maintain a constant moisture content for the decomposition process (Schuchardt et al. 2002). To
create a uniform product the piles are periodically turned with a tractor mixing and aerating the mixture of POME
and EFB. After eight weeks, one ton of shredded EFB is transformed into 0.5 ton of organic fertilizer containing
the nutrients of EFB and POME (Schuchardt et al. 2002)(Nasution et al. 2018b)(IOPRI 2018). Mesocarp fibre
can be added in addition to shredded EFB to increase the compost production and avoid emissions from MF
dumping. During this process, the methane emissions released in anaerobic degradation of POME are avoided
because POME degradation happens in aerobic conditions and the excess water is evaporated to the atmosphere
(Loh et al. 2017)(Nasution et al. 2018b). In addition, the transport of compost to plantations requires significantly
lower costs compared to the transport of EFB due to the lower density and mass (Garcia-Nunez, RamirezContreras, et al. 2016). Nevertheless, some GHG emissions are generated during the co-composting process
accounting for 0.16 kg CO2/kg compost (Stichnothe et al. 2014). Additionally, the production of one ton of
compost consumes 5.6 kWh of electricity for shredding EFB and 2.73 litres of diesel for the tractors turning the
compost piles (Nasution et al. 2018a)(Harahap 2018).
Anaerobic Digestion
There are different alternatives available for anaerobic digestion of POME, the two most common are: covered
lagoon and continuous stirred tank reactor. In covered lagoon technology, anaerobic ponds are replaced by a
lagoon covered with a high-density polyethylene flexible dome that captures and stores the methane produced in
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the degradation process. In the continuous stirred tank reactor (see Figure 6), anaerobic lagoons are replaced by a
closed tank where a mechanical agitator increases the area of contact with the biomass improving methane
production and reducing retention times (Abdurahman et al. 2013). Even though continuous stirred tank reactors
achieve higher conversion rates they are related with significantly higher investment and operation costs compared
to the covered lagoon technology. As a result, covered lagoon is the most common technology applied in Malaysia
and Indonesia for methane capture (Chin et al. 2013)(Rahayu et al. 2015). In this research, the covered lagoon
technology has been chosen due to the above mentioned reasons and the important successful experience recently
achieved by this technology in similar applications, especially in Malaysia (Loh et al. 2017).
The biogas yielding from the digestion process is composed of methane (50-70%), carbon dioxide (30-35%), H2S
(1-2%), water vapour and traces of other gases (Nasution et al. 2018a)(Garcia-Nunez, Rodriguez, et al. 2016)(Loh
et al. 2017). Usually, the retention time in the lagoon system is between 20 and 90 days and the BOD removal
efficiency is around 85% (Rahayu et al. 2015)(Nasution et al. 2018b). The technology considered has got a yield of
10.6 kg CH4 per m3 of POME and an electricity consumption of 9.53 kWh/ton POME (Loh et al. 2017)(GarciaNunez, Rodriguez, et al. 2016)(Nasution et al. 2018b)(Aziz et al. 2017). Before using this biogas in an internal
combustion engine, it is necessary a cleaning process through a scrubbing and condensing process to remove H2S
and water vapour respectively. All biogas capture technologies need to be coupled with a flaring system to dispose
of the excess of biogas in case of plant shutdowns, maintenance or emergencies (Rahayu et al. 2015).

Figure 6: Methane capture plant at Libo Palm Oil Mill (SMART), technology: continued stirred tank reactor (picture: Lorenzo Sani)

Other POME treatment methods
Numerous other alternatives for the treatment of POME have been investigated such as up-flow anaerobic sludge
blanket, anaerobic fluidized bed reactor, anaerobic filter and sequencing batch reactor (Ahmed et al. 2015).
However, most of these technologies still lack large scale applications, therefore, have been discarded for this
analysis (Bello et al. 2017)(Rahayu et al. 2015). An interesting technology that recently has achieved positive results
in a large scale application is the belt filter press (Enström et al. 2018). The technology utilizes a filtration process
to reduce the organic content of discharged POME reducing its methane related emissions up to 54% (Enström
et al. 2018). Belt filter could be attractive, especially for small scale mills, due to the expected investment cost about
30 times smaller than conventional methane capture technologies (Enström et al. 2018). However, it has been
excluded from this study because of the important residual emissions of CH4 compared to other solutions and the
suitability mostly for small scale mills.

2.2.2 First Intermediate Technologies
Methane capture opens numerous opportunities for palm oil mills that in this case have access to a new interesting
and valuable product: biogas. At POMs, biogas could be used in two main ways: to satisfy the heat and electricity
demand of the CPO extraction process (as an alternative of burning MF and KS) or to produce electricity in a gas
engine. In addition, the treated POME exiting the digester, although it cannot be directly discharged in
waterbodies, has still got a value related to its nutrients content that is not lost during the digestion process
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(Nasution et al. 2018a)(Garcia-Nunez, Rodriguez, et al. 2016). The following section explores the technologies that
could be adopted by palm oil mills to take the maximum advantage of the products resulting from methane capture.
Co-firing
Co-firing is the most simple and cheap alternative, compared to other biogas technologies, to use the biogas
produced from the covered lagoon. In this pathway, biogas is directly burned into the biomass boiler where MF
and KS are traditionally burned to produce heat and electricity (Rahayu et al. 2015). In this way, a major share of
the KS residue is not burned and can be sold as organic fuel thanks to its high calorific value. When biogas is used
in the boiler is not necessary to maintain the ratio of MF and KS, in fact the moisture level is significantly reduced
due to the high calorific value of biogas. The only additional investment required to adopt this technology is to
upgrade the boiler with a gas burner (Loh et al. 2017). Successful implementation of this technology has been seen
particularly in Malaysia coupled with revenues obtained by the UN clean development mechanism for methane
avoidance (Loh et al. 2017)
Gas Engine
An internal combustion engine (ICE) can be used to burn biogas after the removal of H2S and water vapour to
produce electricity. The upgrading process necessary to prevent engine erosion consists in H2S scrubbing and
water vapour condensation (Rahayu et al. 2015). The electricity produced can be either used to supply POM energy
needs or sold to the electricity grid. The engine considered has got an electrical efficiency of 40% and an overall
efficiency of 90% in the case of cogeneration for waste heat recovery (Nasution et al. 2018a)(MPOB 2014)(Aziz
et al. 2017). The adoption of an internal combustion engine to transform biogas in electricity is a common and
well known procedure that has already been applied in various palm oil mills (Rahayu et al. 2015)(MPOB 2014).
Analysis of heat flows is excluded in this analysis; however, it could be interesting to analyse what uses could have
the waste heat produced by the gas engine.
Co-composting T-POME
As explained before, compost can be produced spraying on the biomass piles treated POME instead of raw
POME. The main difference, in this case, is that the amount of POME available is lower (0.53 m3 compared to
0.67 m3 POME/ton FFB) than in the previous case, due to mass loss in the anaerobic digester (Nasution et al.
2018a).

2.2.3 Second Intermediate Technologies
The most interesting product coming from the intermediate conversion technologies is the electricity produced
from biogas in the internal combustion engine. In fact, the electricity produced could be used in different ways in
the biorefinery complex or simply sold to the national grid. Indeed, even though electricity is a valuable product
itself that could be sold to the electricity grid, some alternatives to locally use electricity could produce higher
profits. The two alternatives considered for the use of the excess of electricity are pellet production and crude
palm kernel oil extraction. Eventually is considered land application for the disposal of treated POME produced
in the open ponding system or in the covered lagoon.
Pellet Plant
Different studies already highlighted the potential of producing pellet fuel from the biomass residue available at
the palm oil, especially EFB and KS (Munawar & Subiyanto 2014). Pellet production is a profitable way to
transform into a valuable product the additional energy (heat and electricity) available in the mill after the
conversion of biogas to electricity (Garcia-Nunez 2015)(Loh et al. 2017). The process to produce pellets has been
retrieved from Ng. et al. (2014), and comprises of three steps: EFB pre-treatment and drying, EFB shredding and
drying, and pellet production. In the process, in addition to EFB are used all the remaining KS and MF residue.
As a result, combining the residue produced from 1 ton of FFB is possible to produce 83 kg of pellets consuming
16 kWh of electricity (Ng, Ng, et al. 2014). To satisfy the thermal demand needed for the process has been assumed
that the waste heat from the gas engine is used for the pellet production.
Various discussions with IOPRI and SMART experts highlighted the problem of threatening the long-term soil
fertility in the case that all the EFB are used for pellet production and thus the nutrients are not recovered in the
plantation. For this reason, it has been applied the hypothesis that only 50% of EFB is used for pellet production
while the remaining part is used in the plantations for mulching (Field Trip 2018).
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Kernel Crushing Plant
Crude palm kernel oil, extracted is kernel crushing plants (KCP), is a valuable product with an higher economic
value compared to crude palm oil. POMs usually outsource kernel crushing due to the high energy intensity of the
process (Loh et al. 2017). However, after producing electricity from biogas it is interesting assessing the
opportunity to perform this process in-house to reduce the transport costs and increase profitability. In this case,
it has been decided to adopt mechanical crushing (through screw pressing) which is the most common alternative
adopted in small scale and requires only electricity (Vijaya et al. 2009)(Loh et al. 2017). It is estimated that
processing 1 ton of kernel consumes 105 kWh of electricity and produces 441 kg of CPKO (Field Trip 2018)(Vijaya
et al. 2009). The residue of the process, kernel cake, is an organic material that can be sold as animals feed (Vijaya
et al. 2009)
In Indonesia, the conventional capacity of kernel crushing plant is of 10 ton kernel/hour which is equivalent to
combining the kernel production of four POM of 60 ton FFB/hour (IOPRI 2018). This is exactly the size of the
kernel crushing plant visited at SMART’s Libo palm oil mill. This mill is powered by the electricity produced by
the methane capture plant. In this research, it is assumed that the kernel crushing plant analysed has got a capacity
of 0.25 ton corresponding to the needs of a single palm oil mill. This decision is necessary to have an alternative
coherent with the others analysed in this work.
Land application
Land application is utilized to dispose of the treated POME exiting the anaerobic digester and is necessary because
the BOD content of wastewater would still exceed Indonesian regulations for discharge in water bodies (Nasution
et al. 2018b). Therefore, digested POME is used as liquid fertilizer to be spread on palm oil plantations to enhance
soil productivity and decrease consumption of chemical fertilizers, see Figure 7 (Schuchardt et al. 2002)(Nasution
et al. 2018b). Land application is often used also to dispose of POME treated in open ponding systems, in fact in
this way it is possible to take advantage of the nutrients content of the effluent (Field Trip 2018). In this research
due to a lack of data has been assumed that the nutrient content of POME treated with open ponding and covered
lagoon is the same. This hypothesis is reasonable due to the fact that the process that POME undergoes is very
similar in the two cases.

Figure 7: Treated POME ready for land application at Libo Palm Oil Mill (SMART), (Picture: Lorenzo Sani)

Other uses
Both biogas and electricity produced at POMs could be utilised in numerous additional ways for example biogas
could be upgraded, bottled and sold as natural gas (Theo et al. 2017). While electricity could be used to produce
higher value products like charcoal and dried long fibres from shredded EFB (Ng, Ng, et al. 2014)(MPOB 2014).
These technologies have not been considered in this simulation due to their high capital investments, complexity
and low diffusion in existing projects. However, in future, some of these improvements could be added to the
existing biorefinery models to furtherly increase the productivity.

2.2.4 Final Product
The products obtained in the previous steps are either sold or used within the plantation as organic fertilizers. The
products that can be sold externally are kernel shell and pellet as biomass fuel, kernel cake as animal feed, kernel,
11

kernel oil and electricity. The products used on plantations as organic fertilizers are: empty fruit bunches, compost
and treated POME. It has been considered that mesocarp fibre residue has not got any residual value for the palm
oil mill; in fact, generally MF is dumped at the palm oil mills (Field Trip 2018).
Electricity sale to the grid
The excess of electricity produced at palm oil mills can be sold to the national grid as renewable source of electricity
contributing to a cleaner electricity mix. Indonesian electricity production is dominated by fossil fuels with coal
responsible for more than half of the production (PWC 2017). It must be noted that palm oil mills are already
playing a significant role in Indonesian grid being the most important bioenergy source, with an overall capacity in
2016 of around 100 MW. The electricity price offered by the grid operator for bioenergy plants in North Sumatra
is of 0.085 USD/kWh (PR No. 12/2017). However, palm oil mills before being able to sell their electricity excess
they need to connect to the national grid. This operation is often expensive with both the grid operator and the
POM owners not willing to bear the cost of the connection (APEC 2017). Selling electricity to the national grid
could have a significant social impact in the case of palm oil mills located in rural areas with low electrification rate.
Thus, palm oil mills cold contribute to increase the electrification rate of Indonesia especially in regions with
important oil palm cultivation and low electrification rates such as Riau and Kalimantan (PWC 2017).
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3 Methods and Data
The methodology used for reaching the thesis objectives follows the method described by Chong (2011) to identify
the most suitable biorefinery concept in any given condition. Chong’s methodology has been adapted by GarciaNunez et al. (2015) for the application to the palm oil sector with a case study on Colombian mills. This
methodology proposes a process for the creation of biorefinery concepts and for their evaluation using a multi
criteria analysis, the resulting process is schematically represented in Figure 8.
The first step adopted has been to perform a detailed literature review of scientific publications and technical
reports to: create a baseline scenario for the palm oil mill, determine the technologies to be adopted for POME
treatment and identify the technologies for by products. Each selected technology has been represented as an
independent module by determined energy and mass input and outputs flows. The step of process synthesis
consists in the combination of compatible modules in order to originate biorefinery concepts. The goal of every
biorefinery is to satisfy the mill’s energy requirements with local resources and to properly process the remaining
organic residue in order to enhance economic profitability and take advantage of all the resources available.
Consequently, indicators representing economic, environmental and social impact are calculated for each
technically feasible solution. Finally, the different alternatives are evaluated and weighted through a Multi Criteria
Analysis (MCA) that accounts for the different aspects considered in the analysis. The weighting system for the
MCA has been created collecting several questionnaires from various stakeholders and experts in the palm oil
sector. Thereafter, the impact assessment and MCA evaluation are performed also for off-grid palm oil mills to
analyse how the outcomes change in this different scenario. Finally, a sensitivity analysis has been conducted to
understand how the variation of some values used in the MCA could affect the final result.

Figure 8: Schematic representation of the methodology adopted

3.1 Literature Review and Data Sources
The information that have been used to perform the literature review have been retrieved in a first stage from
relevant scientific literature. Secondly, after the data collection performed during the field trip, it has been possible
to use more specific and precise data representing more accurately the local reality.
The data used to formulate the literature review have been collected from scientific articles and publications
regarding similar projects in this field. In addition, secondary sources, such as technical reports by NGOs and
other relevant organizations active in the sector have been used. Some research works that have been particularly
useful for data collection are: the research performed at IOPRI by Nasution et al. (2018), the PhD dissertation of
Garcia (2015), the PhD licentiate of Harahap (2018) and the numerous publications of Ng et al. (2013-2015)
(Nasution et al. 2018a; Nasution et al. 2018b)(Garcia-Nunez 2015)(Ng et al. 2013; Ng et al. 2015)(Harahap 2018).
Additionally secondary sources have been used, some of the most important are: report from Malaysian Palm Oil
Board regarding the national biogas implementation EPP5 (2014), the report on strategies for the adoption of
POME technologies by Asia-Pacific Economic Cooperation (2017) and the handbook “POME-to-Biogas” from
USAID and Winrock International (2015) (MPOB 2014)(APEC 2017)(Rahayu et al. 2015).
The specific technical and economic data needed for the creation of the model needed to be collected locally.
Fortunately, during the course of this master thesis, I had the opportunity to perform a field trip to Indonesia in
order to understand better the local reality. The field trip was highly needed to increase the value of the research,
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in fact without on field validation of the method used and the results achieved the reliability of the results would
have been more questionable. Besides, the trip has been crucial to collect some data necessary to complete the
research. The field trip, that has been performed from the 28th of June until the 22nd of July, fell in a crucial point
of the work. In fact, at that moment, an important part of the work had already been completed, in specific: the
literature review, the methodology, the model and the structure for impact assessment had been created. Thus,
even though some input data were still missing, some preliminary results were already available. For this reason,
the field trip worked as a feedback loop of the work already performed and provided important input for the
conclusion of the research. The field trip allowed to identify average values for the conversion factors in order to
offer a good approximation of the different POMs existing.
The purpose of the trip can be schematically summarised in three points: collection, validation and discussion. The
collection part consisted in gathering the data and parameters needed to complete the research that were not
possible to retrieve from existing scientific literature. The validation part consisted of discussions with local experts
regarding the validity of the biorefinery concepts that have been created and adjustment to the local context of the
data that have been collected from literature. It was necessary to ensure that the biorefinery models created were
practically feasible according to experts’ point of view. For example, one aspect that was not considered previously
was the importance of recovering the nutrients to plantations. This led to important modification to some of the
alternatives analysed. The final goal of the field trip was to discuss with experts and stakeholders involved in the
palm oil sector collecting their opinions through questionnaires and asking for potential improvements to the
research. An essential part of this process was to collect the opinions of different stakeholders in order to use them
for the evaluation of the concepts selected. To perform this task some experts were interviewed with a specific
questionnaire and their replies have been used for the multi criteria analysis.
The goals of the field trip were achieved thanks to the work I could perform on-site, see Annex 10.6. I had the
opportunity to present and discuss my work to the researchers of the Indonesian Oil Palm Research Institute and
of the research institute of Sinar Mas Agri Resources and Technology (SMARTRI). Both institutions widely
represent the palm oil sector: the former is a cornerstone of palm oil development in Indonesia, the latter
represents the world’s second largest plantation group (GAR 2017). Additionally, I had the opportunity to visit
one of Sinar Mas plants, namely Libo palm oil mill and kernel crushing plant with its biogas capture facility. Finally,
I could present my work through a poster presentation to the 6th quadrennial conference “International Oil Palm
Conference” organized by IOPRI in Medan, 17-19 of July 2018, see Figure 9.

Figure 9: Poster Presentation at Internationl Oil Palm Conference, (Photo Lorenzo Sani)

3.2 System Boundaries
The scope of this research is limited to the palm oil mill and its operations, thus the model analyses the material
and energy flows of inputs and outputs of the palm oil mill studied. The functional unit analysed in the model is
the processing of one ton of fresh fruit bunch inside the palm oil mill. Thus, all the biomass and energy flows
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considered are those that can be obtained by processing one ton of FFB. In order to maintain coherence among
the different parts, this functional unit is used for all the calculations. The boundaries are considered with a gate
to gate perspective, thus is analysed whatever enters and exits the palm oil mill facility during the processing of
one ton of FFB. For the conventional case, see paragraph 4.1, is considered the typical plant layout adopted in
Indonesia and the conventional use of biomass residue. For example, it is considered that kernel shells and fibre
are burned in the steam boiler of the mill to produce process steam. The remaining amount of kernel shell is sold
as organic fuel bringing revenues to the palm oil mill while the remaining fibre is dumped. In the upgraded systems
is adopted the same principle, the only available biomass resources are the ones produced by the treatment of one
ton of FFB. The biorefinery concepts assess different alternatives to take advantage of the various material and
energy flows that can be obtained by the by-products produced from one ton of FFB. Some of the products exiting
the boundaries both in the conventional system and biorefineries have an impact on the plantations because they
are used as organic fertilizers (e.g. EFB for mulching and compost). In that case, the impact of these products is
allocated to the product itself when exiting the boundaries of the system. The biorefinery concepts consider the
production of goods that are not generally produced at palm oil mills. For example, in some alternatives is
considered the extraction of palm kernel oil on site. In that case, the biorefinery instead of producing revenues
from the sale of kernel will produce profit selling the amount of kernel oil and kernel cake that can be produced
from the treatment of one ton of FFB. Adopting these boundaries and functional unit, all the alternatives analysed
are coherent because they are being compared on a common base: what they can produce from the treatment of
one ton of fresh fruit bunch. The same concept is applied for the system boundaries used for the calculation of
the environmental impact, see paragraph 3.5. Calculating economic and social assessment requires global values
regarding, for example, the size of the new machinery and the annual cash flows. Therefore, when needed, the
values have been scaled to a representative size of a typical palm oil mill: capacity of 60 ton FFB/hour working
5’000 hours per year, for details see paragraph 4.1.
In Figure 10 is graphically represented the system boundary that has been considered in respect of the conventional
system. The output is divided in main products of the palm oil mill (i.e. CPO and kernel) and by-products or
secondary products resulting from the production. The by-products exiting the mills are used in different ways,
some are sold to produce extra revenues (i.e. KS and electricity surplus), some are spread on the plantation to
reintegrate the nutrients (i.e. T-POME and EFB) while some are simply dumped (i.e. MF). In Figure 11 there is a
graphic representation of the system boundaries of a generic upgraded concept. The boundaries in the upgraded
concepts are exactly the same as in the conventional system, all the new processes happen inside the POM area.

Figure 10: System Boundary (in Red) for the conventional system
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Figure 11: System Boundary (in Red) for a generic biorefinery concept

3.3 Process synthesis
To generate the various biorefinery concepts each technology has been represented in a module. The modules
contain the essential information characterizing each technology, namely: mass input and output, conversion
factors and energy demand. Thus, each technology in the model appears as a box that receives a set of inputs and
transforms them into outputs consuming or producing a certain amount of energy, an example of a general module
is available in Figure 12.
Technology A
INPUT
A
B

CONVERSION FACTORS
kg
kg

IN1
IN2

X1
X2

kg IN1 / kg OUT1
kg IN2 / kg OUT2

Electricity

X4

kWh / kg OUT1

OUTPUT
OUT1
OUT2

C=A * X1
D=B * X2

kg
kg

REQUIREMENTS
E=C * X4

kWh

Figure 12: Example of a general technology module transforming input A and B into products C and D consuming E amount of electricity

The combination of these modules allowed to generate various biorefinery concepts combining them in a process
synthesis procedure, see Figure 4. The modules have been connected creating various configurations according to
the feasible input and output flows. Then, only the technically feasible alternatives, determined through mass and
energy balances generated by the association of the modules, have been selected.

3.4 Economic Assessment
The economic assessment is necessary to ensure that the biorefineries selected produce economically sustainable
alternatives. Economically feasibility is one of the criteria that, combined with technical feasibility, has been applied
in order to select the biorefinery concepts to be analysed. Indeed, concepts that would not create an economic
return for the palm oil mill has been discarded as not interesting.

3.4.1 Data for Economic Assessment
The data necessary to complete the economic assessment can be divided into three main categories: the capital
expenditure (CAPEX), the operative costs and the revenues from the sale of the bio-products. The assessment is
performed in USD with the reference value of 2017. For the economics performance evaluation of the project has
been considered an interest rate of 4.75% (as for Indonesian bank lending rate in January 2017) and a lifetime of
15 years, additionally it has been assumed that the price of the various materials remains constant during this time
frame. The decision of limiting the NPV calculation at 15 years comes from the fact that, for these projects, the
contracting period with PLN, the electricity company, is of 15 years (APEC 2017). After that period, the conditions
of the electricity contract could be significantly changed affecting significantly the economic results. Additionally,
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this consideration increases the reliability of the analysis because, even though the lifetime of the components
considered is longer (around 20 years), any accident or problem could appear before that date increasing the costs
of operation. For these reasons, it is a safe assumption considering an investment lifetime of 15 years.
CAPEX
The values used to calculate the capital expenditures for every technology has been retrieved from similar projects
found in literature, especially Nasution et al. (2018) and Garcia et al. (2015) and cross checked with researchers of
IOPRI during the field trip. In case of different sizes between the reference system and the case study, scale
economy factors have been taken into account using the rule of a seven-tenths scale factor, see equation (1) (Chong
2011).
.
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
∗
1
𝐶𝐴𝑃𝐸𝑋 𝐶𝐴𝑃𝐸𝑋
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
In Table 1, is presented a list linking the capital investments for each technology with its capacity as they have been
retrieved from literature and from the field trip. The total capital investment for each biorefinery has been
calculated from a combination of the costs in Table 1 adapted with a proper scale factor according to the size of
the equipment needed.
Table 1: Capital costs and related sizes available in literature used as references for the CAPEX calculations

Capacity
38.4 t POME/hour
60 t FFB/hour

Co-composting
Covered lagoon + Co-firing
Covered lagoon + gas
1.2 MWel
engine*
EFB Pre-treatment
12 t EFB/hour
Palletisation plant
3.74 t EFB/hour
CPKO plant
60 t FFB/hour
* includes costs for land application of treated POME

CAPEX [million USD]
1.25
1.69

Source
(Nasution et al. 2018b)
(Loh et al. 2017)

2.72

(Nasution et al. 2018b)

1.39
0.65
1.00

(Garcia-Nunez 2015)
(Garcia-Nunez 2015)
(Field Trip 2018)

Operation and Maintenance Costs
Similarly, to the capital expenditures, the operational fixed costs have been retrieved from relevant projects
available in literature and have been validated with local reality during the field trip. Four different types of costs
have been used for calculating the operative expenditure: labour, maintenance, general costs and insurance. This
cost structure, represented in Table 2, has been retrieved from Nasution et al. (2018a).
Table 2: Summary of main assumptions used for operative expenditures

Type
Labour operator
Maintenance
General Cost
Insurance

Value
150
5 – 10 %
1%
0.3 %

Unit
USD / month
of CAPEX
of CAPEX
of CAPEX

Source
(Statista 2018)
(Nasution et al. 2018a)
(Nasution et al. 2018a)
(Nasution et al. 2018a)

Revenues
The price of most of the product has been obtained from IOPRI’s researchers representing data of the current
market situation. The electricity price has been retrieved from the regulation PR No. 12/2017 resulting for
bioenergy project in a price of 0.085 USD/kWh. The market prices of organic fertiliser and liquid fertiliser are
calculated comparing their nutrient content with chemical fertiliser following the method described by Schuchardt
et al. (2002), see Annex 10.1 for detailed calculation. The resulting figures are of 34.9 USD per ton of compost
and 1.29 USD per cubic metre of liquid fertilizer from treated POME. The economic value of EFB for mulching
has been calculated using some figures provided by researchers from SMARTRI considering the amount of mineral
fertilizer displaced by EFB application, the detailed calculations are available in Annex 10.1. The cost of MF has
been considered as zero because according to field data, MF remaining from the production process of CPO is
dumped close to the palm oil mill as a solid waste. A summary of the prices used per each material is presented in
Table 3. The yearly profit of each biorefinery concept is calculated subtracting to the revenues of the new concept,
the ones of the conventional system, see equation (2).
17

𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑠

𝑟𝑒𝑣𝑒𝑛𝑢𝑒𝑠

𝑟𝑒𝑣𝑒𝑛𝑢𝑒𝑠

2

Table 3: Price data of outputs used in the analysis

CPO
CPKO
Kernel
EFB
MF
KS
Kernel Cake
T-POME
Compost
Pellet
Electricity
Diesel

Price
598
940
400
8.6
0
67
116
1.29
34.9
85
0.085
0.75

Unit
USD/ton
USD/ton
USD/ton
USD/ton
USD/ton
USD/ton
USD/ton
USD/m3
USD/ton
USD/ton
USD/kWh
USD/l

Source
(IOPRI 2018)
(IOPRI 2018)
(IOPRI 2018)
See Annex 10.1
(IOPRI 2018)
(IOPRI 2018)
(IOPRI 2018)
See Annex 10.1
See Annex 10.1
(IOPRI 2018)
PR No. 12/2017
(IOPRI 2018)

3.4.2 Indicators for Economic Assessment
The economic considerations have been performed comparing the Net Present Value (NPV) of the proposed
alternatives with the reference case. Thus, are considered only the variations of the new systems compared to the
conventional one. For example, the revenues coming from the sale of CPO have not been included since CPO
production is not supposed to change with the improvements proposed. The formula used for the calculation of
the NPV is the following, equation (3) (where i is the interest rate).
𝑁𝑃𝑉

𝐶𝐴𝑃𝐸𝑋

𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑠
𝐶𝑜𝑠𝑡
1 𝑖

3

Where CAPEX is calculated using the formula presented in equation (1), revenues are calculated using equation
(2) and costs come the relations in Table 2. The indicators calculated to evaluate the economic impact should
reflect the most relevant aspects analysed before undertaking an investment. The four aspects that have been
considered are: upfront capital investment (CAPEX), extra profit produced per year, time to recover the
investment (payback time – PBT) and profitability of the investment (internal rate of return – IRR). The indicators
proposed are all reflected in the formulation of the NPV. CAPEX is calculated with equation (1) while profit is
calculated subtracting to revenues (equation (2)) the yearly operational cost, calculated from Table 2. The payback
time (PBT) is the amount of time (in years) after which the NPV produces a positive value; using equation (3) PBT
is the time in years after which NPV produces the first positive result. The internal rate of return represents the
profitability of the investment and is the value of interest rate for which the NPV is zero at the end of the period
analysed. Referring to equation (3), IRR is the value of i for which NPV at 15 years is equals to zero.

3.5 Environmental Assessment
As suggested by the methodology developed by Chong (2011) the environmental impact of each new concept
should be considered to offer a broad view of their sustainability. In this case, the life cycle assessment (LCA)
methodology has been applied calculating two indicators for each biorefinery: the global warming potential (GWP)
and the net energy balance (NEB). Both indicators represents areas where palm oil production has got a significant
impact. Besides, these indicators are commonly adopted for the environmental evaluation of biodiesel produced
from palm oil (RSPO 2012). Similarly, to the previous parts, the functional unit analysed for the environmental
assessment is the processing of 1 ton of FFB. The point of view adopted, in line with the research of Nasution et
al. (2018a), is to calculate the LCA from a gate-to-gate perspective focusing only on carbon footprint and energy
balance. The various alternatives have been evaluated analysing separately each process and finally calculating the
impact related to each flow entering and exiting the boundary of the system. The system boundaries of the system
are within the perimeter of the palm oil mill facility analysing the treatment of one ton of FFB. For the new
concepts has been assumed that all the new transformation processes happen in the proximity of the POM. A
18

schematic representation of the boundaries is presented in Figure 10 and Figure 11. As a result, the environmental
assessment calculates the amount of CO2 emitted and the energy balance at the POM during the processing of 1
ton of FFB.

3.5.1 Estimating emissions
The global warming potential of palm oil represents the amount of GHG emissions released in each stage of the
production cycle (i.e. plantation, transportation and extraction at POM). Since the system boundaries are limited
to the palm oil mills, in this research are calculated only the emissions related to palm oil mills for the extraction
of CPO. The amount of emissions released by each biorefinery has been calculated dividing the GWP into two
main components: emissions related to each internal process and indirect emissions related to each product. The
processes that have been included in the GWP calculations are: conventional open ponding, covered lagoon
digester and co-composting of POME and EFB. The other processes have not an impact on the emissions being
either carbon neutral (i.e. CHP, gas engine, pellet plant and CPKO plant) or remaining unvaried between the
conventional and the biorefinery concepts (i.e. FFB processing, pre-treatment, pressing etc…). The emissions
related to the products exiting or entering the plants have been allocated considering which conventional products
are substituting (e.g. electricity from the grid) and/or which would be their final use (e.g. compost as organic
fertilizer on plantations). The products’ flows considered are: EFB for the emissions related to mulching on
plantations, MF for the emissions related to dumping at POMs, treated POME and compost for the emissions
avoided replacing some chemical fertilizers, the electricity produced for the emissions avoided compared to the
grid electricity mix and the diesel consumed. The amount of chemical fertilizers replaced by the use of EFB as
organic fertilizer on the plantations is accounted because of a lack of data in literature and general uncertainty on
its effect compared to conventional fertilizers (Field Trip 2018)(Tao et al. 2017). The other material flows have
not an impact on the emissions because are either carbon neutral (i.e. KS, pellet, CPKO and kernel meal) or
unvaried compared to the conventional system (i.e. CPO and kernel). After a preliminary assessment, the emissions
related to transportation have been neglected because their contribution is small compared to the overall emissions
and, besides, its effect is strongly dependent on each specific case (Bessou et al. 2014)(Saswattecha et al.
2015)(Andarani & Dwi Nugraha 2017). The following equations (4), (5) and (6) represents the formulas used for
calculating the GWP.
𝐺𝑊𝑃
𝑒𝑚

𝐸𝑀
𝐸𝑀

𝑚

𝐸𝑀

∗𝑚
𝑚

𝐸𝑀
𝑒𝑚

∗𝑓

𝑚
𝑓

𝑒𝑚

(4)

∗𝑚
∗𝑓
∗𝑚

𝑒𝑚
𝑚
(6)

∗𝑚
∗𝑓

5)
𝑞

∗

represents the emissions related to processes inside the system boundaries where: 𝑒𝑚
𝐸𝑀
represents the emissions related to the open ponding system and 𝑚
the amount of POME treated; 𝑒𝑚
represents the emissions related to the residual COD contained in the amount 𝑚
of POME exiting the
represents the emissions related to co-composting and 𝑚
the mass of compost
digester; 𝑒𝑚
represents the sum of the emissions related to the products exiting the system boundaries:
produced. 𝐸𝑀
represents the emissions generated by EFB mulching on plantations and MF dumping; 𝑓
represents
𝑓
the negative emissions resulting when T-POME is spread on plantations and a certain amount of chemical fertilizer
is avoided; similarly 𝑓
represents the same concept associated to compost; 𝑓
is the emission factor
related to the electricity in the grid; finally 𝑒𝑚
represents diesel emission factor and 𝑚
is the amount
of diesel consumed.

3.5.2 Net Energy Balance
The Net Energy Balance (NEB) is an important indicator to evaluate the energy efficiency of palm oil production.
Especially, NEB is the second most important indicator, after GWP, to evaluate the sustainability of biodiesel
from palm oil (Mahmud et al. 2015)(RSPO 2012)(Garcia-Nunez 2015)(Harsono et al. 2011). The NEB evaluates
the energy efficiency of biofuels production and in this case is interesting because palm oil mills affect the value
of this indicator for biodiesel produced from palm oil (Mahmud et al. 2015). Thus, a sustainable palm oil mill
should contribute to the production of sustainable biodiesel. In general, the net energy ratio is calculated for
biofuels and represents the difference between the energy content of the biofuel produced and the total primary
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energy input in the production process (Mahmud et al. 2015)(Kamahara et al. 2010). Thus, it represents the energy
consumed during the production of biodiesel compared to the energy produced when it is burned. Increasing the
energy balance at palm oil mills would increase the net energy balance of biodiesel from CPO increasing its value.
In this case, since the system boundary is limited to the palm oil mill, can be analysed only part of the energy
balance: the energy balance of the CPO extraction from FFB. A simplification of this concept can be seen in
equation 7, where NEB is simplified in the difference between the energy obtained from biodiesel and the energy
balance of the intermediate steps (Mahmud et al. 2015) (i.e. plantation, transport, extraction at the POM and
synthesis at the biodiesel refinery). Some of the energy balances could be negative, for example, the energy balance
of transport is negative because its only component is the energy consumed for the transportation of the materials.
𝐸

𝑁𝐸𝐵

𝑁𝐸𝐵

𝑁𝐸𝐵

𝑁𝐸𝐵

𝑁𝐸𝐵

7

, the difference between the primary energy
The only operator that is affected by biorefineries is 𝑁𝐸𝐵
consumed and the energy produced for the extraction of CPO from FFB. Thus, will be calculated the difference
between the energy flows exiting and entering the POM. The energy flows exiting the system are composed by the
electricity sold to the grid and the energy related to the biomass products sold as fuels (i.e. KS and pellet). The
only energy flow entering the system is the one connected to diesel fuel consumed for the composting process and
the open lagoon. Thus, it is expected the energy balance of the palm oil mill to be positive. In fact, as previously
mentioned, palm oil mills are self-sufficient for their energy needs and, in some cases, are net electricity exporters.
The equation used to calculate the energy balance of the palm oil mill is the following, equation (8).
𝑁𝐸𝐵

𝑞

∗𝐶

𝑚

∗ 𝐿𝐻𝑉

𝑚

∗ 𝐿𝐻𝑉

𝑚

∗ 𝐿𝐻𝑉

(8)

represents the amount of electricity sold to the grid in kWh, 𝐶
is the conversion factor
Where 𝑞
from kWh to MJ, 𝑚 is the mass of KS exiting the system, 𝐿𝐻𝑉 is the heating value of KS, 𝑚
is the mass
is the heating value of pellet, 𝑚
is the amount of diesel fuel consumed
of pellet produced and 𝐿𝐻𝑉
is the heating value of diesel. In order to be coherent with the previous steps, also here the
and 𝐿𝐻𝑉
functional unit analysed is the treatment of one ton FFB. A list of the main parameter utilised for the environmental
assessment is presented in Table 4.
Table 4: Values and parameters used for the environmental assessment

Description
GWP of CH4
COD in POME
COD to CH4

Value
28
50
0.25

Unit
kg CO2 eq / kg CH4
kg COD / m3 POME
kg CH4 / kg COD

COD removal efficiency lagoon
Emission factor grid Sumatra

85%
0.832

kg CO2 / kWh

Emissions EFB and MF degradation
Emissions co-composting EFB POME
Diesel consumption composting
Emission factor diesel
Emissions avoided per fertilizer
displacement: T-POME2

0.189
0.160
2.73
3.14
0.007

kg CO2 / kg biomass
kg CO2 / kg compost
l diesel / ton compost
kg CO2 / l diesel
kg CO2 / l T-POME

Source
(Pachauri et al. 2015)
(Nasution et al. 2018a)
(Rahayu et al. 2015)
(UNFCCC 2015)
(Nasution et al. 2018a)
(Rocamora & Amellina
2018)
(Nasution et al. 2018a)
(Stichnothe et al. 2014)
(Nasution et al. 2018a)
(ISCC 2016)
See Annex 10.2

Emissions avoided per fertilizer
displacement: compost2
Conversion factor kWh to MJ
Heating Value KS
Heating Value Pellet

0.174

kg CO2 / kg compost

See Annex 10.2

3.6
14.55
16.84

MJ/kWh
MJ/kg
MJ/kg

(Fauzianto 2014)
(Munawar & Subiyanto
2014)

2 For detailed calculations on how the fertilizer displacement and how the relative emission reduction has been calculated
consult see Annex 10.2
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3.6 Social assessment
The methodology developed by Chong (2011) suggests a set of specific indicators to evaluate the social impact of
a certain solution such as: number of jobs created, public acceptance, trade potential and working standards. In
this case, the indicators that have been considered are job creation and potential for electrification.
The first indicator represents the number of new jobs that can be created by the new biorefinery concepts. The
number of new jobs has been calculated comparing the number of operators necessary to run the new concepts
with the number of workers necessary for managing the open ponding system. These values, Table 5, have been
collected during the field trip and from scientific literature (i.e. workers for pellet plant). The values regarding the
workers for the biogas plant and the KCP have been collected from the field visit to the Libo palm oil mill of
SMART. It has been assumed that the number of workers necessary for the biogas treatment is the same either
when biogas is used for co-firing and when it is burned to produce electricity. The number of workers necessary
for the pellet plant has been retrieved from the work of Garcia (2015) because of a lack of similar plants in
Indonesia.
Table 5: Number of operators necessary per technology, (Field Trip 2018)

Value

Open Ponding
4

Co-composting
8

Covered lagoon
11

KCP
11

Pellet plant
6

The second indicator reflects the impact of selling the excess of electricity to the grid. In detail, has been calculated
the number of users whom electricity demand could be satisfied by the excess electricity sold to the grid by the
biorefinery concepts. This indicator reflects the social impact that biorefineries could have contributing to national
electrification efforts. In this calculation the amount of electricity sold to the grid by each biorefinery has been
divided by the average Indonesian electricity consumption per capita (i.e. 333 kWh/year (Statista.com 2018))

3.7

Multi Criteria Analysis

Various studies on this topic already highlighted the importance and complexity of considering during the
evaluation process, in addition to economic profitability, various aspects that could improve the value, impact and
feasibility of the project (Ng, Hassim, et al. 2014)(Jamaludin et al. 2018)(Garcia-Nunez 2015)(Nasution et al.
2018b). The instrument proposed in this project to evaluate the different biorefinery concept combining their
economic, environmental and social impact is the multi criteria analysis (MCA). The aim of MCA is to improve
the quality of decisions involving multiple criteria by making choice more explicit, rational and efficient (Fuso
Nerini et al. 2014). The multi criteria analysis is a tool to compare a mixture of different and not compatible
objectives in one single information. In this way, the MCA allows summarizing a complex problem characterized
by numerous different aspects with few relevant values (Spackman et al. 2000). This leads to the identification of
the alternatives with the highest impact in each category and the solutions with the best trade-off.
The procedure to realize a multi criteria analysis is the following. Firstly, is necessary to decide the criteria under
which the alternatives should be compared. Then, for each criterion should be decided a number of indicators that
fully represent that category. Indicators should be normalized on a common scale (e.g. from 0 to 100) in order to
be comparable between each others. Finally, a weighting system should be created in order to combine the
indicators in the categories and finally in the final index (Spackman et al. 2000). The indicators and categories are
combined through a weighted average, see equation (12), where each parameter is multiplied by its relative weight.
Thus, the weighting system is crucial to represent the relative importance of each indicator and category, the higher
the importance the higher the value of the weight (Fuso Nerini et al. 2014)(Spackman et al. 2000).

3.7.1 Indicators Selected
The choice of the indicators is crucial because they need to represent the criteria without redundant and repetitive
information. An additional selection criterion for the selection of indicators is of ensuring that the parameters
selected are simply understood and widely adopted. This aspect is important for the survey collection to ensure a
full understanding and familiarity of the interviewees with the concepts proposed
For the economic impact have been selected capital expenditure, yearly profit, payback time and internal rate of
return. These four indicators are usually adopted to describe the different characteristics of an investment. The
indicators used for the environmental impact are global warming potential and net energy balance. Both indicators,
21

as previously mentioned, are commonly used for assessing the environmental impact of palm oil and, especially,
of biofuel produced from palm oil. Finally, the indicators selected for evaluating the social impact are number of
jobs created and electrification potential. Both are significant and simple indicators that represent the impact of
the alternatives on the local community and the workforce. A schematic summary of the criteria and their
respective indicators is presented in Table 6.
Table 6: Proposed structure for the Multi Criteria Analysis

Index

Criteria
Economic

Sustainability
Score

Environmental
Social

Ec1
Ec2
Ec3
Ec4
En1
En2
S1
S2

Indicator
CAPEX
Profit
PBT
IRR
GWP
NEB
Jobs
Electrification

Unit
[USD]
[USD/year]
[years]
[%]
[kg CO2 equivalent]
[%]
[n° of new jobs]
[n° of people]

The normalization process is necessary to give a score from 0 to 100 to all the indicators in order to have
compatible terms in the grading system. For the scoring system has been decided to give a value of zero to the
least acceptable value and of 100 to the most favourable value. Eventually, the intermediate scores are determined
with a linear correlation. The values used as thresholds for the normalization are presented in Table 7. In most of
the cases, the conventional system is used as a reference for the minimum score while for the maximum is
considered the best value achieved by the biorefinery concepts. For the economic payback period has been
considered a maximum acceptable length of 10 years and for the IRR the minimum acceptable return considered
is the national interest rate.
Table 7: Maximum and minimum values used as threshold in the evaluation criteria

Ec1
Ec2
Ec3
Ec4
En1
En2
S1
S2

Indicator
CAPEX
Profit
PBT
IRR
GWP
NEB
Jobs
Electrification

0
Max value
0
10
4.75%
Conventional System
Conventional System
Conventional System
Conventional System

100
0
Max
Min
Max
Min
Max
Max
Max

3.7.2 Weighting System
The weighting system used should reflect the priorities and point of view of stakeholders involved in the palm oil
sector (Spackman et al. 2000). For this reason, has been decided to collect stakeholder’s opinions through a
questionnaire and use them to create the weighting system. Similar works in literature used this approach to
quantify the different importance of the various parameters considered (Fuso Nerini et al. 2014)(Runsten et al.
2018)(Grafakos et al. 2010). Ideally, it should be necessary to collect opinion from all the different kind of
stakeholders involved in the palm oil sector such as researchers, industry operators, NGOs, governmental bodies
and local communities.
In the questionnaire, see Annex 10.5, the interviewees are asked to order criteria and indicators according to their
perceived relative importance. The parameters should be ranked on a scale from 0 (not relevant for the decision
process) to 10 (the only parameter relevant for the decision). Consequently, the weights for the scoring system are
obtained calculating the average of the values collected. Finally, the value of the impact criteria and the final
sustainability score can be calculated using the equations (9), (10), (11) and (12).
𝐸𝑐

𝐸𝑐 ∗ 𝑤

𝐸𝑐 ∗ 𝑤
𝐸𝑐 ∗ 𝑤
𝑤
𝑤
𝑤

𝐸𝑐 ∗ 𝑤

9
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𝐸𝑛𝑣
𝑆𝑜𝑐
𝑆𝑢𝑠𝑡𝑎𝑖𝑛𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑆𝑐𝑜𝑟𝑒

𝐸𝑛 ∗ 𝑤
𝑤

𝐸𝑛 ∗ 𝑤
𝑤

𝑆 ∗𝑤
𝑤

𝑆 ∗𝑤
𝑤

𝐸𝑐 ∗ 𝑊

𝐸𝑛𝑣 ∗ 𝑊
𝑊
𝑊

10
11
𝑆𝑜𝑐 ∗ 𝑊
𝑊

12

3.8 Off-grid Palm Oil Mills
A separate analysis has been performed in order to include in the research the issue of off-grid palm oil mills. It is
important to analyse the behaviour of palm oil mills that are not connected to the national electricity grid because
in this case the optimal solution could be significantly different. In scientific literature, there are not detailed data
regarding the number of palm oil mills that are not connected to the national grid. This may be due to the
peculiarity of palm oil mills. In fact, the POM visited during the field trip, even though being close to the electricity
grid, was not connected due to the high investment costs and the bureaucratic hurdle to extend the grid lines.
Additionally, a field survey performed by Nasution et al. during 2014 in North Sumatra showed that 24% of the
palm oil mills fall at a distance to the medium voltage grid higher than five kilometres (Nasution et al. 2014). The
off-grid POMs analysed in this research are those mills that are in rural areas far away from the national electricity
grid and that do not foresee to connect to the national electricity grid in the short period.
In order to consider the issues of off-grid POMs some significant considerations regarding the surplus of electricity
have been done. In this case, it has been considered that the electricity surplus is completely useless and thus is
wasted. For this reason, all the three impact categories are affected:




the economic impact is changed by eliminating the revenues coming from electricity sale to the grid;
the environmental impact is modified neglecting the impact of electricity surplus both for the GWP and
the NEB;
the social impact is significantly changed, in fact the category of electrification potential is discarded
because the electricity surplus cannot be used for that reason unless the POM is connected to the grid.

Due to a lack of data about off-grid palm oil mills, it has been assumed that the capital costs and the number of
new workers employed by each technology are unvaried compared to the grid connected alternative. Additionally,
it has been assumed that no other significant change, except for the one mentioned above, affects the operation
of off-grid palm oil mills.
In accordance with the methodology adopted for the previous scenario, the same indicators have been calculated
for off-grid palm oil mills and the results have been collected again using the multi criteria analysis. In order to
compare the two scenarios on the same basis it has been decided to adopt in the evaluation system of off-grid
POMs the same thresholds used for grid connected POMs, see Table 7. Thus, the minimum and maximum values
used to normalize the indicators of off-grid POMs are the same used for grid connected palm oil mills. In this way,
the results from the MCA analysis are compatible and comparable among the two scenarios.

3.9 Sensitivity Analysis
Numerous research works adopting multi criteria analysis suggest performing a sensitivity analysis in order to
analyse the robustness and stability of the model (Grafakos et al. 2010)(Spackman et al. 2000)(Fuso Nerini et al.
2014). Differently from conventional sensitivity analysis, in this case, the varying values are not some significant
input parameters but the weighting system used to calculate the sustainability index (Spackman et al. 2000). In fact,
a preliminary analysis showed that even important variations of significant parameters (for example the price of
electricity) produced a negligible variation on the final result. This is due to the fact, that any parameter would be
affecting just a small part of the model (in the example some indicators of the economic sustainability) hence not
varying significantly the final score.
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Therefore, the sensitivity analysis regards variations of the weighting scheme used to calculate the final index. This
type of analysis is interesting for two reasons, the first is to verify the stability of the model to variations in
stakeholder’s preferences. The second reason is to see how a different set of priorities, hence of weights, could
affect the final result. In this case, has been analysed how significant variations on the set of priorities could change
the sustainability score and the order of preferences of each solution. These variations in the weights are designed
to reflect point of views that alternatively strongly prioritize one of the sustainability criteria.
The sensitivity analysis has been performed only on the three main criteria and not varying the weight of the single
indicators. This is because indicators represent just a small part of the decision and do not affect significantly the
final score. Besides, indicators, compared to the main criteria, are more specific and less subjected to personal
opinions. For these reasons, the sensitivity analysis has been focused on the weights of the three criteria and leaves
unchanged the weight of the indicators. The scenarios are designed in order to reflect three points of view
significantly unbalanced towards one of the three sustainability aspects, see Table 8. For example, the first scenario
is highly unbalanced towards the economic aspect giving a score of 9 out of 10 to the economic impact and a score
of 3 to the other criteria. Scenario 2 and scenario 3 represent respectively point of view unbalanced toward
environmental and social impact. It is interesting analysing how the final solution and the order of preferences
vary when an observer with a different set of priorities than the average adopt this method.
Table 8: Weights used in the three scenarios analysed for the sensitivity analysis

Scenario 1
Scenario 2
Scenario 3

Economic
9
3
3

Environmental
3
9
3

Social
3
3
9
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4 Development of biorefinery concepts for POME treatment
This section presents the conventional system that has been considered as a reference system, and the biorefinery
concepts created with the process synthesis. The summary of the technologies utilised and their interaction is
presented in Figure 13. All the technologies and processes considered for the creation of biorefineries are
represented in the following figure separated according to their position in the conversion process. The
technologies considered and their possible combinations have been discussed with researchers and experts during
the field trip. A process synthesis procedure has been used to combine the different modules and create the
biorefinery options. The first iteration of process synthesis created 10 different biorefinery concepts combining
the various technologies. However, in order to simplify the analysis only the seven most interesting alternatives
have been considered. The biorefineries excluded consist of alternatives with minor variations compared to the
biorefineries selected, see paragraph 4.2.4.

Figure 13: POME treatment pathways used for the process synthesis

4.1 Conventional system – C1
The conventional system (Concept 1 – C1) describes a generic palm oil mill located in North Sumatra with a
production capacity of 60 ton FFB/hour and 5’000 hours per year at nominal capacity, thus 300’000 ton FFB/year.
The decision regarding the capacity of the mill analysed comes from a field survey performed by IOPRI in North
Sumatra during 2014 and from the willingness to align with the current articles published by IOPRI researchers
on the same topic (Nasution et al. 2014)(Nasution et al. 2018b)(Field Trip 2018). In this way, it has been possible
to retrieve most of the data necessary to build the conventional system from reliable literature and from relevant
case studies. After discussing with IOPRI’s researchers, the treatment considered for POME disposal is open
ponding system coupled with land application of treated POME. As seen before the advantages of this technology
are the low cost, the simplicity of operations and the fact that the nutrients contained in treated POME are
recovered to plantations. However, this is the system with the highest environmental impact considering the high
methane emissions related to POME degradation (235 kg CO2 eq/ton FFB).
In the conventional system, the electricity and heat requirements are provided by a biomass cogeneration boiler
fuelled with mesocarp fibres and kernel shells (ratio MF/KS=70/30) (IOPRI 2018). The cogeneration system has
been modelled separating the boiler from the turbine and calculating the various parameters. The main parameters
used to evaluate the conversion factors for the turbine and the boiler have been calculated using thermodynamic
relations starting from the set-points of the plant, the detailed procedure is available in Annex 10.3. A summary of
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the values used to model the palm oil mill are presented in Table 9. For the sake of simplicity, the functional unit
that has been used in the model is of 1 ton of FFB.
Table 9: Conversion Factors for palm oil mill module validated during the field trip, (Field Trip 2018)

CPO
Kernel
POME production
EFB
MF
KS
Electricity demand
Low Pressure Steam
demand

Value
218

Unit
kg / ton FFB

42

kg / ton FFB

0.671

m3 / ton FFB

220
126
62
19

kg / ton FFB
kg / ton FFB
kg / ton FFB
kWh / ton FFB

Reference
(Field Trip 2018)(Hasanudin et al. 2015)
(Field Trip 2018)(Garcia-Nunez, Rodriguez, et
al. 2016)
(Field Trip 2018)(Hasanudin et al. 2015),(ECFA
2009), (Nasution et al. 2018a)
(Field Trip 2018)
(Field Trip 2018)
(Field Trip 2018)
(Field Trip 2018)

365

kg / ton FFB

(Kasivisvanathan et al. 2012),(Ng et al. 2012)

As can be seen in Figure 14, the POM in the conventional system produces a small excess of electricity (3,3
kWh/ton FFB) that is not used internally for the requirements of the extraction process. Considering a mill of 60
t FFB/hour the excess of electricity results in a production of 200 kW; currently the electricity surplus is either
used locally, sold to the grid or wasted. In off-grid palm oil mills the production of electricity surplus is usually
avoided flaring the excess of biogas. As previously mentioned, the remaining kernel shell is sold to the market
while mesocarp fibre is dumped close to the POM. It is considered that in the conventional system empty fruit
bunch residue is used for mulching to reintegrate the nutrients on plantations.

Figure 14: Schematic representation of the conventional system C1

4.2 Biorefinery Concepts
Biorefinery concepts have been developed starting from a set of selected technologies, see Figure 13, utilising the
procedure of process synthesis presented in paragraph 3.3. The concepts originated can be categorised according
to the pathway followed by POME and its products: direct composting of POME and EFB, methane capture for
co-firing and methane capture for electricity production. In Table 10 is presented a schematic summary of all the
alternative biorefinery concepts produced with the process synthesis. The concepts are categorised according to
the treatment adopted for raw POME, the use of biogas and treated POME and the use of electricity.

26

Table 10: Summary of all the different biorefinery configurations

C2

C3a
Anaerobic
digestion

C3b
Anaerobic
digestion

C4a (C5a)
Anaerobic
digestion

C4b (C5b)
Anaerobic
digestion

C4+ (C5+)((C5b+))

-

Co-firing

Co-firing

Gas Engine

Gas Engine

Gas Engine

T-POME

-

Land
application

Compost

Electricity

Internal
use

Internal use

EFB

Compost

Mulching

Raw
POME

Compost

Biogas

Anaerobic digestion

Compost

Land application

Internal
use

Land
application
Grid (and
CPKO)

Grid (and
CPKO)

Grid, pellet (and
CPKO)

Compost

Mulching

Compost

Pellet ((compost))

4.2.1 C2 – Co-composting: Raw POME + EFB
This pathway generates one single concept (C2) where raw POME is used for co-composting with EFB and MF
residue avoiding the ponding system. Raw POME, collected from the de-oiling pond, is sprayed on piles of
shredded biomass. It is the simplest concept to implement since it requires the lowest investment and the minimum
changes compared to the existing system. The conventional operations at the POM are unaffected by the
implementation of this technology which only considers POME and EFB. Methane emissions from POME
degradation, EFB mulching and MF dumping are avoided due to the aerobic degradation of the mixture.
Additionally, emissions are reduced substituting part of conventionally used chemical fertilizers with compost.
However, some GHG emissions occur during the composting process due to biomass degradation and use of
diesel for the tractor turning the compost piles. The electricity export in this configuration is almost unvaried in
respect of the conventional case. However, there is a positive social impact related to the new jobs created.

Figure 15: Schematic representation of the Biorefinery C2

4.2.2 C3 – Co-Firing
In this transformation pathway, the methane produced from POME degradation is captured with the closed lagoon
technology. Biogas then is burned in the biomass boiler to produce heat and electricity for the extraction process.
Biogas is used to replace KS that can be sold on the market for a high value compared to the inexistent value of
MF. In this case two possible biorefinery concepts are created: in the first (C3a) treated POME is used for land
application and in the second (C3b) it is used for compost production, see Figure 16 and Figure 17 respectively.
The analysis of these two alternatives is interesting to understand which is the best treatment for treated POME.
The advantage of C3b compared to C3a is that compost has got a higher value compared with treated POME
thank to its higher nutrients level. Nevertheless, T-POME has also got the function of irrigation incurring in
significant water savings while in compost production all the water used is lost with evaporation (Corley & Tinker
2016).
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Revenues are created through the separate sale of KS as boiler fuels and from the substitution of chemical fertilizer
with the organic fertilizer. Emissions are reduced through the capture of methane and the substitution of chemical
fertilizer while the net energy balance is improved thanks to the sale of KS as boiler fuel. New jobs are created for
the operations of the methane capture plant and eventually the compost plant. However, the electricity export is
reduced compared to the reference case and all the electricity is used on site for powering the processes of the
covered lagoon.

Figure 16: Schematic representation of the Biorefinery C3a

Figure 17: Schematic representation of the Biorefinery C3b

4.2.3 C4 – Electricity Production
In this set of biorefineries, biogas captured from POME degradation is upgraded to remove impurities and then
burned in the internal combustion engine (ICE) to produce electricity. The new surplus of electricity opens many
opportunities for the palm oil mill. In fact, this pathway originates seven different biorefineries combining various
uses of the electricity produced and of the treated POME. Four alternatives are proposed among the seven
possibilities. The three alternatives discarded are partial combinations of the following concepts. The first concept
(C4a) consists of selling all the excess electricity produced to the grid and apply treated POME on plantations.
This concept is particularly interesting because it examines the scenario in which electricity is not used on site to
produce higher value products. The second concept considered improves the previous including the production
of compost with treated POME. The third biorefinery concept (C4+) is similar to the previous with the addition
that part of the electricity surplus is used to produce pellet fuel from EFB, KS and MF residue. The last biorefinery
concept considered (C5+) adds to the previous alternative the use of electricity for the kernel crushing plant
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producing crude kernel oil and kernel cake (to be sold as animal’s feed). In the two previous cases (C4+ and C5+)
treated POME is applied on plantations due to the lack of available biomass for compost production.
As previously mentioned, before burning biogas from the lagoon digester in the gas engine a cleaning process is
necessary to remove H2S and water vapour. The purification system added to the internal combustion engine, the
generator and the electrical control system increase significantly the capital costs compared the previous concepts.
However, also revenues are significantly increased with the sale of electricity and the other added value products.
Greenhouse gases emissions are reduced thanks to methane capture, improved use of biomass residue and
production of carbon free electricity. Similarly, the energy balance is improved with the export of electricity and
biomass fuel. Social impact is improved through the creation of new jobs and the export of electricity to the
national grid. Electricity production with this configuration is important with an overall export that is ranging
between 1.5 and 2.2 MW (in case of a 60 t FFB/h POM).

Figure 18: Schematic representation of the Biorefinery C4a

Figure 19: Schematic representation of the Biorefinery C4b
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Figure 20: Schematic representation of the Biorefinery C4+

Figure 21: Schematic representation of the Biorefinery C5+

4.2.4 Summary of Biorefineries
A summary of the seven different alternatives of the outputs of the biorefinery concepts is presented in Table 11.
Out of the ten biorefinery alternatives presented in Table 10 only the seven presented in Table 11 have been
considered. The three discarded alternatives (C5a, C5b and C5+b) consist of different combinations of the above
mentioned concepts and, after a preliminary iteration, do not produce results significantly different than the ones
that can be obtained from the concepts selected. However, it must be highlighted that all the biorefinery excluded
produced positive values and can provide feasible solutions to upgrade palm oil mills.
Table 11: Schematic summary of the technologies adopted in the concepts analysed

Raw
POME

C1
Open
Pond

C2
Compost

C3a
Anaerobic
digestion

C3b
Anaerobic
digestion

C4a
Anaerobic
digestion

C4b
Anaerobic
digestion
Gas
Engine

Biogas use

-

-

Co-firing

Co-firing

Gas Engine

T-POME

-

-

Land
application

Compost

Land
application

Compost

Electricity

Internal
use

Internal
use

Internal use

Internal
use

Grid

Grid

EFB

Mulch

Compost

Mulch

Compost

Mulch

Compost

C4+ (C5+)
Anaerobic
digestion
Gas Engine
Land
application
Grid, pellet
(and CPKO)
Pellet/Mulch
30

In Table 12 are presented the final products produced per ton of FFB processed. Diesel fuel has got a negative
value in the table because represents the amount of fuel that is consumed internally. The conventional system (C1),
as mentioned above, per each ton of FFB produces CPO, kernel, EFB, MF, KS, treated POME and electricity.
Diesel fuel is consumed for the treatment of POME in the open lagoon. In the concepts adopting co-composting
(C2, C3b and C4b), the EFB exiting the system is significantly reduced since it is used to produce compost mixing
with treated POME and MF. Kernel shell export is higher in co-firing alternatives (C3a and C3b) because biogas
is burned in the boiler to replace it. Alternatives converting biogas to electricity present high export of electricity
and in some cases production of pellet (C4+) and CPKO (C5+).
Table 12: Summary of outputs from each biorefinery concept for the processing of one ton of FFB, units [kg],[litres] and [kWh]

C1

C2

C3a

C3b

C4a

C4b

C4+

C5+

218.0

218.0

218.0

218.0

218.0

218.0

218.0

218.0

CPKO

0.0

0.0

0.0

0.0

0.0

0.0

0.0

18.5

Kernel

42.0

42.0

42.0

42.0

42.0

42.0

42.0

0.0

EFB

220.0

10.2

220.0

52.8

52.8

52.8

110.0

110.0

MF

41.7

0.0

8.5

0.0

41.7

0.0

0.0

0.0

KS

26.1

26.1

62.5

62.5

26.1

26.1

0.0

0.0

Kernel Cake

0.0

0.0

0.0

0.0

0.0

0.0

0.0

20.7

T-POME

535.0

0.0

535.0

0.0

535.0

0.0

535.0

535.0

Compost

0.0

134.1

0.0

87.6

0.0

0.0

0.0

0.0

Pellet
Electricity
sale
Diesel

0.0

0.0

0.0

0.0

0.0

0.0

82.9

82.9

3.31

2.71

0.0

0.0

36.5

35.9

27.0

16.2

-0.07

-0.59

0.0

-0.47

0.0

-0.59

0.0

0.0

CPO
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5 Results
In the following section are presented the results obtained from the simulation of the six biorefinery concepts that
have been developed in the previous section. The assessment of economic, environmental and social impacts is
initially presented independently. Then the results of the three evaluations are combined in a single index using
the methodology of the multi criteria analysis.

5.1 Economic assessment
The capital investment of each biorefinery has been calculated summing the cost of each singe technology used in
that concept. The investment cost of the single technologies has been calculated using equation (1) and the values
of Table 1. In order to ensure the validity of the values obtained, the CAPEX values of each technology have been
compared with existing literature and discussed with the experts met during the field achieving general positive
results. In Table 13 are presented in detail the values used for the economic assessment of each biorefinery. Yearly
costs have been calculated using the values presented in Table 2, the number of workers has been calculated using
the values of Table 5 which are explained in detail in paragraph 5.3. Additionally, in Table 13 are presented the
yearly revenues which are calculated combining the values of Table 3 and Table 12. The yearly profit has been
calculated subtracting the cost per year to the revenues per year and has been used to calculate the NPV of each
solution.
Table 13: Economic assessment of the biorefinery concepts

Unit
[kUSD]

C2
1,292

C3a
1,693

C3b
2,796

C4a
4,388

C4b
5,491

C4+
6,922

C5+
7,922

Maintenance Cost

[kUSD/year]

129

85

210

219

412

346

396

General Cost
Insurance
New Workers
Labour Cost
Cost per year
Cost per ton FFB

[kUSD/year]
[kUSD/year]
[n° new jobs]
[kUSD/year]
[kUSD/year]
[USD/tonFFB]

13
4
4
8
154
0.51

17
5
7
14
120
0.49

28
8
15
29
275
0.92

44
13
7
14
290
0.97

55
16
15
29
512
1.71

69
21
13
25
461
1.54

79
24
24
47
546
1.82

Revenue per Ton FFB
Revenue per year

[USD/tonFFB]
[kUSD/year]

1.74
520

2.22
666

2.79
837

2.88
863

4.18
1,255

6.41
1,922

8.48
2,544

Profit per ton FFB

[USD/tonFFB]

1.22

1.82

1.87

1.92

2.48

4.87

6.66

Profit per year

[kUSD/year]

367

546

561

573

742

1,460

1,998

CAPEX

In Figure 22 is graphically presented the capital investment value of each technology coupled with the yearly profit
produced by the new concepts. As it was expected more complex solutions present higher investment cost
compared to simpler solutions. The alternative with the highest capital expenditure is C5+ which is combining the
highest number of technologies and new processes. On the other side, the cheapest alternative is C2 where capital
investment is needed only for the construction of the co-composting plant. Similarly, the concept with the highest
profit per year is C5+ and the one with the lowest is C2, reasonably higher investments are related to higher profits.
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8

CAPEX vs Profit

Value [Million USD]

7
6
5
4
3
2
1
0
C2

C3a

C3b

C4a

C4b

C4+

C5+

CAPEX
Figure 22: Capital investment and yearly profit per each biorefinery concept

The calculation of capital expenditure and yearly profit allows to calculate, using equation (3), the NPV for each
investment and consequently derive the payback time and the internal rate of return. All the concepts analysed
produce positive NPV after 15 years from the construction, see Figure 23.
15

Net Present Value

NPV [million USD]
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Time [years]
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‐5

‐10

C2

C3a

C3b

C4a

C4b

C4+

C5+

Figure 23: Comparison of the Net Present Value of the concepts analysed

Biorefineries with high integration of residue treatment present a particularly high capital investment coupled with
high profit per year, resulting in positive NPV values. In particular, biorefinery concepts with pellet and CPKO
production achieved the highest final net present values despite the high investment cost. On the other hand,
simple concepts such as C2 and C3a present low capital investments and eventually low net present values.
An interesting comparison can be done between similar concepts with different uses for treated POME, cocomposting against land application. In the case of co-firing (i.e. C3a and C3b) the economic performance of the
two alternatives is extremely similar while in the case of gas engine (i.e. C4a and C4b) the co-composting alternative
achieves significantly better results than the one adopting land application. This is due to the fact that in the second
case the amount of compost produced is increased by the use of MF in addition to EFB. In the co-firing system,
all MF is burned in the boiler to produce heat and thus only EFB is used for composting decreasing the profitability
of the composting alternative.
The economic indicators of each concept are summarised in Table 14. The concepts that achieved the shortest
payback time are C2 and C3a, where the small capital expenditure is recovered in four years as a result of the
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profits coming from the sale of new products. On the other hand, the alternative with the longest payback time is
C4a where the revenues from the sale of electricity to the grid recover the investment in 10 years. Finally, the
different concepts produced returns on the investment between 11.9% and 47.4% with the highest value for C3a
and the lowest for C4a.
Table 14: Values of economic indicators for each biorefinery concept analysed

CAPEX [Million USD]
Profit [Million USD/year]*
PBT [years]
IRR
* Profit per year compared to C1

C2

C3a

C3b

C4a

C4b

C4+

C5+

1.29
0.37
4
39.2 %

1.69
0.55
4
47.4 %

2.80
0.56
6
23.9 %

4.39
0.57
10
11.9%

5.49
0.74
9
12.7 %

6.92
1.46
6
25.7 %

7.92
2.00
5
30.2 %

5.2 Environmental assessment
The indicators that have been analysed to study the environmental impact of the biorefineries are global warming
potential and net energy balance. The results achieved by each biorefinery are presented in Figure 24 and
summarised in Table 16, detailed calculations are available in Annex 10.4. An interesting consideration that can be
drawn analysing Figure 24 is the absence of a correlation between GHG emissions and net energy balance. In fact,
concepts with low GWP did not necessarily produce significant improvements in the energy balance (e.g. C2). This
aspect is a good sign of the importance of a multi-perspective analysis of the problem and the importance of a
flexible evaluation criteria. Producers of biodiesel from palm oil will look for solutions with both a good energy
balance and low emissions. On the other hand, producers of oil palm for the food industry would prioritize
solutions with low global warming potential discarding the importance of net energy balance.
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Figure 24: Global warming potential (green) and Net energy balance (orange)

A breakdown of the calculations of the GWP of each solution is available in Table 15, as explained in paragraph
3.5.1, the emissions sources considered can be divided in internal emissions and emissions allocated to the products
entering and exiting the boundaries. The emissions from internal processes come from: POME degradation in
open lagoon, degradation of treated POME exiting the covered lagoon and composting process. The emissions
from the products flows are related to: EFB and MF degradation, sale of renewable electricity, avoided use of
chemical fertilizers using compost and treated POME on plantations and diesel consumption. The conventional
system (C1) has a GWP of 230.4 kgCO2eq/ton FFB mostly caused by the CH4 emissions from POME
degradation in open ponding system. The other contributors to GHG emissions are EFB mulching and MF
dumping (41.6 and 7.9 kg CO2eq/ton FFB respectively). All the concepts analysed produced significant reduction
of GHG emissions from -67% (C3a) up to -109% (C4b) compared to the conventional case. Some concepts
produced negative net GHG emissions, thus emission savings, meaning that they are not only emitting zero GHG
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gases but are also contributing to decreasing emissions from external actors (e.g. electricity grid). The concepts
with compost production achieved good results because are completely avoiding methane emissions from POME
degradation and part of the emissions coming from the use of chemical fertilizers. The concept with the highest
GHG emissions is C3a due to the emissions caused by EFB mulching and the residual CH4 emissions produced
by the degradation of treated POME exiting the covered lagoon. The concept with the lowest GHG emissions is
C4b due to the total avoidance of CH4 emissions from POME and the negative contribution of the sale of
electricity to the national grid.
Table 15: Global Warming Potential calculations values in [kg CO2 eq/ton FFB]

C1

C2

C3a

C3b

C4a

C4b

C4+

C5+

Open Lagoon
Treated POME degradation
Composting process
EFB degradation
MF degradation
Electricity sale
Diesel consumption
Avoided fertilizer:
- Compost
- T-POME

187.23
41.58
7.89
-2.75
0.22

21.51
1.93
-2.26
1.86

35.24
41.58
1.60
-

14.05
9.98
1.48

35.24
41.58
7.89
-30.39
-

18.09
9.98
-29.90
1.86

35.24
20.79
-22.44
-

35.24
20.79
-13.45
-

-3.76

-23.37
-

-3.76

-15.26
-

-3.76

-19.66
-

-3.76

-3.76

Tot [kg CO2 eq/ton FFB]

230.41

-0.33

74.66

10.25

50.55

-19.63

29.83

38.82

Regarding NEB, the conventional system (C1) produces 389,0 MJ/ton FFB, the positive values are due to the
energy autonomy of the milling process and the potential use of KS as boiler fuel, detailed calculations are available
in Annex 10.4. In this case, not all the alternatives improved the energy balance. In fact, C2 slightly decreased the
energy balance due to the lower amount of electricity sold to the grid compared to C1. The concepts that produced
the best results are the one where biomass residue is sold as fuel, namely kernel shell and pellet. Particularly positive
is the result achieved by pellet production, in this case a biomass residue is transformed into a valuable product
that can be used as fuel. It is interesting considering how the impact of electricity production is not significantly
reflected in the energy balance due to the energy losses in the conversion process.
Table 16: Values of environmental indicators for each biorefinery concept analysed

GWP [kg CO2eq/ton FFB]
NEB [MJ/ton FFB]

C2

C3a

C3b

C4a

C4b

C4+

C5+

-0.3
368.1

74.7
909.4

10.3
892.4

50.6
511.1

-19.6
487.7

29.8
1,493.0

38.8
1,454.1

5.3 Social assessment
The indicators that have been analysed to determine the social impact of the chosen biorefinery concepts are the
new jobs created and the electrification potential in term of the number of people that can be supplied by the
excess electricity. The results for the social indicators are presented in Figure 25 jobs created, Figure 26
electrification potential and summarised in Table 17. Similarly, to the previous case, there is no correlation between
the two indicators, thus concepts that create an high number of jobs can have low electrification potential (for
example C3b).
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Figure 25: Number of workers necessary to operate each new concept compared to the number of operators needed for the conventional open ponding system

The conventional ponding system employs four workers for the operation and maintenance of the POME
treatment. All the concepts analysed produced a higher amount of jobs compared to the conventional system. The
concept which produced the highest number of new jobs is C5+ (24) thanks to the contribution of the kernel
crushing plant, the biogas system and the pellet plant. In general, the concepts adopting co-composting for treated
POME produce better results than the others. The alternative with the lowest jobs creation is C2 where only 4
new workers are needed for the co-composting facility.
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Figure 26: Number of electricity consumers potentially supplied by the electricity surplus of each concept

In terms of electrification potential, the outcomes are very heterogeneous, some solutions achieved extremely good
results while others have worsened the original situation. The conventional system with its electricity surplus of
3.31 kWh/ton FFB (199 kWh at full capacity) is potentially able to fulfil the yearly electricity demand of 2,977
people (with an average consumption of 333 kWh per capita). The options with co-firing do not have an electricity
export due to the higher internal consumption for the covered lagoon technology, thus their electrification
potential is zero. The solutions that are converting biogas to electricity achieved very high values with C4a being
able to satisfy the demand of more than 30,000 people (equivalent to a capacity of 2.9 MW).
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Table 17: Values of social indicators for each biorefinery concept analysed

Jobs [n° of new jobs]
Elec [n° of people]

C2

C3a

C3b

C4a

C4b

C4+

C5+

4
2,444

7
0

15
0

7
32,912

15
32,379

13
24,301

24
14,564

5.4 Summary of the indicators
The three assessments presented above portray a very diverse and heterogeneous scenario where no single
alternative is dominating among the others. The normalization process allowed to scale all the indicators on a range
from 0 to 10 in order to have comparable values. The results of each indicator are collected in the spider chart
presented hereunder, see Figure 27.
CAPEX
10
Elec

8

IRR

6

Jobs

4

C2

2

C3a

PBT

0

C3b
C4a
C4b
C4+
C5+

NEB

Profit

GWP
Figure 27: Comparison of the normalized values of indicators for each biorefinery concept analysed

From the graph, it can be noted that there is no single solution that tends to dominate the others. For example,
C3a which is scoring particularly well in economic indicators has got bad results in social indicators. On the other
hand, C4+ which is scoring well in environmental indicators has got very low grade in CAPEX. With such a
complex picture is extremely difficult to interpret the results and understand which solution offers the best
compromise. For this reason, the multi criteria analysis is extremely necessary in order to present a clearer picture
and give an objective value to the various trade-offs and contrasts existing in the model.

5.5 Multi Criteria Assessment
In the following sections is presented the model that has been created for the multi criteria analysis and the results
of the application of the scoring system to the alternatives analysed.
5.5.1

Model Creation

As mentioned in paragraph 3.7.2, the key part of the MCA is assigning a weight to each indicator and criterion so
that they can be combined in a unique index. This procedure is delicate because the weight of each indicator
represents its relative importance in the decision process, the higher the weight the higher the importance. For this
reason, the weighting procedure has been designed in order to reflect the opinion of a different range of
stakeholders involved in the palm oil sector. A questionnaire, available in Annex 10.5, has been prepared in order
to collect stakeholders’ point of view on this topic. During the field visit it has been possible interview 14 experts
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with more than 150 years of cumulative experience working in the palm oil sector. The respondents have been
selected in order to reflect various opinions and point of views. During the survey have been interviewed experts
from the research field (i.e. IOPRI and SMARTRI employees), some members of the industry (i.e. Libo palm oil
mill) and different kind of stakeholders from various institutions (e.g. RSPO). The full list of the interviewed is
available in Table 18.
Table 18: Complete list of stakeholders interviewed with respective organization and role

Name

Organization

Donald Siahaan

Role
Head of oil palm science techno
park
Agro-climatology researcher
Researcher
Researcher social-economic
Researcher

IOPRI

Ipot Pradiko
Fandi Hidayat
Ratnawati Hardianto
Muhammad Ansori Nasution
Sugena Hardianto
Edward Sipayung
Joni Jupesta
Ribka S.T. Restiwahyuningsih
Jassica P.
Farih Arist Sirigor
Udin Hasanudin
Wendy Aritenang
Yoseph Christian

IOPRI
IOPRI
IOPRI
IOPRI
Libo palm oil mill
Libo palm oil mill
SMARTRI
SMARTRI
SMARTRI
University of Lampung
Intenational Civic Aviation
Organization
Indonesia Vegetable Oil
Association

Stefano Savi

RSPO

Researcher
Agronomy and Sustainability
researcher
Agronomy researcher
Professor
Environment Senior Expert
Staff of Executive Director
Global Outreach and Engagement
Director

The interviewed have been asked to score each indicator and criterion according to their priorities on a scale from
1 to 10. Subsequently, their answers, available in Annex 10.5, have been collected in an Excel spreadsheet and
average values have been calculated. The resulting weights are presented in Table 19.
Table 19: Summary of the average weighting factors given to each criterion and indicator

Index

Sustainability
Score

Criteria

Weight

Economic

7.7

Environmental

8.1

Social

7.1

Indicator
CAPEX
Profit
PBT
IRR
GWP
NEB
Jobs
Electrification

Weight
8.4
7.7
7.1
6.7
7.5
7.5
7.6
6.9

When calculating the averages, it has been controlled that the unbalance between the number of researchers
interviewed and other stakeholders did not affect the result. This did not occur because within the various groups
the grades were rather heterogeneous reflecting the opinions of the single respondent. For this reason, these
weights can be used to give a broad overview of the problem but are not suitable for a specific stakeholder with
his own personal priorities. In that case, the weighting system should be arranged according to his point of view
and priorities.
The resulting weights show that in general the environmental impact is prioritised compared to the other two
criteria with the social impact being the least considered one. Among the indicators of the economic criterion,
CAPEX and profit per year are the two most relevant. In the environmental criteria GWP and NEB obtained the
same score even though some of the interviewed presented contrasting opinions on the two of them. Finally,
regarding the social impact, job creation has been considered significantly more important than electrification
potential.
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5.5.2

Evaluation

Once the model for the MCA has been refined and the indicators for each concept have been calculated, the
biorefineries have been evaluated obtaining the results presented in Figure 28. The breakdown of the score of the
biorefineries in all its components is available in Table 20. The MCA offers interesting results both when analysing
the overall score and when analysing the breakdown of the single criteria.
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Figure 28: Results of the multi criteria analysis breakdown in the three impact categories

Combining all the indicators and the criteria in the sustainability index, the solution with the highest score is C5+
with a value of 74%. It must be noted that with this scoring system the absolute value of the final score is less
important than the relative value of the comparison between the various solutions. In fact, a solution with a result
of 100% would be scoring higher than the others in all the categories making the comparison irrelevant. The
combination of high environmental and social impact and good economic results makes of C5+ the best trade-off
identified from the solutions analysed. Interestingly, it appears that complex and advanced solutions tend to score
higher in the sustainability index compared with simple concepts. An exception is C4a that is scoring particularly
low in the economic criterion. Co-composting of raw POME and EFB (C2) even though achieving good
environmental and economic impact has got an overall low value due to the low social impact. Thus, methane
capture with covered lagoon is, in general, a better solution than methane avoidance through co-composting
although its low capital investment. As previously noticed, electricity production is more recommended when the
surplus can be used on site to produce high value products.
Interesting observations can also be drawn breaking down the results to the single criteria. The solution that
achieved the highest result in the economic impact is C3a thanks to its low capital investment and the high values
for PBT and IRR. In general, simple solutions with small capital investment achieved good results reflecting the
importance given to by interviewees to CAPEX. Accordingly, solutions with high CAPEX but with good scores
in the other indicators, such as C4+ and C5+, did not score so well. The solutions with the lowest economic
impact are C4a and C4b with low scores in all the indicators due to the low profitability of selling the electricity
surplus to the national grid.
The highest scores in the environmental impact are achieved by C4+ and C5+ with 32% and 31% respectively.
The combination of pellet production and methane capture allows very good results in both indicators. Among
the other concepts, the ones adopting co-composting of treated POME achieved better results than the ones
adopting land application due to the lower GWP. The concept with the lowest score in the environmental category
is C4a due to the low NEB.
In the social criterion, simple solutions (i.e. C2, C3a and C3b) achieved low scores due to the small job creation
coupled with low electrification potential. In this case, C4b is the solution with the highest social sustainability with
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high values in both indicators. It is interesting the fact that in general more complex and advanced solutions
achieved significantly higher results in the social criterion. The solution with the worst social score is C2 because
its simple configuration is creating a small number of new jobs and is not increasing the electricity export. Similarly
to the environmental assessment, solutions with the adoption of co-composting tend to have higher scores.
Table 20: Breakdown of the score in percentage of each indicator

CAPEX

Economic
IRR
PBT

Profit

Environmental
GWP
NEB

Social
Jobs

Elec

C2

84%

81%

100%

18%

92%

25%

17%

7%

C3a

79%

100%

100%

27%

62%

61%

29%

0%

C3b

65%

45%

67%

28%

88%

60%

63%

0%

C4a

45%

17%

0%

29%

72%

34%

29%

100%

C4b

31%

19%

17%

37%

100%

33%

63%

98%

C4+

13%

49%

67%

73%

80%

100%

54%

74%

C5+

0%

67%

83%

100%

77%

97%

100%

44%

5.6 Off-grid palm oil mills
The analysis of off-grid palm oil mills produced interesting results due to the differences with grid connected palm
oil mills. As mentioned in paragraph 3.8, the main change that has been considered is the fact that in off-grid palm
oil mills the electricity surplus cannot be sold to the national grid. Therefore, the economics of the solutions are
affected decreasing the revenues coming from the sale of electricity. The environmental impact is also affected
neglecting the positive impact of feeding the electricity surplus to the grid. Finally, the social impact is also affected
because the electricity surplus cannot be used to provide electricity to neighbouring households. The sustainability
assessment of off-grid biorefineries has been calculated following the same methodology of the grid connected
alternatives except for the above mentioned modifications. In order to avoid repetition of the results, in this case
are presented only the results of the multi criteria analysis.
The breakdown of the score of each indicator is presented in Table 21, showing significant changes compared to
the previous case.
Table 21: Breakdown of the score in percentage of each indicator for off-grid mills

CAPEX

Economic
IRR
PBT

Profit

Environmental
GWP
NEB

Jobs

Social
Elec

C2

84%

86%

100%

19%

91%

24%

17%

0%

C3a

79%

128%

117%

32%

63%

61%

29%

0%

C3b

65%

57%

83%

32%

88%

60%

63%

0%

C4a

45%

0%

0%

0%

63%

25%

29%

0%

C4b

31%

0%

0%

0%

88%

24%

63%

0%

C4+

13%

14%

0%

43%

71%

93%

54%

0%

C5+

0%

49%

67%

84%

71%

93%

100%

0%

In general, the new values of the indicators are lower than in the previous scenario except for a few cases. The
IRR, PBT and profit of C2, C3a and C3b are higher than in the grid connected layout. In fact, for these three
concepts, the extra revenues per ton of FFB are higher than before because they do not get penalized, as before,
for producing less electricity than the conventional case. In the grid connected scenario, C2, C3a and C3b had
lower revenues because they were reducing the electricity export compared to C1. This aspect produces a
significant increase of PBT and IRR especially for C3a that achieves values significantly higher than before. Having
fixed the grading scheme to the figures of the grid connected case, this increase of PBT and IRR produced scores
higher than 100%.
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The most important variation to the indicators happened to the economics of C4a and C4b. In fact, the revenues
of these two biorefineries were based on the sale of electricity to the grid. The loss of this revenue stream resulted
in negative profit per year and thus with two solutions not economically feasible. However, in order to allow the
comparison of these two concepts with the others, it has been decided to give a mark of zero to the categories
affected (profit, IRR and PBT). In general, the environmental indicators did not register very important variations
due to the marginal role that electricity export plays in the calculation.
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Figure 29: Results of the multi criteria analysis breakdown in the three impact categories for off-grid POMs

Figure 29 shows the breakdown of the sustainability score for the biorefinery concepts in off-grid POMs. The
situation is significantly different from the grid connected scenario. It is particularly interesting noticing how the
different concepts have been affected by the change. Simple concepts do not show any significant loss, on the
contrary C3a and C3b register a sustainability score significantly higher than before, respectively 4.2% and 2.7%.
This increase is due to the higher economic impact and almost unvaried environmental and social impact. These
three biorefineries, even in the previous case, were almost independent from the electricity grid.
On the other hand, the other alternatives that focused on electricity production saw a dramatic drop. C4a and C4b
are not economically feasible anymore and C4+ and C5+ lost respectively 24.3 and 12.3 points. The losses have
been caused by the big reduction in the economic and social impact. Among the complex alternatives, C5+ is the
least affected by the new scenario and remains indeed the best alternative among all the others. However, its score
is similar to the second best alternative (i.e. 61.2 for C5+ and 56.8 for C3a) making the result more uncertain and
affected by small variations in the weights of the indicators. Indeed, the alternatives with co-firing become very
competitive in the case of off-grid palm oil mills offering an interesting opportunity to increase sustainability at a
relative low price. Therefore, owners of off-grid POMs could be more attracted to simpler and less risky solutions
for the upgrade of their system.
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6 Sensitivity Analysis
The previous chapters show which biorefineries are most favourable compared to others according to the average
opinion of the stakeholder interviewed. However, how suggested by MCA methodologies it is interesting analysing
if the results would change when different weighting systems are adopted (Spackman et al. 2000)(Fuso Nerini et
al. 2014). The goal of this analysis is to verify the stability of the results when different points of view, hence
scoring weights, are considered.
A sensitivity analysis has been performed varying significantly the weights used to calculate the sustainability index.
The sensitivity analysis is focused on the variation of the weights of the three criteria and leaves unchanged the
weights of the indicators. In this way, it is possible to analyse how the solutions change when significantly different
points of view are applied to the model. Three different scenarios have been considered giving alternatively more
importance to one of the three sustainability areas. The three scenarios represent the case where one criterion is
considered as the most important and the other two are assigned with low scores. The values of the weights used
in the three new scenarios is shown in Table 22.
Table 22: Weights used in the scenarios for the sensitivity analysis

Economic
9
3
3
7.7

Scenario 1
Scenario 2
Scenario 3
Original

Environmental
3
9
3
8.1

Social
3
3
9
7.1

A comparison of the new results of the sustainability index achieved by the biorefinery concepts in the three
scenarios is presented in Figure 30.
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Figure 30: Results of the MCA analysis during sensitivity analysis, in orange are presented the values in the original case

The results of the sensitivity analysis show that the model analysed is stable, in fact, even with big variations of the
weights of the three categories, the relative results of the seven concepts do not vary significantly. In the three
scenarios analysed C5+ remains the best concept, confirming to be the best alternative of all. However, some
interesting changes happen to the order of preferences.
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The point of view proposed by scenario 1 is strongly unbalanced towards the economic impact. In these
conditions, co-firing with land application (C3a) and co-composting with raw POME (C2) sees the biggest
improvements, +9.4% and 8.8% respectively. Besides, C3a becomes the second best alternative while C4+, C4b
and C4a experience significant losses. In particular, C4b becomes the second worst alternative (-12.2%)
strengthening the idea that in term of economics selling electricity to the national grid is not a good option.
In the second alternative scenario is expressed the case where the environmental impact is the most important
criteria. In this case, the variations in the final score are not very significant with all the solutions presenting a score
higher than the initial evaluation. The biggest increases in the score are offered by C4+ and C3b (+8.7% and
+7.6%) respectively due to the high NEB and the low GWP. The most interesting variation is the fact that C3b
surpasses C4b becoming the third best alternative after the two solutions with kernel crushing.
The last scenario considers the case of a strong preference for the social impact. This alternative strongly penalizes
the first three concepts that experience significant losses due to their low social impact both for electrification
potential and jobs creation, reductions from 8.9% to 15.6%. On the other hand, while C4+ and C5+ remain almost
unvaried, C4a and C4b improve significantly their score (+6.9% and +9.4%). Indeed, C4b becomes the second
best alternative thanks to its high impact in both for electrification and new jobs creation.
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7 Discussion
The objectives pursued by this thesis were: explore POME treatment pathways, identify a set of biorefinery
concepts, calculate the economic environmental and social impact of each concept and eventually identify the
concept that offers the most suitable solution for different cases. The methodology applied allowed to achieve all
the research objectives and eventually increase the knowledge on this topic. Literature review and the field trip
allowed to achieve a deep and detailed knowledge about mature and commercially available POME conversion
pathways and biomass residues treatments. Different POME conversion pathways have been studied and several
biorefinery concepts are proposed. The concepts analysed integrate POME treatment technologies with the use
of the resources available at POMs taking advantage of the residual flows of biomass. The sustainability assessment
has been performed calculating the impact of each alternative. A set of indicators has been used to determine the
economic, environmental and social impacts of the alternatives considered. Finally, the multi criteria analysis is
used to translate those impacts into one single index for comparing biorefinery concepts and determining the best
solution among the one analysed. The MCA has been applied to off-grid palm oil mills in order to include their
peculiar issues and understand the optimal solution for this system. Concluding, a sensitivity analysis verified the
stability of the solutions when different set of priorities are used to evaluate the solutions.
The seven different biorefinery concepts examined propose a display of the possible combinations of technologies
for the treatment of POME and palm oil residue. Even though some emerging technologies have not been
considered (e.g. biochar), the biorefineries analysed offer a comprehensive picture of the alternatives commercially
available for the upgrade of POM. In fact, the researchers interviewed during the field trip acknowledged that
some of the alternatives proposed are currently operative or being tested in some projects in Indonesia.
Furthermore, some of the biorefinery concepts proposed in this analysis, according to experts, are innovative and
they are currently not applied in real life. In fact, IOPRI’s experts highlighted that according to their knowledge
no palm oil mills are currently combining biogas production with co-composting of treated POME (IOPRI 2018).
This could mostly be caused by the high capital costs related to the installation of methane capture facility that
discourages further commitments. However, doubts have been raised on the feasibility of pellet plants and small
scale kernel crushing plants. The production of pellet from EFB residue is still currently a novelty in Indonesia
even though it has had a certain diffusion in Malaysia (Field Trip 2018)(Loh et al. 2017). Additional doubts are
related to the capacity of the kernel crushing plant proposed. In fact, the conventional capacity of a kernel crushing
plant in Indonesia is around 8-10 ton of kernel per hour and the researchers interviewed were not aware of the
existence of smaller size plants similar to the one proposed of 2,5 ton per hour (Field Trip 2018). A more detailed
investigation should be undertaken to understand the issues that could arise in these two cases. Nevertheless, the
experts contacted during the field trip were generally positive about the technical feasibility of the biorefinery
concepts presented in this work.
The impact assessment of the biorefinery concepts produced in general positive results on all sustainability aspects.
All the alternatives proposed achieved positive values of NPV and acceptable payback periods transforming this
upgrade in a profitable investment for POM owners. Economic profitability is an essential requirement for making
this kind of environmental actions attractive. In fact, after the implementation of biorefinery concepts, POMs
could increase their operating revenues by two means: the first is the possibility to market sustainable CPO at a
premium price, the second is the sale of the new products produced by the biorefinery (Field Trip 2018). The
initial capital investment is a factor that significantly determined the economic result of the proposed concepts.
The alternatives that achieved the highest scores on the economic impact are the ones combining low investments
with short pay back periods even though they do not represent very high net present values at the end of the
lifetime. An interesting takeaway that can be drawn from the economic analysis is the fact that in general the feed
in tariff for electricity is too low to make electricity sale particularly interesting to palm oil mills. Therefore, it is
necessary to look for alternatives to increase the economic profitability of methane capture projects compared to
selling the electricity surplus to the grid. Pellet production and KCP proved to be solutions particularly suitable to
achieve this goal increasing the revenues of electricity production. The alternatives analysed increased the yearly
operating profit of the POM from a minimum of 345 thousand USD to 2 million USD per year. Moreover, all the
concepts present a payback period ranging between 4 and 10 years. These results are comparable with the ones
achieved by Garcia-Nunez (2015) even though the different context and location of the study produced some
significant discrepancies.
The environmental assessment proved that all the biorefineries can increase significantly the environmental
sustainability of the conventional palm oil mills. The most important impact has been achieved in reducing the
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global warming potential of palm oil production. All the concepts achieved the goal of reducing significantly the
GHG emissions related to crude palm oil extraction. The emission’s reduction starts from 67% up to a reduction
of 109% compared to the conventional case. Indeed, for some concepts, the emissions balance is negative meaning
a positive impact in reducing global emissions. According to a study of Bessou et al. (2014), the average emissions
in the whole production of CPO are of 1670 kg CO2 equivalent per ton. The solutions provided could significantly
reduce this figure down to a range from 955 to 523 kg CO2 eq/ton FFB, with a global carbon footprint reduction
from 43% to 69%. These results are in accordance with the figures mentioned by Sinar Mas in its sustainability
report: a reduction from 40% to 55% (GAR 2018). In addition to increase the sustainability of crude palm oil
production, methane capture (or avoidance) could play an important role in increasing the acceptance of biodiesel
from palm oil. In fact, the European standard for biodiesel prescribes for existing palm oil producers a GHG
reduction of 50% by 2018 which is compatible with the results achieved by the technologies proposed in this
report (Novelli 2016).
Regarding the net energy balance, the results are less relevant given the peculiarity of palm oil mill. In fact, in the
net energy balance, conventional palm oil mills have got a neutral impact being self-sufficient for their energy
needs. Only some of the alternatives proposed increased significantly the net energy balance of palm oil mills
thanks to the production of fuel from biomass residue and the export of excess electricity. These contributions to
the energy balance could increase furtherly the acceptability of biodiesel from palm oil. The results are coherent
with the work of Nasution et al. (2018a), with the difference that in this case it is also considered the energy output
from biomass fuel.
The assessment of the social impact of the proposed alternatives has been important to ensure a positive effect on
the local community. It is fundamental that the new alternatives proposed, in addition to economic and
environmental, could produce positive impact on the society. In this case, providing jobs to the local community
and supporting the national electricity grid. The analysis of job creation demonstrated that the proposed upgrades
will not harm the existing workforce employed at palm oil mills. On the contrary, all the solutions increased the
number of workers necessary to run the plant offering new job opportunities for the local population. The results
regarding job creation by the proposed solutions are compatible with the works of Garcia-Nunez (2015) and
Nasution et al. (2018a). The electrification potential shows the big impact that these solutions could have
contributing to the national electricity grid with renewable energy. However, in this case not all the concepts
increased electricity production, the first three alternatives slightly decreased electricity export. On the other hand,
the other alternatives significantly increased the electricity export with a potential to satisfy the electricity demand
of more than 30’000 people.
Once the impact assessment of the three sustainability categories had been performed there was the need to
combine all the information obtained in an objective and clear way. The multi criteria analysis allowed this process
offering an effective and powerful tool to combine all the information in one single index and, thus, allowing a
clear comparison among the concepts proposed. This research showed the importance of the application of a
multi criteria analysis to find the best solution to this type of problems with many different factors and aspects to
be considered. Without the use of MCA, performing a comparison of the alternatives would have been complex
and subjective to personal preferences. Besides, including experts’ opinions in the evaluation system allowed to
have a strong confidence that the results proposed reflect well the priorities and needs of the palm oil sector. The
consideration of the social aspects, in addition to the economic and environmental, has greatly improved the
results. Indeed, an analysis focused solely on the economic impact of the proposed solutions would have led to
not optimal choices. In fact, in general the solutions that achieved the best economic impact did not score high in
the environmental and social category. Based on the economic evaluation, the most profitable solutions are also
the simplest (i.e. co-composting and co-firing). Similarly, considering only the environmental impact would have
offered different final results. The optimal solution that has been found, C5+, is the one that is offering the best
trade-off among the three sustainability aspects considered. The production of pellet fuel and kernel oil allows to
increase significantly the three sustainability aspects compared to its simpler solutions. Revenues are increased by
the sale of the new products; the environmental impact is increased with the contribution of pellet to the NEB
while emissions are maintained low. Finally, the facilities required to produce pellet and kernel oil produce an
important number of new jobs giving a good contribution to the social impact. The takeaways of this analysis are
that more advanced solutions tend to achieve better results in the combination of the three categories. Cocomposting of treated POME is in general a better option than land application. Finally, electricity production
from biogas makes sense only in the case that it is used on-site to produce higher value products. The results
obtained are compatible with similar works, for example the work of Nasution et al. (2018a) showed similar
conclusions regarding the comparison of one concept adopting co-composting against methane capture for
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electricity production, similar respectively to the alternatives C2 and C4a analysed here. Also in Garcia-Nunez et
al (2016) similar outcomes can be found; in his research concepts similar to C4+, C4b and C4a can be found and
achieved in the equilibrated MCA the same relative ranking as here.
The best solution resulting from the MCA is also the one with the highest capital investment but this could imply
a significant barrier to its implementation. In fact, literature review and discussions with experts revealed that
capital investment is always mentioned as a major barrier to biorefineries implementation (Aghamohammadi et al.
2016)(APEC 2017). For this reason, the solution proposed, being the one with the highest capital investment (i.e.
7.9 million USD), could be discarded in favour of solutions with lower capital cost. Thus, it would make sense
proposing an implementation plan to develop the solution step by step starting from a basic level until reaching
the final optimal solution. For example, POMs could start installing a co-composting plant for the treatment of
raw POME and EFB. Co-composting of raw POME and EFB (C2) indeed can be considered as a minimum viable
product that with the minimum investment is achieving the goal of significantly reducing the GHG emissions of
the process. In medium to long term, the covered lagoon could be built and the co-composting plant repurposed
for the use of treated POME instead of the raw effluent. Then, biogas could be used first for co-firing in the steam
boiler due to the lower capital expenditure compared to electricity production. Finally, a gas engine and biogas
cleaning system could be installed and the electricity produced used locally to produce pellet and CPKO. With
such an implementation plan, the palm oil mill will need to do a series of smaller distributed investments while
progressively increasing the profitability and sustainability of the process. Additionally, this could give the
opportunity to adopt during the implementation more advanced technologies for the treatment of the residues
that currently are not commercially available
Analysing the point of view of off-grid mills produced interesting additional results due to the impossibility to
export the excess of electricity. In fact, in this case the economics of the more advanced alternatives are significantly
reduced increasing, on the other hand, the relative score of simpler solutions. Even though C5+ remains the best
solution also for off-grid mills, simpler solutions in this case could be more attractive due to the lower risk related
to the smaller investment cost. The analysis of off-grid mills highlights the importance of using electricity on site
to produce new outputs taking advantage of the use of the biomass residue available. The upgrade of off-grid
POMs could offer a better outcome if their electricity excess is used to power a mini-grid serving the neighbouring
communities. This aspect has been recognised by numerous studies on this topic proposing POM upgrade as
instruments to increase rural electrification (Nasution et al. 2014)(Aghamohammadi et al. 2016). The sensitivity
analysis has shown that the system created is particularly stable to changes in preferences of the criteria selected.
Thus, C5+ is the solution that offers the best result even when very different and unbalanced points of view are
adopted. Significant changes in the solutions appear when a point of view strongly oriented toward economic
impact is applied. In that case, solutions adopting co-firing become more attractive than in the other scenarios
thanks to their good economic profitability.
The results achieved by this thesis show that biorefinery concepts offer palm oil industry an interesting opportunity
to improve its sustainability and, therefore, the international acceptance of the whole sector. However, methane
capture (and avoidance) projects are still far from becoming the state of the art of Indonesian palm oil sector. In
fact, there are still numerous barriers on the way. The first and most important barrier hindering these project is
the fact that electricity production and most of the advantages offered are outside the core business and
competencies of palm oil mills owners. For this reason, millers consider of lower priority and value this type of
investments. Moreover, the lack of local expertise and of proven bankable projects creates further technical and
financial barriers. For these and many other reasons, there is still a lot of work to be done, especially in Indonesia,
by all the stakeholders in order to reach a wide diffusion of biorefinery concepts and, eventually, create a more
sustainable palm oil sector.

7.1 Limitations and Assumptions
The solutions identified by the model created showed to be stable to variations in the input parameters, however
there are some assumptions and aspects of the research that could have affected the final outcomes. Some
assumptions have been performed in order to simplify the analysis and some aspects (e.g. transportation costs and
emissions, constant plats yield) have been neglected for a lack of information. The conventional system considered
as reference is, according to research done during the field trip, the most common in North Sumatra and in
Indonesia. However, although major similarities, all the specific parameters of palm oil mills could vary. In fact,
these parameters are depending on factors such as the specific location, conditions, boiler parameters and quality
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of products. Especially the ratios of oil and residue production are variable depending on the quality of the fruits.
Thus, the figures considered represent reasonable averages and the results could vary slightly for specific case
studies. Also, the processes considered for the conventional POM could vary especially regarding the use of EFB
and of treated POME.
Regarding the specific technologies considered, a major assumption concerns pellet production and comes from
the possibility of withdrawing part (i.e. 50%) of EFB conventionally used for mulching to recover the nutrients on
plantations. Some researchers raised doubts regarding the potential loss of nutrients that could be experienced by
plantations if the organic nutrients contained in EFB are not reintegrated on the field through mulching or
compost distribution. Similarly, uncertainty arises from the estimation of the effect of organic fertilizers displacing
chemical substitutes. Even though the methods used have been retrieved from available literature some aspects
may have been neglected. For example, it has not been considered any variation in plants’ yield resulting from the
application of organic fertilizers. This is mostly due to the uncertainty, reflected in literature, of what the potential
impact may be. The biorefineries created represent comprehensively the mix of the technologies available.
However, it could be interesting analysing other alternatives for POME treatment (e.g. continued stirred tank
reactor) and other technologies for the treatment of residues (e.g. biochar production). Finally, regarding kernel
crushing plants it should be assessed with industry’s experts the feasibility of small scale plants.
The economic assessment is the single category that could be most affected by assumptions and lack of specific
values. In fact, the capital investment costs have been retrieved from existing literature and some of them could
not be validated during the field visit. The difficulty in retrieving and discussing this type of information comes
from the fact that most of the times they are considered confidential and, thus, not disclosed to the public. The
same goes for some assumptions regarding the fixed operative costs. On the other hand, during the field trip it
was possible to retrieve the price of singular products from the current market prices. In order to simplify the
economics and given the lack of precise forecasts, it has been chosen to fix these prices in time. However, the
variations of some of them could affect the economics of some solutions, this is true especially for the cost of
CPKO and KS. The impact of these variations on the final result have not been analysed in detail because it was
falling out of the scope of the research. However, a study focusing solely on economic sustainability should study
in detail the impact of changes in the price of products. The limitations in the environmental assessment regard
some minor approximation performed for the calculation of GWP and NEB. Something that could add value to
the research is including the analysis of heat flows of each solution. In fact, waste heat from the gas engine and
co-firing could have interesting uses for example for processes of biomass drying or steam production. This
analysis has not been done in this work due to a lack of data and the limitations of the scope. Regarding the social
assessment due to a lack of detailed data some assumptions have been performed for the calculation of the new
workers employed by new technologies (i.e. co-firing and pellet plant). A more thorough analysis could have
included an higher number of indicators for the social aspects however, as before, a limitation in the scope and
data available has not allowed this.
The multi criteria analysis proved to be an effective instrument to collect all the information in one index and, at
the same time, reflect stakeholders’ point of view. The collection of stakeholders’ opinion through questionnaires
has been rather successful; however, an higher number of interviews would have led to a more detailed analysis.
For example, interesting results could have come from the comparison of the answers of different groups of
stakeholders (e.g. industry vs. certification bodies). Unfortunately, the limited time spent during the field trip and
other limitations and barriers did not allow to reach a number of respondents high enough for this type of analysis.
During the collection of the results of the questionnaire one flaw has been noticed, the scale of choice was too
wide to express strong opinions. In fact, almost all the scores collected fall in a range from 5 to 9, for this reason
the final average of the weights does not show big differences among different indicators. Often respondents gave
similar values to different indicators/parameters even though with words they expressed a strong opinion on the
different priorities. For this reason, a questionnaire proposing a shorter scale, for example, from 1 to 5 could have
reflected better in the final index the different opinions. Besides, would have been interesting visiting one off-grid
mill in order to better reflect their specific issues both in the model and in the MCA. Again, this was not possible
due to limited time and resources during the field trip.
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8 Conclusion
This research found how palm oil mills can adopt sustainable pathways for the treatment of palm oil mills effluent
and biomass residue. In this study have been investigated alternatives to increase the sustainability of conventional
palm oil mills located in Indonesia. The research has been driven by the need to reduce the high greenhouse gases
emissions related to palm oil production. Biorefinery concepts have been created combining commercially
available technologies for the treatment of POME and the other biomass residue available at palm oil mills. After
the modelling of mass and energy flows, has been assessed the sustainability of each concept calculating economic,
environmental and social impact. In general, biorefinery concepts have proven to be able to significantly increase
every sustainability aspect of palm oil mills. All the alternatives achieved positive economic and social impact while
offering solutions to reduce the environmental impact of palm oil production. The results achieved in the three
areas have been collected in a single index with a multi criteria analysis that, besides, allowed to integrate into the
analysis stakeholders’ opinion.
The biorefinery concept that achieved the best results regarding the economic impact is C3a which is burning in
the boiler of the palm oil mill the methane captured from the degradation of POME through a covered lagoon
digester. This alternative combines a rather low capital investment (1.69 million USD) with good yearly profits
(0.54 million USD per year) producing fast payback time (4 years) and high return on investment (46.4%). In the
environmental impact the best results have been achieved by C4+, a biorefinery concept combining methane
capture, electricity production and pellet production from biomass residue. This solution presents both low
greenhouse gases emissions (29.8 kg CO2 eq / ton FFB) and high net energy balance (1493 MJ/ton FFB).
Regarding social sustainability, the solution that achieved the highest impact is C4b, a concept characterised by
high electricity export, methane capture and production of organic fertilizer from the combination of treated
POME and biomass residue. This alternative is successful because of the combination of production of new job
opportunities (19 new jobs) and a very high potential for electrification (32380 households).
The multi criteria analysis allowed to identify the solution offering the best trade-off between economic,
environmental and social impact. The biorefinery concept C5+, combining methane capture, electricity
production, pellet and kernel oil production, is the solution that achieves the highest sustainability score (73.6%)
among the one considered. C5+ is successful thanks to the fact that achieved good results in all the sustainability
aspects considered. The analysis of off-grid mills and the sensitivity analysis showed that even in significantly
different scenarios C5+ achieves the highest results among all the alternatives. The discussion part highlighted that
the big upfront investment necessary to build C5+ (7.92 million USD) could create an important barrier to its
implementation. Therefore, the idea of a progressive implementation plan has been proposed in order to split the
investment in smaller parts to be implemented throughout the years.
The research, even though could not be completely based on data verified on field, achieved reasonable and reliable
results regarding the implementation of biorefinery concepts. The outcomes highlight the role of biorefinery
concepts to achieve the sustainability standards pursued by the various organizations active in the oil palm sector.
A wide adoption of these technologies in Indonesia could have the opportunity to significantly increase the
sustainability of the whole palm oil sector contributing to the objectives of the industry: increasing the production
while decreasing the environmental impact. A “greener” and more sustainable palm oil would be more acceptable
for the international community distancing the product from the environmental campaigns that are damaging the
industry. Future studies should broaden the research considering more conversion technologies and alternatives
for the treatment of POME that could not be included in this study. Additionally, policy aspects should be analysed
in order to identify ways to increase and accelerate the diffusion of these projects on a country wide scale.
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10 Annexes
10.1 Estimated Prices of Compost and T-POME
Compost

N
P
K

Cost per nutrient [USD/kg]
(Schuchardt et al. 2002)
0.40
0.35
0.47

Concentration [kg/ton compost]
(Nasution et al. 2018a)

Price per nutrient
[USD/kg compost]

22.36
2.91
52.73

8.91
1.03
24.91
Total:

Treated POME
Cost per nutrient [USD/kg]
(Schuchardt et al. 2002)
N
0.40
P
0.35
K
0.47

34.86

Concentration [kg/m3 T-POME]
(Nasution et al. 2018a)
0.90
0.22
1.80

Price per nutrient
[USD/kg T-POME]
0.36
0.08
0.85

Total:

1.29

Economic Value of EFB
During a discussion with researchers from SMARTRI I have been informed of the results of an experiments they
performed analysing the performance of EFB mulching as organic fertilizer. The outcome of their research was
that 30 ton of EFB plus 140 kg of rock phosphate and 75 kg of urea can replace 1 ton of standard mineral fertilizer.
The market prices of the chemical fertilizers have been collected at IOPRI. The relation between the results from
EFB mulching and a standard plantation allowed to calculate the value of EFB as organic fertilizer with the
following formula:
𝑉𝑎𝑙𝑢𝑒

𝑚

∗ 𝑐𝑜𝑠𝑡

𝑚

∗ 𝑐𝑜𝑠𝑡

𝑚

∗ 𝑐𝑜𝑠𝑡

𝑚
Mass used [kg]
1000
140
75
30000

Mineral Fertilizer
Rock Phosphate
Urea
EFB

Price [USD/ton]
350
411
448

8.63 𝑈𝑆𝐷/𝑡𝑜𝑛
Source
(Field Trip)
(Field Trip)
(Field Trip)
(Field Trip)

10.2 Avoided Emissions from Substituting Chemical Fertiliser with compost
or T-POME
The methodology used to calculate the emissions avoided by organic fertilizer used are calculated following the
same method used in (Nasution et al. 2018a).
Nutrient
N
P
K
Source

22.36
2.91
52.73

Nutrient content of compost and treated POME
Compost
T-POME
kg/ton compost
0.90
kg/m3 T-POME
kg/ton compost
0.22
kg/m3 T-POME
1.80
kg/m3
T-POME
kg/ton compost
(Nasution et al. 2018a)
(Nasution et al. 2018a)
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Nutrient
N
P
K
Source

Emission factors chemical fertilizers
kg CO2/kg N
kg CO2/kg P2O5
2.32
kg CO2/kg K2O
0.68
(ISCC 2016)

5.88
1.01
0.57

𝑒𝑚

𝑁

𝑒𝑚

𝑁

∗ 𝑒𝑚

𝑃

∗ 𝑒𝑚

𝑃

∗ 𝑒𝑚

𝐾

∗ 𝑒𝑚

∗ 𝑒𝑚
𝐾

kg CO2/kg P
kg CO2/kg K

174.29 𝑘𝑔 𝐶𝑂2/𝑡𝑜𝑛 𝑐𝑜𝑚𝑝𝑜𝑠𝑡
7.04 𝑘𝑔 𝐶𝑂2/𝑡𝑜𝑛 𝑇_𝑃𝑂𝑀𝐸

∗ 𝑒𝑚

10.3 Thermodynamic data
Thermodynamic values used for calculation of conversion factors of boiler and turbine
Value
21
3.1
90 %
72 %
73 %
98 %
11.48
14.55
50.00

High Pressure Steam
Low Pressure Steam
Efficiency turbine
Efficiency boiler
Electrical Efficiency
𝐿𝐻𝑉
𝐿𝐻𝑉
𝐿𝐻𝑉
Enthalpy high pressure steam: ℎ
Enthalpy low pressure steam: ℎ
Enthalpy water inlet (25°C): ℎ
∗ 𝜂
ℎ
ℎ
𝑒𝑙
0,897 𝑘𝑔

𝑚
∗

𝑚

3.11
∗

𝑚

/𝑘𝑔

Reference
(Talib et al. 2016)
(Talib et al. 2016)
(Garcia-Nunez, Rodriguez, et al. 2016)
(Garcia-Nunez, Rodriguez, et al. 2016)
(Lozza 2016)
(Fauzianto 2014)
(Fauzianto 2014)
(Garcia-Nunez 2015)

MJ/kg
MJ/kg
MJ/kg

2.799 𝑀𝐽/𝑘𝑔
2.510 𝑀𝐽/𝑘𝑔
0.105 𝑀𝐽/𝑘𝑔
∗ 𝜂
∗

0.055 𝑘𝑊ℎ /𝑘𝑔

;

;

3.11

∗

𝑚

Unit
bar
bar
saturation

;
;

13.55

;

10.4 Net energy balance calculations
C1

C2

KS
Pellet
Electricity
Diesel

26.09
0.00
3.31
0.07

37.61
0.00
11.90
-2.54

Tot

MJ/ton FFB

388.98

26.09
0.00
2.71
0.59

26.09
0.00
36.53
0.00

379.61
0.00
9.77
-21.30

62.50
0.00
0.00
0.00

26.09
0.00
35.94
0.59

62.50
0.00
0.00
0.47

892.40

C4+
379.61
0.00
129.39
-21.30

909.38
0.00
0.00
-16.97

909.38

C4b
379.61
0.00
131.52
0.00

C3b
909.38
0.00
0.00
0.00

368.08

C4a
KS
Pellet
Electricity
Diesel

C3a

0.00
82.89
26.97
0.00

0.00
1395.91
97.11
0.00

C5+
0.00
82.89
16.17
0.00

0.00
1395.91
58.20
0.00
55

511.13

Tot

487.70

1493.01

1454.10

10.5 Questionnaire and Answers
Answers
Date

Name

Organization

06/07 Donald Siahaan

IOPRI

06/07
06/07
19/07
27/07
09/07
09/07
11/07

Ipot Pradiko
Fandi Hidayat
Ratnawati Hardianto
Muhammad Ansori Nasution
Sugena Hardianto
Edward Sipayung
Joni Jupesta
Ribka S.T. Restiwahyuningsih
11/07
Jassica P.
11/07 Farih Arist Sirigor
18/07 Udin Hasanudin
18/07 Wendy Aritenang
18/07 Yoseph Christian

IOPRI
IOPRI
IOPRI
IOPRI
Libo palm oil mill
Libo palm oil mill
SMARTRI

Env
5
10
9
8
9
8
8
8
8
7
9
9
7
8

Soc
6
7
7
6
8
8
9
7
6
7
7
6
8
8

Researcher
Agronomy and Sustainability
researcher
Agronomy researcher
Professor

SMARTRI
SMARTRI
University of Lampung
Intenational Civic Aviation
Organization
Indonesia Vegetable Oil
Association

25/07 Stefano Savi
Eco
7
8
6
8
10
7
8
7
8
8
8
5
10
8

Role
Head of oil palm science techno
park
Agro-climatology researcher
Researcher
Researcher social-economic
Researcher

Environment Senior Expert
Staff of Executive Director
Global Outreach and
Engagement Director

RSPO
CAPEX
7
9
10
8
9
8
8
9
9
8
6
9
10
7

Profit
8
8
9
8
10
8
7
8
7
8
8
2
9
8

PBT
5
7
7
8
10
8
8
7
7
7
8
4
6
7

IRR
6
6
8
8
8
7
8
6
7
6
7
3
7
7

GWP
5
9
9
8
10
7
5
8
7
7
6
9
8
7

NEB
6
8
8
8
8
8
8
7
7
7
8
8
7
7

Jobs
7
9
8
7
5
9
9
8
5
8
9
7
9
7

Elec
6
2
9
10
5
7
7
7
7
7
7
8
8
7

Questionnaire for establishing weights for the multi criteria analysis
used in the decision of the most suitable biorefinery concept for the
treatment of palm oil mill effluent (POME) in Indonesian palm oil mills
(POM)
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DATE: ___/___/_________
NAME: ______________________________________________________________
ORGANIZATION: ____________________________________________________
ROLE: ______________________________________________________________
EXPERIENCE in palm oil field (years): _____________________________________
Description of the survey:
This survey is being performed to calculate the weights of different decision criteria for the evaluation of various biorefinery
concepts that have been created for the treatment of palm oil mill effluent (POME) in Indonesian palm oil mills.
The methodology used is called multi criteria analysis (MCA) and is used to facilitate decision making in complex problems. In
this case, the MCA is needed because in the decision process are taken into account three different impact categories: economic,
environmental and social. Besides, each category is represented by multiple indicators. Therefore, the MCA allows to collect the
information coming by each indicator and each criterion in a single index.
The survey is needed to collect the stakeholder’s opinion and priorities in a decision process and transpose it into the evaluation
system of the MCA. In this way, the method is expected to produce a final solution that is the most suitable to stakeholders point
of view.

Description of criteria and indicators used in the evaluation
Index

Sustainability
Score

Criteria

Description

Economic

The economic criterion has been considered because the solutions
proposed need to be cost efficient for the palm oil mill. Thus, are assessed
indicators that represents the profitability of the alternatives proposed

Environmental

Social

Index

Criteria

The environmental criterion has been considered because, as mentioned
before, the terrific environmental impact of palm oil production is an
international concern threatening the market. Therefore, the preferable
solutions should have a low environmental impact
Similarly to the environmental impact, the impact of the proposed
alternatives on the local community is an important criterion that
should be considered for the selection of the solutions.

Indicators
CAPEX
Profit

Sustainability
Score

Economic
PBT
IRR

Description
Indicates the total capital costs needed to install the
solution
Yearly profit is an important indicator that shows the
profitability of the given solution compared to the
conventional case
The payback time represents the number of years
necessary to recover the initial capital expenditure and start
to generate net profits
The internal rate of return estimates the profitability of the
investment at the end of its lifetime accounting for all the
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GWP
Environmental
NEB

Job Creation
Social

Electrification
potential

lifetime costs. The higher IRR the higher is the return
(profit) on each dollar invested.
The global warming potential represents the impact on
climate change generated by each solution in terms of
emissions of greenhouse gases (kg CO2 equivalent)
The net energy balance represents the energy created for
each ton of FFB processed at the POM. High values mean
that the given alternative is maximizing its energy output.
NEB is an important indicator to evaluate biodiesel refined
from crude palm oil
Indicates the number of jobs potentially created by each
solution
Represents the contribution of each solution to rural
electrification. The indicator indicates the number of
households that could benefit from the excess of electricity
generated by each solution.

* CAPEX: Capital expenditure
PBT: Payback Time
IRR: Internal rate of return
GWP: Global warming Potential
NEB: net energy balance

Instructions
Imagine to be in the position of taking an important decision to improve the existing conditions at a palm oil mill: which
aspects would you value the most in your decision?
Every criteria/indicator should be graded on a scale from 0 to 10 according to its degree of importance (0: not relevant for the
decision process – 10: specifies all aspects of the decision).

Draw a line from each criteria/indicator to the value on the right that best represents its
importance in the decision process.

Weights for the main criteria – what is the importance of each criteria?
Value
Economic –

10

Specifies all aspects of the decision

9
8
Environmental –

Specifies most aspects of the decision
7
6
Specifies some aspects of the decision

Social –

5
4

Specifies few aspects of the decision
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3
2
1

Not relevant for the decision

Weights for the economic impact – what is the importance of each indicator?
Value
10

Specifies all aspects of the decision

9
CAPEX –

8
Specifies most aspects of the decision

Profit –

7
6
Specifies some aspects of the decision

PBT –

5
4
Specifies few aspects of the decision

IRR –

3
2
1

Not relevant for the decision

Weights for the environmental impact – what is the importance of each indicator?
Value
10
GWP –

9
8
7
6

NEB –

Specifies all aspects of the decision

5
4
3

Specifies most aspects of the decision

Specifies some aspects of the decision

Specifies few aspects of the decision
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2
1

Not relevant for the decision

Weights for the social impact – what is the importance of each indicator?
Value
10

Specifies all aspects of the decision

9
Job Creation –

8
7
6
5

Electrification –
Potential

4
3

Specifies most aspects of the decision

Specifies some aspects of the decision

Specifies few aspects of the decision

2
1

Not relevant for the decision

Would you suggest other indicators?

____________________________________________________________
____________________________________________________________
____________________________________________________________
I accept that the contained in this document are used anonymously for research purposes
SIGNATURE: __________________________

10.6 Trip Report
The trip started on the 28th of June with a flight from Stockholm to Singapore where I arrived the following day. After two days
visiting Singapore on the first of July I arrived in Indonesia, my destination was the city of Medan in North Sumatra. There I was
welcomed by Mr. Tjahjono Herawan senior researcher, laboratory manager and product testing at the Indonesian Oil Palm
Research Institute (IOPRI). During my stay in Medan I was accommodated at IOPRI’s the guesthouse of. IOPRI is the reference
centre for Indonesian palm oil sector responsible for advancing the industry in the country. IOPRI’s research covers the whole
palm oil production chain including soil science and agronomy, plant protection, engineering and environmental management,
and socio economic studies.
During the first week of my stay in Medan I had the opportunity to visit daily the research institute where I was assigned with a
small office where I could work. During these visits, I had the opportunity to held several meetings and discussions with IOPRI’s
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researchers. Especially I had the opportunity to discuss my work and research with Ms. Vita Dhian Lelyana who is working on
the calculation of the life cycle assessment of palm oil production. On Friday the 6th of July, I had the opportunity to present my
research in front of a group of researchers from IOPRI among them there was Donald Siahaan chairman of the research group
processing and quality. The aim of the meeting was to present my research work, explain the reason of my trip and discuss some
specific doubts. The discussion was particularly active and fruitful and I managed to collect a number of important information
from it.

Figure 31: Indonesian Oil Palm Research Institute, research centre in Medan, (Photo Lorenzo Sani)
During the second week of my trip I performed a field trip from the 8th to the 11th of July to Pekanbaru in order to visit the
research institute of Sinar Mas Agri Resources and Technology (SMARTRI). At my arrival at Pekanbaru’s airport I was welcomed
by Dr. Joni Jupesta senior researcher at SMARTRI who drove me to the research site two hours away from the city. Sinar Mas is
the world’s second largest plantation group and SMARTRI is its research institute. The work of SMARTRI covers all the phases
of oil palm production, from plantations to biomaterials. In the first day of my visit I had the possibility to visit Libo palm oil
mill and kernel crushing plant located next to the research centre. The peculiarity of this mill is the adoption of a continued stirred
tank reactor for the treatment of POME. The methane captured by the reactor is used to produce electricity needed to run the
palm oil mill, the kernel crushing plant and part of the neighbouring village of workers. The second day of my visit I have been
guided around the plantations to visit the various field experiments performed at the institute such as a tower for CO2 monitoring
and experiments on chemical and organic fertilizers. The last day before leaving I had the opportunity to present and discuss my
research in front of a group of researchers including the head of research Jean Pierre Caliman. During this meeting, I could
discuss some issues with SMARTRI’s researchers and receive their feedback on my research. After returning to Medan, I spent
the rest of the week working on the thesis and finishing the poster for the upcoming conference.
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Figure 32: Visit at Libo palm oil mill and kernel crushing plant (Photo Joni Jupesta)

Figure 33: Presentation at SMARTRI (Photo Joni Jupesta)
The last week in Medan, was occupied with the 6th quadrennial conference “International Oil Palm Conference” organized by
IOPRI. During the two days of the conference, I had the opportunity to present my research with a poster. This helped me
getting even further feedbacks on my research and specially to reach out to some experts for the collection of the questionnaires.
Besides, attending the numerous speaker sessions and discussing with various experts helped me to increase significantly my
knowledge and understanding of the many issues faced by the oil palm sector. During the final session of the conference, my
poster was awarded as fifth most voted poster from the audience. The remaining part of the week I had the opportunity to have
a meeting with Mrs. Ratnawati Hardiant researcher in the socio economic group of IOPRI. With her I could discuss many issues
regarding price of materials and investment costs. Unfortunately, I had not the opportunity to perform a final presentation before
leaving Medan because most of the researchers were busy with many guests that visited the institute after the conference.
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Figure 34: Poster Presentation at IOPC, (Photo Lorenzo Sani)
In conclusion, the trip was extremely fruitful and allowed me to achieve most of the objectives I was pursuing. I managed to
collect relevant information, to validate the outcomes of my research and to collect stakeholders’ opinions.
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