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Foreword

The Malaysian oil palm industry has faced various challenges since its first com-
mercial planting in Malaysia in 1917. Over the last 100 years, the industry has faced
health, nutrition and environmental issues. We have always been at the forefront in
responding to these numerous challenges. Malasia is often seen as the leading
innovator in managing the requirements of sustainability, conservation and eco-
nomic development in a balanced manner, in line with the 3Ps (People, Planet,
Profit) and the UN’s Sustainable Development Goals (SDGs).

However, more and rigorous sustainability demands are being made on
agro-based industries globally. This is particularly true for the energy sector, which
has been targeted for the accelerated effects of climate change coupled with the
release of more greenhouse gas (GHG) emissions, despite adaptations of renewable
energy mandate. This has led to the emergence of green technologies which aim
provide more environment-friendly and sustainable forms of renewable energy.

The Malaysian oil palm sector is fortunate to be gifted with a multitude of green
technologies. For example, methane gas captured at palm oil mills that can reduce
up to 40% of palm oil’s GHG emissions and utilising oil palm biomass such as
empty fruit bunches, fronds, shells, and trunks to produce renewable energy,
second-generation biofuels and bio-based chemicals, are providing key drivers for
oil palm cultivators.

This book focuses on the innovative utilisation of green technologies in palm oil
milling processes, and how these innovations enhance the values found in the palm
oil supply chain. While such innovations are technically viable, the real challenge
would be their adoption in the commercial environment.

Finally, we would like to congratulate the editors for initiating this project and
making this publication a reality. We hope that the book would be a useful refer-
ence to the oil palm industry that is looking to explore and adopt new green
technology innovations in their pursuit of higher sustainability commitments.

Petaling Jaya, Malaysia Datuk Dr. Kalyana Sundram
Chief Executive Officer

Malaysian Palm Oil Council (MPOC)
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Preface

The palm oil industry is an important commodity sector in Malaysia. Oil palm tree
originated in West Africa and was planted in Peninsular Malaysia as earlier as 1917.
Significant growth in the plantation area was observed in the 70s, following the
collapse of the global price of rubber (which was the main agricultural output of
Malaysia back then).

The Malaysia Palm Oil Board (MPOB) reported that in the year 2017, Malaysia
had 5.81 million hectares of oil palm planted area and produced approximately 20
million MT of crude palm oil (CPO). Total exports of oil palm products (palm oil,
palm kernel oil, palm kernel cake) were reported at 23.97 million MT, contributing
to the total export revenue increasing to RM 77.85 billion (approximately USD 19.5
billion). The three main export markets for Malaysian palm oil are India (2.03
million MT, 12.2% of total palm oil exports), the European Union (1.99 million
MT, 12.0%) and China (1.92 million MT, 11.6%). On the other hand, the EU was
the major export market for palm kernel oil (0.25 million MT, 25.9%), followed by
China (0.17 million MT, 17.6%) and Turkey (0.08 million MT, 8.3%). For palm
kernel cake (PKC), the major export markets in 2017 were New Zealand (0.65
million MT, 29.4% of total PKC export) and the EU (0.48 million MT, 21.9%).

Even though the trading records have seen a healthy growth in the long run, the
palm oil industry does suffer some recurring issues, such as low oil extraction rate
(MPOB reported the 2017 national oil extraction rate as 19.7%), labour-intensive
and some controversial issues on sustainability, e.g. deforestation. It is also worth
noting that the availability of cheap foreign labour has suppressed the initiative for
innovation in the palm oil industry.

This book is meant to address some of the above issues. It comprises eight
chapters outlining the state-of-the-art advances in palm oil milling processes from
renowned experts and researchers. These chapters may be read independently of
each other without a particular sequence. Synopses of all chapters are given as
follows.
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Synopses of Chapters in Part I—New Technologies for Palm Oil
Mills

This part consists of four chapters on new technologies developed for the palm oil
milling processes. Chapter “Flowsheet Synthesis and Optimisation of Palm Oil
Milling Processes with Maximum Oil Recovery” by Foong and co-workers
describes an optimisation model that can be used for synthesising a palm oil milling
process flow sheet that maximises oil recovery. In Chapter “Alternative Solvent
Design for Oil Extraction from Palm Pressed Fibre via Computer Aided Molecular
Design”, computer-aided molecular design (CAMD) tool was used to design
alternative solvent for oil extraction from palm-pressed fibre. Chapter “Green
Extraction Process for Oil Recovery Using Bio-Ethanol” by Abdul Aziz and
co-workers discusses process development for green extraction processes for waste
oil recovery. Chapter “Palm Oil Mill Effluent (POME) Treatment—Current
Technologies, Biogas Capture and Challenges” by Chan and Chong outlines the
state-of-the-art techniques for POME treatment, as well as the latest technologies
developed for biogas capture, which is commonly carried out in Malaysian palm oil
mill.

Synopses of Chapters in Part II—Palm Biomass and Biomass
Supply Chain

This part consists of four chapters that focus on palm biomass and its supply chain
problems. Chapter “Numerical Methods to Estimate Biomass Calorific Values via
Biomass Characteristics Index” by Tang et al. describes the development of a new
index that may be used to estimate calorific values for various biomass. Foo’s
Chapter “A Simple Mathematical Model for Palm Biomass Supply Chain”
describes a linear programming model that can be used to determine optimum
allocation of biomass. The next chapter, How’s “An Overview of Palm Biomass
Supply Chain Modelling”, describes the state-of-the-art techniques for detailed
modelling and optimisation of a palm biomass supply chain. Finally, Chapter
“Cooperative Game Theory Analysis for Implementing Green Technologies in
Palm Oil Milling Processes”, by Andiappan et al., introduces the eco-industrial park
concept for the oil palm industrial players.

Together, these eight chapters present some newly developed green technologies
in the palm oil industry. It is our hope that the readers will be inspired by the idea
and innovation discussed in these chapters, which might then help to add value to
the palm oil industry and its value chain.

Semenyih, Malaysia Dominic C. Y. Foo
Mustafa Kamal Tun Abdul Aziz

x Preface
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Flowsheet Synthesis and Optimisation
of Palm Oil Milling Processes
with Maximum Oil Recovery

Steve Z. Y. Foong, Viknesh Andiappan, Dominic C. Y. Foo and Denny K. S. Ng

Abstract Crude palm oil (CPO) is produced in palm oil mills (POMs) using fresh
fruit bunches (FFBs), harvested from oil palm plantations. FFB passes through mul-
tiple unit operations in the milling process, each consists of different technologies.
Palm oil millers have tried to improve the milling technologies collectively and
individually to enhance the extraction efficiency, meeting the process and product
requirements. However, oil lost in the milling process remains the major issue in
POM and leads to heavy loss of profit. In order to address such issue, oil recovery
technologies were introduced and implemented in the current POM. Nevertheless,
such technologies come with additional capital investment and operating costs that
may outweigh the profit generated. Therefore, in this work, a systematic approach is
presented to synthesise the palm oil milling processes with oil recovery technologies
which is technically and economically feasible.

Keywords Palm oil mill · Process synthesis · Process optimisation
Oil recovery technologies
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4 S. Z. Y. Foong et al.

Nomenclature

Abbreviation Description
AOT Annual Operational Time
CPO Crude Palm Oil
CPKO Crude Palm Kernel Oil
DC Decanter Cake
DOE Department of Environment
EFB Empty Fruit Bunch
FFB Fresh Fruit Bunch
L Oil Loss
LPS Low Pressure Steam
MILP Mixed-Integer Linear Programming
MINLP Mixed-Integer Nonlinear Programming
MPOB Malaysian Palm Oil Board
MPS Medium Pressure Steam
MT Metric Tonne
PEFB Pressed Empty Fruit Bunch
PK Palm Kernel
PKS Palm Kernel Shell
POM Palm Oil Mill
POME Palm Oil Mill Effluent
PPF Palm Pressed Fibre
PSE Process Systems Engineering
R Oil Recovery
X Mass Conversion

Sets Description
e Index for electricity
i Index for feedstocks
j Index for technologies at level j
j′ Index for technologies at level j′
p Index for intermediate products
p′ Index for final products
u Index for utility

Variables Description
Bj Binary variable denoting the existence of technology j
B j ′ Binary variable denoting the existence of technology j′
CRF Capital recovery factor
CAPEX Total capital cost
ECon
e Total electricity consumption

EDemand
e Total electricity demand

EP Economic performance
FCon
LPS Total flowrate of low pressure steam
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FCon
MPS Total flowrate of medium pressure steam

FCon
u Total flowrate of utilities

FCon
water Total flowrate of utility water

FDemand
u Total utility demand

FDesign
j Design capacity of technology j

FDesign
j ′ Design capacity of technology j′

Fij Flowrate of feedstock i to technology j
Fj ′ p′ Flowrate of final product p′ from technology j′
Fjp Flowrate of intermediate product p from technology j
Fp Flowrate of intermediate products p
Fp′ Flowrate of final products p′
Fpj ′ Flowrate of intermediate products p to technology j′
FPL Total flowrate of pressed liquid
FSFB Total flowrate of sterilised fruit bunch
GP Total gross profit
Oi Oil content of feedstock i
Op Oil content of intermediate product p
Op′ Oil content of final product p′
OPEX Total operating cost
OPp Oil percentage of intermediate product p
OPp′ Oil percentage of final product p′
zj Number of units of technology j selected
z j ′ Number of units of technology j′ selected

Parameters Description
Ce Cost of electricity e
Ci Cost of feedstock i
Cu Cost of utility u
Cp′ Cost of final product p′
CCj Capital cost for technology j
CC j ′ Capital cost for technology j′
Fi Flowrate of feedstock i
Lijp Percentage oil loss technology j
Lpj ′ p′ Percentage oil loss technology j′
OCj Operating cost for technology j
OC j ′ Operating cost for technology j′
OPi Oil percentage of feedstock i
r Discount rate
Rijp Percentage oil recovery technology j
Rpj ′ p′ Percentage oil recovery technology j′
tmax
k Operational lifespan
Uujp Utility specification of intermediate product p for technology j
Uu j ′ p′ Utility specification of final product p′ for technology j′
Xijp Component mass conversion of feedstock i
Xpj ′ p′ Component mass conversion of intermediate product p
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Yej Electricity consumption rate per unit of technology j
Yej ′ Electricity consumption rate per unit of technology j′
Yej ′ p′ Electricity consumption rate of technology j′ per unit of final product

p′ produced
Yejp Electricity consumption rate of technology j per unit of intermediate

product p produced

1 Introduction

Over the past few decades, palm oil industry has expanded dramatically as one of the
major oils and fats providers for global needs. In year 2016, palm oil contributes up
to 30% of oils and fats production globally [39]. As reported by American Soybean
Association [60], palm oil accounts for 68.9 million metric tonnes (MT) out of 203
million MT of vegetable oils consumed worldwide (contributed to 34%). Note that
more than 20millionMT of crude palm oil (CPO) are produced annually inMalaysia
[34], makingMalaysia the second largest producer and exporter of palm oil products
after Indonesia. As the second largest producer and exporter of CPO, Malaysia plays
an important role in fulfilling the growing global need for oils and fats sustainability.

In the palmoil industry, fresh fruit bunch (FFB) is first harvested in oil palmplanta-
tion and sent to palmoilmill (POM) to produceCPO.On the other hand, the generated
palm kernel (PK) is sent to kernel crushing plant for production of crude palm kernel
oil (CPKO). During the milling process, by-products, such as palm pressed fibre
(PPF), palm kernel shell (PKS), emptyfruit bunch (EFB), decanter cake (DC) and
palm oil mill effluent (POME) are generated. Both CPO and CPKO will be further
refined into various products (e.g. edible oil, stearine, lubricant, etc.) in refinery. A
major issue found in the POM is the low oil recovery (or high oil lost) during milling
process. To address this issue, various technologies such as tilted steriliser, double
screw press, vacuum clarifier, etc. have been developed. However, such technologies
come with additional capital investment and operating costs. Therefore, a study to
trade-off between increments in oil yield with costs is necessary. Besides, the total
oil balance of the entire milling process based on the input of oil in FFB and output
of oil from the milling process has yet to be studied. Hence, there is a need to develop
a systematic approach for flowsheet synthesis and optimisation of palm oil milling
process with maximum oil recovery.

In the following sections, systematic approaches for flowsheet synthesis are first
reviewed. In Sect. 2, a problem statement for this work is presented, followed by
the development in palm oil milling processes in Sect. 3. A detailed formulation for
material balance, utility balance and economic analysis is given in Sect. 4. Next, a
typical palm oil milling process in Malaysia is synthesised and optimised based on
the proposed framework in Sect. 5. Lastly, a conclusion of this work is drawn and
given at the end of this chapter.
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1.1 Systematic Approach for Flowsheet Synthesis

Various process synthesis tools have been established to design chemical processes
in the industry [23, 58]. Nishida et al. [43] defined process design as the selection of
a particular interconnection of processing systems which meet certain constraints
out of a large number of alternatives. A flowsheet is the optimal interconnection
of processing systems as well as the optimal type and design of the units within a
process system [17]. Process Systems Engineering (PSE) is a field in which sys-
tematic computer-based approaches are developed to synthesise a flowsheet [53].
Various approaches have been developed to provide a methodological framework in
designing chemical processes [57].

Conventionally, flowsheet synthesis is carried out in a hierarchical approachwhich
is divided into three distinct levels, namely synthesis optimisation, design optimi-
sation and operational optimisation, to be solved in sequence [15]. The hierarchical
approach is well recognised in the field of process synthesis [12, 11]. The onion
model is proposed as a hierarchical decision-making tool for process synthesis [30,
56]. Following that, hierarchical approach has been used in various studies for the
synthesis of wastewater treatment [16], thermal [37], biorefinery [42, 52] and chlor-
alkali production systems [55], etc. On the other hand, mathematical programming
approaches were developed for flowsheet synthesis by screening a wide range of
possible flowsheet alternatives under any possible circumstance. As shown in the
literature, many mathematical optimisation approaches for flowsheet synthesis have
been presented. For instance, Grossmann and Santibanez [19] presented a mixed-
integer linear programming (MILP) model for flowsheet synthesis. Biegler et al.
[4] developed an alternative MILP model for flowsheet synthesis with consideration
of mass and energy balances, equipment sizing and costing, economic evaluation,
process simulation and optimisation. Besides, various mathematical optimisation
models have been developed to synthesise water network [27], trigeneration [32,
62], biorefinery [28, 41], hydrocarbon biorefineries [61], industrial symbiosis [40],
biomass trigeneration [2, 3], biogas systems [46], etc.

Most papers discussed earlier focused on integrated biorefinery, resources network
or energy systems in which water and energy (i.e. heat and electricity) consumptions
are used as the major parameter in the optimisation models. However, it is noted that
limited of these works discussed on the synthesis of POMflowsheet. Recently, Foong
et al. [14] presented a systematic approach to synthesise palm oil milling process.
CPO serves as the main product and income generator in a POM. With respect to
that, it is essential to trace the oil content across the flowsheet synthesised which
has not been done in the previous research works. The optimal technology selection
for FFB processing with consideration of oil content, energy consumptions, process
capacity and their respective economic interests shall be performed. With respect
to this, it is essential to develop a systematic approach to synthesise and optimise a
milling process with maximum oil recovery. To illustrate the proposed approach, a
typical palm oil milling process case study in Malaysia is solved.
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2 Problem Statement

Due to the variety in established technologies available in market, the synthesis of
an optimal POM configuration is highly complicated. A simplified generic graphical
representation of model is shown in Fig. 1. The synthesis problem addressed is stated
as follows. The feedstock i with given flowrate of Fi (in this case, FFB is the only
feedstock) can be converted to intermediate product p ε P (e.g. sterilised fruit bunch,
FSFB, pressed liquid, FPL, etc.) through technology j ε J. Intermediate product p can
then be further converted to final product p′ ε P′ (e.g. CPO and PK) via technology j′
ε J′. By-products (e.g. PKS, PPF, DC, etc.) are represented as a form of intermediate
product p or final product p′ in the model. The oil content of feedstock i, intermediate
product p and final product p′ are defined as Oi, Op and Op’ respectively. Note that
every technology j ε J and j′ ε J′ may have more than one inlet and outlet stream,
allowing every stream to merge or split, depending on constraints set on the model.
Besides, intermediate product p can also be taken as final product p′ if it could be sold
directly. The mass conversion (X), oil loss (L) and oil recovery (R) of technology
j from feedstock i and technology j′ from intermediate product p are specified as
Xijp, Xpj ′ p′ , Lijp, Lpj ′ p′ Rijp and Rpj ′ p′ respectively. Meanwhile, utility consumption
FCon
u (e.g. low pressure steam, FCon

LPS , medium pressure steam, FCon
MPS and utility water,

FCon
water) and electricity consumption ECon

e for the entire mill are specified as Uujp, Yejp

for technology j and Uu j ′ p′ , Yej ′ p′ for technology j′.
In this work, the objective is to develop a systematic approach, generating an opti-

mal and robust POM configuration with maximum economic performance (EP). The
oil loss and oil recovery in every technologies j ε J and j′ ε J′ will be traced accord-
ingly. Usually, the available equipment in the market have a fixed design capacity
of technology j (FDesignj ) and j′ (FDesignj ′ ); therefore, the proposed approach will deter-
mine the number of units required for technologies j and j′ selected, represented by
zj and zj′ respectively. The total capital cost, CAPEX and total operating cost, OPEX
can be calculated based on the costs of selected technologies j and j′ (CCj, CC j ′ , OCj

and OC j ′ ). The following section provides a better insight on the process in which
the development of palm oil milling technologies will be discussed in detail.

Feedstock i

i = 1

i = 2

i = I

Technology j

j = 1

j = 2

j = J

Intermediate
Product p

p = 1

p = 2

p = P

Technology j’

j' = 1

j' = 2

j' = J'

Final 
Product p’

p' = 1

p' = 2

p' = P'

Fig. 1 Generic representation of superstructure for scenarios [14]
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3 Development in Palm Oil Milling Processes

Figure 2 shows a typical process flow diagram of palm oil milling process. As shown,
the process can be generally divided into several unit operations. Firstly, FFB is
sterilised to ease the separation of fruitlets and EFB. Most of the POMs in Malaysia
are using horizontal cylindrical vessels with three bar steams for sterilisation process
[49]. Since the last decade, continuous steriliser [26] and tilting steriliser [31] were
introduced to improve milling efficiency by lowering labour and maintenance cost.
However, the capital cost of the new type of steriliser is higher comparing to the
conventional horizontal steriliser. Depending on the type of sterilisation technology
and availability of steam, several sterilisation patterns from single- to triple-peak
steam cycles are practised [13]. By using different patterns of sterilisation process,
the oil yield will be improved. Upon sterilisation, the fruitlets and EFB are threshed
via rotating or fixed drum equipped with rotary beater bars [9]. Meanwhile, POME
and EFB are generated in sterilisation and threshing process respectively.

The separated fruitlets, which consist of palm nuts and mesocarp fibres, are then
sent to the digestion process. Under the high-pressure condition in a steam-jacket
drum, fruitlets will be digested in which oil is released through the rupture of oil-

Cracked mixture

Sterilised fruit bunch

Sterilised fruitlet

Digested fruitlet

Liquid product Solid product

Palm nut

Wet kernel

Crude Palm Oil
(CPO) Palm Kernel (PK)

Fresh Fruit 
Bunch (FFB)

Palm Oil Mill 
Effluent (POME)

Empty Fruit 
Bunch (EFB)

Palm Oil Mill 
Effluent (POME)

Decanter Cake
(DC)

Palm Pressed
Fibre (PPF)

Palm Kernel 
Shell (PKS)

Sterilisation

Threshing

Digestion

Pressing

Clarification

Purification

Nut Separation 

Drying

Nut Cracking

Recovered Oil

Kernel 
Separation

Steam

Steam

Fig. 2 Typical palm oil mill processing unit operations [14]
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bearing cells [49]. Next, the digested fruitlets go through a pressing system to squeeze
out the oil frommesocarp fibres in the fruitlets. Mechanical screw press is commonly
used in the pressing process. Double screwpresswith twin screws rotating in opposite
directions was introduced to increase the pressing efficiency [47]. Due to its larger
capacity and shorter processing time, double screw press is favourable in the milling
industry [22]. During the pressing process, solid and liquid products are generated.
The solid product consists of amixture ofmesocarp fibres and palm nuts.Meanwhile,
a mixture of water (45–55%), palm oil (35–45%) and fibrous materials are also
produced [8].

For the solid products, the fibres and palm nuts can be separated via inclined rotary
separator [45], or depericarper which based on air floatation concept [20]. Maycock
[38] introduced ripple mill cracker where the palm nuts were cracked and air cyclone
is used to remove the dust particles of the cracked mixture [24]. The cracked mixture
from the palm nuts, which consist of PK and PKS is separated via clay bath or
hydrocyclone based on the difference in specific gravity [21]. Meanwhile, a new
cracking process known as Rolek nut cracker [50], followed by a multiple-staged
winnowing system [51] with higher efficiency were introduced.

To improve the removal efficiency of the entrained impurities (water and fibrous
materials) from the oil, hot water is added in clarification tank [49]. Jorgensen and
Singh [25] proposed to combine a two-phase decanter with a rotate drum drier to
reduce the amount of water needed. Recently, three-phase decanter is introduced to
replace clarification tank and sludge centrifuge [1]. In this process, the entrained solid
particles are removed as DCwhile water is removed as POME. The oil is then further
purified into CPO through centrifugal and drying operations. In order to minimise
deterioration in oil quality, the purified CPO must be stored between 32 and 40 °C
[6].

Based on above discussion, it is noted that there are many alternative technologies
that can be used to improve the overall efficiency of POM. Note also that throughout
the milling process, various by-products are generated with oil being trapped and
remains unrecovered. For example, 10.6 g/L of oil and grease were trapped in POME
[5]. Meanwhile, EFB and PPF contains approximate 3–4% [18] and 1.8–3.96% [59]
(wet basis) of residual oil respectively. According to [7], an estimation of 10% oil
lost across multiple unit operations in the milling process. Therefore, oil loss is a
critical issue in POM as it causes a significant impact on the economic performance
of POMs. To overcome this issue, various research and development works were
conducted to recover the oil from by-products. For instance, EFB screw press and
three-phase decanter were introduced to recover oil from EFB and improve the over-
all oil extraction efficiency. However, most technology providers only focused on
individual equipment or process. The oil balance for the entire milling processes is
not being assessed. Hence, this is the subject of this work. It is important to synthesis
and optimise the entire milling process simultaneously to maximise oil recovery in
POM, thus achieving a greater economic performance. Material and energy flows of
the entire process as well as expected productivity of the developed POM flowsheet
can be determined. Based on the proposed approach, aspects such as process syn-
thesis (e.g. system configuration and technology selection) and design optimisation
(e.g. capacity, number of units) within the milling process can also be identified.
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The following section clarifies the developed model, the parameters and the vari-
ables involved in a more descriptive manner. The equations formulating the opti-
misation model are clearly presented and defined methodically to deliver a smooth
learning of the constructed model.

4 Mathematical Model Formulation

As mentioned earlier, a systematic optimisation approach to synthesise a palm oil
milling process is developed in thiswork. Figure 1 shows the generic superstructure of
a palm oil milling process. The following subsections present a detailed formulation
for the proposed model. Note that italic mathematical notations represent variables
in the mathematical model while non-italic notations are fixed parameters.

4.1 Material Balance

Equation (1) shows the component balance for feedstock i where Fi represents the
flowrate of feedstock i which may be sent to potential technology j with flowrate of
Fij

Fi�
J∑

j�1

Bj Fi j ∀i (1)

Bj ∈ {0, 1} ∀ j, (2)

where Bj is a binary variable denoting the existence of technology j (Eq. 2). Multiple
technology j options are given for selection, but, in order to reduce the maintenance
and operation costs, only one type of technology j will be selected. Hence, additional
constraint Eq. (3) is introduced.

J∑

j�1

Bj � 1 (3)

The oil content of feedstock i (Oi) is calculated using Eq. (4)

Oi = FiOPi ∀i (4)

where OPi is the oil percentage of feedstock i.
In technology j, feedstock i is converted to intermediate product pwith conversion

Xijp. The total production rate for intermediate product p (Fp) for all technologies j
is given in Eq. (5).
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Fp�
I∑

i�1

J∑

j�1

Bj Fi jXi j p ∀p (5)

Next, intermediate product p can be distributed to secondary technology j′ for
further processing to produce final product p′. The component balance for interme-
diate product p is shown in Eq. (6) where Fp represents the flowrate of intermediate
product p which may be sent to secondary technology j′ with flowrate of Fpj ′

Fp�
J′∑

j ′�1

Bj ′ Fpj ′ ∀p (6)

Bj ′ ∈ {0, 1} ∀ j ′ (7)

where Bj’ is a binary variable denoting the existence of technology j′ (Eq. 7) and
additional constraint Eq. (8) is introduced to avoid multiple technology j′ selected.

J′∑

j ′�1

Bj ′ � 1 (8)

Technology j′ then converts the intermediate product p (Fpj ′) to final product
p′ with conversion Xpj ′ p′ . The total production rate for final product p′ (Fp′ ) for
technologies j′ is given in Eq. (9).

Fp′�
P∑

p�1

J′∑

j ′�1

Bj ′ Fpj ′Xpj ′ p′ ∀p′ (9)

Equations (10) and (11) show the oil content of intermediate product p (Op) and
final product p′(Op′

)
respectively

Op�Oi −
I∑

i�1

J∑

j�1

Bj Fi jLi j p +
I∑

i�1

J∑

j�1

Bj Fi jRi j p ∀i, p (10)

Op′�Op −
P∑

p�1

J′∑

j ′�1

Bj ′ Fpj ′Lpj ′ p′ +
P∑

p�1

J′∑

j ′�1

Bj ′ Fpj ′Rpj ′ p′ ∀p, p′ (11)

where Lijp and Lpj ′ p′ represent these percentage oil loss while Rijp and Rpj ′ p′ repre-
sents the oil recovery across technologies j and j′. The oil percentage of intermediate
product p (OPp) and final product p′(OPp′

)
could then be calculated using Eqs. (12)

and (13).

OPp�Op

Fp
× 100% ∀p (12)



Flowsheet Synthesis and Optimisation of Palm Oil … 13

OPp′�Op′

Fp′
× 100% ∀p′ (13)

Despite that only two stages of conversion by technologies j and j′ were shown
in Fig. 1, the formulation can be expanded in a repetitive manner for any number of
conversion stages to match the case study requirement.

4.2 Utility Balance

Utilities u (e.g. steam, electricity and water) are required for material conversion
in technologies j and j′. Depending on the technology selected, amount and quality
of utilities u consumed, varies accordingly. Total utility u consumption, FCon

u and
electricity e consumption, ECon

e can be calculated with Eqs. (14) and (15).

FCon
u �

I∑

i�1

J∑

j�1

Bj Fi jUu jp +
P∑

p�1

J′∑

j ′�1

Bj ′ Fpj ′Uu j ′ p′ ∀p′ (14)

ECon
e �

J∑

j�1

P∑

p�1

Bj Fi jYejp +
J′∑

j ′�1

P′∑

p′�1

Bj Fpj ′Yej ′ p′ +
J∑

j�1

z jYej +
J′∑

j ′�1

z j ′Yej ′∀p′

(15)

whereFij and Fpj ′ are theflowrate of feed i and intermediate productp into technology
j and j′, Uujp and Uu j ′ p′ are the utility requirement per unit flowrate, Yejp and Yej ′ p′

are the specified electricity consumption per product formation, Yej and Yej ′ are
the electricity consumption per unit operation while zj and z j ′ are the number of
equipment unit needed for technologies j and j′ respectively. As shown in Eqs. (16)
and (17), the equipment units needed, zj and z j ′ are determined based on the operating
capacity

z j × FDesignj ≥
P∑

p�1

Bj Fjp ∀ j (16)

z j ′ × FDesignj ′ ≥
P′∑

p′�1

Bj ′ Fj ′ p′ ∀ j ′ (17)

where FDesignj and FDesignj ′ represent the design capacities available to be purchased for
technologies j and j′ respectively. Both zj and z j ′ are positive integers to reflect the
number of units of technologies j and j′ with given design capacity obtained in the
literature. However, the design capacities used can be revised according to current
market availability to provide a produce an up-to-date result.
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In this work, it is assumed that due to inevitable losses in transmission and dis-
tribution of utility such as electricity and steam, an additional 20% of utility u con-
sumption, FCon

u and electricity e consumption ECon
e were required, given in Eqs. (18)

and (19)

FDemand
u � 1.2 FCon

u ∀u (18)

EDemand
e � 1.2 ECon

e (19)

where FDemand
u and EDemand

e are the total utility demand and electrical demand of the
milling process synthesised.

4.3 Economic Analysis

The economic feasibility (over a specified operation) of themilling process developed
is evaluated via Eq. (20)

EP � GP − CRF × CAPEX (20)

where GP, CRF and CAPEX represents the gross profit, capital recovery factor and
total capital costs of the process developed respectively. Note that EP shall always
be positive and a greater value indicates a greater interest in investing on the system
developed. In the event where EP is a negative value, it means the cost is higher than
the revenue and it is an infeasible design. GP can be calculated using Eq. (21)

(21)

GP � AOT

×
⎛

⎝
P′∑

p′�1

Fp′Cp′ −
I∑

i�1

FiCi −
U∑

u�1

Fu
DemandCu −

E∑

e�1

Ee
DemandCe

⎞

⎠

− OPEX ∀p′,∀i,∀u

where AOT is the annual operational time, OPEX is the total operating costs, Cp′

is the selling price of final product p′, Ci is the cost of feedstock (FFB), while Cu

and Ce is the cost of utility and electricity purchased. The CRF is used to annualise
capital costs by converting its present value into a stream of equal annual payments
over a specified operation lifespan, tmax

k and discount rate, r. CRF is determined via
Eq. (22).

CRF � r (1 + r)t
max
k

(1 + r)t
max
k − 1

k ∈ j, j ′ (22)

CAPEX and OPEX are calculated based on the selected technologies j and j′ as
well as their equipment unit zj and zj’ required as shown in Eqs. (23) and (24)
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CAPEX �
J∑

j�1

z jCC j +
J′∑

j ′�1

z j ′CC j ′ (23)

OPEX �
J∑

j�1

z jOC j +
J′∑

j ′�1

z j ′OC j ′ (24)

where OCj and OC j ′ are operating costs while CCj and CC j ′ are capital costs for
technologies j and j′ respectively.

To illustrate this proposed optimisation approach, a case study is presented based
on information from literature and Malaysian palm oil industry. The developed
MINLP model is solved via LINGO v14, with Global Solver [29], with an Intel®

Core™ i5 (2×3.20 GHz) with 8 GB DDR3 RAM desktop unit.

5 Case Study

As discussed previously, FFBs obtained from plantation are converted into products
CPO and PK in a POM. In the process, utilities such as water, steam and electricity
are consumed. By-products such as PKS, EFB, POME, etc. are also being generated
(as shown in Fig. 3). In Malaysia, a typical POM processes 60 t/h of FFBs for 12 h
every day. In this case study, a potential owner in Malaysia is interested to optimise
its POM to increase economic performance, EP with maximum oil recovery. As
mentioned previously, the milling process consists of several unit operations and
variety of technology available in the market for each operation. Thus, it is important
to screen every alternative configuration to synthesise an optimal milling process.
Table 1 shows the given economic parameters considered in this work.

According toMPOB [36], the oil content of FFB feedstock, OPi is given in a range
between 22 and 25%. For conservative measure, the FFB oil content is assumed as
22% in this work. Besides, the price of CPO generated fluctuates throughout the
year, depending on the international economic conditions [33]. As a result, the price
of FFB feedstock, other products and by-products changes with the price of CPO. In
this case study, it is assumed that the average prices of CPO maintain at 548 USD/t.
Table 2 shows the average pricing of the raw material, products and utilities used in
this study.

Table 1 Economic
parameters for case study

Annual operational time, AOT 4350 h/year

Operation lifespan, tmax
k 15 years

Discount rate, r 5%

Capital recovery factor, CRF 0.0963

Currency conversion rate 1 USD (4 MYR)
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Palm Oil Mill
(POM)

Fresh Fruit Bunch
(FFB)

SteamWaterElectricity

Feedstock

Utilities

Crude Palm Oil 
(CPO)

Palm Kernel 
(PK)

Products

Palm Pressed 
Fibre (PPF)

Palm Kernel 
Shell (PKS)

Empty Fruit 
Bunch (EFB)

Palm Oil Mill 
Effluent (POME)

Decanter 
Cake (DC)

By-products

Material flow Energy flow

Fig. 3 Material and energy flow in palm oil mill [14]

Table 2 Cost of raw
material, product and utilities

Materials/Utilities Price

Raw material

Fresh fruit bunch, FFB (USD/t) 121

Products

Crude palm oil, CPO (USD/t) 548

Palm kernel, PK (USD/t) 389

By-Products

Pressed empty fruit bunch, PEFB (USD/t) 8

Palm kernel shell, PKS (USD/t) 45

Palm pressed fibre, PPF(USD/t) 23

Decanter cake, DC (USD/t) 43

Utilities

Utility water (USD/m3) 0.55

Electricity (USD/kWh) 0.084

Medium pressure steam, MPS (USD/t) 17

Low pressure steam, LPS (USD/t) 12

All products and by-products are assumed to be sold at the POM. Hence, trans-
portation cost and supply chain issue will not be considered in this work. A super-
structure that incorporate all available technologies of a palm oil milling process
is developed to include all possible technologies and configurations is showed in
Fig. 4. A single box presented in the superstructure for technologies j and j′ may
consist of more than one equipment unit zj and z j ′ required due to constant design
capacity, FDesignj and FDesignj ′ for each technology (as described in Eqs. 16 and 17).
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Mathematical model based on Eqs. (1)–(24) was applied to synthesise and optimise
a palm oil milling process for quantitative analysis. A list of technologies considered
with design capacity, material conversion, utility requirement, oil loss, oil recovery,
capital and operating cost in this case study is delivered in the Appendix.

To demonstrate the proposed work, a study with a milling process with maximum
EP andoil recovery is synthesised to be comparedwith a conventionalmilling process
practiced in the industry.

In this study, optimisation objective is set to maximise economic performance,
EP subject to the mass and energy constraints. It is assumed the mill will have an
operation lifespan, tmax

k of 15 years. The average material prices and utility costs are
given in Table 2. The model is optimised based on optimisation objective as listed in
Eq. (25), subject to the constraints given in Eqs. (1)–(24). The optimisation problem
consists of 297 continuous variables with 52 nonlinear variables, 48 integer variables
and 285 constraints. Negligible computational time (16 s) is required to achieve the
global solution for the model developed (Fig. 5).

Maximise EP (25)

The optimised economic parameters for the case study is summarised in Table 3,
with the optimised POM configurations shown in Fig. 6. For comparison purpose,
a conventional milling process is shown in Fig. 6, and its economic parameters are
also given in Table 3. The EP values of 4.29 and 2.91Million USD/y for optimal and
conventional configurations are determined. It is clearly show that the synthesised
flowsheet with oil recovery technologies is the better choice to invest on. It is found
that additional 1.24 Million USD (=8.04–6.80 Million USD) of capital investment,
CAPEX is required for the optimal configuration. Likewise, much higher gross profit,
GP value (5.42 Million USD/y) was reported for the optimal design as compared to
the conventional design (3.56 Million USD/y). Table 4 shows the net output of the
POM and its utility consumptions. As shown, 12.4 t/h of CPO is produced in the
optimal configuration. Meanwhile, in the conventional configuration, only 11.9 t/h
of CPO is produced by the same amount of FFB feedstock (60 t/h). This is due to the
increment in oil recovery by 3.90% (=9.62–5.72%), resulting in higher CPO yield
for the optimal configuration. Note that the percentage of oil recovery represents the
total oil content recovered in by-products (e.g. POME, PPF, EFB, etc.) from the oil
content of FFB feedstock. Besides, a reduction in 4.1 m3/h (21.9 − 17.8 m3/h) of
utility water is required, and 2.9 t/h (=44.6 − 41.7 t/h) of POME is generated in the
optimal configuration. This means that the design is more environmental friendly
than the conventional design. Furthermore, the total unit of equipment required is
reduced by 2 units in the optimal configuration (shown in Tables 5 and 6). However,
this configuration also requires higher operating costs, OPEX and consumes more
electricity (Tables 3 and 4) due to the difference in technologies selected.
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Table 3 Economic analysis for case study

Economic analysis Optimal
configuration

Conventional
configuration

Capital cost, CAPEX (Million USD) 8.04 6.80

Operating cost, OPEX (Million USD/y) 1.13 1.03

Gross Profit, GP (Million USD/y) 5.42 3.56

Economic Performance, EP (Million USD/y) 4.29 2.91

Table 4 Products, by-products and utilities for case study

Materials Flowrates

Optimal
configuration

Conventional
configuration

Products

Crude palm oil, CPO (t/h) 12.4 11.9

Palm kernel, PK (t/h) 4.5 4.2

By-products

Palm oil mill effluent, POME(t/h) 41.7 44.6

Palm kernel shell, PKS (t/h) 3.5 3.4

Decanter cake, DC (t/h) 3.3 3.2

Palm pressed fibre, PPF(t/h) 9.1 9.0

Empty fruit bunch, PEFB (t/h) N/A 12.5

Pressed empty fruit bunch, PEFB (t/h) 11.3 N/A

Utilities consumption

Utility water (m3/h) 17.8 21.9

Low pressure steam, LPS (t/h) 20.3 20.2

Electricity, E (kWh) 940 840

Others

Total oil lost (t/h) 0.78 1.30

Total oil recovered (t/h) 0.76 1.27

Percentage of oil recovery(%) 9.62 5.72
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Table 5 Selected technologies and required units for optimal configuration

Technology selected Design capacity Optimum configuration (unit)

Tilted steriliser 20 t fresh fruit bunch 3

Rotating drum 40 t sterilised fruit bunch 2

Steam injection digester 20 t sterilised fruitlet 3

EFB screw press 10 t empty fruit bunch 2

Double screw press 25 t digested fruitlet 2

Depericarper 10 t pressed cake 2

Rolek nut cracker 10 t palm fruit nut 2

Four-stage winnowing column 15 t cracked mixture 1

Vertical clarifier 7 t pressed liquid 3

Vertical vacuum dryer 10 t organic phase 2

Three-phase decanter 20 t aqueous phase 2

Total unit 24

Table 6 Selected technologies and required units for conventional configuration

Technology selected Design capacity Conventional configuration
(unit)

Horizontal low pressure
steriliser

20 t fresh fruit bunch 3

Rotating drum 40 t sterilised fruit bunch 2

Steam injection digester 20 t sterilised fruitlet 3

Screw press 20 t digested fruitlet 2

Rotating drum separator 10 t pressed cake 2

Nut cracker 8 t palm fruit nut 2

Air Cyclone 8 t cracked mixture 2

Clay bath 5 t cracked nut 2

Silo dryer 15 t cracked mixture 1

Vertical clarifier 7 t pressed liquid 3

Centrifuge Purifier+Vacuum
Dryer

10 t organic phase 2

Three-phase decanter 20 t aqueous phase 2

Total unit 26
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6 Conclusion

In this work, a systematic approach for synthesis and optimisation of palm oil milling
process withmaximumoil recovery is presented. A systematic approach is adapted to
simplify the overall formulation without losing the insights of interest for the effec-
tive design, synthesis and integration of the process. Various technologies currently
available in the market were taken into consideration in developing the case study.
The optimisation objective is to maximise EP generated based on a fixed amount of
fruit available (60 t/h of FFBs). Technology selection and network design are per-
formed simultaneously in a systematic manner with the material and energy flows
for the process presented. It is shown that the optimal milling process developed
generates higher EP as compared to the conventional process practiced in the indus-
try. To top that up, the increment in oil recovery and environmental friendlier design
further attracts the interest of potential owners to invest on the configuration devel-
oped. It is worth mentioning that the proposed approach can be easily revised and
re-formulated to handle the possible uncertainties that may arise from the advance-
ment of technologies, market price, etc. Future works may consider the variation in
FFB feedstock supply throughout the year.

7 Further Reading

A detailed study with multiperiod consideration and sensitivity analysis on palm oil
milling processes can be found in the original paper [14].
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realistic case study in this work.
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Appendix

Capital cost and conversion data
Sterilisation
technologies

Capital cost
(USD) and
Capacity

Materials and
utilities

Amount
required

Conversion of
intermediate
product

Oil loss (%) Oil Rec. References

Horizontal
low-pressure
steriliser

1,000,000/unit Operating cost 200,000/unit – 3.0% – *[49]

Electricity 30 kWh/unit –

20 t FFB/unit LPS 0.25 t/t FFB 0.15 t steam
lost

FFB 1 t 0.87 t
sterilised fruit
bunch

0.23 t POME

Horizontal
high-pressure
steriliser

800,000/unit Operating cost 160,000/unit – 2.0% [44]

Electricity 17 kWh/unit –

10 t FFB/unit MPS 0.2 t/t FFB 0.11 t steam
lost

FFB 1 t 0.90 t
sterilised fruit
bunch

0.19 t POME

Vertical
steriliser

1,000,000/unit Operating cost 120,000/unit – 4.0% [49]

Electricity 40 kWh/unit –

20 t FFB/unit LPS 0.305 t/t FFB 0.205 t steam
lost

FFB 1 t 0.87 t
sterilised fruit
bunch

0.23 t POME

Tilted
steriliser

1,200,000/unit Operating cost 180,000/unit – 2.5% [31]

Electricity 75.4 kWh/unit –

20 t FFB/unit LPS 0.25 t/t FFB 0.14 t steam
lost

FFB 1 t 0.90 t
sterilised fruit
bunch

0.23 t POME

Crusher+
Continuous
Steriliser

1,050,000/unit Operating cost 157,500/unit – 3.0% [26]

Electricity 90 kWh/unit –

20 t FFB/unit LPS 0.36 t/t FFB 0.18 t steam
lost

FFB 1 t 0.88 t
sterilised fruit
bunch

0.30 t POME

(continued)
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(continued)

Threshing
technology

Capital cost
(USD) and
Capacity

Materials and
utilities

Amount
required

Conversion of
intermediate
product

Oil loss (%) Oil Rec. Reference

Rotating drum 225,000/unit Operating cost 33,750/unit – 4.0% – *[9]

40 t sterilised
fruit
bunch/unit

Electricity 28 kWh/unit –

Sterilised fruit
bunch

1 t 0.76 t
sterilised
fruitlet

0.24 t empty
fruit bunch

Oil recovery
technology

Capital cost
(USD) and
Capacity

Materials and
utilities

Amount
required

Conversion of
intermediate
product

Oil loss (%) Oil Rec. Reference

EFB screw
press

120,000/unit Operating cost 20,000/unit – – 60% *[35]

10 t empty
fruit
bunch/unit

Electricity 15 kWh/unit –

Empty fruit
bunch

1 t 0.1317 t
recovered oil

0.8683 t
pressed EFB

Digestion
technology

Capital cost
(USD) and
capacity

Materials and
utilities

Amount
required

Conversion of
intermediate
product

Oil loss Oil Rec. Reference

Steam
injection
digester

150,000/unit Operating cost 15,000/unit – – – *[49]

20 t sterilised
fruitlet/unit

Electricity 18 kWh/unit –

LPS 0.13 t/t FFB 0.09 t steam
lost

Sterilised
fruitlet

1 t 1.04 t digested
fruitlet

Pressing
technologies

Capital cost
(USD) and
capacity

Materials and
utilities

Amount
required

Conversion of
intermediate
product

Oil loss(%) Oil Rec. Reference

Screw press 100,000/unit Operating cost 20,000/unit – 5.0% – *[48]

20 t digested
fruitlet/unit

Electricity 25 kWh/unit –

Digested
fruitlet

1 t 0.58 t pressed
liquid

0.42 t pressed
cake

Double
pressing

180,000/unit Operating cost 36,000/unit – 3.0% – [22, 47]

25 t digested
fruitlet/unit

Electricity 40 kWh/unit –

Digested
fruitlet

1 t 0.60 t pressed
liquid

0.40 t pressed
cake

(continued)
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(continued)

Nut separation
technologies

Capital cost
(USD) and
capacity

Materials and
utilities

Amount
required

Conversion of
intermediate
product

Oil loss Oil Rec. References

Depericarper 250,000/unit Operating cost 25,000/unit – – – [20]

10 t pressed
cake/unit

Electricity 68.6 kWh/unit –

Press cake 1 t 0.59 t palm
fruit nut

0.41 t PPF

Rotating drum
separator

200,000/unit Operating cost 30,000/unit – – *[45]

10 t pressed
cake/unit

Electricity 55.2 kWh/unit –

Press cake 1 t 0.58 t palm
fruit nut

0.42 t PPF

Nut cracking
technologies

Capital cost
(USD) and
capacity

Materials and
utilities

Amount
required

Conversion of
intermediate
product

Oil loss Oil Rec. References

Nut cracker 130,000/unit Operating cost 26,000/unit – – – *[21]

8 t palm fruit
nut/unit

Electricity 26.4 kWh/unit –

Palm fruit nut 1 t 0.95 t cracked
mixture

0.05 t
uncracked nut

Double
cracker ripple
mill

175,000/unit Operating cost 34,000/unit – – – [38]

8 t palm fruit
nut/unit

Electricity 35.3 kWh/unit –

Palm fruit nut 1 t 0.98 t cracked
mixture

0.02 t
uncracked nut

Rolek nut
cracker

180,000/unit Operating cost 36,000/unit – – – [50]

10 t palm fruit
nut/unit

Electricity 31.1 kWh/unit –

Palm fruit nut 1 t 0.99 t cracked
mixture

0.01 t
uncracked nut

Kernel
separation
technologies

Capital cost
(USD) and
capacity

Materials and
utilities

Amount
required

Conversion of
intermediate
product

Oil loss Oil Rec. References

Air Cyclone 70,000/unit Operating cost 10,000/unit – – – *[24]

8 t cracked
mixture/unit

Electricity 18.6 kWh/unit –

Cracked
mixture

1 t 0.81 t cracked
nut

0.19 t PPF

(continued)
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(continued)

Kernel
separation
technologies

Capital cost
(USD) and
capacity

Materials and
utilities

Amount
required

Conversion of
intermediate
product

Oil loss Oil Rec. References

Four-stage
winnowing
column

250,000/unit Operating cost 13,000/unit – – – [52]

15 t cracked
mixture/unit

Electricity 29.2 kWh/unit –

Cracked
mixture

1 t 0.19 t palm
pressed fibre

0.357 t PKS

0.453 PK

Clay bath 35,000/unit Operating cost 3500/unit – – – [24]

5 t/unit Electricity 40.2 kW/unit –

Water 1.8 t/t cracked
nut

1.8 t POME

0.571 t wet
kernel

Cracked
mixture

1 t 0.429 t PKS

Hydrocyclone 40,000/unit Operating cost 4000/unit – – – [21]

5 t cracked
mixture/unit

Electricity 37.5 kWh/unit –

Water 1.7 t/t cracked
nut

1.7 t POME

0.571 t wet
kernel

Cracked
mixture

1 t 0.429 t PKS

Modified
Hydrocyclone

50,000/unit Operating cost 5000/unit – – – *

5 t cracked
mixture/unit

Electricity 30.5 kWh/unit –

Water 1.5 t/t cracked
nut

1.5 t POME

0.571 t wet
kernel

Cracked
mixture

1 t 0.429 t PKS

Kernel drying
technology

Capital cost
(USD) and
capacity

Materials and
utilities

Amount
required

Conversion of
intermediate
product

Oil loss Oil Rec. Reference

Silo dryer 50,000/unit Operating cost 5000/unit – – – *

5 t wet
kernel/unit

Electricity 37.1 kW/unit –

Wet kernel 1 t 0.95 t PK

Clarification
technologies

Capital cost
(USD) and
capacity

Materials and
utilities

Amount
required

Conversion of
intermediate
product

Oil loss (%) Oil Rec. References

Two-phase
decanter

230,000/unit Operating cost 28,000/unit – 4.0% – [25, 54]

20 t pressed
liquid/unit

Electricity 45 kWh/unit –

Pressed liquid 1 t 0.61 t organic
phase

0.39 t POME

(continued)
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(continued)

Clarification
technologies

Capital cost
(USD) and
capacity

Materials and
utilities

Amount
required

Conversion of
intermediate
product

Oil loss (%) Oil Rec. References

Three-phase
decanter

300,000/unit Operating cost 35,000/unit – 3.0% – [1]

20 t pressed
liquid/unit

Electricity 50 kWh/unit –

Pressed liquid 1 t 0.58 t organic
phase

0.33 t POME

0.09 t decanter
cake

Vertical
clarifier

150,000/unit Operating cost 15,000/unit – 5.0% – [10]

7 t pressed
liquid/unit

Electricity 32 kWh/unit –

Water 0.696 t/t
pressed liquid

0.54 t organic
phase

1.156 t
aqueous phase

Pressed liquid 1 t

Vacuum
clarifier

265,000/unit Operating cost 27,500/unit – 3.5% – *

7 t pressed
liquid/unit

Electricity 43 kWh/unit –

Water 0.696 t/t
pressed liquid

0.52 t organic
phase

Pressed liquid 1 t 1.176 t
aqueous phase

Purifying
technologies

Capital cost
(USD) and
capacity

Materials and
utilities

Amount
required

Conversion of
intermediate
product

Oil loss Oil Rec. Reference

Centrifuge
purifier+
Vacuum dryer

390,000/unit Operating cost 55,000/unit – – – *

10 t organic
phase/unit

Electricity 35 kWh/unit –

Organic phase 1 t 0.928 t crude
oil

0.034 t POME

Three-phase
decanter

300,000/unit Operating cost 35,000/unit – – 70% *

20 t aqueous
phase/unit

Electricity 50 kWh/unit –

Aqueous
phase

1 t 0.02 t
recovered oil

0.867 t POME

0.113 t
decanter cake

Note
1. Capital and operating costs for each technology are estimated based on current supplier availability
2. Only maintenance costs were included in the operating cost calculation. Labour costs were not being considered in the model
3. The authors declare no competing financial interest
*Industrial information obtained from Havy’s Oil Mill
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Abstract Palm pressed fibre (PPF) is a by-product from palm oil milling process.
There are approximately 5–7% of residual oils retained in PPF after the oil extraction
process. Hexane is commonly used as solvent for extraction of the residual oil due to
its low cost and high oil solubility. However, the high boiling point of hexane leads
to degradation of carotenes during oil recovery. Besides, hexane is highly flammable
and causes air pollution through fugitive emissions. Thus, there is interest in iden-
tifying alternative solvents to extract residual oil from PPF. In this chapter, a new
approach that combines Computer-Aided Molecular Design (CAMD) and Analytic
Hierarchy Process (AHP) is presented. The proposed approach can determine the
alternative solvents that exert favourable attributes for oil extraction. Both physical
and environmental properties are chosen as design criteria to generate solvents with
improved performance and environmental characteristics. Nonetheless, it is difficult
to evaluate the relative importance of each property since properties that belong to
different categories cannot be compared on a common scale. This issue needs to
be addressed seriously as different relative weights will identify different solvents.
The main attraction of this AHP–CAMD approach is that the relative importance
weight of those identified properties can be systematically defined. AHP structures
the CAMD problem in a hierarchical manner that allows physical and environmen-
tal properties to be compared under the same analysis. Through this approach, the
identified alternative solvents have comparable or better performance as compared
to hexane.
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1 Introduction

Oil palm products are the most widely used vegetable oil in the world. United States
Department of Agriculture (USDA) latest monthly report stated that 66.87 million
metric tonnes of palm oil have been produced worldwide for the first ten months
in 2017 [44]. The world’s production of oil palm products is expected to reach 84
million tonnes due to increasing demand from the industries by the year 2020 [23].
For this reason, production of oil palm products has grown over the past decade
in Southeast Asia especially in Malaysia and Indonesia. Both countries have been
recognised as the main palm oil producers and exporters which contribute to more
than 85% of the world’s oil palm production [12].

Palm pressed fibre (PPF) is a by-product produced from palm oil milling pro-
cess. When fresh fruit bunches (FFB) is processed for crude palm oil (CPO) pro-
duction, it will constitute large amounts of residues, where approximately 15% of
PPF is produced per mass fraction of FFB [20]. PPF is normally burnt as a fuel in
biomass boiler to generate heat and power to sustain the palm oil milling operation.
According to [7], there is nearly 5–7% of residual oil entrapped within the PPF
after extraction of CPO. The residual oil is enriched with 4500–8500 ppm of sterols,
2400–3500 ppm of vitamin E and 4000–6000 ppm of carotenes [7]. The concentra-
tion of thesemicronutrients is significantly higher than that found inCPO,which only
contains 326–527 ppm of sterols, 600–1000 ppm of Vitamin E and 500–700 ppm
of carotenes [15]. For this reason, residual oil has greater potential for producing
high-value food products compared to CPO.

Due to the aforementioned benefits, various extraction techniques are studied by
researchersworldwide to determine techniques that result in higher palmoil yield. For
examples, Neoh et al. [30] compared the extraction yield of diacylglycerol (DAG)
and lauric acid with different hexane extraction methods such as cold extraction,
reflux extraction and Soxhlet techniques. As shown in the previous results [30], cold
extraction is the most preferred technique as cold extraction extracts more DAG and
triglycerides (TAG) compared to the other two extraction techniques. On the other
hand, another experimentwork has been conducted byLau et al. [27] to investigate the
potential use of supercritical carbon dioxide (SC–CO2) extraction to recover residual
oil from PPF. The results show that SC–CO2 extraction technique has the ability in
producing two types of residual fibre oils enriched with carotene and vitamin E,
respectively. Moreover, Chua et al. [8] employed the use of central composite design
(CCD) to study the effect of operational condition of ultrasound-assisted extraction
(UAE) on the yield of oil extraction from PPF. Nevertheless, among those available
technologies, solvent extraction is extensively applied for oil extraction for economic
reasons [26]. Hexane is the solvent of choice for extracting residual oil because of
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its low cost, easy oil recovery and high solubility of oil [11]. Besides, hexane has
low polarity which enables it to effectively extract non-polar carotenes.

However, hexane suffers from several drawbacks. For example, fugitive emis-
sions of hexane vapour in the plant contribute to the formation of photochemical
smog. Its high boiling point results in high degradation rate of carotenes during oil
recovery process. In addition, strict regulation is enforced by European Directives
and Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH)
on the use of hexane as solvent due to its toxicity [46]. Being highly flammable,
hexane does not only impose extra safety concerns but also higher operating cost as
extra layers of protection must be installed in the plant. Due to these limitations of
hexane, there is a growing interest in searching for alternate solvents that have all
the ideal properties such as having favourable physical attributes and being safe to
both consumer and environment.

However, according to Johnson and Lusas [22], an ideal solvent probably does
not exist; a better substitute can be identified. There are numerous desirable proper-
ties that dictate whether a solvent is suitable for oil extraction process. To identify
a ‘better’ solvent, several features need to be considered, which include low boil-
ing point, good diffusivity, selectivity towards triglycerides, non-toxic, low flamma-
bility, solvent stability, etc. In the current industry practice, in order to determine
the ‘better’ solvents, it involves experimental studies and trial-and-error approach
that are time-consuming and costly. For this reason, a systematic methodology that
can identify promising solvents with the least amount of time and effort should be
used. Computer-Aided Molecular Design (CAMD) technique is one of the promis-
ing methodologies that can be used to identify the solvents that match the predefined
target properties (both physical and chemical properties). CAMD techniques have
demonstrated its capability in designing molecules for different applications such
as refrigerant design, solvent design and polymer design [2]. Thus, CAMD tech-
niques can be adapted to determine alternate solvents instead of using conventional
approaches that need large amount of information and knowledge.

This chapter focuses on identifying alternate solvents with performance compara-
ble to or better than hexane via CAMD techniques. As mentioned previously, several
attributes should be considered when selecting a solvent for oil extraction. There-
fore, to identify an alternate solvent that simultaneously excels in performance and
being environmental friendly, both physicochemical and environmental properties
are considered as design criteria. To optimise these target properties simultaneously,
CAMD problem is formulated as a multi-objective optimisation problem. Weighted
sum method is commonly used to solve multi-objective CAMD problem. However,
the main limitation in weighted sum method is the subjectivity involved in assign-
ing the weighting factors to each target property. It is rather difficult to evaluate the
relative importance weighting of each target property that belonged to different cat-
egories as they cannot be compared on a common scale. In addition, the definition
of ‘better’ solvent depends on the defined objectives [22]. Hence, it is important to
solve this issue as different weighting factors of each objective will lead to the iden-
tification of different alternative solvents. To address this issue, Analytic Hierarchy
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Process (AHP) is integrated into CAMD framework to generate solvents that possess
favourable attributes for oil extraction.

1.1 Computer-Aided Molecular Design (CAMD)

Chemical product design is a procedure by which customer needs are identified and
translated into commercial products [28]. According to Cisternas and Gálvez [9], a
chemical product is described as a system formed by various chemical substances that
are designed andmanufactured for one or more purposes. Bottom–up approach is the
conventional technique used in determining new chemical products. This approach
is normally done based on design heuristics, experimental studies and expert judge-
ments [32]. These traditional approaches are very costly, time-consuming and ineffi-
cient, since they are primarily based on trial-and-error approaches [45]. On the other
hand, top–down approaches start with identifying the needs to fulfil, followed by
finding the molecules that exhibit properties that can meet the needs. This is also
known as reverse engineering approaches, which can be done by various CAMD
techniques.

CAMD techniques are important tools for chemical product design as they are
able to predict, estimate and design molecules with a set of predefined target prop-
erties [16]. CAMD is able to design molecules with certain chemical structures
based on a given set of target properties and molecular building blocks [13]. Over
the recent decades, CAMD techniques have been applied to design different chem-
ical products. Odele and Macchietto [32] have demonstrated CAMD techniques
through the design of solvents for liquid extraction and gas absorption process. A
CAMD framework which uses structure–property correlation in estimating the tar-
get properties of polymer repeat unit has been developed by Camarda and Maranas
[5] to solve the optimal polymer design problem. Hostrup et al. [17] proposed a
hybrid methodology which integrates CAMD approach and molecular modelling
techniques to design extractive agent for distillation process and solvent for wastew-
ater treatment. Other than these works, a continuous-molecular targeting approach
for computer-aided molecular design [CoMT–CAMD] is presented by Bardow et al.
[3] to solve an integrated solvent and process design problem. The proposed approach
is demonstrated through the design of solvent and process for carbon dioxide capture
where perturbed chain polar statistical associating fluid theory (PCP-SAFT) equa-
tion of state is used as a thermodynamic model. Struebing et al. [39] combined quan-
tum mechanical computations of the reaction rate constant of solvents into CAMD
framework to identify high-performance solvents with improved reaction rates. The
approach has been illustrated through a case study called Menschutkin reaction, and
the results obtained were validated by the kinetic experiments. Polymer molecules
that are likely to be effective carriers in drug delivery can be generated using CAMD
approach proposed by Pavurala and Achenie [34]. The designed polymer molecules
are ranked based on desirability curves, which were developed using water absorp-
tion and glass transition temperature properties. Recently, the application of CAMD
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techniques in the design of ionic liquids has also been reported. Karunanithi and
Mehrkesh [24] developed a computer-aided ionic liquid design (CAILD) approach
to generate ionic liquids through genetic algorithm (GA) and decomposition-based
solution approach. Chong et al. [6] further extended CAMD approach using proper
structural constraints to design optimal ionic liquids for CO2 capture. The MINLP
model formulated in his work has the ability to identify optimal ionic liquid which
has the highest CO2 solubility. Gebreslassie and Diwekar [14] have also introduced
a novel CAMD methodology to design optimal solvents for extracting acetic acid
from process waste streams based on EACO algorithm. Besides, a novel two-stage
optimisation approach was presented by Ng et al. [31] to design optimal bio-based
fuels thatmeet customer requirements frompalm-based biomass and identify optimal
biomass conversion routes in an integrated biorefinery. Furthermore, Ten et al. [41]
presented a novel methodology by incorporating both safety and healthy aspects into
CAMD framework to design solvents that are safe and does not bring health-related
risks to the consumers for gas sweetening application. In this work, the safety and
health indicators are measured based on the molecular properties that have effect
on both aspects. Khor et al. [25] have demonstrated CAMD technique to identify
alternate solvents for the oil extraction from PPF. In their work, safety and health
properties have been optimised simultaneously together with physical properties to
design solvents which are safe for food industry. From the above-mentioned reviews,
it can be concluded that CAMD techniques have great potential in searching for new
or alternate solvents for various applications.

2 Proposed AHP–CAMD Framework for Alternate Solvent
Designs in Residual Oil Extraction

In this work, AHP is integrated into CAMD framework to design alternate solvents
for residual oil extraction from PPF. The designed solvents should possess desirable
physical attributes for extracting residual oil from PPF while having minimal impact
on the environment. Through this AHP–CAMD approach, the relative importance
between each target property can be systematically defined. As such, the designed
solvents will be able to achieve good functionalities while having favourable envi-
ronmental characteristics. The proposed AHP–CAMD framework for the design of
alternative solvents for residual oil extraction from PPF is summarised in the follow-
ing steps:

2.1 Determination of Design Objective and Target Properties

Theprocedure startswith the determinationofmolecular designobjective by identify-
ing the chemical product needs. To replace hexane, the designed solvents should pos-
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sess comparable/better physical and environmental properties. The designed solvents
should have a low boiling point (Tb) to minimise the degradation rate of carotenes.
Besides, low viscosity (μ) and surface tension (σ ) of solvent are desired to ensure
good percolation and surface wetting, which will lead to higher rates of oil extrac-
tion [4]. Moreover, the difference of Hildebrand solubility parameter (δ) between
solvent and carotene (Rcarotene) should be kept small to ensure that both carotene and
triglycerides (TAGs) have high solubility in the designed solvent. The assumption
made is that both carotene and TAGs will be soluble in the solvent when Rcarotene

value is small as δ values of carotene and TAGs are relatively close. On the contrary,
the unwanted free fatty acid (FFA) which primarily comprises linoleic acid (LA),
palmitic acid (PA) and oleic acid (OA) should have low solubility in the solvent.

To ensure that the designed solvent is environment-friendlywhile having desirable
product functionalities, a few important environmental properties are identified. First,
the designed solvents should have low terrestrial and aquatic toxicity potential, which
can be represented by high oral rat LD50 acute toxicity and fathead minnow LC50

toxicity, respectively. The designed solvent should also possess low tendency in
forming photochemical smog, which can be characterised by low photochemical
oxidation potential (PCO). In addition, the designed solvent should have minimum
soil sorption coefficient (log Koc) and bioconcentration factor (BCF) to prevent the
accumulation of the escaping solvent in one place as well as in the aquatic organism.

The above-mentioned desirable product needs can be quantified by measurable
properties, which are clearly shown in Table 1. Thus, these nine physicochemical and
environmental properties are selected as the objective functions to be optimised to
design solvents which simultaneously excel in performance and being environmental
friendly.

2.2 Identification of Property Prediction Models

The following step includes the identification of property prediction models for
the predetermined target properties shown in Table 1. Group contribution method
(GCM) equations are used to estimate the properties such as Fp, Tb, σ, μ, δ,
Mw, LC50, LD50, PCO, log Kow and BCF, whereas empirical correlation is used
to calculate log Koc. Both GCM equations and empirical correlations are shown in
Table 2.

Next, upper and lower limits of property constraint are identified to ensure that the
generated solvents are suitable for oil extraction process. Fp is chosen as property
constraint as it is important to ascertain process safety features during solvent design.
Since the higher the Fp value, the lower the fire and explosion potential, only lower
limit is introduced to Fp. In addition, upper and lower limits are added to target
properties such as Tb, Rcarotene, log Kow and BCF to make sure that the designed
solvents will have similar or improved performance than hexane. Table 3 shows the
upper and lower limits of properties for solvent design.
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Table 1 The desirable product needs with their translated quantitative properties

Desirable product needs Quantitative properties

Physical attributes Reduce the degradation rates
of carotene

Low boiling point (Tb)

Ensure good diffusivity Low viscosity (μ) and surface
tension (σ )

Ensure both carotene and
triglycerides (TAGs) have high
solubility in designed solvents

Small difference of
Hildebrand solubility
parameter (δ) between solvent
and carotene (Rcarotene)

Environmental aspects Low aquatic toxicity High fathead minnow LC50

Low terrestrial toxicity High oral rat LD50

Reduce the formation of
photochemical smog

Low photochemical oxidation
potential (PCO)

Minimise the accumulation of
solvent in one place

Low soil sorption coefficient
(log Koc)

Minimise concentration of
solvent in aquatic organism

Low bioconcentration factor
(BCF)

2.3 Analytic Hierarchy Process (AHP) Stage

Multiple target properties are chosen for the solvent design in oil extraction since
the alternative solvent is expected to achieve favourable physical and environmental
attributes. As these target properties belong to different categories (e.g. physical and
environmental aspects), it is important to have a common platform to compare their
relative importance with respect to the overall features of an ideal product. Thus,
AHP is integrated into CAMD framework to calculate the weightage of each target
property through a pairwise comparison technique.

2.3.1 Development of Hierarchical Structure

The first step of AHP begins with treating the solvent design problem as a decision
problemwhere it is structured in a hierarchicalmanner. In a typical decision hierarchy
model, the overall objective is at the topmost level, followed by criteria and/or sub-
criteria in the intermediate levels, and finally the decision alternatives at the bottom.
The latter layer exists explicitly in when AHP is used with a finite set of predefined
alternatives. However, it is only implicit when AHP is used in conjunction with
mathematical programming, where the latter is used to generate the alternatives. The
three-level hierarchy model for solvent design to extract residual oil from PPF is
shown in Fig. 1.
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Table 2 GCM equations and empirical correlation for chosen target properties

Property,p Equations/correlations Universal constants References

Tb (K) exp
[

Tb
Tb0

]
� ∑

i
Ni Tb1i Tb0 � 244.5165 K [19]

Fp (K) Fp−Fp0 � ∑
i
Ni Fp1i Fp0 � 170.7058 K [19]

δ (MPA1/2) δ − δ0 � ∑
i
Ni δ1i δ0 � 21.6654 MPA1/2 [19]

σ (mN/m) σ � ∑
i
Niσ1i – [10]

μ (cP) lnμ � ∑
i
Niμ1i – [10]

Mw (g/mol) Mw � ∑
i
Ni Mw1i – –

LD50 (mg/kg) − log LD50 −
ALD50 − BLD50Mw �∑
i
NiLD501i

ALD50 � 1.9372
BLD50 � 0.0016

[18]

LC50 − log LC50(FM) +
FM0 � ∑

i
NiLC501i

FM0 � 2.1949 [18]

PCO − log PCO �∑
i
NiPCO1i

– [18]

log Koc log Koc �
1.03 log Kow − 0.61

– [37]

log Kow log Kow − Kow0 �∑
i
Ni Kow1i

Kow0 � 0.4876 [19]

BCF logBCF �∑
i
NiBCF1i

– [18]

Table 3 Upper and lower
limits of properties for
solvent design

Property Lower limit Upper limit

Fp (K) 242 –

Tb (°C) 40 80

Rcarotene (unit) – 3.4

log Koc – 4.5

log BCF – 3.3
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Solvent Design for Oil Extraction

Physical 
Properties

Environmental 
Aspects

Tb σ μ LC50 PCO log KOC BCF

Goal

Main criteria

Sub criteria Rcarotene LD50

Fig. 1 AHP decision hierarchy model for alternate solvent design used in oil extraction

2.3.2 Construction of Pairwise Comparison Matrix

Following that, pairwise comparison is performed to evaluate the relative importance
of criterion of a particular level with respect to a specific criterion in the next higher
level. For instance, criteria are compared pairwisewith respect to the overall objective
of the decision problem. The comparison between two criteria is made by asking
the question: ‘How much more important is criterion A compared to criterion B
with respect to a satisfaction of the overall goal?’ The relative importance between
two criteria can be deduced in reference to literature review or based on expert’s
judgement.

Since the evaluation of relative importance depends on one’s judgement, it is
inevitable that there will still be some degree of subjectivity involved in the process.
However, it appears that it is more reliable to obtain the weighting factor of each
property by carrying out pairwise comparison, rather than obtaining them directly
by subjective estimation. The use of pairwise comparison has been used for a long
time by psychologists, such as Thurstone [42] and Yokoyama [47]. They argue that
it is simpler and more accurate to express one’s opinion on only two properties, than
simultaneously on all of them [21]. AHP thus provides a systematic framework by
which such pairwise judgements can be consolidated into a set of consistent weight
factors. The methodology is based on pairwise comparison matrices of size (n × n)
which is constructed as shown in Eq. (1):

A �

⎛
⎜⎜⎜⎜⎝

a11 a12 · · · a1n
a21 a22 · · · a2n
...

...
. . .

...
an1 an2 · · · ann

⎞
⎟⎟⎟⎟⎠

, For i, j � 1, 2, . . . , n (1)

where A is the positive reciprocal pairwise comparison matrix, ai j � wi
w j

, a ji � 1
ai j

and ai j > 0. The ratio wi
w j

indicates the intensity of importance of element in the
ith row over the element in the jth column with respect to the specific element in
the upper level. The total number of comparisons to be done can be identified with
Eq. (2):
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Table 4 Conventional AHP numerical scale for subjective judgements by Saaty [36]

Intensity of importance Linguistic equivalent for comparison of criteria

1 Equally important

3 Moderately more important

5 Strongly more important

7 Very strongly more important

9 Extremely more important

No. of comparisons =

(
n(n − 1)

2

)
(2)

where n is the matrix size.
The standard 9-point scale [36] is used to transform the verbal or subjective

judgements into numerical quantities representing the values of ai j . Table 4 shows the
meaning of the comparison scale used in the weighting of two elements. Intermediate
values (2, 4, 6 and 8) can be used to represent judgements that lie between those listed
in the scale.

2.3.3 Calculation of Eigenvector from Pairwise Comparison Matrix

The principal eigenvector, w of the matrix A, is used to represent the relative impor-
tance weighting factor of each criterion which is given by Eq. (3):

Aw � λmaxw (3)

where λmax is the principal eigenvalue that can calculate the consistency of the
pairwise comparative judgment matrix. The larger the difference between the λmax
and the order of matrix, the more inconsistent the matrix is.

w can be solved via power method using a spreadsheet by the following steps:

i. Raise the pairwise comparison matrix to the power of two.
ii. Calculate and normalise the sums of row to compute the eigenvector.
iii. Iterate the process until the value of eigenvector remains unchanged from the

previous calculation.

2.3.4 Consistency Verification

The consistency of pairwise comparison can be determined by consistency ratio
(CR), which is expressed by Eq. (4).

CR � CI

RI
(4)
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where CI is the consistency index and RI is the random index.
CI can then be calculated using Eq. (5):

CI � λmax − n

n − 1
(5)

where λmax represents the principal eigenvalue and n represents matrix size.
RI is the consistency index of a randomly generated reciprocal matrix from the

9-point scale and its value depends on n. Table 5 shows the random index table for
AHP [36]. The inconsistency is considered satisfactory if CR is<10%. However, if
CR>10%, the judgement elicitation has to be performed again.

Steps shown in Sects. 2.3.1–2.3.4 are repeated for all the hierarchy level stated
in Sect. 2.3.1. After obtaining the relative importance weighting factor (principal
eigenvector w) of each criterion and sub-criterion, the weighting factor of each sub-
criterion is multiplied by the weighting factor of its main criterion to obtain its final
weighting factor in the overall system.

2.4 Computation of Weights from Decision-Maker’s Value
Judgement

This section presents the relative importance weights calculated after performing
steps Sects. 2.3.1–2.3.4. In this work, all the judgements are elicited based on liter-
ature sources. First, physical and environmental aspects are compared pairwise by
asking the questions: ‘which aspect is more important and howmuchmore important
is it to satisfy the requirement in designing a solvent for oil extraction?’ For this work,
more priority is given to the physical aspect compared to the environmental aspect
to ensure that the designed solvent will possess better performance and being envi-
ronmental friendly. Besides, some constraints are introduced to the environmental
properties to assure that the designed solvent follows the environmental regulations.
Thus, physical properties as a group are assumed to be strongly more important than
environmental properties as a group. Since the pairwise comparison matrix is only
in the order of two, the judgement will always be consistent as the value of λmax
is equal to n. Table 6 reports the assessment of relative importance of main criteria
with respect to the design goal.

Next, the comparison between physical sub-properties is made by asking the
questions: ‘which is more important and how much more important is it with respect
to a satisfaction of the physical properties of solvent?’ Since the main goal of this
work is to minimise the degradation rate of carotene by lowering the Tb of solvent,
Tb is strongly more important than Rcarotene. μ and σ are slightly more important
than Rcarotene as it is more important to ensure that the solvent is able to diffuse into
the matrix of PPF to extract the residual oil. High surface tension can impede the
penetration of designed solvent into the matrix of PPF, whereas less viscous solvent
is preferred as part of the extraction process is governed by capillary flow [22]. The
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Table 6 Pairwise comparison matrix of main properties with respect to goal

Physical properties Environmental
properties

Priority vector

Physical properties 1 5 0.8333

Environmental
properties

1/5 1 0.1667

λmax �2, CI�0.0,
CR�0.0

Table 7 Pairwise comparison matrix of sub-physical properties

Tb Rcarotene σ μ Priority vector

Tb 1 5 3 3 0.5320

Rcarotene 1/5 1 1/2 1/2 0.0971

σ 1/3 2 1 1 0.1854

μ 1/3 2 1 1 0.1854

λmax �4.004; CI�0.0013; CR�0.0016

diffusion of residual oil from the matrix of PPF into the designed solvent can be
modelled using Eq. (6) [43]. Equation (6) clearly dictates that viscosity of solvent
will affect the diffusion of residual oil.

DAB � 117.3 × 10−18(ϕ MB)0.5 T

μv0.6
A

(6)

where DAB is the diffusivity of oil in solvent B, MB is the molecular weight of
solvent, T is the temperature, μ is the solution viscosity, vA is the molar volume of
oil and ϕ is the association factor for solvent. The intensity of importance allocated
to each pairwise comparison is reported in Table 7. The inconsistency of the pairwise
comparison is considered satisfactory as the calculated CR is only 0.16% which is
less than 10%.

Lastly, similar question is also asked when comparing the environmental sub-
properties in pairwise manner. An assumption made is that the environmental impact
caused by residual oil extraction from PPF using solvent is comparable to that from
plant or oilseed as the process of extracting oil from plant or oilseed is alike.Moncada
et al. [29] have performed an environmental assessment on the extraction of essential
oil from Rosemary and Oregano. The report clearly shows that solvent extraction
using hexane has contributed severe impacts on aquatic toxicity and photochemical
oxidation potential. By comparing solvent extraction using hexane with supercrit-
ical fluid and water distillation technology, solvent extraction using hexane is less
favourable in terms of environmental aspects. Similar result trends are observed for
potential environmental impact (PEI) per kilogramme of essential oil extracted from
bothOregano andRosemary using hexane.Based on the result obtained forRosemary
oil, the PEIs per kilogramme of rosemary oil extracted for terrestrial toxicity, aquatic
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Table 8 Pairwise comparison matrix of sub-environmental properties

LC50 LD50 PCO log Koc BCF Priority
vector

LC50 1 1/3 1/6 3 3 0.1869

LD50 3 1 1/5 3 3 0.0951

PCO 6 5 1 7 7 0.5943

log Koc 1/3 1/3 1/7 1 1 0.0618

BCF 1/3 1/3 1/7 1 1 0.0618

λmax � 5.15; CI � 0.037; CR � 0.034

Table 9 Final weighting
factors of target properties in
the overall system

Target property Final weighting factor

Tb 0.4433

Rcarotene 0.0810

σ 0.1545

μ 0.1545

LC50 0.0311

LD50 0.0159

PCO 0.0991

BCF 0.0103

log Koc 0.0103

toxicity and photochemical oxidation potential are approximately 0.005, 0.03 and
0.07, respectively [29]. Therefore, to design a solvent which will have less tendency
to form photochemical smog, it is assumed that photochemical oxidation potential
is very strongly more important than terrestrial toxicity, whereas aquatic toxicity is
slightly more important than terrestrial toxicity. Also, it is important to ensure that
the designed solvent will be less likely to accumulate in one place as degradation
products with low biodegradability may persist in the environment. Since log Koc

is a measure of the tendency of solvent to accumulate in one place whereas BCF is
a measure of tendency of solvent to accumulate in aquatic organism, both log Koc

and BCF are assumed to be equally important while designing the molecules. Upper
bounds have been introduced to both log Koc and BCF to ensure that the designed
solvent is not bio-accumulative. Table 8 shows the intensity of importance allocated
to each environmental property. CR of 3.4% shows that the inconsistency in decision
judgement is acceptable.

After obtaining the relative weighting factor of main criteria and sub-criteria, the
final weighting factors of each sub-property in the overall system is calculated by
multiplying their weighting factor with the weighting factor of its main property.
The final weighting factors of target properties computed in this work are reported
in Table 9.
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2.5 Molecular Design Stage

Next, suitable molecular building blocks are selected based on the molecular struc-
tures of the commonly used solvents for oil extraction. The chosen molecular groups
for solvent design for oil extraction include CH3, CH2, CH, C, OH, COOH, CH3CO,
CHO, CH3O, NH2, CH2 �CH, CH2O and CH–O. The structural constraints shown
in Eqs. (7) and (9) are applied to ensure that a structurally feasible molecule can be
formed without having any free bonds. To generate a molecule, the summation for
the number of occurrences for all selected groups must be greater than zero. This
rule is explained mathematically by Eq. (7):

GT∑
i�1

Ni > 0 (7)

where Ni is the number of occurrences of group i, while GT is the total number of
groups selected to generate the molecules. In addition, to ensure that a molecule has
no free attachment, the octet rule of structural feasibility, which is dictated in Eq. (8),
is applied:

GT∑
i�1

Ni (2 − vi ) � 2g (8)

where vi is the valence of group i and g is 1, 0, −1 or −2 for acyclic, monocyclic,
bicyclic and tricyclic compounds, respectively. In this work, only simple-structured
acyclic compounds are considered. Hence, Eq. (8) can be further reduced to Eq. (9)
for acyclic compounds.

GT∑
i�1

Ni (2 − vi ) � 2 (9)

2.6 Optimisation Model

Based on the identified design objective, CAMD problem is formulated as multi-
objective optimisation problem where target physicochemical and environmental
properties are to be optimised simultaneously together with the property and struc-
tural constraints. This multi-objective optimisation model is solved using weighted
sum method which ensures that a Pareto-optimal solution is generated. This method
allows multiple objectives to be converted into an aggregated scalar objective func-
tion by first allocating each objective function with a weighting factor, and then sum-
ming up all the contributors to obtain the overall objective function. However, all the
target properties are represented by various measurement units and scales. Hence,
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Table 10 Property and property operator

Property, p Property operator, �p

Tb exp(Tb/Tb0)

σ σ

Mw Mw

μ lnμ

δ δ − δ0

Fp Fp − Fp0

LC50 − log LC50(FM) + FM0

LD50 − log LD50 − ALD50 − BLD50Mw

PCO − log PCO

BCF logBCF

log Koc log Kow − Kow0

it is important to carry out a normalisation step to bring them to the same magni-
tude. Before performing normalisation step, the identified target property models are
first transformed into their property operators as shown in Table 10. The property
operators are depicted by the linear combinations of the number of occurrence for
molecular group of type-i and its corresponding contribution.

After determining the property operators, property operators are normalised using
Eqs. (10) and (11). Equation (10) is applied to normalise target property that needs
to be maximised, whereas Eq. (11) is used to normalise target property that needs to
be minimised. The normalised target property is then referred as normalised target
property operator, λpm.

λp � �p − �pmin
�pmax − �pmin

(10)

λp � �pmax − �p

�pmax − �pmin
(11)

where �pmin and �pmax are the minimum and maximum value of target property
operator.

λpm will now have values range from 0 to 1. The consistent set of weighting factor
computed from AHP approach (as shown in Table 9) together with λpm can then be
used to represent the overall objective function, which is shown in Eq. (12):

Fweighted sum � 0.4433λTb + 0.1545λσ + 0.1545λμ + 0.081λRcarotene + 0.0311λLC50

+ 0.0159λLD50 + 0.0991λPCO + 0.0103λlogKoc
+ 0.0103λBCF (12)

where Fweighted sum is the overall objective function.
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Solvent 1: Dimethoxymethane Solvent 2: Propionaldehyde Solvent 3: Acrolein Solvent 4: Isobutyraldehyde

Solvent 5 Solvent 6: Butanone Solvent 7 Solvent 8: Methyl Acetate

Solvent 9: Ethyl Formate Solvent 10: Butyraldehyde

Fig. 2 Molecular structure of the best ten solvents [33]

The design objective of this work is to maximise Fweighted sum. The solution with
the highest Fweighted sum value will be the most optimal molecule. After identifying a
solution from the optimisation model, integer cut is performed to obtain a ranked list
of optimal and near-optimal molecules.

3 Proposed AHP–CAMD Framework Solution

Ten solvents with the highest Fweighted sum values are generated. The molecular struc-
tures of these ten molecules are displayed in Fig. 2.

Tables 11 and 12 depict the properties of the generated solvents. From the results,
solvent 1 has the highest Fweighted sum values which make it ranked the first among
all the generated solvents. Nonetheless, there will be uncertainties in prediction
models and values of target properties. For this reason, the generated ranking for
each designed solvent is not absolute. The ranking of the designed solvents solely
represents the identification of promising potential candidates from a huge search
space. Solvent at a higher ranking means that it has a greater possibility to be useful
for a specific application. After obtaining a ranked list of molecules, the potential
solutions need to be further examined and verified through experiments.

The properties of the designed solvents are then analysed and compared with that
of hexane. The properties of hexane are shown in Table 13. The generated results
reveal that the top four solvents (solvent 1–4) have lower Tb than that of hexane.
Furthermore, Rcarotene of solvent 1 is significantly smaller than that of hexane. The
result is promising as it indicates that higher mutual miscibility is found between
carotenes and solvent 1 compared to that of hexane. According to Reichardt and
Welton [35], the larger the differences in δ values between two solvents, the weaker
their mutual miscibility. Besides, it has been observed that all generated solvents
have lower log Koc and BCF values than that of hexane. The generated solvent will
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Table 12 The generated solvent with their respective properties (continued)

Solvent Mw
(g/mol)

Fp (°C) −log
LC50

LD50
(mg/kg)

PCO log koc BCF

1 76.10 −7.00 −2.95 711.06 0.45 −0.28 3.99

2 58.08 −6.85 −1.21 831.00 1.04 −0.16 2.54

3 56.06 −8.01 −0.56 558.31 2.77 −0.40 2.60

4 72.11 −1.74 −1.16 899.72 1.04 0.10 3.83

5 92.09 14.40 −3.45 682.47 0.66 −0.88 2.51

6 72.11 1.76 −1.73 749.04 0.49 0.26 26.66

7 70.09 0.60 −1.08 506.77 1.30 0.02 27.33

8 74.08 10.46 −2.63 719.56 0.51 −0.81 8.29

9 74.08 14.54 −1.71 840.56 1.53 −0.76 1.60

10 72.11 4.67 −0.92 930.69 0.93 0.29 3.16

have low soil sorption since log Koc values are less than 1.5 [1]. On the other hand,
since the BCF values of all generated solvents are less than 250, they are less likely
to cause bioaccumulation in aquatic organism [1]. Moreover, it can be concluded that
the generated solvents are less likely to cause aquatic toxicity as the−log LC50 values
are lower than that of hexane. In terms of safety aspects, the generated solvents will
be less flammable than hexane by referring to their Fp values. Thus, the generated
solvents are having better characteristic in safety aspects compared to that of hexane.
The generated solutions are then further compared with the existing literature. It is
figured out that solvent 8 (methyl acetate) has been shown to be suitable solvent for
extracting oil from oilseeds [40]. The result is further supported by a recent study,
which revealed that methyl acetate is effective in extracting tocopherols from edible
oil [38]. Hence, it can be concluded that the solvent generated using this proposed
methodology is on a par with those solvents used in experimental studies.

4 Conclusion

This chapter develops a novel AHP–CAMD approach to identify alternate solvents
to replace hexane as solvent used in residual oil extraction from PPF. During the
decision-making stage, the environmental properties of the solvent are considered
together with its physicochemical properties. In order to optimise these target prop-
erties, CAMD problem is formulated as multi-objective optimisation model, which
is then solved byweighted summethod. The AHP–CAMD approach allows the com-
parison between physicochemical and environmental properties to be made under
the same analysis. Besides, the process of evaluating the relative importance between
each property can be done more systematically and consistently using pairwise com-
parisons. Thus, consistent relative weighting factors, which reflect the preference of
decision-maker, can be allocated to each target property. The results show that the
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Table 13 Properties of
hexane

Property Property value

Tb (°C) 68.7

σ (mN/m) 17.91

μ (cp) 0.297

Rcarotene (unit) 2.9

RTAG (unit) 2.3

RLA (unit) 1.2

RPA(unit) 1.2

ROA (unit) 1.3

Fp (°C) −30.9

−log LC50 4.54

LD50 (mg/kg) 28000

PCO 0.4306

log koc 3.62

BCF 51.357

designed solvents exhibit good functionalities and favourable environmental charac-
teristics. Future work can be conducted by further extend the CAMD framework to
include the evaluation of environmental impact potential of an oil extraction process.
This is because the performance and environmental hazard of a chemical process
is likely to be affected by the characteristic of chemical solvent. A methodology
that allows the identification of a molecule with desirable functionalities that simul-
taneously improve the environmental characteristics of a unit process should be
developed.
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Abstract In this chapter, a novel green extraction process known as solvent extrac-
tion–crystallisation–evaporation (SECE) is introduced. The SECE is meant to be a
sustainable approach for oil recovery from palm oil milling and refining processes. It
utilises bioethanol as the extraction solvent instead of hexane. SECE is demonstrated
for the extraction of residual oil from spent bleaching clay (SBC, i.e. waste from the
palm oil refining processes), as well as from various waste products in the milling
process, e.g. mesocarp fibres, decanter cake, etc.
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1 Introduction

In the palm oil refining process, bleaching clay is used to remove colour, phos-
pholipids, oxidised products, metals and residual gums from the oil [1]. The spent
bleaching clay (SBC), containing 30–40%oil, is generally disposed ofwithout proper
treatment. The disposal of SBC in landfillsmay cause fire and pollution hazards due to
the substantial oil content in the clay. This disposal constituted a significant economic
waste and an environmental burden [2]. For the year 2017, the annual production of
crude palm oil (CPO) has reached nearly 20million tonne, valued at RM77.8 billions
(approximately USD 19 billions) [3]. Based on that, approximately 0.8% of bleach-
ing clays which is 160,000 tonne are used in palm oil refining. Hence, the potential
residual oils that can be recovered from SBC yearly are estimated to be approxi-
mately 48,000 MT (based on 30% of oil absorbed in SBC). Recovery of residual
oil from SBC offers an additional annual revenue of RM 144 million (assuming RM
3000/MT) to the palm oil processing industry. Several processes have been developed
to recover residual oil from the SBC, such as solvent extraction [4, 2], supercritical
carbon dioxide extraction [5] or a combination of both techniques [1]. The extraction
of the oil using organic solvent specially hexane is commonly reported [2] since it is
cheap and can be vaporised easily, despite the fact that it can be hazardous to human
health and environment. The use of hexane has become the common issues in the
environmental debate. Therefore, an alternative green solvent is required to replace
the use of hexane.

This chapter presents a green extraction process, known as solvent extrac-
tion–crystallisation–evaporation (SECE), which is a pilot scale-up equipment that
can be used to recover residual oil using a green solvent, i.e. bioethanol. The entire
process is operated in mild vacuum condition. The overall process is shown in Fig. 1.
The process is first described for the recovery of residual oil from spent bleach-
ing clay (SBC), and next on the various waste products in the milling process, e.g.
mesocarp fibres, decanter cake, etc.

2 Materials and Methodology

2.1 SBC and Solvent Preparation

SBC used in this study was obtained fromMalaysian local palm oil refinery operated
by Sime Darby Jomalina Sdn. Bhd., Selangor, Malaysia. Bioethanol of 99.8% purity
was used for the extraction process. The ratio of solid to solvent (wt/v) was set to
1:10. The SBC was packed in a stainless steel mesh cylinder with 26 µm aperture
size. Each packed mesh contains 500 g of SBC samples.
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Fig. 1 Process flowchart of SECE process for residual oil recovery (T = temperature; t = time; P
= pressure)

2.2 Pilot Plant Solvent Extaction

The extraction process was performed in Centre of Lipid Engineering and Applied
Research, Universiti Teknologi Malaysia (CLEAR UTM). The pilot-scale round-
bottomed mineral oil jacketed vessel is connected to a condenser (see Fig. 2).

The extracting medium, i.e. bioethanol (20 L), was poured into the 50-L round-
bottom vessel. The packed clay (2 kg) samples were soaked in the solvent, and the
vessel opening was tightly closed (see Fig. 3).

The extractionwas chargedwith solvent. Then, the experimentswere performed at
twodifferent pressure conditions, i.e. 0.9 atm (91.325kPa) and1.0 atm (101.325kPa),
with boiler temperature set to 90 °C. Note that temperature beyond 90 °C is to be
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Fig. 2 Pilot-scale SECE: a schematic diagram; b experimental rig

avoided, in order to avoid temperature-related reactions in the oil, e.g. oxidation.
The vacuum condition will reduce the oil density, which will enhance oil recovery
(see discussion in Sect. 3). The process was carried out for 5 h duration. For both
extraction processes, reflux solvent is being recycled to the extraction vessel. Upon
completion, the SBC was removed from the extraction vessel and taken out from the
stainless steel mesh cylinder. The experiments were carried out in triplicates.

To obtain the initial oil content in the SBC, 100 g of samples were soaked in
1 L of bioethanol in a 2-L round-bottom flask. The extraction was carried out with
continuous stirring for 5 h at 90 rpm. The extractant was filtered by suction to separate
the extracts from the SBCpowder. The solventwas then removed bymeans of a rotary
evaporator. The experiments were carried out in triplicates. The oil obtained (W lse) is
used as a benchmark for deoiling efficiency calculation (see the following section).
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Fig. 3 The mesh containers containing palm wastes are immersed in bioethanol

2.3 Fractional Crystallisation and Evaporation

For the incubation process, the extractant was stored at −25 °C in a deep freezer
for 12 h to grow the crystal of wax. The mixture was then loaded to a chilled
water-jacketed crystallizer (see Fig. 2a). The vessel internal consists of five lay-
ers of stainless steel mesh screen (Fig. 2b). The water-jacketed crystallizer vessel
was maintained at 5 °C. The high-density oil wax which is light gold in colour is
known as gold finger (GF, Fig. 4); in this study, it was allowed to settle on the screen
by gravity force. The percentage yield was calculated with Eq. (1):

GF (wt% ) � WGF

WSBC
× 100% (1)
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Fig. 4 a Fresh palm wax or gold finger (GF) b degraded and polymerised palm wax due to time
lags and air exposure or black wax (BW)

where WGF and WSBC are the weights of the separated solid and the weight of the
SBC used for the extraction process, respectively.

To recover the remaining oils in the filtrate from the crystallizer vessel, the solvent
was then separated using rotary vacuum evaporation at 60 °C bath temperature and
175 mbar pressure. The percentage yield of extracted oil known as black wax (BW,
Fig. 4) in this study was determined using Eq. (2):

BW (wt% ) � WBW

WSBC
× 100% (2)

where WBW is the weight of the residual oil recovered from the evaporator.
The percentage of deoiling efficiency was determined using Eq. (3):

Deoiling efficiency (%) � Wpse

Wlse
× 100% (3)

where Wpse and W lse are the weights of the total oil extracted using pilot plant
scale extraction and the weight of the total oil extracted using lab-scale extraction,
respectively.

2.4 Analysis of the Characteristic of the Extracted Oils

The characteristics of SBC residual oil, such as FFA, carotene content, saponification
value and kinematic viscosity, were determined via AOCS Ca 5a-40, AOCS Cd 3.2
andASTMD445methods, respectively.All the abovemeasurementswere performed
by SGS Laboratory Services (M) Sdn Bhd.
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Fig. 5 Effect of extraction pressure on the yield of SBC residual oil

3 Results and Discussion

To develop a green extraction and sustainable approach for recovery of oil, bioethanol
was used as a solvent. Different from industrial solvent, which is petroleum-based
ethanol, bioethanol is the fermentation product of glucose from renewable biomass
(edible starch and non-edible cellulose, etc.), thus, bioethanol is ‘safe’, clean, ‘green’
and sustainable.

The concept of this pilot-scale extraction with reflux at 0.9 atm corresponds to a
typical percolations process used in the extraction of plant matrix such as Soxhlet
extraction. In extraction under reflux, the plant material is immersed in a solvent in
a round-bottomed flask, which is connected to a condenser. The solvent is heated
until it reaches its boiling point. As the vapour is condensed, the solvent is recycled
back into the flask. In this experiment, vacuum pressure was exerted to achieve the
reflux. However, the reflux does not occur at atmospheric condition; therefore, the
extraction process corresponds to soaking in hot ethanol below its boiling point.

3.1 Effects of Pressure on Extraction Efficiency

Figure 5 shows the concentration of oil extracted at two different operating pressures,
i.e. 0.9 and 1.0 atm. Pressure is observed to markedly influence the amount of oil
extracted from the SBC. The oil extracted varies between 22.0 and 27.89% (average
value of 25.03% ± 2.02) and 12.94–16.65% (average value of 15.27% ± 1.56) for
the operating pressure of 0.9 and 1.0 atm, respectively. The deoiling efficiencies
calculated using Eq. (3) were determined as 59.4% (0.9 atm) and 36.2% (1.0 atm),
respectively.

This shows that extraction performed under slight vacuum gives a higher effi-
ciency. This is due to the fact that vacuum condition lowers the density of bioethanol
surrounding the SBC particles, which creates more turbulence between bioethanol
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and the oil molecules. At lower pressure, the turbulent bioethanol creates more bub-
bles around the SBC bed, thus raising the contact between the solid matrix and the
solvent, which enhanced the solubility of the oil in the solvent.

The comparison of the different conditions of the extraction is shown in Fig. 5.
Extraction under vacuum condition corresponds to percolation effect. This reduces
the solvent density at lower pressure to create more percolation bubbles by refluxing
the solvent during the extraction process. This condition gives higher efficiency as
compared to the static soaking condition with refluxing at atmospheric extraction
when percolation bubbles are lesser.

However, the overall extraction efficiency is still low. This is attributed to the
confinement of the sample within the stainless steel mesh, which restricts the mass
transfer of oil into the solvent. This can be improved by packing the SBC samples
into smaller stainless steel mesh container of 50 g each for better mass transfer and
interaction between samples and solvent. Further improvement can be made through
better mixing by having higher reflux through reduced pressure to higher vacuum.
Incorporating mechanical agitator in the system can facilitate mass transfer process
during extraction.

The percentage yields of residual oils recovered in this study were comparable to
that reported by other workers [5] equivalent to 40% of residual oil yields over dried
SBC dry weight.

3.2 Yield of Gold Finger (GF) and Black Wax (BW)

It can be observed from Fig. 6 that the GF yield ranges between 9.0 and 24.6% and
the BW yield ranges between 3.29 and 6.5%. GF yield is directly proportional to the
percentage of total oil yield. On the other hand, BW yield is not influenced by the
percentage of total oil yield and is constant at 4.78% ± 0.84, as shown in Fig. 6. The
relationship between percentage of total oil yield and gold finger is also illustrated
with linear regression (see Fig. 6).

3.3 Characterisation of Residual Oils Extracted

The results in Table 1 show that the free fatty acid (FFA) of GF recovered by SECE
crystallisation ismuch lower than that ofBW,whichwas recovered bymeans of rotary
evaporation. The increased final FFA value of 25.9% is attributable to the hydrolysis
of some of the triglycerides during the heating in evaporation [6]. In addition, the
FFA content of GF, i.e. 1.23%, is also lower than the FFA content of crude palm oil
(CPO) which is typically in the range of 3–5%. FFA is of low molecular weight and
concentrated in the liquid phase. Furthermore, the dark colour of BW dictates that
the coloured matter (i.e. carotenoid and chlorophyll pigments) that was removed by
the SBC in the refining process is concentrated in BW instead of concentrated in GF.
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Table 1 Characteristic of extracted residual oils of SBC

Characteristic GF BW CPO

FFA (%) 1.23 25.19 3 to 5

Saponification value
(mg KOH/g)

198 202.3 194 to 205

Kinematic viscosity at
30 °C (mm2/s)

66.07 77.89 45.34 at 40 °C

Carotene (ppm) 3.3 103.1 474 to 689

This was further verified by the measurement of carotene content. BW reported to
have 103.1 ppm carotene content which was higher than the carotene content of GF
which was only 3.3 ppm (see Table 1).

4 Potential Uses of GF and BW as Green Chemicals

The residual palm oils and its derivative components are mainly used as packaging,
adhesive, cosmetics and pharmaceuticals products. In this research, the application
in gas resistance packaging was studied and briefly reviewed here.

Table 1 shows that GF has the lowest FFA content and chemically stable from
hydrolysis reaction. In addition, its low Saponification value denotes that it is mainly
pure saturated oil and much more stable. However, it has the lowest carotene con-
tent and hence quite bland in colour with low in red colouration. These properties
make it similar to the Refined Bleached Palm Oil (RBDPO), which is suitable for
pharmaceutical applications as face masks and low efficacy cosmetics. Its food used
is limited by its residual solvent (bioethanol) content.
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On the other hand, black wax (BW) has higher FFA content prone to hydrolysis
and thus chemically unstable. It is darker than GF because it has reacted unsaturated
triglycerides and carotene contents during the heating process in evaporation. Hence,
BW is suitable to be used as a wax coating for papers and packaging as it is gas
resistance. Figure 7 shows the results of an experiment for carbon dioxide (CO2)
gas penetration of packaging paper (made by empty fruit bunches) that is laminated
with a layer of BW (up to 20 wt% of BW-to-paper ratio). It is observed that gas
penetration of CO2 into the packaging paper is reduced by 90%.

From the experiment, the mass transfer coefficients of CO2 of the unwaxed EFB
paper and waxed EFB paper are calculated as 2.713 × 10−5 and 1.874 × 10−7

m2/min, respectively. It is obvious that the biodegradable palm wax acts as a good
gas resistance packaging material.

5 SECE for Oil Recovery in Palm Oil Milling Process

In a typical palmoilmill, residual oils are found in various palmwaste products. These
include mesocarp fibres, decanter cake, etc., as shown in Fig. 8. The residual oils
of these palm waste products contain high palm wax content which caused fouling
in downstream processes in the mill (e.g. agitator blades, heat exchange parts and
coats storage tanks). Hence, it is important to have an integrated pilot-scale unit that
is low cost, modular and portable, which can be placed in any location of a mill to
remedy the problem rapidly before it creates downstream perturbation to the whole
production system.

Figure 9 shows an integrated unit that is basedon the sameSECEprocess discussed
earlier. The integrated pilot plant is smaller by 50 percent as compared to the SECE
unit discussed in Sect. 2. Hence, a pre-mixed 2% weight of 20 g pure palm wax
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Fig. 8 High concentration of palm waxes is found in various parts of the mill, e.g. mesocarp fibres
and decanter cake

in 1000 l of ethanol was prepared to simulate the solvent extraction ratio of 10:1
with dry extract. The volume of the solution was limited to 50% vapour space at
high vacuum, in order to flash the ethanol, which can help to super cool the vessel to
below the crystallisation temperature of residual oil of below 10 °C. In the initial run,
the lowest rotating speed of 1 revolutions per hour (r.p.h.) was set to allow crystals
growth with no interference from centrifugal speeds. Time limit of crystals growth
was set to 24 h, the same as in the independent SECE units in Sect. 2. In the crystal
harvesting stage, the lower temperature and airtight design of the vacuum filtration
unit yielded more gold crystals in the vacuum filtration unit. The innovative features
of this integrated unit include the following:

i. The hybrid cooling–heating arrangement enabling both heating and cooling of
the same vessel at different times by a single thermal fluid.

ii. A small rotating speed of the vessel starting at 1 revolution per hour.
iii. A high vacuum condensate recovery system to recover solvent.
iv. A new micro-freeze drying unit into the vacuum pump filter to capture minute

crystals in the exhaust and to transfer crystals online to other solids’ recovery
system.

However, a lower yield of 12.4% was obtained for the integrated SECE unit, as
compared to 25.03% as reported for the SECE unit in Sect. 2. This is mainly due to
the higher (−4.3 °C) chilling temperature which produced only 5 °C temperature in
this crystalliser. The higher vacuum and the slowest rotational speed did not influence
the crystals yield. Note that the product quality is the same as that shown in Table 1.
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Fig. 9 The integrated SECE unit consists of the following sections: 1. extractor to recover palm oil
residues; 2. crystalliser to remove wax from the solvent; 3. evaporator for solvent removal from the
wax; 4. rotating device; 5. combined heating and cooling unit; 6. vacuum with secondary cold trap
to capture vapour; 7. electrical heater and cooling with dual purpose thermal fluids; 8. extracted wax
crystals are sent to an offline separate cold vacuum nanofilter (see Fig. 4); 9. solvent condenser; 10.
solvent recovery vessel under vacuum

Table 2 Weights of wax crystallised in each cycle

Cycle Wax initial (g) Cycle yield (g) Wax remained (g)

First cycle GF wax 40 2.66 37.34

Second cycle GF wax 40 1.27 38.73

Third cycle
nanofiltered GF wax

40 1.01 38.99

Total yield 40 4.94 35.06

An unexpected benefit of the integrated SECE unit is the fractional crystallisation
mode to control size of the crystals formed. In a further experiment of crystallisation
and vacuum filtration, nanocrystals were captured by the nanofilter of 0.05 microns
size. To fractionate nanopalm wax, a two-step procedure was used. The first batch of
large palm wax crystals is first filtered. The second filtrate batch contained nanopalm
wax captured on 0.05 microns nanofilter. It is brown-gold colour, stable and is a very
thin filtrate upon the filter (see Fig. 10). The yield is 2% versus 13% of a single-state
process (Table 2).
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Fig. 10 The three-step fractionation crystallisation experiment using the liquid residue of the filter
of the single-batch crystallisation experiment furthered yielded a better looking palm wax with its
distinctive gold colour. In the second cycle sample, there was a better palm wax and consequently
in the third cycle ultrafine nanosized palm wax was recovered

6 Conclusion

The extraction of residual oils from spent bleaching clay (SBC) has
been demonstrated using the newly developed known as solvent extrac-
tion–crystallisation–evaporation (SECE) process, utilising bioethanol as the extrac-
tion solvent. It was observed that the percentage of oil yields was affected by the
pressure. At 0.9 atm, the oil yield was 25.03% ± 2.02 and at 1 atm the oil yield was
15.27% ± 1.56. The characteristic of GF and BW shows suitability for food and
non-food application, respectively. Similar setup was demonstrated for the oil recov-
ery from palm oil mill waste products, with an integrated unit. This design achieved
a portable and modular construction and performance. Unfortunately, it could not
overcome the key limitation of lower crystallisation temperature of (−20 °C) and
obtained lower product yield of about 13%. Additionally, it has a fractional crystalli-
sation capability to capture by the nanofilter crystals of 0.05 microns size.
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Palm Oil Mill Effluent (POME)
Treatment—Current Technologies,
Biogas Capture and Challenges

Yi Jing Chan and Mei Fong Chong

Abstract With the growing volume of palm oil production, palm oil mill effluent
(POME) is an inevitable by-product that causes serious environmental hazards if
discharged directly to the environment. This is mainly due to its high concentrations
of chemical oxygen demand (COD) and biochemical oxygen demand (BOD). Note
however that, with its high organic content, POME is a great source for biogas
production. Therefore, POME pollution abatement coupled with biogas capture and
utilisation are vital in order to promote sustainable development goal for the palm
oil industry. Conventionally, POME is treated by employing open ponding system
without capturing biogas released from the anaerobic process. This treatment system
is inefficient, requires large footprint, long hydraulic retention time (HRT) and is
unable to consistently comply with the proposed stringent BOD regulatory limit of
20 mg/L to be imposed by Department of Environment (DOE). Hence, the current
POME treatment trend is gearing towards biogas capture technology and integrated
POME treatment system with the ultimate aim of achieving zero discharge concept
in the palm oil mill. This can be achieved by integrating several bioprocesses, with
the aim to transform POME into value-added products. This chapter will discuss
the current POME treatment and biogas capture technologies, as well as to identify
issues and challenges faced by the palm oil miller which deters the development of
biogas plants in themill. Development of biogas fromPOMEwill no doubt contribute
substantially in Malaysia’s renewable energy sector in the near future.
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1 Introduction

The palm oil industry in Malaysia has grown by leaps and bounds over the last
five decades. Annual palm oil production has increased steadily from 0.09 million
tonne in 1960 to 8.3 million tonne in 1998, and notched up to a record of 19.9
million tonne in 2017 [1]. Concurrent to this high production, a large quantity of
industrial wastewater, commonly referred to as palm oil mill effluent (POME) has
been generated. Generally, for every 100 MT of fresh fruit bunches (FFB) being
processed, a total of 22 MT of crude palm oil (CPO) and 67 MT of POME will be
generated in the mill [2]. In other words, the quantity of POME is actual threefold of
that of CPO, which is the main product of the mill. This problem has become more
apparent as the number of palm oil mills in Malaysia continues to grow rapidly from
334 mills in 1999 to 454 mills in 2017 [1, 3]. POME is a combination of wastewater
streams generated from three main processing steps in the mill, i.e. sludge separation
fromCPO clarification (0.4 t/t FFB), condensate from fruits sterilisation (0.2 t/t FFB)
and effluent from wet separation of kernel and shell (0.07 t/t FFB) [2].

Raw POME is a brownish colloidal suspension comprising 95–96% water,
0.6–0.7% oil and grease, as well as 4–5% solids, as shown in Fig. 1 [4]. It is hot,
acidic and contains high organic matters as indicated by its high Biochemical Oxy-
gen Demand (BOD) (Table 1), which is 100 times as polluting as domestic sewage.
When the untreated POME is discharged directly to the river, natural decomposition
will take place, in which dissolved oxygen in the river water will be depleted rapidly.
This will cause the destruction of aquatic life and natural ecosystem. Although the
highly polluting POME is non-toxic, it has an unpleasant odour and thereby creating
a nuisance to the neighbourhood of the mills.

Based on the extent of pollution, the palm oil milling industry is identified as the
largest pollution contributor to the rivers in Malaysia [5]. In realising the pollution
menace caused by the palm oil industry, the government had imposed parameter

Fig. 1 Raw POME
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Table 1 Characteristics of POME and Department of Environment (DOE) standards for its dis-
charge [23, 52]

General parametersa Mean Range DOE standard

pH 4.2 3.4–5.2 5–9.0

Temperature 85 80–90 45

Biochemical oxygen
demand (BOD3)

25,000 10,000–44,000 100b

Chemical oxygen
demand (COD)

50,000 16,000–100,000 –

Total solids (TS) 40,500 11,500–79,000 –

Total suspended solids
(SS)

18,000 5000–54,000 400

Total volatile solids
(TVS)

34,000 9000–72,000 –

Oil and grease 6000 4000–8000 50

Ammoniacal nitrogen 35 4–80 150c

Total nitrogen (TN) 750 80–1400 200c

Note
aall parameter in mg/L except pH and temperature (°C)
bsample incubated for 3 days at 30 °C
cvalue on filtered sample

limits for the discharge of POME through the enactment of Environmental Quality
Acts (EQA) in 1978 as shown in Table 1.

To progress towards a greener environment, the Malaysian Department of Envi-
ronment (DOE) has imposed more stringent regulations where the BOD discharge
limit is reduced from 100 to 20 mg/L in environmentally sensitive areas of Sabah
and Sarawak [6, 7]. However, the new regulation with 20 mg/L BOD is yet to be
gazetted effectively, especially within the Peninsular of Malaysia, due to the lack
of technology with limited land available for ponding treatment system. Hence, an
efficient and feasible technology for POME treatment is an urgent need in order to
achieve the stringent standard requirement on effluent discharge.

2 POME Treatment Technologies

The enforcement of laws promulgated under the EQA has led to the development
of several technologies for POME treatment. In general, POME could be treated by
physical, chemical or biological processes. These technologies are briefly described
next.
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Table 2 Advantages and disadvantages between various POME treatment methods [19, 38, 53]

Treatment types Advantages Disadvantages

Membrane • Produce consistent and good
water quality regardless of
the influent variations

• Require smaller space
• Can disinfect treated water

• Short membrane life,
membrane fouling,
expensive compared to
conventional treatment

Evaporation • Solid concentrate from
process can be utilised as
feed material for fertiliser
manufacturing

• High energy consumption

Coagulation-flocculation • Improve the separation of
particulate species

• Can treat POME within
short period of time without
involving a vast area of land

• High chemical costs
• The residual aluminium and
• Iron concentrations from the
coagulants may inhibit
biological treatment process
in wastewater and reduce
microorganism respiration
rate

Anaerobic • Low energy requirements
(no aeration)

• Produce methane gas as a
valuable end product

• Generated sludge from
process

• Could be used as
biofertiliser

• Long retention time
• Low start-up period
(2–4 months)

• Large area required for
conventional digesters

• Potential odour problems

Aerobic • Shorter retention time
• Produce higher effluent
quality than anaerobic
process

• High energy requirement
(aeration)

• High sludge production

2.1 Physico-Chemical Treatments

Some examples of physical and chemical approaches are simple skimming devices
[8, 9]; land disposal [10]; use as animal fodder [10, 11]; chemical coagulation, floc-
culation and flotation [12]; electroflotation [13]; membrane technology [14, 15];
evaporation [16]; and adsorption [17]. However, very few have implemented such
systems at full-scale operation because of their unsatisfactory performance, high cap-
ital investment, high operating and maintenance cost as shown in Table 2. Moreover,
most of these approaches can only be adopted as pre-treatment or tertiary treatment
steps for POME as they are still required to couple with other treatment system in
order to meet the discharge limit.



Palm Oil Mill Effluent (POME) Treatment—Current … 75

2.2 Biological Treatment

Biological treatment includes anaerobic and aerobic processes. They are more
promising and sustainable technology for POME treatment. With its high organic
content, POME is a good source of nutrients for microorganisms and therefore, pro-
duction of methane generated from anaerobic digestion is highly potential. With
appropriate analysis and environmental control, almost all wastewaters containing
biodegradable constituents with a BOD/COD ratio of 0.5 (or greater) can be treated
easily by biological means [18]. As shown in Table 1, BOD: COD ratio of raw POME
is approximately 0.5, implicating that POME is suitable to be treated by biological
processes. The principal processes used for the biological treatment of wastewater
can be classified with respect to their metabolic function as aerobic, anaerobic, and
combined anaerobic–aerobic processes.

2.2.1 Conventional Anaerobic Treatment Methods

In general, aerobic systems are suitable for the treatment of low-strength wastewaters
(biodegradable COD concentrations less than 1000 mg/L) while anaerobic systems
are suitable for the treatment of high strength wastewaters (biodegradable COD
concentrations over 4000 mg/L) [19]. Therefore, the very high level of organic
matters in POME requires the adoption of anaerobic digestion as the primary
treatment process. More than 50% of palm oil mills in Malaysia have adopted
ponding system, involving anaerobic digestion for the treatment of POME (Fig. 2).
This is mainly due to their low capital costs, simplicity and ease of handling [20].
Normally, the anaerobic digestion is operated at low rate, with organic loading
rate (OLR) of 0.2–0.35 kg BOD/m3.day [21]. Open digesting tanks are used for
POME treatment when limited land area is available for ponding system. It has
been reported that open ponding system is capable in reducing the concentration of
pollutants such as COD (100–1725 mg/L), BOD (100–610 mg/L) and ammoniacal
nitrogen (100–200 mg/L) [22, 23]. However, these conventional methods have
several drawbacks, such as long hydraulic retention time (HRT; 45–65 days), large
areas of lands, and consistent desludging of the settled POME.More importantly, the
treated effluent fails to meet the discharge standard consistently [24]. Besides, the
potential for biogas utilisation is often being overlooked by the palm oil industry. The
produced biogas from anaerobic digestion process emits directly to the atmosphere,
posing a detrimental greenhouse effect on the environment [24, 25].

2.2.2 Aerobic Treatment

Aerobic biological processes are commonly used in the treatment of organic wastew-
aters for achieving high degree of treatment efficiency. The aerobic treatment of
POME was investigated by using: fungus Trichoderma viride in the fermentation of
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Fig. 2 Typical anaerobic
pond of a palm oil mill

POME [26]; a tropical marine yeast (Yarrowia lipolytica) NCIM 3589 in the degra-
dation of POME in a lagoon [27]; trickling filter [28]; rotating biological contactors
[29]; and activated sludge process with a diffused aeration system [30]. Nevertheless,
the aerobic treatment system is not commonly used in treating wastewater of high
organic load, especially raw POME. The high organic level makes aerobic treatment
on its own difficult to achieve the desired efficiency in both technical and economical
points of view. Moreover, the BOD: N: P ratio of raw POME is reported as 100:3:0.8
(may be calculated based on data in Table 1), is slightly nutrient deficient for aerobic
treatment; the latter requires a minimum nutrient ratio of 100:5:1 [18].

2.2.3 Conventional Anaerobic–Aerobic Treatment

Consequently, prior to aerobic treatment, anaerobic treatment may be used to reduce
the organic strength of POME. Vijayaraghavan et al. [30] proved that the aerobic
treatment of the anaerobically digested POME resulted in higher BOD and COD
removal efficiencies than the aerobic treatment of diluted raw POME. It is due to the
presence of partially degraded organics in the anaerobically digested POME, mak-
ing them more amenable to aerobic digestion. There are many examples in which
anaerobic processes provide partial stabilisation before further treatmentwith aerobic
processes due to the relatively high organic strength of many industrial wastewaters
(14,500–65,700 mg/L) [31, 32]. Published researches also reported that series reac-
tors of anaerobic–aerobic processes are feasible for treating municipal, sewage and
high organic strength wastewater resulting in lower energy requirements and less
sludge production [33, 34].

In the case of POME treatment, some of the palm oil mills in Malaysia have
adopted open tank digesters and extended aeration systems where POME is treated
in an anaerobic digestion process followed by extended aeration in a pond (Fig. 3).
Normally, the open tank digesters are operated at low rate, with OLR of 0.8–1.0 kg
BOD/m3.day. If properly operated andmaintained, this treatment system is capable of
removingCODby81% [35] and is able tomeet the discharge limit [21].However, one
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Fig. 3 a Anaerobic tank digesters; b extended aeration system

of themajor problems of this system is that it occupies a vast area of land and requires
a relatively long HRT of 20 days for the anaerobic process and 20 days for aerobic
process.Besides, there is no system that captures the producedmethanegas.Although
this practice appears to be at minimal cost, the constraint lies on the availability of
sufficient land for building the ponds and the length of the HRT taken to treat the
POME. Continuous hikes in land and labour costs, as well as external pressures
from global environmentalists are forcing palm oil millers to reconsider alternatives.
Hence, treating POMEwithin a short period of time at reduced space utility by using
high-rate anaerobic and aerobic bioreactor with biogas trapping facilities may offer
a viable alternative to replace these conventional anaerobic–aerobic systems.

2.3 Greener Technology for POME Treatment—Biogas
Capture System

Biogas production process exploits the natural ability of microorganisms to degrade
organic wastes in the absence of oxygen, i.e. anaerobic digestion. Biogas typically
composes of 50–75%methane (CH4), 25–45% carbon dioxide (CO2), trace amounts
of H2S and other gases. POME with high organic contents may be considered as a
renewable energy source. It is projected that the total power output is approximately
480MW, if biogas produced from all palm oil mills in Malaysia (a total of 445 mills)
could be captured and used [2]. Note that this estimation is based on gas engine
conversion efficiency of 40% and biogas power plant operation hours of 7000 h per
year [2]. Therefore, palm oil millers have shown great interest in recent years to
implement greener and more sustainable technologies in their mills such as biogas
capture technology, as well as moving towards zero waste approach [23].

In the current practise, biogas from POME in Malaysian mills is captured and
utilised for the following purposes, which include steam generation, combined heat
and power (CHP) for simultaneous production of steam and electricity, electric-
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Table 3 Comparison between covered lagoon systems and continuously stirred tank reactor [3, 36,
54]

Technology Covered lagoon systems Continuously stirred tank
reactor/digester tank

Waste types Thin liquid Liquid and solid

HRT (days) 20–90 20–40

COD removal efficiency (%) 70–85 80–90

Operation complexity Low Medium

Total capital costa including
burner (million USD)

1.96 2.24

Payback period 3.6 4.3

Energy yield Medium Good

CH4 produced/CODin (kg/kg) 0.03–0.16 0.07–0.23

atype of biogas utilisation: co-firing

ity generation for grid connection and downstream business activities [36]. The
implementation of biogas capture is considered as one of the activities in Economic
Transformation Programme (ETP) under the Palm Oil National Key Economic Area
(NKEA) in Malaysia. It aims to increase the gross national income (GNI) by year
2020 [23].

There are twocommonlyusedbiogas capture technologies, i.e. covered lagoon and
continuous stirred tank reactors (CSTR). According to Loh et al. [36], approximately
50 palm oil mills in Malaysia have employed tank-type technologies to capture
the produced biogas, while 36 mills use covered lagoon systems. Table 3 shows
the comparison between covered lagoon systems and CSTR systems. Their basic
principles are briefly described next.

2.3.1 Covered Lagoon

A cost-effective way to capture biogas from the conventional open anaerobic ponds
is to retrofit the existing ponding/lagoon system through the installations of float-
ing plastic membranes on the open ponds. As it is more economical and easier to
operate as compared to other anaerobic digester technologies, most palm oil mills
in Malaysia installed sealed cover over existing anaerobic POME ponds to create an
anaerobic digester system, as shown in Fig. 4 [3]. The sealed covermaterial is usually
made of linear low-density polyethylene liners (LLDPE), or synthetic high-density
polyethylene (HDPE) geo-membrane that are resistant to bad weather, biological
degradation and UV radiation. This covered lagoon design typically handles a solids
content of less than 2% and commonly operates in the mesophilic temperature range
[37].

However, despite its simplicity, anaerobic lagoon exhibits several drawbacks. In
general, it has poor bacteria-to-substrate contact, with a low loading rate. Besides,



Palm Oil Mill Effluent (POME) Treatment—Current … 79

Fig. 4 Covered lagoon

covered lagoon requires a long hydraulic retention time and has a large footprint.
The production rate of a covered anaerobic pond was reported to be 0.03–0.16 kg
CH4/kg COD treated [3]. The low methane production is mainly due to the lower
efficiency of anaerobic pond system and the lack of operational control.

2.3.2 Continuous Stirred Tank Reactors (CSTRs)

Continuous stirred tank reactors (CSTRs) are typically concrete cylinders with a low
height-to-diameter ratio. CSTR is equivalent to a closed-tank digester with mechani-
cal agitator which providesmore area of contact with the biomass and thus improving
biogas production [38]. In operating the CSTR, feeding of POME should be con-
tinuous for maximum efficiency. It can be operated at mesophilic or thermophilic
conditions. CSTR typically can handle a higher solids content of 3–10% than cov-
ered lagoon. Based on the economic analysis of biogas capture and utilisation in a
60 MT/h palm oil mill as shown in Table 3, the investment cost of CSTR is slightly
higher than that of covered lagoon system—[39]. This estimation is based on the
biogas system where the captured biogas is co-fired in the biomass boiler.

It was also reported that the CSTRs have better performance as compared to the
covered lagoon, in terms of the amount of methane gas produced per kg of COD
treated in the system. The closed anaerobic digester tank was capable of producing
0.07–0.23 kg CH4/kg COD treated [3]. The CSTR technology employs readily avail-
able microorganisms in the POME. Despite higher capital cost, CSTR has a higher
rate of historical success and higher methane production (as compared to the covered
lagoon). However, the major drawbacks of the CSTR include less efficient biogas
production at high feeding rates and less biomass retention.
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2.3.3 High-Rate Advanced Anaerobic Bioreactors

In recent years, new technologies have been developed to alleviate the problems
faced by the conventional treatment systems. Improved high-rate anaerobic biore-
actors with higher treatment efficiency and lower site area have been adopted in the
treatment of POME. These include anaerobic filter and anaerobic fluidised bed reac-
tor [40]; two-stage upflow anaerobic sludge blanket (UASB) reactor [41]; membrane
anaerobic system [42]; modified anaerobic baffled bioreactor [43]; thermophilic
upflow anaerobic filter [44]; expanded granular sludge bed (EGSB) [15] and anaero-
bic hybrid reactor (upflow anaerobic sludge blanket fixed film (UASFF) bioreactor)
[4]. A comparison of various advanced anaerobic bioreactors available in Malaysia
is tabulated in Table 4.

These high-rate bioreactors are more effective in biodegradation, with shorter
retention times, higher methane yield (without compromising the OLR). It has been
reported that these high-rate anaerobic bioreactors were able to achieve higher than
78% COD removal efficiency, and biogas product with at least 50% of methane
at higher OLR (ranging between 1.6 and 40.0 kg COD/m3.day under mesophilic
condition) [19].

Note however that, POME treatment using anaerobic high-rate bioreactor alone is
insufficient to satisfy the new discharge standard. Thus, aerobic bioreactor is required
to polish the effluent. The mill owners are reluctant to adopt these advanced bioreac-
tors asmost of them are designed and performanceswere only evaluated at laboratory
scale. Their results may differ for a full-scale plant, due to the fact that actual working
conditions are not as easily controlled or predicted.

On top of that, several technical problems have been reported in the operation
of these anaerobic bioreactors. In particular, anaerobic filters and UASFF are sus-
ceptible to the clogging problem within the packing [44–47]. Attributable to high
TSS concentration (Table 1) in POME, OLRs in these reactors should be reduced
to ensure high treatment efficiency. In addition, UASB and EGSB reactors are fre-
quently confrontedwith the foaming and scum formation problems especially at high
OLRs, which are mainly caused by high concentration of oil and grease (O&G) in
POME (Table 1) [15].

Thus far, almost all reported advanced technologies are standalone without proper
integration for sustainable resource management and recovery [36]. Most of them
are unable to degrade the organic matter to meet the effluent BOD discharge limit of
20 mg/L imposed by DOE. Therefore, it is essential to integrate the advanced anaer-
obic bioreactors with sustainable polishing technologies in order to move towards
zero discharge POME treatment system.

2.3.4 Integrated Zero Discharge POME Treatment System

The zero discharge concept in the POME treatment system theoreticallymeans all the
incoming effluent is completely treated, no waste is being discharged. The ultimate
target is to recover usable materials such as oil, sludge and water from the POME.
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Fig. 5 AnaEG system for POME treatment [39]

Doing this leads to minimum waste generation and to convert the treated anaerobic
and aerobic sludges to fertiliser without discharging into the environment [7, 39]. To
date, there were only several studies being reported on the integrated zero discharge
treatment, one at pre-commercialised plant [48], two at pilot studies and the other
engineered at laboratory scale [39, 49].

(a) Anaerobic expanded granular sludge bed (AnaEG™) technology

A zero discharge integrated POME treatment technologywhich consists of advanced
anaerobic expanded granular sludge bed (AnaEG) and biotechnological aerobic
process (BioAX)was developed atKilangKelapa Sawit (KKS)Labu,Malaysia, Sime
Darby [7, 39]. As shown in Fig. 5, theAnaEG system consists of threemajor units, i.e.
pre-treatment, biological treatment and membrane separation. The pretreatment unit
is meant for the recovery of waste oil from POME. Biological treatment, on the other
hand, is to produce biogas from POME and to generate final discharge with BOD
lower than 20 mg/L. Membrane separation is meant to purify wastewater for reuse or
recycling. The treated sludge from theAnaEG system is recovered as biofertiliser and
it shows good fertiliser values than raw POME, due to the fact that organic fertiliser
derived from treated sludge contains a higher percentage of nitrogen, phosphorus
and potassium (NPK) [39]. Besides, the BOD of the treated effluent after BioAX
stage was always less than 20 mg/L, with 80% consistency [7]. High-quality biogas
is also reported with CH4 content ranging between 65 and 70% [39]. The reported
HRT for AnaEG system is 9 days, which is significantly shorter than the conventional
treatment system. The volume of biogas generated is 28 m3/MT POME, which is
comparable to those reported values for CSTR and covered lagoon.

Overall, AnaEG system displays great potential in achieving zero discharge for
the palm oil industry, in view of its capabilities in producing biofertiliser from treated
POMEand recycledwater for boiler use. However, based on the economic analysis of
the biogas system for a typical 60MT/h FFB palm oilmill, the total capital cost of this
system (see Table 4) [39] is slightly higher than those of CSTR and covered lagoon.
Therefore, the economic aspects of this technique need to be further addressed for
commercial uptake. Besides, the high oil and solids content in the POME should
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be reduced before entering this system; this requirement makes it to possess more
pre-treatment facilities.

(b) Integrated anaerobic–aerobic bioreactors (IAAB)

This IAAB system consists of a novel bioreactor based on the integration of anaer-
obic, aerobic and sedimentation processes (Fig. 6). The basic configuration of the
bioreactor is depicted in Fig. 7. It was first developed at lab scale with a reactor
volume of 60 L in 2009 (see Fig. 8), followed by a 1.8 m3 pilot scale IAAB in
2012 and a 3000 m3 pre-commercialised scale IAAB at Havys Oil Mill in 2015
(see Fig. 9) [48, 55]. As shown, the IAAB is a single reactor configuration with
compartmentalisation. The rectangular tank is divided into three compartments, in
which anaerobic, aerobic and sedimentation are to be carried out sequentially. The
final discharge from the settling compartment was reported to meet the discharge
standard of BOD 20 mg/L consistently [19]. To achieve zero liquid discharge, the
treated water is further polished for recycling and reuse in the palm oil mill. Themain
advantages of IAAB include higher organic removal efficiency (up to 99.9%), higher
biogas yield (up to 35 m3/MT POME), much shorter retention time, i.e. 5–7 days
(instead of 60 days with the current ponding system), and most importantly, reduced
land footprint by 80%. Besides, the IAAB system is self-sustained in term of power
consumption, for the OLR operating range of 8–13 kg COD/L/day. The relatively
high performance of the IAAB was found to be attributed to several factors, which
includes adequate retention of Mixed Liquor Volatile Suspended Solids (MLVSS)
concentrations (population ofmicroorganism in both anaerobic and aerobic compart-
ments), development of good settling activated sludge and high recirculation ratio
adopted in the anaerobic compartment leading to good hydraulic contact between
the substrate and the sludge.

As compared to AnaEG, IAAB is simpler in terms of process and operation as
it has lesser unit operations (see Fig. 7). Besides, IAAB has smaller land footprint
due its lower HRT. Furthermore, no chemical is required for the operation of IAAB,
which in turns leads to lower operating cost. In term of COD removal efficiency,
AnaEG showed higher efficiency of 94%, as compared to 85% for IAAB (Table 4),
however, at a much lower loading rate of 1.6 kg COD/m3.day as compared to 12.8 kg
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COD/m3.day for IAAB. This indicates that IAAB is capable to handle higher loading
rates.

3 Current Issues, Challenges and Areas of Improvement

Malaysian government envisages all palm oil mills (estimated to reach 500 by year
2020) to have biogas trapping facilities installed by 2020 [2]. However, up to 2015,
merely 17% of those mills had implemented biogas capture system [36]. In fact,
Malaysia faced many issues and challenges in moving towards nationwide bio-
gas capture implementation. Many problems encountered are related to technology,
finance, governance and grid connectivity, which are discussed next.

3.1 Technology Challenges

The performance of the various biogas capture technologies is closely associated
to the robustness of the technology in withstanding fluctuation of POME volume,
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Fig. 8 Actual view of IAAB system a laboratory scale front view b rear view

OLR and flow characteristics in the digester. Besides, the operating conditions of the
digester such as microorganism’s quality and populations, solid removals, reaction
temperature, HRT and mixing system, etc. are also the key factors that will affect
performances of the biogas capture technologies. One of the most critical issues is
the seasonal fluctuation of oil palm FFB yield, which affects the volume of POME.
Excess biogas would need to be flared off during the high crop season. Conversely,
during the low crop season, there is insufficient of POME for the microorganisms
and thus, less biogas is generated. As a result, most biogas plants of the existing palm
oil mills have an average power output of 1 MW, although they have an installed
capacity of 2 MW [2]. Therefore, designing a robust biogas trapping facility that can
accommodate the fluctuating characteristics in the volume and quality of POME is
important. The aforementioned problemduring the lowcrop season can be potentially
solved by co-digesting POME with the empty fruit bunch (EFB) and mesocarp fibre
(MF), which are generated along the production of CPO. EFB and MF may serve as
a good carbon source to be co-digested with POME for biogas production. Besides,
EFB and/or MF can counteract the low carbon and nitrogen content of POME in
anaerobic digestion process. Both nutrients are equally important formicroorganisms
that carry out the digestion process, as carbon is the main food source for growth
while nitrogen assists in enzyme production.
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Fig. 9 Pre-commercialised scale of IAAB system (courtesy of Havys Oil Mill Sdn. Bhd.)

On the other hand, there are a few areas that are worth consideration in the inte-
grated POME treatment approach. In the first place, the main wastewater source
in the milling process should be reduced as it leads to huge production of POME.
Second, the unwanted constituent of the biogas, i.e. H2S should also be reduced
during the biogas production process. This is because H2S causes corrosion in some
machineries through the formation of sulfuric acid (when H2S reacts with water).
Therefore, H2S has to be removed from biogas through scrubber before the biogas
is sent to the gas engine for power generation. The reduction of H2S can be achieved
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by employing special pre-treatment technique; the latter involves a series of physical
and chemical treatments (oil separation tank, equalisation tank, air flotation and dos-
ing tank), in order to break down the big molecules, i.e. particularly the protein-rich
organic matter for easy biodegradation. Through pretreatment, H2S concentration
can be reduced to 200 mg L−1 [36]. This is important as the H2S concentration can
go as high as 3000 mg L−1, which result in higher scrubbing cost.

3.2 Safety and Operational Risks

The key challenges to the operators of the biogas plant include operational, poten-
tial explosion, corrosion hazards and GHG gas emissions reduction. Therefore, the
safety aspect in operating biogas trapping facilities is vital. A Malaysian Standard
(MS2581:2014) guidelines on general requirement, installation requirement, spe-
cific requirement, safety requirement, competent personnel requirement and mainte-
nance and operation, etc. has been developed [36]. Unsatisfactory performance of the
POME treatment plant is often due to the lack of competent personnel or operators.
Therefore, the biogas plant operators need to ensure a stable operation while man-
aging the seasonal POME characteristics change. Close monitoring of biogas and
power generation systems during operation and maintenance are equally important.

3.3 Knowledge Transfer Between Industry and Academia

The advanced POME treatment technologies such as AnaEg and IAAB system are
found to be effective and are able to achieve zero discharge concepts in the POME
treatment as well as to maximise the utilisation of biogas generated as a source of
renewable energy. However, some of the millers are sceptical. This is mainly due to
the lack of companies’ commercial data. Collaboration with industry and academia
to produce commercial data to show the efficiency of the biogas technology may
improve millers’ confidence in investing in new technology [2].

3.4 High Investment Cost

One of the key challenges for the palm oil millers to build biogas plant for power
generation system in the palm oil mills is its relatively high investment cost (as com-
pared to the conventional ponding system). A survey conducted by Yahaya and Lau
[50] reveals that many palm oil mills are not willing to acquire and adopt advanced
POME treatment technology. In some cases, the palm oil millers claimed that the
utilisation of biogas for power generation required high initial capital cost. The com-
mon perception is that this investment is not economically viable, as it does not give
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immediate profit and requires a long payback period (about 5 years via feed-in-tariff
(FiT) payment) [3].

In reality, the utilisation of biogas for power generation is lack of demand and
not so attractive to the palm oil millers. This is because most of the palm oil mills
are already self-sufficient in energy, as MF and palm shell (PS) are utilised in the
biomass boiler for steam and power generation for the production of CPO [51, 36].
Moreover, the national grid is well structured and the fuel is heavily subsidised.
Therefore, anaerobic digestion-based biogas production in Malaysia has far lesser
relevance to short energy supply than in its neighbouring countries such asCambodia.
Furthermore, palm oil mills are normally far from one another and isolated from
any energy-intensive industrial activities within their vicinities. This in turn makes
some of the well-developed biogas utilisation approaches (e.g. rural electrification
and decentralised biogas power production) irrelevant, less attractive, and has little
success. To overcome this, bottled bio-compressed natural gas (bioCNG) to ease
transportation seems a viable approach [36]. In fact, biogas can be compressed the
same way natural gas is compressed to CNG after removing its impurities such as
CO2, H2S, and moisture.

3.5 Government Supports

Many mill owners have reflected that there are no clear-cut biomass and biogas
policies and sufficient incentives to convince them in venturing into such projects.
Besides, the procedural and approval processes for developing biogas plant in palm
oil mill are long, tedious and currently requiring too detailed technical information
[36]. This clearly indicates that attractive incentives and supports of the government
will be a major factor that attracts the millers to adopt the new technologies. A more
concerted governmental effort is required in processing applications, facilitating and
coordinating nationwide biogas implementation under the current set up [36].

3.6 Grid Interconnectivity

It is difficult for those biogas plants to be connected to the national grid, especially for
palm oil mills which are located in rural areas which are far from the interconnection
point. This is due to the fact that the distance between the biogas power generation
plant and the location of the interconnection point at the distribution system must be
within 10 km to avoid power lost [3]. Longer distance will increase the connection
cost and also power lost. To overcome this, those palm oil mills that are located near
to each other but far away from the national grid interconnection point could connect
their biogas plant together to form a mini-grid system for rural application. This
system has high potential to be implemented in the states of Sabah and Sarawak (in
Borneo island), where national grid electricity is out of reach in the rural areas [3].
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Another challenge is that most of the parties involved in biogas development
do not have expertise in grid interconnectivity knowledge. Therefore, regular series
of interactive sessions between the parties involved and the relevant authorities are
essential. First, this can assist in educating and creating awareness on engineering
aspects of grid connection; and second to deal with policy intervention to ensure
smooth implementation [36].

4 Conclusions

Treating POME in a sustainable manner by capturing biogas is vital to transform the
palm oil industry into a greener industry. Covered lagoon and CSTR are currently
the most commonly used biogas capture technologies. Due to the more stringent
requirement of BOD 20mg/L to be imposed by DOE, the existing treatment methods
may face difficulty in complying with the discharge limit consistently. Therefore, the
current POME treatment trend is gearing towards the reduction of the BOD content
of POME (to less than 20 mg/L), reduction of HRT and footprint, while at the same
time trapping the produced biogas. The ultimate aim of doing these is to achieve
zero discharge concept in the palm oil mill. There are two advanced technologies,
AnaEG and IAAB which show great potential in achieving zero effluent discharge
due to their high treatment efficiency and methane yield along with the production
of biofertiliser and recycled water. Nevertheless, there are barriers that hindered the
palm oil millers to adopt these advanced integrated POME treatment system. These
are closely related to technology, finance, governance and grid connectivity. With
stronger support and more financial assistances from government, it is envisaged
that all palm oil mill will be equipped with biogas facilities in the near future. While
most researches are working on POME treatment via end-of-pipe processes, it is a
good idea to consider a cleaner production. This can be done by reducing the main
wastewater source in the milling process, as it is the root cause of abundant POME
generation. Besides, practicing knowledge transfer between industry and academia
can help to reduce any scepticism of the advanced technology and the realisation of
advanced bioreactors into cost-effective full-scale plant.
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Numerical Methods to Estimate Biomass
Calorific Values via Biomass
Characteristics Index

Jiang Ping Tang, Hon Loong Lam and Mustafa Kamal Abdul Aziz

Abstract Theoil palm industry contributes a huge amount of valuable crude palmoil
(CPO) as export commodity forMalaysia. It also produces a large quantity of biomass
as plantation waste, which can be utilized as potential fuel sources. In order to shed
light on the energy output estimation from the biomass, a comprehensive study on the
physical properties of the biomass, i.e., bulk density and moisture content is crucial.
A Biomass Characteristics Index (BCI) is proposed to represent the relationship
between bulk density and moisture content. A numerical framework is developed
to determine the BCI. This index is used to estimate the biomass bulk density and
moisture content prior to the calorific value calculation. A regression graph is plotted
to illustrate the relationship among those values with respect to different appearance
or shapes of biomass. The result shows that the biomass of different sizes and shapes
has its own specific BCI. The classification of biomass according to its specific BCI
can be used to forecast the related bulk density and moisture content. Therefore, it
reduces the hassle and time constraint to get those values through the conventional
empirical method.

Keywords Physical appearance · Moisture content · Bulk density
Empty fruit bunch · Alternative biomass supply

1 Introduction

Biomass is widely used as an alternate fuel source for power generation. Biomass is
transformed to reusable matter from waste especially agricultural residues. Thermal
processes such as gasification, pyrolysis, and combustion may be used to convert
biomass into specific form (e.g., pellet, bulk, and granule) for energy generation
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purpose via combine heat and power, co-firing, etc. After the development of two
decades, biofuel has evolved from the first to the third generation. First generation
biofuel is obtained directly from traditional food feedstock such as sugarcane and
corn, or direct burning of solid biomass. As less processing technology is involved,
the quantity of first generation biofuel is limited and is not a cost-effective solution
for the environment. Thus, second-generation biofuel is proposed, with a wide range
of feedstocks available through forestry and agricultural residues, energy crops, food
waste, industrial and municipal wastes. Due to different conditions of the raw mate-
rials in terms of moisture content and size, postprocessing (shredding, densifying,
pulverizing and handling) and conversion technologies (gasification, pyrolysis, and
combustion) are needed before these raw materials can be used as fuel sources. The
advancement of the processing technology has increased the amount of fuel for power
generation plant as compared to the first generation biofuel. For example, gasification
of biomass converts the maximum available energy content to increase the efficiency
of power generation [1]. In addition, the utilization of the abovementioned residues
has a positive effect on the environment, considering the amount of waste that goes
directly into landfill. The third generation biofuel is known as advanced biofuel [2],
which is originated fromalgae biomass and nonfood feedstock. It is important to note,
however, that the third generation biofuel is still facing challenges from technical,
economical, and geographical issues. Notwithstanding, the development of biofuel
shows little progress in tropical developing countries such as Southeast Asia coun-
tries, which is predominantly limited to first-generation biofuel production. Despite
the abundance of forest and agriculture residues, there is a lack of mature technolo-
gies to further develop new biofuel. Compared to European countries—wherein their
natural resources are relatively scarce and face severe weather threats—who have
been sprinting to boost biofuel development; biofuel development in Southeast Asian
countries on the other hand, remains stagnant at an early stage. The varied and rich
profusion of biomass residues that are readily available have yet to be fully utilized
for biofuel projects; at present they are directly burnt as fuel withoutmuch processing
[3].

2 Literature Review

In Malaysia, huge amount of biomass wastes is available from the palm oil mills.
Among those residues, the most reusable matters are empty fruit bunch (EFB) and
palm kernel shell (PKS) [4]. The factor that determines the usefulness of this biomass
is their calorific value. Higher calorific value indicates that it is more efficient as an
energy source [5]. Another aspect of the biomass that should be taken into account
is their physical characteristics, which consisted of the moisture content and bulk
density (Fig. 1). Both of these properties are interrelated and are linked to the struc-
ture and physical appearance of biomass. While moisture content is the quantity of
water that contains in the biomass material, bulk density is defined as the ratio of
biomass mass over its volume. These characteristics affect the operational aspects
of a biomass supply chain [6], such as its collection, handling, storage, and logis-
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tics. There are several points needed to be noted. First, raw biomass is associated
with high moisture content, low bulk density, and low calorific value. Low bulk den-
sity leads to the difficulties in material handling, storage, and transportation [7].
For instance, the biomass of large particle size such as oil palm trunk requires
pretreatment of sizing or drying, special handling during collection, suitable stor-
age facility, and careful transportation route selection to the process facility. These
increase the total cost incurred for the biomass supply chain. Second, higher mois-
ture content decreases the calorific value of biomass [8], hence different conversion
technologies have to be selected for cost saving in the supply chain [9]. Moreover,
the low-bulk density and high-moisture content of EFB make it more difficult to
be compacted, thus increasing the total volume and increased difficulties in stor-
age and transportation [10]. Besides, bulk density changes with types, size, and
shape of the biomass itself. As shown in Figs. 2 and 3, the appearance and shape
of raw EFB is completely different from those of shredded bunches. Therefore,
bulk density of the dry raw EFB is lower than that of the shredded EFB, as its
smaller particle size occupies lesser space with the same weight of mass [11].

Apart from moisture content, air volume also influences the bulk density. Free air
space (FAS) is measured for solid organic waste during the composting process. The
distribution of air in the waste will affect its performance of composting [12]. FAS
represents the ratio of air volume over global volume (air, water, solid). A pycnometer
will be used for FAS measurement. At higher bulk density, the air voids will be
displaced as the solid becomes more compacts. This shows a linear relationship
between FAS and bulk density for manure compost [13]. There are numerous studies
that relate air porosity to bulk density [14] and the relationships are established for
different biomass types. Therefore, it is possible that biomass have air voids trap
inside the material itself, especially for fibrous biomass like EFB. The space in
between the particle of biomass material is a perfect spot for air voids.

The analysis of moisture content and bulk density of biomass have been reported
in different studies, depending on their application areas (refer to Table 1), either for
the pretreatment processes or the final product (pellet for most cases). Note however
that the focus of those research work was mainly targeted on the performance of final
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Fig. 2 Raw EFB

Fig. 3 Shredded fiber from EFB

product rather than the raw biomass itself. There is no analysis on properties with
regards to raw biomass appearance before the pretreatment stage. The appearance of
raw biomass has essential information that determines the handling, transportation,
and storage issues [15]. This information can be fed into biomass supply chain for the
purpose of resource planning and optimization [16]. A well-designed supply chain
plays an important role to achieve the efficiency in cost and energy utilization [17].
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Table 1 Overview of bulk density and moisture content on biomass

Application area Measured
characteristics

References Scope of research

Biofuel Bulk density Antonio Bizzo et al.
[18]

The generation of
residual biomass
during the production
of bioethanol from
sugarcane, its
characterization and
its use in energy
production

Bulk density
determination

Wet bulk density, dry
bulk density

Lam et al. [19] Bulk density of wet
and dry wheat straw
and switchgrass
particles

CHP plant Moisture content,
calorific value

Chiew et al. [8] System analysis for
effective use of palm
oil waste as energy
resources

Briquette Moisture content, bulk
density, calorific value

Liu et al. [20] Study of briquetted
biomass co-firing
mode in power plants

Classification Moisture content, bulk
density, ash content,
particle dimension and
size distribution

Shankar Tumuluru
et al. [21]

A review on biomass
classification and
composition, co-firing
issues and
pretreatment methods

Combustion Bulk density, moisture
content

Elmay et al. [22] Energy recovery of
date palm residues in a
domestic pellet boiler

Compaction Moisture content, bulk
density, particle
density

Mani et al. [23, 24] Evaluation of
compaction equations
applied to wheat
straw, barley straw,
corn stover, and
switchgrass

Compaction Bulk density, particle
size

Chevanan et al. [25] Bulk density and
compaction behavior
of knife mill chopped
switchgrass, wheat
straw, and corn stover

Densification Moisture content, bulk
density, durability,
percent fines, calorific
value

Tumuluru et al. [26] A review of biomass
densification systems
to develop uniform
feedstock
commodities for
bioenergy application

Densification Moisture content,
particle size, bulk
density

Kaliyan and Morey
[27]

Densification
characteristics of corn
cobs

(continued)
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Table 1 (continued)

Application area Measured
characteristics

References Scope of research

Fly ash properties Bulk density Jaworek et al. [28] Properties of biomass
versus coal fly ashes
deposited in
electrostatic
precipitator

Grinding performance Moisture content, bulk
density, particle
density

Mani et al. [23, 24] Grinding performance
and physical
properties of wheat
and barley straws,
corn stover, and
switchgrass

Pelletizing Particle density, bulk
density, moisture,
crushing resistance,
compression
resistance

Zamorano et al. [29] A comparative study
of quality properties of
pelletized agricultural
and forestry lopping
residues

Pelletizing Bulk density Liu et al. [20] The properties of
pellets from mixing
bamboo and rice straw

Pelletizing Moisture content, bulk
density, true density,
durability

Theerarattananoon
et al. [30]

Physical properties of
pellets made from
sorghum stalk, corn
stover, wheat straw,
and big bluestem

Pelletizing Moisture, bulk density Samuelsson et al. [31] Effect of biomaterial
characteristics on
pelletizing properties
and biofuel pellet
quality

Pelletizing Bulk density, particle
density, durability,
moisture sorption rate
and moisture sorption
isotherm

Fasina [32] Physical properties of
peanut hull pellets

Physical
characterization

Bulk density, particle
density

Wu et al. [7] Physical properties of
wood pellets, wood
chips, and torrefied
pellets

Pyrolysis Moisture content Abdullah et al. [33] Characterization of oil
palm empty fruit
bunches for fuel
application

(continued)
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Table 1 (continued)

Application area Measured
characteristics

References Scope of research

Physical
characterization

Bulk density, apparent
density, true density
and moisture

Cardoso et al. [34] Physical
characterization
(density, particle size
and shape
distributions) of sweet
sorghum bagasse,
tobacco residue, soy
hull, and fiber
sorghum bagasse
particles

Pelletizing Compressive force,
particle size and
moisture content

Mani et al. [35] Effects of compressive
force, particle size and
moisture content on
mechanical properties
of biomass pellets
from grasses

Torrefaction Moisture content,
gross calorific value,
weight, volatile
matter, fixed carbon,
bulk density

Patel et al. [36] Improved fuel
characteristics of
cotton stalk, prosopis,
and sugarcane bagasse
through torrefaction

Torrefaction Moisture content Sadaka and Negi [37] Improvements of
biomass physical and
thermochemical
characteristics via
torrefaction process

Torrefaction Moisture content, ash Sabil et al. [38] Effects of torrefaction
on the physiochemical
properties of oil palm
EFB, mesocarp fiber
and kernel shell

Second, acquisition of bulk density and moisture content are obtained through
empirical methods such as the British Standard (“Solid Biofuels—Determination of
Bulk Density” [39]. Results from those methods may vary from sample to sample
and are limited by handling procedures. There is no standard or reference value for
bulk density and moisture content for biomass such as EFB. Most of the relevant
researches merely focus on either one of the characteristics (i.e., bulk density or
moisture content alone) or component breakdown of biomass. Hence, there is a lack
of comprehensive and all-rounded analysis that integrates all physical properties of
the biomass.

For example, the work of Chevanan et al. [25] focused on the characterization of
bulk density of switchgrass, wheat straw, and corn stover, and also proposed separate
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Fig. 4 Flowchart of BCI calculation

relationship model for each respective biomass. However, there is no consolidated
model of characterization for various biomass proposed.

In the conventional approach, these properties are obtained through empirical
methods on an individual sample basis. There are several drawbacks of such con-
ventional empirical methods: (i) a huge amount of experimental results is needed to
construct a biomass properties curve; (ii) the accuracy of analysis result might be
affected by the data variations. These create a limitation in properties estimation and
further affect the optimum biomass utilization. To address this issue, there is a need
to search for a direct representation of the properties.

In this chapter, Biomass Characteristics Index (BCI) is proposed to correlate
the physical appearance of biomass to its properties—bulk density and moisture
content. Numerical method is used to perform BCI calculation. The methodology
will be discussed in detail in the following section.

3 Biomass Characteristics Index (BCI)

Numerical methodmay be used to analyze the physical properties of biomass. It is an
efficientmethod that saves time and fosters a better understanding on the relationships
between moisture content and bulk density of different biomass, as compared to the
analyticalmethods.With regression analysis established on theBCI curve, prediction
can be made easily. The workflow diagram of BCI is represented in Fig. 4, while
the detailed calculation and the BCI curve establishment are presented in the next
section.
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3.1 Relationships Between Bulk Density and Moisture
Content

Rawbiomassmaterials are exposed to the open environment, and itsmoisture content
is inherently high. Wet biomass has a larger volume especially for fibrous biomass
like EFB. Larger pore space in the biomass reduces its bulk density. Sims [40]
provided an intuitive formula that relates bulk density and moisture content of a
biomass (Eq. 1).

Bulk Density

(
kg

m3

)
� 13600

(100 − MC)
(1)

where MC (in %) is the moisture content of biomass in wet basis.
Note however that the constant value of 13,600 is only applicable for wood chips

as reported in Sims [40]. Hence, a more generalized equation (Eq. 2) with a constant
parameter of k applies to different types of biomass.

Bulk Density

(
kg

m3

)
� k

(100 − MC)
(2)

Note that the constant k is a reference index for various appearances of biomass
and is proposed as BCI.

3.2 BCI Calculation

A systematic numerical approach for BCI consists of the following steps (Fig. 4):

(a) Database construction

To obtain a series of BCI, a complete biomass database is a prerequisite. Various
forms of biomass with different bulk densities and moisture contents are needed
prior to the establishment of the biomass database; the latter covers most biomass
available in the market (of different appearance and shape).

(b) BCI calculation

From the above database, BCI can be calculated from bulk density and moisture
content using Eq. 3.

BCI � Bulk Density

(
kg

m3

)
× (100 − MC) (3)

(c) Relationships among BCI, bulk density and moisture content
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Fig. 5 BCI versus bulk density plot

After a full set of BCI is obtained, a graph is plotted to show the relationships between
BCI and bulk density. From the graph, linear regression is best fitted on the plots. A
new regression equation is obtained through the fit.

4 Illustrative Example

A simple example is demonstrated for a set of biomass with different appearance and
shapes. The database comprises most of the commonly found biomass in the market,
with their bulk density and moisture content (Table 2). Average value of bulk density
and moisture content are calculated for BCI in Eq. 3. For example, the bulk density
and moisture content of EFB are 40% and 0.355 t/m3, respectively (Table 2). Hence,
Eq. 3 determines the BCI value for EFB as 21,300.

A linear relationship is shown by plotting the BCI values versus the average bulk
densities in a graph, with linear regression fitted on the plotted data (Fig. 5). The best
fit linear regression equation is derived as shown in Eq. 4, with R-squared value of
0.8675.

y � 90977x − 6115.10 (4)

5 Analysis

The validity of the calculated BCI values can be verified through comparison with
the actual data. As shown in Table 3, the error differences are relatively small for
selected biomass. The highest differences are observed for EFB and FFB, which are
52.07 and 33.79%, respectively. This is due to the nature of these biomass that have
a broad range of moisture content [41].

Table 4 shows that the calculated BCI value for EFB of different moisture con-
tent varies between 5600 and 46,750. However, for the whole spectrum of biomass
material, the average value of moisture content and bulk density are used. The BCI
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Table 2 Characteristics of various biomass

Biomass
types

Moisture
(Min) (%)

Moisture
(Max)
(%)

Average
moisture
(%)

Bulk
density
(t/m3,
Min)

Bulk
density
(t/m3,
Max)

Average
bulk
density
(t/m3)

BCI

Air dry
wood
chips

20.00 25.00 22.50 0.190 0.290 0.240 18,600

Green
wood
chips

40.00 50.00 45.00 0.280 0.410 0.345 18,975

Kiln dry
wood
chips

10.00 15.00 12.50 0.190 0.250 0.220 19,250

Empty
fruit
bunch

15.00 65.00 40.00 0.160 0.550 0.355 21,300

Kiln dry
wood
chunks

10.00 15.00 12.50 0.200 0.310 0.255 22,313

Air dry
wood
chunks

20.00 25.00 22.50 0.240 0.370 0.305 23,638

Green
wood
chunks

40.00 50.00 45.00 0.350 0.530 0.440 24,200

Mesocarp
oily fiber

30.00 N/A 30.00 N/A N/A 0.305 21,350

Kiln dry
sawdust

10.00 15.00 12.50 0.240 0.370 0.350 30,625

Fresh fruit
bunch

40.00 N/A 40.00 N/A N/A 0.480 28,800

Green
sawdust

40.00 50.00 45.00 0.420 0.640 0.530 29,150

Straw
bales

7.00 14.00 10.50 0.200 0.500 0.350 31,325

Green
round-
wood

40.00 50.00 45.00 0.510 0.720 0.615 33,825

Air dry
round-
wood

20.00 25.00 22.50 0.350 0.530 0.440 34,100

Ash 0.00 N/A 0.00 N/A N/A 0.437 43,700

Sterilized
fruit

30.00 N/A 30.00 N/A N/A 0.660 46,200

Fruitlets 30.00 N/A 30.00 N/A N/A 0.680 47,600

Wood
pellets

7.00 14.00 10.50 0.500 0.700 0.600 53,700

(continued)
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Table 2 (continued)

Biomass
types

Moisture
(Min) (%)

Moisture
(Max)
(%)

Average
moisture
(%)

Bulk
density
(t/m3,
Min)

Bulk
density
(t/m3,
Max)

Average
bulk
density
(t/m3)

BCI

Press
expelled
cake

12.00 N/A 12.00 N/A N/A 0.650 57,200

Palm nuts 12.00 N/A 12.00 N/A N/A 0.653 57,464

Cracked
mixture

12.00 N/A 12.00 N/A N/A 0.653 57,464

Dry EFB
cut fiber

10.00 N/A 10.00 N/A N/A 0.710 63,900

Shell 12.00 N/A 12.00 N/A N/A 0.750 66,000

Coal 6.00 10.00 8.00 0.700 0.800 0.750 69,000

Wood
briquettes

7.00 14.00 10.50 0.900 1.100 1.000 89,500

Table 3 Comparison of collected and BCI forecast bulk density

Oil palm biomass Collected data
(t/m3)

Forecast from
BCI (t/m3)

Difference (t/m3) Difference (%)

Empty fruit
bunch

0.628 0.301 0.327 52.07

Mesocarp oily
fiber

0.257 0.302 0.045 17.51

Fresh fruit bunch 0.580 0.384 0.196 33.79

Ash 0.550 0.548 0.002 0.36

Sterilized fruit 0.640 0.575 0.065 10.16

Fruitlets 0.640 0.590 0.050 7.81

Press expelled
cake

0.550 0.696 0.146 26.55

Palm nuts 0.653 0.699 0.046 7.04

Cracked mixture 0.535 0.699 0.164 30.65

Shell 0.650 0.793 0.143 22.00

Table 4 Calculated BCI value for EFB

Moisture content (%) Bulk density (t/m3) BCI

65.00 0.160 5600

15.00 0.550 46,750

curve fits linearly and without any serious distortion as the R2 value is determined
as 0.8675 (see Fig. 4).
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Fig. 6 Clustering of biomass with similar shapes

Table 5 Comparison of calorific value for EFB

Moisture content (%) Calorific value

Experimental [42]
(MJ/kg)

Experimental work of
the author (with BOM
calorimeter) (MJ/kg)

ECN Phyllis 2 [43]
(MJ/kg)

5.00 17.17 18.20 15.86

60.00 9.13 6.86 6.68

BCI can be used as a properties forecast tool on multiple biomass materials.
Classification of biomass type is useful for industrial application [15]. Figure 6 shows
BCI and bulk density values are lined up on a bar chart to reflect its dependency.
The clustering in red circle on different biomass, as well as the bulk density values
can also be noted from the chart. From Fig. 5, it is noticeable that all chip materials
(air dry, green, and kiln dry wood chips) have a similar range of BCI values, i.e.,
18,600–19,250. A similar trend is also observed for different types of chunks. This
means that biomass with similar shape have relatively similar bulk density and BCI
values, and thus the group of biomass can be identified by simply referring to the
BCI category. In the other words, BCI can forecast the physical properties of biomass
basedon anarrowBCI range, evenwithout having to examine the actual sample. From
there, bulk density and moisture content are predictable. However, it is important to
note that there is a notch for green roundwood bulk density observed fromFig. 6. This
indicates the possibility of the existence of other similar biomass material which is
not covered in this study, given that BCI is a conceptual framework at current stage.

As discussed earlier, specific BCI value is able to provide the information of bulk
density (Fig. 6) and moisture content of the biomass. In addition, calorific value
can be determined through the relationships with moisture content. Aziz et al. [42]
reported that the relationships between calorific value and moisture content are not
necessarily in linear form, especially for EFB. The results are compared with those
reported in experimental work (conducted by the author) and also biomass database
(“Phyllis2, Database for Biomass and Waste” [43] (see Table 5).
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Fig. 7 Calorific values (kJ/kg) versus moisture content (% wt./wt.) for EFB [42]

Table 5 verifies that Fig. 6 is reliable in predicting calorific value of EFB by refer-
ring to its moisture content. Therefore, BCI can be enhanced to cover the information
of calorific value. Incorporation of calorific value, moisture content and bulk density
into BCI value creates a robust tool in biomass supply chain for physical properties
estimation.

6 Demonstration of Application Case Study

6.1 BCI Alternative Sourcing

In conventional biomass process design, the value of bulk density and moisture
content for a given biomass material are needed in the system efficiency calculation.
As discussed earlier, the material of similar appearance and shape will have a specific
range of BCI values. For instance, a co-firing plant (Fig. 7) is planning to source green
wood chunks as an alternate fuel for kiln dry wood chunks, due to the insufficient
supply of the latter. Before purchasing this feedstock, the energy density has to be
estimated. By referring to the BCI of green wood chunks (24,200), its bulk density
is estimated to be 350 kg/m3 (using the linear regression equation from Fig. 5) with
average moisture content of 45%. Typical calorific value for 45% moisture content
of green wood chunks is 10 MJ/kg (refer to Fig. 7). Therefore, the estimated energy
density of greenwood chunks is calculated as 3500MJ/m3 (=350 kg/m3 ×10MJ/kg).
For the kiln dry wood chunks of 45%moisture content, the calorific value is reported
as 9.20 MJ/kg [44]. This means that the green wood chunks are good substitution
for kiln dry wood chunks. The estimated energy value enables the management team
to make quick decision in the procurement process effectively by considering other



Numerical Methods to Estimate Biomass Calorific Values … 109

Fig. 8 Flow diagram of alternative sourcing using BCI

factors, e.g., storage cost and combustion efficiency. As shown, this empirical model
allows the determination of bulk density and moisture content values without going
through the hassle of performing experimental work, which allows the management
of the co-firing plant to make instance decision (Fig. 8).
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6.2 Biomass Materials Filtering Using BCI

In terms of biomass management planning, bulk density or moisture content of
the biomass need to be identified in advance for the ease of transportation or to
maximize the output in the power plant. This is because different levels of bulk
density or moisture content of biomass requires different types of treatment and
cost. For instance, biomass with wet and large volume occupy more space and thus
causing higher transportation cost. Also, biomass with high moisture content has a
lower calorific value (Fig. 9) and thus decreasing the efficiency of the plant.

By referring to the BCI, the desired value of bulk density or moisture content
can be obtained conveniently. For example, when a biomass power generation plant
(Fig. 10) experiences low feedstock problem with their existing fuel (straw bales),
and the management wishes to source an alternative feedstock as fuel source for
replacement, the BCI will be useful. The BCI of straw bales is given as 31,325
in Table 2. The latter also shows that the green sawdust, kiln dry sawdust, air dry
roundwood, and green roundwood are possible substitute, with BCI value of approx-
imately 30,000. Obviously, kiln dry sawdust is the most suitable replacement as its
bulk density (350 kg/m3) and moisture content (12.50%) are closer to those of straw
bales (350 kg/m3, 10.50%). Alternatively, air dry round wood will be the next suit-
able substitution (440 kg/m3, 22.50%) if straw bales are not available. In terms of
management, the procurement of the suitable material can be done in an accurate
manner without further delays (Fig. 10).
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Fig. 10 Biomass material filtering illustration
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7 Conclusion

This chapter proposes a numerical framework of BCI in forecasting the physical
properties of various biomass. The method is applicable for appearance and shapes
of different biomass materials. By referring to the BCI value of the biomass material,
the forecast of bulk density andmoisture contents can be obtained effectively without
running any time-consuming experiments. The values provided by the BCI are useful
for industrial application (e.g., design of biomass power plant), as it can be used to
predict the calorific value of biomass fuel and the output (e.g., power) from the plant.
Thus, it can potentially improve the overall biomass management process design
and development. Above all, BCI is an efficient design tool wherein output can be
maximized, while waste can be minimized.
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A Simple Mathematical Model for Palm
Biomass Supply Chain

Dominic C. Y. Foo

Abstract Being the world second largest palm oil producer, Malaysia has a wide
range of palm biomass sources generated as by-products from its oil palm industry.
These palm biomass resources should be better utilised in order to maximise their
potential as high value-added products. This chapter focuses on the synthesis of a
biomass supply chain. A simple linear programme (LP) model is presented for the
optimum allocation of palm biomass among its sources and sinks. The LP model is
of diverge usage which may be used by different stake holders (industrial players
and government department) in order to maximise profit or to minimise cost/CO2

emission.

Keywords Sink-Source matching · Empty fruit bunch (EFB) · Biomass allocation
Superstructural model · Linear programme · Optimisation

1 Introduction

Various palm biomass is generated in the palm oil industry. These include empty fruit
bunches (EFBs), palm mesocarp fibres (PMFs), palm kernel shells (PKSs), oil palm
fronds (OPFs) and oil palm trunks (OPTs). Loh [12] reported that in 2014, of the
95.38 million t/y of fresh fruit bunches (FFBs) processed in Malaysia, the oil palm
biomass generated along its supply chain is estimated as 40.55 million t/y, consisting
of 21.03 million t/y pruned OPFs, 7.34 million t/y EFBs, 4.46 million t/y PKSs and
7.72 million t/y of PMFs. These figures were based on the standard extraction rate
of biomass to FFBs given in Table 1.

Besides, biomass is also generated from the replanting activity. The amounts
of biomass from the oil palm replanted area were estimated as 4.30 million t/y,
contributed by 3.60 million t/y OPT and 0.7 million t/y OPF [12]. Hence, a total of
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44.85 million t/y (=40.55+4.30 million t/y) of oil palm biomass was generated from
replanting, pruning and milling activities for year 2014. These biomass resources
have good potential to serve as renewable energy in Malaysia. However, its potential
is yet to be fully explored.

In recent years, various research works were reported for the development
of integrated biorefinery, where palm biomass is served as the main feed-
stock. An integrated biorefinery is a processing facility that integrates a wide
range of biomass technologies for the production of value-added products,
such as biofuels, bioenergy and bio-chemicals [13]. A recent review by Sad-
hukhan et al. [15] reported that mature technologies for the integrated biore-
finery mainly focused on bioenergy, biogas and biofuels; while developed
technologies were reported for platforms or intermediate products, e.g. syn-
gas and bio-oil. In this regards, the palm oil mill owners should maximise
their profitability through strategic utilisation of the biomass generated in their
plants.

This chapter focuses on the synthesis of a biomass supplychain, in order to max-
imise the potential of biomass as renewable energy resources.Abiomass supply chain
maybe defined as an integrated value chainwith four components, i.e. production and
management of biomass, integrated biorefinery, distribution of product and logistics
linked through the flow of materials and information with the aims of maximising
the sustainability goals [7]. In recent years, one of the widely accepted techniques
for biomass supply chain synthesis is process integration; the latter may be defined

Table 1 Oil palm biomass availability based on standard biomass to fresh fruit bunches (FFBs)
extraction rate [12]

Type of oil palm biomass Availability

Empty fruit bunches (EFBs) Wet basis: 22% of FFB

Dry weight: 35% of EFB (wet basis)

Palm kernel shell (PKSs) Wet basis: 5.5% of FFB

Dry weight: 85% of PS (wet basis)

Palm mesocarp fibres (PMF) Wet basis: 13.5% of FFB

Dry weight: 60% of MF (wet basis)

Palm oil mill effluent (POME) Wet basis: 67% of FFB or 0.65 m3/t FFB

Oil palm trunks (OPTs) Dry weight: 74.48 t/ha (replanting), an average
of 142 OPT is available from a ha of oil palm,
and only 50% can be removed from the
plantation

Oil palm fronds (OPFs) Dry weight: 10.40 t/ha (pruned), 75% of oil
palm trees aged 7 years are due for pruning,
and only 50% can be removed from the
plantation

OPF (replanting, dry weight): 14.47 t/ha, and
only 50% can be removed from the plantation
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as a holistic approach to design operation which emphasises the unity of the pro-
cess [2]. Process integration consists of two distinguished families of methodologies,
i.e. pinch analysis andmathematical programming techniques. These techniques are
very well established for various process synthesis problems for chemical process
plants, e.g. energy recovery [11], mass integration [2], water minimisation [4], etc. In
recent years, consideration amount of process integration works have been reported
for the synthesis of biomass supply chain. For instance, in the work of Lam et al.
[9], a pinch-based graphical technique was proposed to synthesise the biomass sup-
plychain, with the objective to minimise carbon footprint. The authors also proposed
the planning of regional biomass supply chain in their later works [10]. Foo et al.
[5], on the other hand, made use of mathematical programming techniques for the
synthesis of flexible biomass supply chain. An overview of various modelling and
optimisation techniques for palm biomass supply chain may be found in Chap. 7 of
this book [8].

It is interesting to note that the biomass supply chain synthesis problem is struc-
turally similar to other process integration problems described earlier, where the
identified sources (output of process units) is to be allocated to the sinks (units
where resource is needed). For instance, in energy recovery problem, the location of
energy sources to the sinks is to be maximised, in order to minimise external energy
resources. The same analogy applies to biomass supplychain, where biomass sources
are to be allocated to the biomass sinks, in order to maximise profits. Table 2 shows
a summary of analogy in various process integration problems.

Table 2 Various sink-source matching problems in process integration

Problems Purpose References

Energy recovery To maximise waste heat
recovery from sources to
sinks, and to minimise energy
resource

Linnhoff et al. [11]

Water minimisation To maximise water recovery
from sources to sinks, and to
minimise fresh water resource

Foo [3]

Hydrogen network To maximise hydrogen
recovery from sources to
sinks, and to minimise fresh
hydrogen resource

Hallale and Liu [6]

Energy planning To minimise use of renewable
energy source

Tan and Foo [16]

Carbon capture and storage To maximise storage of CO2
sources to sinks

Ooi et al. [17]
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1.1 Palm Biomass Supply Chain for Power Generation

Malaysia was supposed to generate 5% renewable energy of its total power gener-
ation mix during its Tenth Malaysia Plan, i.e. by year 2015, however had failed to
achieve the target. The next target is to achieve 11% of renewable energy during the
11th Malaysia Plan, i.e. by year 2020 [14]. With this target in mind, the renewable
resources in the country, such as biomass resource in the oil palm industry need to
be better utilised.

Umar et al. [19] reported that a vast majority of palm oil mills (86%) utilise their
excess biomass for self-consumption. In other words, the contribution of renewable
energy from biomass source for the overall share in the country’s total energy mix
is relatively low. This is mainly due to the fact that most mills are located in the
remote areas. In their earlier survey, the authors reported that more than one-third of
Malaysian palm oil mills are located beyond 10 km from the nearest grid connection
point [18], which makes grid extension economically not viable. Hence, it is more
wisely if the biomass resource can be channelled to some central facilities for power
generation.A case study on the allocation of biomass for power generation in the state
of Sabah (northern region in the Borneo Island) was also reported [5]. Apart from
generating renewable fuel for the palm oil production process, palm solid biomass
and biogas from palm oil mill effluent1 are sufficient in providing extra electricity
for the nearby area [20].

2 Problem Statement

The problem to be addressed is formally stated as follows [5]:
Given a set of biomass sources i ∈ I to be allocated to a set of biomass sinks j ∈ J .

The sinks may make use of the biomass for power generation, or any other value-
added activities. The objective of this problem is to determine the optimum allocation
of biomass, in order to achieve the objectives set, e.g.minimumcost, carbon footprint,
maximum profit, etc. The problem can be represented by the superstructure model
in Fig. 1.

3 Mathematical Model for Biomass Sink-Source Allocation

The problem is subject to the following constraints.
The total biomass required by a sink j(Dj) is to be fulfilled through the allocated

amount from the various sources (�iFi, j), given by Eq. (1).

1See Chap. 4 for biogas generation from palm oil mill effluent.
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Fig. 1 Superstructural model for biomass sink-source allocation

∑

i

Fi, j � Dj ∀ j (1)

Next, Eq. (2) dictates that the total amount of biomass allocated from source i to
all sinks (�jFi, j) should not exceed its availability (Si).

∑

j

Fi, j ≤ Si ∀i (2)

It is also useful to relate the unutilised biomass with the amount of allocation and
the availability, given in Eq. (3).

Ui � Si −
∑

j

Fi, j ∀i (3)

Finally, the allocated biomass amount has to take non-negative values (Eq. 4):

Fi, j ≥ 0 ∀i, j (4)

Equations (1)–(4) are a LP model for which a global optimum solution is guaran-
teed when a solution is found. One may make use of any commercial software (e.g.
MS Excel, LINGO, GAMS, etc.) to solve the above LP model.
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Table 3 Data for EFB consumers and consumers [5]

Suppliers EFB capacity Si (kt/y) Consumers EFB requirement Cj
(kt/y)

S1 90 C1 240

S2 75 C2 200

S3 80 C3 200

S4 85

S5 82

S6 86

S7 92

S8 78

S9 80

S10 88

S11 84

The mathematical model has a diverge usage. For POM owners who possess
excess biomass in the mill (upon generating steam for mill use), they may make use
of the LP model to maximise the profit from their biomass sales. On the other hand,
process plant owners who wish to purchase biomass for co-firing can make use of
the LP model to minimise the operating cost (transport and/or raw material costs).
Local authority or environmentalists who wish to enhance sustainability will find the
model useful as they can make the most use of renewable energy (by replacing fossil
fuel), and yet minimise CO2 footprint from the transportation system (in sending
biomass). These scenarios will be demonstrated in the case study that follows.

4 Case Study

A case study adopted from Foo et al. [5] is used to illustrate how the superstructural
model may be used for the optimum allocation of EFBs among its suppliers (sources)
and consumers (sinks). Figure 2 shows the geographical location where these EFB
consumers and suppliers are located in the several cities of Sabah (a state ofMalaysia
located in the northern region of Borneo island). The EFB suppliers are palm oil mills
which experience excess energy resources. Hence, these mill may send their EFB
to the various EFB consumers in order to maximise their economic potential. These
EFB consumers may be process plants (e.g. refineries, oleochemicals) that wish to
generate power through combined heat and power scheme, or mills that incorporated
biorefinery concept that convert EFB to other value-added products. The capacity
and requirement of the EFB suppliers and consumers are given in Table 3, while
Table 4 indicates the distances among them.

In order to perform the optimisation study, the superstructural model may be
conveniently set up in the widely use commercial spreadsheet software—Microsoft
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Fig. 2 Location of EFB supplier and consumers for case study [5]

Table 4 Distance (in km)
between EFB suppliers and
consumers [5]

Di,j C1 C2 C3

S1 11.9 65.7 164

S2 9.9 69.9 168

S3 12.3 66.5 165

S4 12.3 66.5 165

S5 11.9 65.7 164

S6 8.0 77.8 176

S7 8.0 77.8 176

S8 75.6 0 98

S9 172 96.2 1.9

S10 170 94.5 5.5

S11 168 92.5 7.1

Excel. Figure 3 shows how the superstructural model and its associated constraints
are set up inMicrosoft Excel, based on themodel presented in Sect. 3. Note that some
of the constraints (Eq. 3) were embedded as equations in the main Excel spreadsheet
interface,while some (Eqs. 1, 2 and4) are incorporated into theSolver. Three different
scenarios are analysed for this case study, and their results are discussed in the
following sub-sections.
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Fig. 3 EFB allocation superstructural model in MS excel spreadsheet: a setting for main interface;
b setting in solver

4.1 Scenario 1—CO2 Emission Minimisation
for Environmental Protection

In Scenario 1, the objective is set to minimise CO2 emission (ECO2 ), given as in
Eq. 5. This scenario is meant to be used by the authority in reducing the overall CO2

emission. The latter is mainly contributed by the transportation of EFB, which is the
summation of product of EFB allocation among supplier i and customers j(Fi, j), with
the distance among them (Di,j), as well as the emission factor of transportation. For
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Fig. 4 EFB allocation (kt/y) with minimum carbon footprint (scenario 1)

this scenario, lorry is assumed for use, with the emission factor (TCO2 ) of 0.092 kg
CO2/km/t [5]. Note also that CO2 emission in Eq. 5 is doubled due to the return trip
of empty lorries.

Minimise ECO2 � 2TCO2

∑

j

∑

i

Fi, j Di, j (5)

Solving the objective function in Eq. 5 subject to the constraints in Eqs. (1–4)
yield the minimum CO2 emission of 2.0 million kg/y, with the optimum allocation
scheme shown in Fig. 4. Note that the minimum CO2 emission is identical to that
reported by Foo et al. [5], however with slightly different allocation scheme. This
means that degenerate solutions exist for this case, where different solutions exist
for the same objective.

4.2 Scenario 2—Customer’s Perspective

In this scenario, the model is assumed to be used by the EFB customer. It is further
assumed that the three EFB customers belong to the same company, which possesses
their own transportation system (lorries) for EFB collection from the suppliers. Two
cases are considered.

In Case 1, it is assumed that the EFBs were sold by the suppliers by the same price
(i.e. same company). Hence, the objective is set to minimise the annual operating
cost (AOC), which is contributed by the transportation cost for the collection of EFB,
given in Eq. 6.
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Fig. 5 EFB allocation (kt/y) with minimum transportation cost (scenario 2—case 1)

Minimise AOC �
∑

j

∑

i

Fi, jCTi, j , (6)

where CTi, j is the unit cost for transporting the EFB. Similar to earlier scenario,
lorries are themain transportation system. The average diesel consumption for lorries
is given as 3 km/L (DS), while the unit cost of diesel is 0.55 $/L (CTD). For this case,
the distance among EFB customers and suppliers can be conveniently converted into
equivalent unit cost (CTi,j), given as in Eq. 7. Similar to Scenario 1, the transportation
cost in Eq. 7 considers two-ways transportation, i.e. to/fro between the EFB suppliers
and customers. For instance, the unit cost for S1 and C1 can be determined as 4.36$
(=2×11.9 km/ 3 km/L×0.55 $/L). Unit cost for other customer-supplier pairs are
found in Fig. 5.

CTi, j � 2Di, jCTD

DS
(7)

Solving the objective function in Eq. 6 subject to the constraints in Eqs. 1–4, 7
yield theminimum transportation cost of 4.0million $/y, with the optimum allocation
scheme shown in Fig. 5. One will notice that the allocation for this scenario is the
same as that in Scenario 1. The main reason is that, the minimum transportation cost
corresponds to the minimum distance travelled by the lorries (in emitting minimum
CO2) as in Scenario 1.

In Case 1, it was assumed that the EFBs were sold at the same unit price, as the
suppliers belong to the same company. In Case 2, it is assumed that the EFBs are
sold at different price, as the suppliers are owned by different companies. Hence, the
unit cost in Eq. 7 is revised as in Eq. 8.
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Fig. 6 EFB allocation (kt/y) with minimum operating cost (scenario 2—case 2)

CTi, j � 2Di, jCTD

DS
+ CTS, (8)

where CTs refers to the unit cost of EFB for supplier i. For this case, the unit costs of
EFB are assumed as 10, 8 and 12 $/t for Suppliers 1–3, 4–9 and 10–11, respectively.

Solving the objective function in Eq. (6) subject to the constraints in Eqs. 1–4 and
8 yield the minimum operating cost of 9.7 million $/y, with the optimum allocation
scheme shown in Fig. 6. Note that the EFB allocation scheme is no longer the same as
compared to those in Figs. 4 and 5. Note also that the CO2 emission for this scenario
is determined as 2,034 t/y (calculation not shown for brevity).

4.3 Scenario 3—Supplier’s Perspective

This scenario is meant to be used by EFB suppliers, in order to maximise the prof-
itability in selling their EFBs. It may be assumed that all EFB suppliers belong to the
same company. The unit costs of EFB are the same as in Scenario 2—case 2, i.e. 10,
8 and 12 $/t for Suppliers 1–3, 4–9 and 10–11, respectively. Solving the objective
function in Eq. (9) subject to the constraints in Eqs. (1–4) yield the maximum profit
of 6.3 million $/y, with the optimum allocation scheme shown in Fig. 7. Note that
the allocation scheme is different from those in previous scenarios.

Maximise PROFIT �
∑

j

∑

i

Fi, jCTi, j (9)
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Fig. 7 EFB allocation (kt/y) with maximum profit (scenario 3)

Table 5 The payoff table F1(xq) F2(xq) … Fq(xq)

x1 F1(x1) F2(x1) FQ(x1)

x2 F1(x2) F2(x2) FQ(x2)

… … … … …

xQ F1(xQ) F2(xQ) FQ(xQ)

5 Multi-objective Optimisation

For a non-trivial multi-objective optimisation problem, there is no single solution
that will achieve all objectives simultaneously. Hence, it is often possible to have
infinite number of Pareto optimal solutions. For instance, for the EFB case study, it
is not possible to achieve minimum CO2 emission with minimum AOC. One of the
method that may be used to solve the multi-objective optimisation problem is the
constrained method, with the four-step procedure outlined as follows [1].

1. The pay-off table

a. A number ofQ single-objective optimisation problems is to be solved to find
the optimal solution for each of the Q objectives. Optimal solution for the
qth objective is denoted as xq � (

xq1 , xq2 , xq3 , . . . , xqI
)
where x is the decision

variables.
b. Compute the value of each objective at each of the Q optimal solutions:

F1(xq), F2(xq), …, FQ(xq), q=1, 2, …, Q. This gives Q values for each of
the Q objectives.

c. A pay-off table (see sample in Table 5) is constructed, with rows correspond-
ing to x1, x2, …, xQ and the columns equal to the number of objectives.
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d. The largest and the smallest numbers in the qth row are identified and denoted
as Mq and nq, respectively. This step is repeated for q=1, 2, …, Q.

2. Setting the constraints—Convert the multiple optimisation objectives in Eq. 10
to its corresponding constrained problem (Eq. 11a, 11b).

Minimise F(x) � [
F1(x), F2(x), . . . .FQ(x)

]
(10a)

subject to,

Fq(x) ≤ εq q � 1, 2, . . . , Q (10b)

Minimise Fh(x) (11a)

subject to,

Fq(x) ≥ εq q � 1, 2, . . . .h − 1, h + 1 . . . Q (11b)

where hth objective is arbitrarily chosen for minimisation, and all other objective
functions of the problem are converted into constraints.

3. Set the right-hand side coefficients—The nq and Mq represent the lower and
upper bounds for the qth objective: nq≤εq≤Mq. Choose the number of different
values of εq and denote it by r.

4. Solving the optimisation problem—Togenerate a range of non-inferior solutions,
solve the constrained problem in Step 2 for every combination of values for εq,
q = 1, 2, …, h−1, h+1, …, Q, where εq is given by Eq. 12a, 12b.

εq � nq +
t

r − 1

(
Mq − nq

)
(12a)

t � 0, 1, 2, . . . , (r−1) (12b)

The case study is revisited to demonstrate how the constrained method is used to
solve a multi-objective optimisation problem.

6 Case Study (Revisited)

The case study is revisited. It is nowassumed that the authoritywould beworkingwith
the mill owners to identify the trade-off between minimum CO2 emission (Scenario
1) and minimum AOC (Scenario 2, Case 2). Following Step 1 of the constrained
method, the payoff table is constructed (Table 6). The column of the payoff table
corresponds to the two different objectives, i.e. minimum CO2 and minimum AOC.
For both objectives, their decision variables (CO2 emission and AOC) are set as
rows. For the row of CO2 emission, the largest (M1) and smallest (n1) values are
found as 2009 (Scenario 1) and 2034 t CO2/y (Scenario 2—Case 2). For the row of
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Table 6 Payoff table for case study (Step 1)

Minimum CO2 (t CO2/y) Minimum AOC (×1000 $/y)

CO2 emission 2009 2034

AOC (x1000 $/y) 9807 9688

Table 7 Results for
optimisation (Step 4)

t AOC (εq) Min CO2

0 9688 2034

1 9705 2028

2 9722 2021

3 9739 2014

4 9756 2013

5 9773 2011

6 9790 2010

7 9807 2009

2005

2010

2015

2020

2025

2030

2035

2040

9680 9700 9720 9740 9760 9780 9800 9820

C
O

2
(t

/y
)

AOC (x 1000 $/y)

Fig. 8 Pareto front for case study

AOC, largest (M2) and smallest (n2) values are found as 9807 (Scenario 1) and 9688
thousand $/y (Scenario 2—Case 2), respectively.

In Step 2 , the multiple-objective problem is converted into single objective prob-
lem, by setting the minimum CO2 emission as the objective, while the objective of
AOC is converted into constraint. In Step 3, the lower and upper bounds for the AOC
constraints are identified, i.e. 2034 and 9688 million $/y (see Table 6). Note that the
value of r is arbitrary taken as 8. In Step 4, a range of εq values are first calculated
using Eq. (12) (see Table 7). The optimisation is carried out by solving Eq. 5 (i.e.
minimum CO2 emission as in Scenario 1), subject to the constraints in Eqs. (1)–(4),
and the εq values in Table 7 repeatedly. Results of the optimisation are summarised in
Table 7, with the Pareto chart plotted in Fig. 8. As shown in the latter, CO2 emission
may only be reduced at the expense of higher AOC.
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7 Conclusions

A simple optimisation model based on linear programming (LP) is presented in this
chapter. The model may be used by various stakeholders to determine the optimum
allocation of biomass resources in the supply chain, in order to achieve their set
objective. Multi-objective optimisation approach is used to identify the trade-off
among the stakeholders.
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An Overview of Palm Biomass Supply
Chain Modelling

Bing Shen How

Abstract In the Malaysian context, the oil palm industry is one of the key contrib-
utors to the country’s Gross Domestic Product (GDP) and Comprehensive National
Strength (CNS). According to Department of Statistic Malaysia [1], oil palm indus-
tries had contributed 3.5% or RM 38.5 billion (approximately 9.6 billion USD) to
Malaysia’s GDP in 2016. To further enhance the potential of the oil palm industry,
valorisation of biomass (waste product generated from the palm oil milling process)
has received substantial attention from both academicians and industry players in the
past few years. Conceptual design and planning, which involve process modelling,
evaluation and optimisation is indeed vital to foster the development of palm biomass
industry. Keeping this in mind, this chapter presents an overview of the key concerns
of palm biomass supply chain, from researchers’ perspective. It covers several impor-
tant topics in supply chain modelling, covering facility location decision (e.g. site
selection), transportation decision (e.g. transportation mode selection), evaluation
and optimisation methodologies and the latest debottlenecking concepts.

Keywords Biomass supply chain · Sustainability evaluation · Optimisation
Decision-making · Modelling
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Abbreviation Description
ADP Abiotic depletion potential
AHP Analytical hierarchy process
AP Acidification potential
BCR Benefit–cost ratio
CAPEX Capital expenditure
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CF Carbon footprint
ENF Energy footprint
GA Genetic algorithm
GWP Global warming potential
HTPE Human toxicity potential by either inhalation or dermal exposure
HTPI Human toxicity potential by ingestion
ISI Inherent safety index
LF Land footprint
MILP Mixed integer linear programme
NP Net profit
NPV Net present value
ODP Ozone depletion potential
OPEX Operating expenditure
PC Principal component
PCA Principal component analysis
POCP Photochemical ozone creation potential
PP Pineapple peel
PS Paddy straw
RH Rice husk
ROI Return on investment
SB Sugarcane bagasse
SVS Smart vehicle selection
VLM Volume-limiting material
VOL Volume limiting
WEL Weight limiting
WF Water footprint
WLM Weight-limiting material
WPFP Workplace footprint

Indices Description
d Index for sustainability dimension (economic, environmental, social)
i Index for sources
j Index for processing hubs
k Index for customers
m Index for transportation mode

Parameters Description
CBiomass
r Collection cost of biomass r [USD/t]

CCAPEX_Tech
t Capital cost of technology t [USD/t]

CCAPEX_Tech
t ′ Capital cost of technology t′ [USD/t]

CConstruct Construction cost [USD]
CFuel Fuel price [USD/L]
CGeneral
r Gross profit obtained per t of biomass r [USD/t]

CLand Land cost [USD]
COPEX_Tech
t Operating cost of technology t [USD/t]
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COPEX_Tech
t ′ Operating cost of technology t′ [USD/t]

CProc
m Procurement cost of vehicle [USD]

CProd
p Revenue obtained from final products p [USD/y]

CRepair
m Estimated repair and maintenance cost of vehicle per km of distance

travelled [USD/km]
CT Linearised transportation cost constant [USD/t biomass.km]
CapVolume

m Volume-capacity limit of vehicle [m3]
CapWeight

m Load capacity limit of vehicle [t]
CRF Capital recovery factor
dis Distance travelled between starting location to the final destination

[km]
HW Hourly wage [USD/h]
LSHub Life span of the processing hub [y]
LSTrm Life span of the vehicle [y]
Mag Magnitude of the sustainable vector
MATDr Maximum allowable travel distance [km]
OH Total operating hour [h/d]
OPD Estimated total working days per year [d/y]
rateFuelm Fuel consumption rate of the vehicle [L/km]
rateint Specified discount rate [%]
wd Priority scale assigned to sustainability dimension d
ρm Bulk density of the vehicle capacity [t/m3]
θ Angle that reveals the tendency of the system

Variables Description
CFuel_Cons Fuel consumption cost [USD/d]
CGP Gross profit [USD/y]
C Inv_Hub Annualised investment cost [USD/y]
CLabour Labour cost [USD/d]
CMaintc Maintenance cost [USD/d]
CNP Net profit [USD/y]
CProc Annualised investment cost for the procurement of vehicles [USD/y]
CTr Transportation cost [USD/y]
Fl,t ′, j Flowrate of intermediate l in hub j which is sent to technology t′ [t/d]
Fp, j Flowrate of product p produced in hub j [t/d]
Fr,i Flowrate of biomass r delivered to hub j [t/d]
Fr,t, j Flowrate of biomass r in hub j which is sent to technology t [t/d]
FVolume
m Volume-capacity of materials that are being delivered [m3/d]

FWeight
m Weight-capacity of materials that are being delivered [t/d]

FWeight Amount of materials that are being delivered [t/d]
numHub Number of processing hubs
numTrip

m Number of trips required
numVehicle

m Number of vehicles
λ Performance of least satisfied objective
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λd Normalised performance in terms of dimension d
λEC Normalised performance in terms of economic dimension
λEN Normalised performance in terms of environmental dimension

1 Introduction

Being the world second largest producer of palm oil (approximately 5.77 million
hectares of planted land and produced 19.9 million tonnes of crude palm oil in 2017
[2]), Malaysia is blessed with tremendous amount of palm oil biomass availability.
It is estimated that for each kg of crude palm oil generated, approximately 4 kg of
palm biomass are produced; these include empty fruit brunch (EFB), palm kernel
shell (PKS), fronds, trunks, etc. [3]. Biomass appears to be a promising substituent
of conventional feedstocks for biochemical production [4] and energy generation
[5]. This had been the main driving force that attracts the attentions of numerous
academicians and investors to venture into this ‘green business’.

However, the shift to biomass as a feedstock is yet to be proven feasible and
sustainable at industry scale. To achieve this, the development of sustainable biomass
supply chain is no doubt vital [6]. The definition of a biomass supply chain differs
among scholars. Some of the definitions are shown as follows:

It comprised of four general system components: (i) biomass harvesting/collection and pre-
treatment, (ii) storage, (iii) transport and (iv) energy conversion. Iakovou et al. [7]

The flow of biomass from the land to its end use for producing bioenergy. It includes different
types of activities which can be classified into fourmain categories: harvesting and collecting
biomass, storing, transporting and pre-processing. Gold and Seuring [8]

An integrated value chainwith four components, i.e. production andmanagement of biomass,
integrated biorefinery, distribution of product and logistics linked through the flow of mate-
rials and information with the aims of maximising the sustainability goals. Hong et al. [9]

In this chapter, we adopt the concept of Hong et al. [9], where biomass supply
chain consists of the following four components:

• biomass harvesting and management
• integrated biorefinery
• product distribution
• logistics management.

The authors claimed that there are no district boundaries among the four com-
ponents [9]. Fundamentally, they are interdependent and interconnected, resulting
in varying degrees of overlapping. A schematic diagram of the conceptual idea of
biomass supply chain is shown in Fig. 1, and their issues are next discussed.

The structure of biomass supply chain begins with biomass harvesting and man-
agement. In fact, the biomass source of supply is the initial point for the planning and
development of the entire supply chain. At this stage, the main issues to be addressed
include biomass availability, biomass characteristics (e.g. heating value, nutrition
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Fig. 1 Conceptual idea of biomass supply chain [9]

content, moisture content, etc.), harvesting planning and scheduling, identification of
potential biomass source and implementation of de-centralised pre-treatment activity
(the latter may include drying and size reduction to facilitate the storage and trans-
portation of biomass). The followings are some of the key decisions to be made at
this level:

• Which biomass to be used?
• Which suppliers should be chosen (e.g. based on location and/or availability)?
• Which agronomy management practices should be conducted to increase biomass
yield?

• Do we need to pre-treat the biomass before transporting them? If yes, which
treatment facilities should be opted?

• How to ensure constant and continuous supply of biomass feedstock (the sea-
sonality of biomass often results in inconsistent supply in terms of quality and
quantity)?

An integrated biorefinery is a processing facility that integrates a wide range of
biomass technologies to produce various value-added products (e.g. biochemicals,
biofuels and bioenergy) [10]. This term is derived from the conventional petroleum
refinery since both share a similar functionality. At this stage, raw biomass is first
pre-treated in order to improve process efficiency of latter processes. The pre-treated
biomass is then converted into value-added products. The key challenges that will
be faced at this stage are the determination of facility location and conversion tech-
nology [9]. This former decision is usually influenced by various factors, includ-
ing geographical feasibility, transportation cost (related to the locations of biomass
source and potential market) and other basic infrastructures (e.g. roadway, water
supply, electricity supply, etc.). The decision on conversion technology, on the other
hand, usually made by considering market demands, techno-economic feasibility
and other sustainability concerns (usually related to environmental and safety risks).
The followings are the summary of the key decisions to be made at this level:

• How many integrated plant(s) is needed in order to meet the product demand?
• Where to locate the integrated plant?
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• Which conversion pathway should be selected?
• Dowe need to pre-treat the biomass before entering conversion unit? If yes, which
treatment facilities should be opted?

• What operating conditions should be opted for the pre-treatment and conversion
units?

• How to reduce environmental and safety risks in the integrated biorefinery plant?

Product distribution is defined as the manner in which the products move from the
manufacturer to the consumer. Note that the products can also be self-consumed by
the integrated plant (e.g. for electricity generation). One of the crucial challenges that
will be faced at this stage is the lack of domestic market support. The higher price
of bioproducts often appears as a key obstacle that impedes its market penetration
[11]. Other decisions to be made at this level are summarised as follows:

• Who are the targeted customers/markets (location, demand)?
• How to deal with the uncertainties in product demand (e.g. customers’ behaviour
affected by the policy)?

• How to enhance market penetration (marketing strategy and government policy)?

Logistics management (transportation and storage) is the link that connects all
components in the supply chain. The logistic network will be greatly affected by
product types. Bioenergy in the form of electricity and heat can be transferred to
the end user via electricity grid and convection, whereas biofuels and biochemicals
can be transported through the existing transportation system (land, water or air) [9].
Given the vehicle capacity (volume and mass limit) and the amount of biomass or
products, the required number of vehicle can be determined. To ensure the biomass
and bioproducts to arrive at the respective biorefinery and customer on time, while
keeping the transportation cost at the minimum, proper scheduling and transporta-
tion mode selection play an important role [12]. Besides, choosing a proper storage
system is another complex decision-making problem at this stage which considers
the uncertainties of biomass and bioproducts quality [13]. The following are themain
decisions to be made at this level:

• Materials (biomass and bioproducts) should be stored/delivered in what form?
• Which storage methods/transportation modes should be opted?
• Which transportation routes should be selected?
• How many storage facilities/vehicles are required?

Other key issues during the synthesis of a biomass supply chain are listed as
follow:

• How tomeasure/improve the sustainability performance of the entire supply chain?
• How to improve the computational efficiency especially when dealing with com-
plex problems (e.g. huge model size will increase the solver’s burden and thus
resulting in high computational time)?

• How to identify/remove the bottlenecks underlying the supply chain effectively?
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This chapter represents an overview of the key concerns of palm biomass supply
chain, from researchers’ perspective. In the following section, themethods to address
facilities location decision (i.e. location to set up an integrated biomass processing
hubs) are discussed. Next, methods to solve transportation decisions (i.e. transporta-
tion mode) are presented. Note that location and transportation decisions are the key
concerns in a supply chain synthesis problem [14]. The following section demon-
strates the common techniques used in the optimisation of biomass supply chain.
The discussion covers conventional single objective to multi-objective optimisation
problems, as well as sustainability concerns. Next, two advanced debottlenecking
approaches are introduced. A case study is presented to demonstrate how a biomass
supply chain problem is addressed.

2 Facilities Location Decision

Placing facilities in the right location is very important so as to minimise the total
investment cost (including transportation cost, land price, etc.). The commonly used
method for site selection is through ‘pre-screening’, inwhich few candidate-locations
are selected based on the users’ preferences and information gathered. However, due
to the inevitable bias and limitation of the users, the optimality of the final decisions
is unassured and is often questionable.

To address this issue, How et al. [15] proposed a four-step procedure for the
systematic selection of facility location, i.e. area fragmentation, infeasibility elim-
ination, connectivity detachment and economic analysis. The detailed description
of each step is discussed in the following subsections. Note that this method is not
restricted to the location selection of the biomass processing facilities. Instead, it can
be applied to any facility location decision problems.

2.1 Area Fragmentation

Step 1 of the facility location decision procedure involves model size reduction,
which will ease the latter selection process. This is achieved by fragmentising the
huge area into smaller ‘zone’ (by horizontal and vertical gridlines). Doing so leads
to effective analysis, which significantly reduces computational time due to smaller
model size. Each zone is then served as a potential location to set up the biomass
processing hub. Figure 2 shows an illustration of this step with a simple example,
where the state of Johor (located in the southern part of Peninsular Malaysia; area
in white) has been divided into smaller zones. Several works have applied this step
before developing their model. For instance, Lam et al. [16] divides the region into
several supply and collection zones,while Čuček et al. [17] divides region into smaller
zones and classify them as the potential locations for biorefineries. Fundamentally,
if smaller zones (i.e. smaller area) are created, the obtained result is more likely to
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Fig. 2 An illustration example of area fragmentation [19]

achieve the global optimal solution. Therefore, a Pareto analysis may be conducted
to investigate the effect of fragmentised area on the objective function; this will be
shown in the latter sub-section [18].

2.2 Infeasibility Elimination

Step 2 involves the removal of all ‘infeasible’ zones (e.g. mountain, residential areas,
etc.) which are not suitable or impossible to set up the processing hub(s). Doing
this helps to minimise the model size further. In fact, it helps to avoid meaningless
results, such as (i) locations which are not suitable to set up hub (normally related to
geographical condition, e.g. mountain area, etc.), (ii) locations which are occupied
(e.g. residential, commercial areas, etc.) and (iii) locations which are underdeveloped
(e.g. lack of water, electricity or worker supply, underdeveloped road system, etc.).
Figure 3 is the illustration of this step. For the case of Johor in Fig. 2, the shaded
zones are eliminated since they are filled with mountain and protected forest.
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Fig. 3 An illustration example of infeasibility elimination [19]

2.3 Connectivity Detachment

Similar to infeasible elimination, this step also aims to reduce the model size. How-
ever, this step removes the infeasible ‘connections’ instead of ‘zones’. Doing this
helps to further narrow down the number of candidate-locations. Fundamentally,
after step 2, all remaining zones may serve as the potential candidate-locations for
all biomass source r. In other words, all entities (biomass sources, integrated biore-
fineries, demand points) are connected to each other (i.e. source points i to processing
hubs j; and processing hubs j to customers k) after step 2. All combinations of con-
nectivity (cross-product multi-dimensional set I × J and set J ×K) create a complex
network which will lead to longer computation time. However, in the real scenario,
there is an upper bound for the travelling distance, as the profit gained might not be
able to compensate the transportation cost of the rawmaterial and product. Therefore,
the maximum allowable travel distance, MATDr [in km normally] is introduced to
determine the maximum travelling distance for biomass source r which is potentially
economic feasible. Generally,MATDr [km] is directly proportional to the gross profit
obtained per ton of biomass, CGeneral

r [USD/t biomass] of the raw material, given as
in Eq. (1):
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Fig. 4 An illustration example of connectivity detachment [19]

MATDr � CGeneral
r

CT
∀r ∈ R (1)

where CT [USD/t biomass.km] refers to the estimated transportation cost constant,
i.e. the linearised transportation cost per unit ton of biomass, per unit km of travelled
distance. Figure 4 is the illustration of this step. The figure shows two source points
that supply different types of biomass. Each biomass contains different values of
CGeneral
r . The one with greater value of CGeneral

r can compensate higher transportation
cost, thus it will have a larger search area (i.e. larger MATDr ) compared to the other
one. If the biomass is transferred to the zones outside from this search area, the
transportation cost will be greater than the maximal gross profit that can be gained
in this model. In other words, the zones located outside the search area are no longer
cost-feasible and thus, the connectivity between the source point and these zones is
unnecessary and should be removed prior to the next step. For the case in Fig. 4, the
search areas of the two source points are overlapping with each other. Hence, the
overlapping zone will serve as the desired location in setting up the centralised hub.
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2.4 Economic Analysis

After the elimination strategies in Steps 1–3, the remaining zones may be served
as the candidate-locations to set up the processing hub(s). In order to determine
the optimal hub location and optimal biomass allocation pathway, a mathematical
model is developed. The model is structured to maximise the net profit, CNP, and
is modelled through a mixed integer linear programme (MILP), with the objective
given in Eq. (2).

maxCNP � CGP − C Inv_Hub − CTr (2)

Gross profit, CGP [USD/y] in Eq. (2) is determined by the revenue obtained from
final products p (CProduct

p [USD/t]) subtract the collection cost of biomass r (CBiomass
r

[USD/t]), annual operating cost (COPEX_Tech
t [USD/t] and COPEX_Tech

t ′ [USD/t]) and
annualised capital cost (CCAPEX_Tech

t [USD/t] and CCAPEX_Tech
t ′ [USD/t]), given as in

Eq. (3).
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where Fp, j [t/y] and Fr,i [t/y] refer to themass flowof product p and biomass r, respec-
tively; Fr,t, j [t/y] and Fl,t ′, j [t/y] refer to the biomass r that is consumed in technology
t and intermediate l that is consumed in technology t′; while OPD [d/y] refers to the
estimated total working days per year. It is worthy to note thatCOPEX_Tech

t [USD/t] and
COPEX_Tech
t ′ [USD/t] cover all operating expenditures, including utility cost, workers’

salary, maintenance cost, etc.; while CCAPEX_Tech
t [USD/t] and CCAPEX_Tech

t ′ [USD/t]
cover all the one-time expenses, including machinery cost, legal permit cost, etc.

Annualised investment cost, C Inv_Hub [USD/y] in Eq. (2) refers to the fixed cost
required to set up a number of processing hubs (numHub), which includes land cost
(CLand [USD]) and construction expenses (CConstruct [USD]), given as in Eq. (4). It is
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annualised by using capital recovery factor (CRF) which converts a present value to
a stream of equivalent annual cost over a life span (LSHub [y]) at a specified discount
rate (rateint [%]), given as in Eq. (5).

C Inv_Hub � numHub × (
CLand + CConstruct) × CRF (4)

CRF � rateint
(
1 + rateint

)LSHub

(
1 + rateint

)LSHub − 1
(5)

Annualised transportation cost, CTr [USD/y] in Eq. (2) can be determined using
Eq. (6), where D refers to the distance travelled between starting location to the
final destination; while FWeight [t/d] refers to the amount of materials (biomass r
or products p) that are being delivered. In this section, the transportation cost is
determined based on a linearised transportation cost constant, CT [RM/t/km]. A
more accurate transportation cost calculation, which considers physical capacity
constraints of the vehicle, delivery lead time, etc., is discussed in the latter section.

CTr�FWeight × D × CT × OPD (6)

2.5 Example

In this section, an exploratory case study from How et al. [15] is used to demonstrate
how the multi-biomass supply chain can be synthesised. Johor is a state of Malaysia
which is located in the southern of Peninsular Malaysia. It is blessed with abundant
and diverse biomass. Apart from palm biomass (e.g. EFB, PKS), rice husk (RH),
paddy straw (PS), pineapple peel (PP), sugarcane bagasse (SB) are also found. The
geographical locations of the biomass sources are presented in the map of Johor in
Fig. 5.

Each biomass may be sent to an integrated biorefinery plant for further process.
They are converted into various value-added products. For instance, EFB can be
used as feedstocks for dry long fibre and syngas production (via fiberizing system
and gasification, respectively). PKS can be converted into briquette, and further
processed into energy pack in order to maximise its economic value. On the other
hand, RH can be fed into pyrolyser which is aimed to produce high-quality biochar
and pyrolysis oil. Both fast and slow pyrolysis may be considered in this case study.
SB may be used as feedstocks for bioethanol production; however, it must be pre-
treated prior to fermentation. There are four different types of treatment considered in
this case study, i.e. dilute acid pre-treatment, dilute alkaline pre-treatment, hot water
pre-treatment and steam explosion pre-treatment [20]. Furthermore, PP can either be
converted into citric acid via solid-state fermentation, or fed to an anaerobic digester
(AD) to produce methane gas. Else, PP and PS can also be conditioned into organic
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Fig. 5 Biomass sources in Johor [19]

fertiliser. Finally, EFB, PKS, PS and SB can be used as the boiler fuel to generate
electricity.

This example aims to identify the optimal conversion pathway for each biomass.
Aside from this, the determination of the best location(s) for setting up the integrated
biorefinery plant(s) is the other objective of this example.

The optimal conversion pathways can be determined by maximising the Gross
profit,CGP which was defined in Eq. (3). The obtained results are illustrated in Fig. 6.
In general, EFB and SB are utilised as feedstock for syngas and bioethanol produc-
tion, respectively, in order to obtain higher revenue. On the other hand, pyrolysis oil
and energy pack production are the most cost-effective pathways for RH and PKS,
respectively, whereas PP and PS are preferably conditioned into organic fertiliser.

Next, the best location for the integrated biorefinery plant(s) are identified through
the four-step procedure described in Sect. 2. In Step 1 (area fragmentation), the area
of analysis has been divided into 33 zones, with 600 km2 per zone (as given in Fig. 2).
Similar to the illustration case in Fig. 3, 8 zoneswhich are located inmountain area are
removed in Step 2 (feasibility elimination). With Step 3 (connectivity detachment),
one of the north-east zones in Johor (see Fig. 7) is removed, as it is located too far
from the sources. Now, the superimposed feasible processing hub locations can be
visualised in Fig. 7. Figure 8, on the other hand, shows the geographical locations
of all 25 remaining plants (i.e., j1–j25). Finally, in Step 4 (economic analysis), a
mathematicalmodel (see Sect. 2.4) is developed to solve this facility location decision
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Fig. 6 Optimal conversion pathways [19]

problem.Note that the developedmodel can be solved using an optimisation software
(e.g. Lingo, GAMS).

Table 1 shows the number of variables present in the model and the computational
time required in two different scenarios (with and without the elimination strategies).
Despite that the marginal reduction in computation time, the results show that the
proposed approach is applicable to reduce themodel size of themulti-biomass supply
chain problems, with the reduction of 67% of the variables. The improvement of
computational time is expected to be more significant for larger case study. Aside
from this, it is worth noting that the percentage error between the maximum CNP

obtained before and after decomposition is negligible (less than 1%) for this case
study.

The optimisation results obtained from Step 4 show that the optimal number
of processing hubs is five (see Fig. 9). If fewer hubs were built (<5), some of the
biomass will be transported to processing hub that is farther away from the source
point. Therefore, higher transportation cost is expected. On the other hand, the saving
in transportation cost will no longer be sufficient to compensate the hub investment
cost, when more hubs (>5) were built [19]. This may lead to lower net profit, CNP.

However, the decision on hub determination is highly influenced by the fragmen-
tation scale used in Step 1 [18]. Theoretically, smaller fragmentised area will lead to
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Fig. 7 Superimposed feasible locations [21]

Fig. 8 Geographical location for potential integrated biorefinery plants [19]
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Table 1 Computational performance

Case Non-binary
variables

Binary variables Computational
timea [s]

CNP [USD/y]

Without four-step
procedure

2311 33 0.09 2.00×108

With four-step
procedure

751 25 0.08 2.00×108

aIntel Core i7-4720HQ Processor

Fig. 9 Optimal biomass allocation design [19]

higher chance of obtaining global optimal in return for greater computational time. A
Pareto analysis is conducted to investigate the effect of fragmentised area on annual
net profit obtained and the total computational time required. The state of Johor has
now been divided into multiple zones via various fragmentised scales (Case A to G)
ranging from 100 m2 (10 m × 10 m) to 2500 m2 (50 m × 50 m) (area of each zone
in Fig. 10). As shown in Fig. 11, higher profit is obtained when smaller fragmentised
area is used. However, this results in longer computational time. How [18] claimed
that 600 km2 (Case C) is the optimal fragmentised scale for the Johor case. Despite
the annual net profit determined under this fragmentised scale is lower as compared
to the highest achievable net profit (i.e., USD 2.03×108 which is determined from
Case A), the error percentage is merely 0.5%. More importantly, the computation
time required for Case C is about sixfolds lower compared to Case A. In other words,
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Pareto analysis helps decision-makers to determine a compromised solution which
ensures the optimality of the result, at the same time, keeping the computational time
at minimal.

3 Transportation Decisions

Transportation decision is another key concern in a supply chain problem, as high
transportation cost of low-density biomass is a valid hurdle for the biomass indus-
try [22]. However, unnecessary expenses might occur if the transportation cost was
determined based on a linearised constant as suggested in Eq. (6). In fact, overes-
timation of transportation cost (about 15-folds) had occurred for the case study as
reported in How et al. [12]. A detailed transportation calculation which considers
vehicle capacity constraints in terms of load and volume limits is discussed in this
section.

3.1 Vehicle Capacity Constraints Consideration

In detailed calculation, load-capacity limit (CapWeight
m ) and volume-capacity limit of

vehiclem (CapVolume
m ) are taken into consideration. Due to these constraints, the total

amount of materials that can be delivered per vehicle per trip is limited. The required
number of trips, numTrip

m can be determined using Eqs. (7) and (8) that follow.

numTrip
m ≥

⌈
FWeight
m

CapWeight
m

⌉

∀m ∈ M (7)

numTrip
m ≥

⌈
FVolume
m

CapVolume
m

⌉

∀m ∈ M (8)

where FWeight
m [t/d] and FVolume

m [m3/d] refer to the weight-capacity and volume-
capacity of materials (biomass r or products p) that are being delivered. Note that
numTrip

m has to be rounded-up to a positive integer. Decimal number is meaningless as
it indicates that the respective vehicle will eventually stop somewhere in between the
delivery path, instead of returning to the origin. Note that Eq. (7) is used for weight-
limiting materials (WLM) that exceed weight limit (before filling up the available
space of vehicle); while Eq. (8) is used for volume-limiting materials (VLM) that
exceed the volume limit (before reaching the maximum weight limit).

The detailed estimation of the annualised transportation cost, CTr [USD/y] is
obtained through the summation of operating (OPEX) and capital expenditures
(CAPEX) in transportation system [23]. The formulation is given in Eq. (9), where
OPEX includes the ongoing operating cost required to deliver the materials to
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Fig. 10 Area fragmentation:a 100km2;b300km2; c 600km2;d 900km2; e 1200km2: f 1600km2;
g 2500 km2 [18]
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Fig. 11 Pareto analysis for area fragmentation [18]

their destinations, including labour cost (CLabour [USD/d]), fuel consumption cost
(CFuel_Cons [USD/d]) andmaintenance cost (CMaintc [USD/d]),whileCAPEXincludes
the annualised investment cost for the procurement of vehicles, CProc [USD/y].

CTr � (CLabour + CFuel_Cons + CMaintc) × OPD + CProc (9)

Note that the three terms in parenthesis on the right side of Eq. (9) correspond
to OPEX of the annualised transportation cost. Note also that the labour cost is
determined by multiplying the total operating hour, OH [h/d] to the hourly wage,
HW [USD/h] of the workers, as given in Eq. (10).

CLabour � HW × OH × numTrip
m (10)

Fuel consumption cost, CFuel_Cons in Eq. (9) is determined by multiplying the
total distance travelled, D [km] with the fuel consumption rate of the vehicle, rateFuelm
[L/km] and the fuel price, CFuel [USD/L], as given in Eq. (11):

CFuel_Cons � 2CFuel × D × numTrip
m × rateFuelm (11)

Maintenance cost of the vehicle,CMaintc is estimated using Eq. (12), whereCRepair
m

[USD/km] refers to the estimated repair and maintenance cost of vehicle per km of
the distance travelled.

CMaintc � 2 × D × numTrip
m × CRepair

m (12)
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Fig. 12 Example of SVS diagrams: a SVS-WEL diagram; b SVS-VOL diagram

The procurement cost of vehicles,CProc is annualised by taking into consideration
the estimated life span of the vehicle, LSTrm [y]. It can be determined using Eq. (13).

CProc � numVehicle
m × CProc

m

LSTrm
(13)

where numVehicle
m refers to the total number of vehicle required to deliver all the

materials; while CProc
m [USD] refers to the procurement cost of vehicle.

3.2 Graphical Decision-Making Tools

User-friendly decision-making tools are important for decision-makers to put
research output into practise. A graphical decision-making tool, called smart vehicle
selection (SVS) diagram has been proposed in a recent work [12]. The SVS diagram
is constructed based on the travelling distance and capacity ofmaterials. Sinceweight
and volume limits of the vehicle are the main concerns for transportation selection,
two versions of SVS diagramwere developed, i.e. SVS-weight-limiting (SVS-WEL)
diagram and SVS-volume-limiting (SVS-VOL) diagram (see Fig. 12).

The SVS diagrams in Fig. 12 share the same x-axis, which refers to the travelling
distance between source (start point) and sink (end point). However, y-axis of the
SVS-WEL diagram represents the weight-capacity of the material to be transported
per day (Fig. 12a); while that of the SVS-VOL diagram refers to the volume-capacity
of the material (Fig. 12b). Each (x, y) point in the diagram defines a sub-problem. As
shown in Fig. 12, these sub-problems are shaded with different colour. Each colour
indicates the optimal transportation mode to be used in that particular sub-problem.
The diagrams are constructed based on the optimised results obtained from themathe-
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Fig. 13 Weight–volume graph for vehicles and materials

maticalmodel presented in theSect. 3.1. For instance, in consideringweight-capacity,
truck B is the best transportation mode to deliver 200 t/d of WLM to customer which
is located 60 km from the hub (see Fig. 12a). On the other hand, truck A is more cost-
effective to deliver 500m3/d of VLM to customer which is 60 km away from the hub,
for a volume-limiting case (see Fig. 12b). With the aid of these diagrams, together
with the required information (i.e., transportation distance and the total amount of
material flow), users can determine the optimal transportation mode directly without
re-running the mathematical model.

WLM refers to materials that exceed the weight limit before filling up all the
available space of the vehicle. Likewise, VLM refers to materials which exceed
the volume limit before the maximum load limit is reached. Hence, SVS-WEL and
SVS-VOL diagrams should be used for WLM and VLM, respectively. In order to
identify which category that the materials belong to, the weight–volume graph in
Fig. 13 may be used. It shows the weight–volume line for the vehicle (solid line) and
the transported materials (dotted line). The gradient indicates its bulk density (ρm

[t/m3]), which is defined by Eq. (14):

ρm � CapWeight
m

CapVolume
m

∀m ∈ M (14)

If the material has larger bulk density as compared to the bulk density of vehicle
(gradient ≥ ρm), it is considered as WLM (e.g. material 1 in Fig. 13). Otherwise,
it is considered as VLM (e.g. material 2 in Fig. 13). In other words, the bulk den-
sity of vehicle capacity is noted as the pinch line. If the weight–volume line for
the transported material is to the left of the pinch line, it is a weight-limiting prob-
lem; otherwise it is a volume-limiting problem. In some cases, the same transported
material can be WLM and VLM for two different vehicles respectively, as its bulk
density is greater than the bulk density of one vehicle and lower than the other. These
cases are considered as dual limiting problems. In order to address this issue, special
adjustment has to be made. For instance, material 1 isWLM for truck A, but as VLM
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for truck B. Thus, in this model, Eq. (7) is used to determine CTr [t/y] for truck A,
while Eq. (8) is used to determine CTr [t/y] for truck B.

3.3 Example (Revisited)

This section aims to conduct a comparative study on transportation cost estimation
via two different methods, i.e. linearised cost and detailed calculation. The same
example shown inSect. 2.5 is used for demonstration. In previous example (Sect. 2.5),
Eq. (6) is used to estimate the annual transportation cost required in the biomass
supply chain. As reported in Lam et al. [24], the linearised cost constant, CT can be
assumed as 0.2 [USD/t/km] in Malaysian context. In this section, the transportation
cost is re-calculated using the thorough mathematical model in Sect. 3.1. The results
are illustrated in Fig. 14, in which the transportation cost for different number of
processing hubs is presented. Fundamentally, it shows that the transportation cost
determined using linearised cost ismuch higher than that determined through detailed
calculation. This is not surprising as CT is not capable in representing the realistic
of case study. For instance, in real life, it costs about the same to deliver 0.5 or 5 t of
WLM to the same location with the same transportationmode. However, if linearised
cost constant were used, the cost required to deliver 5 t of WLM will become ten
times higher than that required to deliver 0.5 t of WLM [12]. With inaccurate cost
estimation, the optimality of the solution is no longer guaranteed.

Figure 15 shows the annual net profit that can be obtainedwith different number of
hubs. The results obtained from both methods show a similar convex curve pattern.
In other words, the net profit will increase with the number of hubs initially, but
will decrease after it reached a maximum point. Note that at this maximum point, the
corresponding x-axis indicates the optimal number of processing hubs. From Fig. 15,
it is shown that the optimal number of hubs for both methods (i.e. linearised cost and
detailed calculation methods) is clearly different (five and three processing hubs,
respectively). This indicates that the linearised cost method has failed to provide
accurate results. In fact, with all these inaccurate results, decision-makers could be
misled, and thus making wrong decisions which further lead to unnecessary financial
loss.

Apart from the comparative study, this section also aims to highlight the devel-
opment of SVS diagrams. To date, the application of the SVS diagrams had been
reported in a Malaysian case study [12]. Four common trucks in Malaysia had been
considered in their work [12]. Table 2 summarised the dimension of each truck, while
the developed SVS diagrams are presented as Figs. 16 and 17.

Furthermore, the SVS diagram can be upgraded to a cost-profile diagram by
adding a third axis (i.e. transportation cost; see Figs. 18 and 19) [18]. Similar to the
SVS diagrams, Figs. 18 and 19 are also derived from the optimised results deter-
mined from the mathematical model (see Sect. 3.1). These diagrams present the
transportation cost required for a given set of information (defined by amount of
material to be delivered and the travelling distance). The relationship between the
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Fig. 14 Estimated transportation cost of case study [12]

Fig. 15 Estimated net profit of case study [12]

transportation cost, travelling distance, and delivered amount is visualised in these
diagrams. With the aid of these diagrams, decision-makers from different stages can
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Table 2 Dimension of each transportation mode and its weight limit [12]

Mode Length (m) Width (m) Height (m) Weight limit (t)

m1 5.02 2.13 2.13 5.00

m2 6.00 2.40 2.13 10.00

m3 12.00 2.40 1.50 20.00

m4 13.62 2.48 2.70 32.00

Fig. 16 SVS-WEL diagram developed from How et al. [12]

Fig. 17 SVS-VOL diagram developed from How et al. [12]

analyse the economic viability of the transportation problem easily. For instance,
these diagrams can help decision-makers to select the most suitable logistics com-
pany (minimal and reasonable logistics cost) for their specific cases. To illustrate,
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Fig. 18 Cost-profile for SVS-WEL diagram

assuming 100 m3 of VLM should be delivered to a location which is located 20 km
apart. By using Fig. 19, it is found that the estimated logistics cost is around USD
50.00/d. Thus, decision-makers can now evaluate whether the quotation given by the
logistic companies are reasonable. All the developed graphical tools are no doubt
useful for decision-makers, especially for those who do not acquire strong modelling
and mathematics background.

4 Sustainability Evaluation and Optimisation

Biomass supply chain optimisation is essential to determine the best biomass conver-
sion pathway that achieves the goals set by the decision-makers. This section shows
an overview of the various optimisation approaches used in supply chain modelling.
In addition, a graphical representation method, called sustainability vector is intro-
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Fig. 19 Cost-profile for SVS-VOL diagram

duced in this section. This method helps decision-makers to visualise, study, and
understand the tendency of the system toward each of the sustainability dimension
[25].

4.1 Optimisation Consideration

Traditionally, the design of biomass supply chain focuses on single-objective opti-
misation, i.e. maximising the revenue. However, several industries (e.g. power sec-
tors [26], manufacturing industry [27], etc.) have shifted their conventional business
model to become more sustainable in terms of economic, environmental and social
dimensions. This is mainly driven by the raising concerns on sustainability devel-
opment as well as the snowballing global pressure to reduce carbon emission [28].
Therefore, to date, leading researchers have put significant effort in incorporating
sustainability indexes into the optimisation model for palm biomass supply chain
(see Fig. 20). Table 3 shows a list of indexes given in Fig. 20, which can be used to
evaluate the respective sustainability dimension of a palm biomass supply chain.
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Table 3 List of key indexes that can be used to evaluate the sustainability performance of a biomass
supply chain

Economic dimension

Indicator/Index Description

Gross profit Gross profit refers to the profit made after
deducting the costs associated with making
and selling its products. It is widely used to
reflect the core profitability of a company and
illustrate the financial successfulness of a given
product or service

Net present value (NPV) NPV reflects the present value of cash inflow
and cash outflow, which considers the
monetary inflation rate over the operational
lifespan [24]

Benefit–cost ratio (BCR) BCR identifies the relationship between cost
and benefits of a proposed project. It can be
determined by dividing the present value of
benefit by the present value of cost. The
proposed project should be rejected if BCR is
less than 1 [29]

Payback period Payback period refers to the time required to
recover the total investment cost, or to reach
the break-even point. It can be determined by
dividing the annualised capital expenditure
(CAPEX) by the gross profit [30]

Return on investment
(ROI)

ROI evaluates the efficiency and effectiveness
of an investment [31]. It is measured by
dividing the net outcome of an investment (can
be negative) by the investment cost. The result
is expressed as a percentage

Environmental Dimension

Environmental footprints

Carbon footprint (CF) CF represents the land area for plantation
required to absorb the CO2 (or other
greenhouse gases) emitted which will lead to
climate change and global warming in the life
cycle of product or process [32]

Water footprint (WF) WF measures the total volume of fresh water
used and/or polluted water generation per unit
of time of the process [33]

Energy footprint (ENF) ENF concerns on the area of forestation
required to compensate the total amount of
CO2 emission originating from energy
consumption [34]

Land footprint (LF) LF concerns on the land demand, i.e. the total
land area that are directly and indirectly
required to satisfy the consumption [35]

Potential environmental impact

(continued)
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Table 3 (continued)

Global warming potential (GWP) GWP represents the potential change in
climate due to the increased concentration of
greenhouse gases (GHG), such as CO2, CH4,
etc. [36]

Ozone depletion potential (ODP) ODP measures the potential damage in the
protective ozone layer, which is caused by the
ozone depleting substances [36]

Photochemical ozone creation potential
(POCP)

POCP represents the potential in forming
ground-level ozone or photochemical smog
due to the increased concentration of volatile
organic compounds (VOCs) and nitrogen
oxides (NOx) [37]

Acidification potential (AP) AP measures the acidifying potential of some
chemicals (e.g. NOx , SOx , etc.), i.e., forming
acidifying hydrogen ion (H+) [38]

Nutrification potential (NP) NP represents the potentials of eutrophicating
substances (i.e. N, NOx , NH4

+, PO4
+, P) and

chemical oxygen demand (COD) in causing
over-fertilisation of water and soil which can
result in increased growth of biomass

Abiotic depletion potential (ADP) ADP represents the depletion of abiotic raw
material (non-renewable resources) [39]

Toxicity potential (Aquatic/Terrestrial) These indexes show the maximum tolerance of
concentration/amount of toxic substances in
water by aquatic organisms and in soil by
terrestrial plants [40]

Social dimension

Human toxicity potential Human toxicity potential by ingestion (HTPI)
and human toxicity potential by either
inhalation or dermal exposure (HTPE) are used
to evaluate health performance of a given
supply chain [36]

Inherent safety index (ISI) ISI describes both chemical aspects of inherent
safety (e.g. flammability, explosiveness, etc.)
and other process related aspects (e.g. pressure,
temperature, etc.) [41]

Workplace footprint (WPFP) WPFP measures the work-related casualties in
a given supply chain (i.e. statistical fatality rate
per unit of activity) [42]

Philanthropic responsibility Involving in philanthropic activities (e.g.
charity, renovation of school, etc.) might be
beneficial to the company [28]
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Fig. 20 Key indexes and indicators for sustainability evaluation [18]

4.2 Multi-objective Optimisation Techniques

It is a rarely existing single solution that simultaneously satisfied all objectives. There-
fore, achieving optimum for one objective requires compromise of other objectives.
In order to determine a compromise solution for this multiple-goal decision in supply
chain design, various optimisation techniques have to be implemented. In this subsec-
tion, three optimisation approaches, i.e. genetic algorithm, weighted-sum approach,
max-min aggregation approach that are widely being used nowadays are introduced.

Genetic algorithm (GA) is a heuristic algorithm that is designed to solve optimisa-
tion problems based on the inspiration of natural biology selection (selection of fittest
individuals from a population) [43]. As shown in Fig. 21, there are five phases incor-
porated in aGAmodel (including ‘Initial Population’, ‘Fitness function’, ‘Selection’,
‘Crossover’ and ‘Mutation’). The algorithm will terminate when the population has
converged (i.e. does not produce new solution which are significantly different from
the previous solutions). Then, it is said that the GA has provided a set of solutions
to our problem. Although GA shows its capability in solving complex operational
management problems, this technique does not guarantee a global optimum solution
[44].

Weighted-sum approach is one of the simplest techniques to solve multi-objective
optimisation problems. It allows the transformation of a set of objectives into a
single-objective problem by assigning a preferred priority scale (i.e. weightage) to
each objective. These values can be determined using analytical hierarchy process
(AHP), a powerful multi-criteria decision-making method developed by Saaty [45].
Generally, the objective function is set to maximise the sustainability performance,
SP of the synthesised supply chain, as given in Eq. (15).

max SP �
∑

d

(wd × λd) (15)
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Fig. 21 Pseudocode of GA

where d denotes the sustainability dimension (i.e. economic, environmental or
social); wd indicates the priority scale assigned to d dimension; while λd refers to
the normalised performance in terms of dimension d. Note that the solution obtained
from this method is highly dependent on the priority scale given.

Max-min aggregation approach (also named as fuzzy optimisation) is another
abundantly used optimisation method. This approach ensures that none of the objec-
tives is over-improved while omitting the importance of another objective [46]. By
using this approach, the performance of the least satisfied objective, λ is being max-
imised (see Eq. 16), while keeping it lower than the normalised performance index,
λd . Note that by using this optimisation method, all sustainability goals are treated
equally important.

max λ (16)

λ ≤ λd (17)

4.3 Graphical Representation

In a recent work, How and Lam [25] developed a graphical representation method,
named as sustainability vector that can be understood easily by decision-makers
from different background. The sustainability vector is defined as Vector (λEC, λEN)
(EC refers to economic while EN refers to environmental dimension). Any positive
attributes (e.g. profit gained, negative carbon footprint) will lead to a positive value in
the vector; contrarily, negative value in the vector represents negative attributes (e.g.
profit loss, carbon emission). It can be plotted in a quadrant diagram (see Fig. 22).
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Fig. 22 Quadrant diagram for sustainability vector

As shown in Fig. 22, the conventional practices that are often relied on fossil-based
energy are normally plotted on the forth quadrant (positive attribute on economic but
negative attribute to environment). On the other hand, the activities that fall in second
quadrant are related to some of the noneconomically profitable ‘green policies’ (e.g.
reforestation) that raised by the environmentalists. In addition, the unmatured green
technologies which are yet to be economically feasible and other treatment facilities
(e.g. wastewater treatment) also fall in this quadrant. The activities that falls on
the third quadrant should be avoided since these activities will lead to a negative
impact on both economic and environmental objectives. Disasters, such as plant
fire and explosion will fall in this quadrant as well. Finally, the ideal goal is to
emerge the green technologies into the first quadrant (provide positive attribute to
both objectives), in order to enhance the sustainable development.

Sustainability vector can also be expressed in polar form (i.e. Vector(θ , Mag)),
where θ is the angle that reveals the tendency of the system toward economic or
environmental dimension;whileMag refers to themagnitudeof the sustainable vector
(determined through Eqs. 18 and 19). They can be used to evaluate the sustainability
of each process. In the first quadrant, the process with a smaller θ , indicates that this
process has a higher tendency toward economic sustainability. Therefore, decision-
makers can select the process path which meets their personal preference in each
sustainability dimension based on this θ value. For processes with same or near-
range of θ (±5°), Mag is used as selection reference as the process with larger
Mag indicates that the degree of satisfaction on both economic and environmental
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dimensions of this process is relatively higher. Note that for the second quadrant
(90°<θ <180°), smaller θ indicates better performance in environmental dimension
(but in tandem with negative economic performance). Similar trend can be found in
the third quadrant (180°<θ <270°), where smaller θ indicates that this process has
a higher tendency toward environmental sustainability. On the other hand, the larger
θ in the fourth quadrant (270°<θ <360°) indicates better performance in economic
sustainability (but with negative environmental sustainability).

� � tan−1 λEN

λEC
(18)

Mag =
√

λ2
EC+λ2

EN (19)

The sustainability vector is easy to read and analyse, since the tendency of the
system towards each sustainability dimension is visualised in the quadrant diagram.
Keeping this in mind, the sustainability vector can now be used as an effective
comparison tool to analyse the sustainability performance of various technologies
(including green technologies and conventional technologies). This work can be
further extended to consider the social dimension in the sustainability vector devel-
opment. To achieve this, one additional quadrant diagram (e.g. economic dimension
versus social dimension; or environmental dimension versus economic) has to be
constructed in order to visualise the tendency of the process towards all three sus-
tainability dimensions.

4.4 Example (Revisited)

The examples demonstrated in the previous sections are merely focusing on eco-
nomic goal (see Sects. 2.5 and 3.3). Hence, in this section, the developed mathemat-
ical model is revised to consider the environmental sustainability of each biomass
conversion pathway. In this example, the various indicators (i.e., GWP, ODP, POCP,
AP, NP, ADP, toxicity potential, WF and LF) are used to account the environmental
risk in biomass supply chain. With all the data collected from How and Lam [47],
the optimal pathway for each biomass can be determined through weighted-sum
approach (see Eq. 15). Note that the obtained solutions will vary with the priority
scale assigned to each sustainability goal [18]. The impact of the priority scale on
technology selection is presented in Fig. 23. In Fig. 23, x-axis refers to the prior-
ity scale assigned to the economic goal. Take EFB for example, when high wEC is
assigned, gasification is the most cost-effective pathway. This is in agreement with
the results obtained from Sect. 2.5. If wEc drops below 20%, biomass combustion
which generates electricity has become the better option. The use of bioenergy helps
to reduce the reliance on fossil-based energy. With Fig. 23, decision-makers can
make decisions based on their own preference.
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Fig. 23 Technology selection for different priority scales

Aside from this, the sustainability performance of these biomass conversion path-
ways can be represented in the form of sustainability vector. Recently, How and
Lam [25] had reported the sustainability vector of various palm biomass conversion
technologies, including combustion, gasification, dry long fibre and energy pack pro-
duction (see Fig. 24). The results show that energy pack production that falls in the
first quadrant is the most preferred processing pathway. Apart from its decent eco-
nomic value [48], the use of energy pack as an alternative energy fuel will gradually
reduce the environment impact [49]. Contrarily, combustion pathway that generates
electricity poses a different situation. It falls in the second quadrant which indicates
the presence of negative profit. This is mainly due to the unattractive feed-in-tariff
rate, unsupportive incentive policy and low boiler efficiency [50].

5 Debottlenecking

The problem of identifying bottlenecks in biomass supply chain and subsequently
debottlenecking them is another significant topic of research. This section presents
the fundamental concept of bottleneck and debottlenecking. Besides, two advanced
debottlenecking approaches are introduced in this section.

5.1 Concept

The term ‘bottleneck’ is defined differently at different phases of supply chain devel-
opment (see Fig. 25). Most works on debottlenecking focus on the operational-phase
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Fig. 24 Sustainability vector of each conversion pathway for palm biomass [25]

Fig. 25 Debottlenecking classification [52]

of an existing system/plant. Debottlenecking at this phase is defined as a strategy of
achieving desired performance of a system/plant (e.g. higher yield, purity or produc-
tivity), which is currently incapable of in the current design [51].

On the other hand, How et al. [21] had considered the debottlenecking at plan-
ning phase, whose configuration of a system or a plant is yet to be designed. At
this phase, debottlenecking refers to the process of revealing root causes that leads
to an unpreferable solution, and subsequently revamping it to improve its overall
preferability. Debottlenecking at this preliminary stage of design is vital for the bet-
ter understanding of the potentials embedded in each solution (technology selection,
logistics management, operation strategy, etc.), which enables accurate decision-
making in selecting appropriate technologies or designs to ensure business sustain-
ability [53]. In addition, the term ‘bottleneck’ should not merely limit to economic-
related barriers (e.g. throughput, makespan, process efficiency), but may be linked
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Fig. 26 Conceptual illustration of debottlenecking at planning phase [52]

to other environmental-related (concern on environmental risks, e.g. extensive land
requirement, gigantic fuel consumption, etc.) and social-related barriers (restriction
on social factors, e.g. exposure to various social risks, lack of domestic support, etc.).
Figure 26 shows the conceptual illustration of debottlenecking at planning phase. As
shown, there are two available pathways (I and II) which convert a given biomass
into a given bio-product. Pathway II is less preferable due to its low sustainability
performance for the secondary process. However, the optimality of the suboptimal
solution can be improved by removing bottlenecks via implementation of appropriate
strategies (e.g. process integration, emission abatement planning, regulatory policy
amendment, etc.).

5.2 Debottlenecking Approaches

Two advanced approaches based on principle component analysis (PCA) and Pro-
cess-graph (P-graph)may be used for biomass supply chain debottlenecking. Their
core concepts are briefly described next.

• PCA-aided approach [52]
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Fig. 27 Dimensionality reduction using PCA [52]

PCA is a multivariate statistical technique that is widely used to reduce the dimen-
sionality of data, by converting a series of correlated variables into a set of
uncorrelated variables known as principal components (PCs), without losing too
much information [54]. Figure 27 illustrates the dimensionality reduction via PCA
method [52]. In principle, the original data series (on the right side of Fig. 27) will
be re-projected onto two new axes (PC1 and PC2). From Fig. 27, it is clearly seen
that most variations in data are described in the x-axis after reprojection. In other
words, the data can still be adequately defined by using only PC1 [55]. The utility
of has been burgeoned into diverse scientific fields, including colour industry [56],
cybersecurity [57], facial recognition [58], biomass supply chain [52], etc. How
and Lam [52] claimed that PCA is an ideal tool in analysing the sustainability
performance of biomass supply chain which normally involves numerous vari-
ables or parameters. In a recent work, How and Lam [52] proposed a PCA-aided
debottlenecking approach for biomass supply chain. Note that in this approach,
the generated PCs scores serve as reference indicators for the identification of
bottlenecks. The PC that has the largest difference is notified as critical PC, while
the variables that contribute a substantial portion to the responding critical PC is
notified as critical variables. Critical variable that contributes the most will be the
first variable to be improved. The remaining critical variables will be improved
accordingly, based on their contribution rate (from highest to lowest), until the
results are satisfied.

• P-graph-aided approach [21]
P-graph is a powerful graph-theoretic and combinatorial algorithm-based frame-
work, which was introduced by Friedler et al. [59]. This framework has several
advantageous features, such as (i) capability of providing multiple feasible solu-
tions (optimal and suboptimal) simultaneously [60], (ii) more efficient search of
solution space [61] and (iii) visual interface that is easy to understand, learn and
apply [62]. To date, P-graph has matured sufficiently for inclusion in modern
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Fig. 28 P-graph model for debottlenecking [52]

textbooks [63], reference books [64] and chemical engineering curriculums [62].
Furthermore, this framework has been applied extensively in various forms of
research, e.g. biomass supply chain synthesis [19], carbon management network
[65], combined heat and power system [66]. Recently, P-graph is further extended
to debottlenecking application [21] (see Fig. 28). The construction of P-graph
model can be divided into three subsequent steps, i.e. (i) input of data, (ii) assign
priority scale to each indicator in a given sustainability dimension and (iii) assign
priority scale to each sustainability goal. As mentioned in Sect. 4.2, all these prior-
ity scales can be determined through AHP [21]. In this approach, the bottleneck(s)
of the suboptimal solution can be identified by comparing its sustainability per-
formance with the best solution. The sustainability dimension that has the largest
difference is notified as the potential bottleneck. Next, the least satisfied indicator
under this sustainability should be the first targeted indicator to be improved. The
remaining indicators will be improved accordingly (from lowest to highest score),
until the suboptimal solution is successfully debottlenecked. It is worth noting that
the visual interface of P-graph enables users to structure their case study easily and
efficiently without the need of strong mathematical programming background.



168 B. S. How

Table 4 Sustainability performance before debottlenecking [52]

Pathway λEC λEN SP Rank

Syngas
production
(gasification)

1.00 0.37 0.68 1

Dry long fibre
production

0.46 0.62 0.54 2

Electricity
generation
(combustion)

0.00 0.68 0.32 3

5.3 Example (Revisited)

The example in Sect. 4.4 is extended to show how the underlying bottlenecks are
identified and removed, following the proposed procedure. In order to provide a clear
elucidation of this step, this section will only focus on the EFB conversion pathways.
As mentioned in Sect. 2.5, there are three conversion pathways which are considered
in the examples, i.e. electricity generation, syngas and dry long fibre production. The
sustainability performance of each possible pathway is tabulated inTable 4. Similar to
the previous example in Sect. 3.3, two sustainability goals (i.e. maximising revenue
and minimising environmental impacts) are considered in this section. Assuming
that both goals are equally important (i.e., wEC �50%; wEN �50%), the ranking of
each pathway can be determined using Eq. (15) (i.e. weighted-sum approach). The
results show that syngas production is the optimal pathway (highest sustainability
performance, SP), followed by dry long fibre production.

Using combustion as an example, by comparing its SP to the optimal pathway,
it can be clearly seen that economic dimension is the least satisfied dimension (see
Table 4). Literature shows that this economic unfavorability of biomass combustion
is often due to themassive and continuous governmental support for the conventional
energy source [67]. Therefore, regulatory amendments should be carried out in order
to advocate the development of biomass industry. The proposed debottlenecking
strategy is listed in Table 5. Policy restructuration such as reduction or elimination
of government subsidies for fossil fuels is required so that the bioenergy can become
price competitive [50]. Note that the sustainability performance and ranking of each
technology after debottlenecking is tabulated in Table 6. It shows that EFB com-
bustion is successfully debottlenecked (from third-ranked to first-ranked). It is worth
mentioning that the selection of technology for debottlenecking study is solely based
on decision-makers interest. For instance, it can bemerely based on research purpose
or even based on companies’ agenda [52].
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Table 5 Debottlenecking strategy [52]

Criteria Current Strategy

Feed-in-tariff rate <10 MW: USD 0.078/kWh
10–20 MW: USD 0.073/kWh
20–30 MW: USD 0.068/kWh

Increase 50%

Government support for fossil
energy

Subsidies, incentives and tax
reduction

Eliminated

Table 6 Sustainability performance after debottlenecking [52]

Pathway λEC λEN SI Rank

Syngas
production
(gasification)

0.92 0.37 0.65 2

Dry long fibre
production

0.00 0.62 0.31 3

Electricity
generation
(combustion)

1.00 0.68 0.84 1

6 Conclusion

Biomass supply chain is deemed as awaste-to-wealth business. It connects all entities
along the supply chain, starting from upstream biomass sources to the downstream
product distribution. Within the chain, integrated biorefinery(s) serves as a crucial
node that converts biomass into valuable bioproducts, including biofuels, bioenergy
and biochemicals. The economic value of biomass utilisation has been frequently
cited in literatures. Nevertheless, the shift to biomass as a feedstock is yet to be proven
feasible and sustainable at industry scale. To achieve this, sufficient knowledge and
in-depth understanding on biomass supply chain modelling are essentially needed.

This chapter, therefore, provides an overview of the key concerns of biomass
supply chain modelling. It serves as a general guide to industry practitioners, aca-
demicians and researchers who have interest in learning fundamentals of biomass
supply chain modelling and (or) developing sustainable biomass supply chain. Illus-
trative examples are used to demonstrate how the biomass supply chain problem
can be modelled and addressed. On top of that, various state-of-the-art approaches,
methodologies and frameworks for biomass supply chain modelling are also intro-
duced in this chapter. All these contents will help readers to understand biomass
supply chain modelling from a broader perspective before they decided to venture
into this waste-to-wealth business.
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Cooperative Game Theory Analysis
for Implementing Green Technologies
in Palm Oil Milling Processes

Viknesh Andiappan, Denny K. S. Ng and Raymond R. Tan

Abstract Recent developments in the palm oil industry have encouragedmill opera-
tors to expand downstream operations. In this regard, mill operators have considered
implementing green technology systems such as biorefineries. Green technology
systems significantly alter the way that an industry operates in order to improve eco-
nomic performance and sustainability of the plant and can expand the firm’s business
portfolio. However, there is a challenge in convincing stakeholders to invest in such
systems, especially when the technology is still unproven and/or is uncommon. In
this chapter, an integrated approach is presented to determine the allocation of incre-
mental profits for green technology systems such as a palm-based biorefinery (PBB)
in a palm-based eco-industrial park (PEIP). The integrated approach presented in
this chapter consists of cooperative game theory and stability analysis. The results
suggest that the optimal allocation of incremental profits is 14% (US$800,000) for
the PBB. Subsequent stability analysis determines that the green technology system
with the PBB is economically stable for as long as additional investment costs are
within the range of 10–30% of the PBB’s raw material costs.
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Nomenclature

Indices

u Index for technology systems
z Index for coalitions
w Index for coalitions with technology u

Variables

GPOVERALL Total gross profit of all technology systems u in USD/yr
GPu Gross profit of technology system u in USD/yr
IPu Incremental profits of technology system u in USD/yr
IPz Incremental profits of a technology coalition in USD/yr
IPw Incremental profits of a coalition without technology u in USD/yr
CEIP
u Cost of material in technology u from EIP in USD/yr

CExt
u Cost of material technology u from external facilities in USD/yr

PAu Allocation of incremental profits to technology system u in USD/yr
AIu Additional investment cost of technology u in USD
c fu Fraction of raw material costs in technology u
DCu Distribution coefficient of each technology u
ADCu Asymmetric distribution coefficient of each technology u

Parameters

AOT Annual operating time in h/yr
ADCmax

u Maximum limit for asymmetric distribution coefficient of each technol-
ogy u

ADCmin
u Minimum limit for asymmetric distribution coefficient of each technol-

ogy u
PRu Product revenue for technology u
RMCu Raw material cost for technology u

1 Introduction

The palm oil industry contributes to Malaysia’s economy significantly, providing
both employment and income from exports. This sector accounts for about 8.7% of
Malaysia’s gross domestic product [5]. Therefore, palm oil is an important product
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that has helped to shapeMalaysia’s agriculture and economy.Despite its positive con-
tributions, the palm oil industry also contributes to environmental degradation. This
is evident as palm oil milling processes generate large quantities of waste, including
solid (which are potential by-products), liquid effluent (palmoilmill effluent, POME)
and air-borne emission. The solid residues consist of empty fruit bunches (EFBs),
palmmesocarp fibers (PMFs) and palm kernel shells (PKSs). The liquid effluents are
mainly generated from decanter where wastewater is separated from extracted oil.
This direct liquid effluent, combined with the wastes from cooling water and steril-
izer, form the POME,which is typically treated in conventional wastewater treatment
system (anaerobic, aerobic treatment systems) prior to environmental discharge.Dur-
ing anaerobic digestion, POME is converted into biogas. The latter mainly consists
of methane gas and a small quantity of carbon dioxide; which are both greenhouse
gases (GHGs). At present practise, biogas is not captured and utilized in many palm
oil mills, but is just released into the atmosphere via open ponds which contributes
to climate change. Nevertheless, EFB, PMF, PKS and POME contain useful amount
of energy which can be utilized to meet energy demands in the mill, or exported to
the grid in case of energy surplus. In addition, they can be used to produce renew-
able biofuels and other valuable bio-products through biorefineries [1]. Clearly, these
residual palm-based biomasses are currently underutilized. Thus,maximizing energy
and material recovery from these biomass residues is desirable for both economic
and environmental reasons.

Recent developments suggests that mill operators are open to investments that
lead to new products generation in the downstream operations, including biorefiner-
ies [2, 12]. Biorefineries may be considered as green technology systems that can
significantly alter the way that businesses operate and create new business portfolios
[2] in the palm oil mill. A green technology system is a technical system, equipment
or process that minimizes degradation of the environment and promote the use of
renewable resources [9]. In this respect, biorefineries offer alternatives to the main-
stream palm oil business within the industry. Green technology systems of this kind
are particularly important because they also provide positive implications on palm oil
sustainability [20]. Based on such positive implications, several works have assessed
the possibility of including biorefineries within a palm-based eco-industrial park
(PEIP). For instance, Kasivisvanathan et al. [8] proposed an approach to retrofit a
palm oil mill into a sustainable biorefinery which fulfils the conflicting objectives
of economic performance and environmental impact. Kasivisvanathan et al. [7] then
developed a mixed-integer linear programming (MILP) model to determine the opti-
mal process adjustments to address partial inoperability in the biorefinery reported
in their earlier work [8]. The MILP model determines the optimal reallocation of
process streams and operating levels of the process units in order to maximize profits
from the product portfolio. Meanwhile, Ng et al. [14] applied fuzzy optimization to
synthesize a sustainable integrated palm oil biorefinery which considers economic,
environmental, inherent safety, and inherent occupational health performances. Ng
et al. [16] extended the work by presenting a fuzzy programming design approach
based on the individual targets of multiple owners in a palm oil processing complex
(POPC); the latter consists of a cogeneration system, palm oil mill, biorefinery, and
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palm oil refinery. This approachwas then extended to disjunctive fuzzy programming
to determine the optimal pathways based on each plant owner’s targets and option
to withdraw from the coalition, if any economic target is not satisfied [17]. Andiap-
pan et al. [3] proposed an approach to design a cogeneration system with cooling
applications for a palm oil mill operation. In Andiappan et al. [3], a multi-period opti-
mization approach was applied to consider variations in palm-based biomass supply
and energy demand. Similarly, Teo et al. [19] presented a hybridmodel that combines
multi-period optimization and automated targeting to synthesize a centralized utility
system for a POPC.

Despite the usefulness of considering green technology systems in palm oil mill,
the challenge remains of how to convince stakeholders to invest in them. Stakeholders
are often hesitant due to concerns such as low or volatile returns in investment, as
well as highly variable investment costs for unproven or immature technologies.
As such, this chapter analyzes the potential incremental profits each participating
technology systems can obtain when forming a coalition in a PEIP and subsequently
evaluate their respective economic stability. In the context of PEIPs, stability refers
to the ability of a PEIP to absorb changes in additional investment costs [6, 10,
13]. In a PEIP, each system is prone to deviations in additional investment costs.
Additional investment cost is the cost that each system requires to engage in material
and energy exchange with other systems in a PEIP. Additional investment costs may
include expenditures on transportation, piping, and instrumentation, shipment, labor,
conveyor systems, etc. Thus, this chapter adapts the integrated approach developed
by Andiappan et al. [4] to rationally allocate incremental profits among participating
technology owners in a PEIP, based on their respective contributions [11]. A stability
analysis method developed by Wang et al. [21] is used to determine the economic
stability of systems in a PEIP. Unlike the work presented in Ng et al. [15], this
chapter extends the stability analysis method to determine the stability threshold of
a PEIP coalition. The stability threshold measures the robustness (i.e., resistance to
withdrawal of dissatisfied partners) of the coalition to deviations in key assumptions
pertaining to additional investment costs. By determining the optimal allocation of
incremental profits and the corresponding stability, the economic viability can be
determined.

The rest of the chapter is organized as follows. Section 2 presents a formal problem
statement. Section 3 describes the approach adapted and the corresponding math-
ematical formulation. A PEIP case study is then solved in Sect. 4, followed by its
discussion in Sect. 5, before the final conclusions are drawn.

2 Problem Statement

Theproblemaddressed in this chapter is stated as follows:Agiven set of technologies,
eachwith a respective owners (u�1, 2,…,U) interested in forming a coalitionwithin
a PEIP. However, as each technology contributes uniquely to the PEIP, it is not clear
as to how much the owner of a given technology is entitled to receive from the
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collective incremental profits obtained by the PEIP. As such, the objective of this
work is to determine the fair allocation of incremental profits among participating
technology systems owners based on their respective contributions toward the PEIP.
Following this, the secondobjective is to investigate the stability threshold of thePEIP
coalition in order for the invested green technology systems to remain economically
viable.

3 Mathematical Model

The following sub-sections present mathematical formulations on the economic cor-
relations, incremental profits allocation and stability analysis of each technology u
in a PEIP.

3.1 Incremental Profit Allocation

In this section, the incremental profits allocation approach is divided into two sequen-
tial steps. The first step consists of the determination of the optimal configuration and
the corresponding incremental profits for all possible system coalitions in a PEIP.
Note that these incremental profits are required as an input for the second step and is
obtained from repeated optimizations for each possible coalition. The optimization
for a given coalition is performed by maximizing the summation of gross profits for
technology owner u, as shown in Eq. 1.

MaximiseGPOVERALL �
U∑

u�1

GPu, (1)

where,

GPu � AOT × (PRu−RMCu) ∀u, (2)

where AOT is the annual operating time. Note that GPu in Eqs. 1 and 2 is determined
from the differences between product revenue (PRu) and raw material cost (RMCu)
of each technology owner u, based on the scenario considered. For instance, if the
scenario considers a coalition between two out of three parties, economic transactions
between coalition parties are waived or subsidized. This means that RMCu would
be zero, given that the raw material was obtained from the other party within the
coalition. Meanwhile, the remaining party that is not part of the coalition would have
to pay for resources, given that the resources are obtained from the coalition.

The corresponding incremental profits is calculated based on the amount of sav-
ings gained by technology owner u in a PEIP as compared to a stand-alone operating
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system that imports material and utilities from external suppliers. As shown in Eq. 3,
the incremental profits for technology u (IPu) is calculated based on the difference in
cost of a certain material used by technology owner u from the EIP

(
CEIP
u

)
, compared

to cost of importing the same material externally
(
CExt
u

)
.

IPu � AOT × (
CEIP
u − CExt

u

) ∀u (3)

The corresponding incremental profits for all possible coalitions are then com-
piled and used as input data for the second step. The second step uses a cooperative
game theory model [11] to fairly allocate incremental profits among the cooperative
systems of the PEIP, based on their respective contributions. This model is a mathe-
matical programming-based approach proposed as an alternative to well-established
concepts such as the Shapley value [18]. In Maali’s cooperative game theory model,
z is a set of possible coalitions that can be formed among owners u (e.g., z�1, 2; 1, 3;
1, U). Equation 4 is included in the optimization model to determine the weightage
(Cu) of incremental profits allocation (PAu) for technology owner u.

1

Cu
PAu ≥ λ ∀u (4)

The weights are determined based on the incremental contribution of technology
owner u in a coalition. As shown in Eq. 5, IPz represents the incremental profits for
a coalition, while IPz−u is the incremental profits of a coalition without technology
owner u. Note that IPz and IPz−u are obtained from the first step described in Eqs. 1–3.

Cu �
∑

z

[
IPz − IPz−u

]
/

U∑

u�1

IPu ∀u (5)

Equation 6 is included in the model to determine PAu for each technology owner
u. In Eq. 6, PAu for each technology owner u must be greater than the incremental
profits attained individually by each technology owner u (IPu).

PAu ≥ IPu ∀u (6)

Equation 7 is included to ensure that the summation of all PAu is equal to that of
IPu.

U∑

u�1

PAu �
U∑

u�1

IPu (7)

The objective function for this model is shown in Eq. 8, where λ is maximized to
give the optimum allocation of incremental profits in Eq. 4.

Maximize λ (8)
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Once the optimum allocation is obtained, the stability analysis, which is to be
discussed in the next section, is performed to analyze the stability threshold of the
PEIP coalition.

3.2 Stability Analysis

The stability analysis is conducted by measuring incremental investment return (IIR)
to indicate if the incremental profit from the PEIP is sufficient to offset the additional
investment cost required. The total additional investment cost (AIOVERALL) is deter-
mined by the summation of the additional investment cost of participating technology
owner u (AIu) in the PEIP (as shown in Eq. 9).

AIOVERALL �
U∑

u�1

AIu (9)

The total incremental profit (IPOVERALL) is then determined by the summation of
IPu of the participating technology owners in the PEIP as shown below.

IPOVERALL �
U∑

u�1

IPu (10)

Following this, the overall distribution coefficient (DCOVERALL), which is defined
as the ratio of total incremental profits (IPOVERALL) to the total additional investment
cost (AIOVERALL) can be determined, given as in Eq. 11;

DCOVERALL � IPOVERALL

AIOVERALL
(11)

The DCOVERALL functions are used as a basis for symmetrical distribution of
incremental profits among technology owners in a PEIP. Ideally, each technology
owner u would aim to achieve distributions equal to DCOVERALL. This would mean
that distribution of incremental profits is in symmetry, whereby each technology
owner u can obtain the same allocation, making this an ideally equitable status for
technology owner u to strive for. However, in reality, the distributions of incremen-
tal profits and additional investment cost of each technology owner u may deviate
from DCOVERALL. The deviation from ideal status is measured via the asymmetric
distribution coefficient of each technology owner u (ADCu) [21], given as in Eq. 12

ADCu � DCu

DCOVERALL − 1 ∀u, (12)

where,
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DCu � PAu

AIu
∀u, (13)

where PAu is the incremental profit allocated to technology owner u in Maali’s
cooperative gamemodel. Note that the ADCu coefficient can be positive, negative, or
zero and is highly dependent on the incremental profits associated with the additional
investment cost required for the implementation of thePEIP.Based onEq. 13, a higher
ADCu indicates that higher incremental profit can be obtained, and thus results in
higher DCu for technology owner u, and vice versa. In the event where ADCu is equal
to 0, technology owner u experiences no deviation of the distribution coefficient from
the ideal status (when DCu is equal to DCOVERALL). In cases where ADCu is negative,
the incremental profits of technology owner u gained from PEIP is below the ideal
status. For cases where ADCu = −1 and DCu = 0, technology owner u does not gain
any incremental profits from being in the PEIP. In this respect, it would be desirable
for ADCu value to be greater than 1 in order to encourage technology cooperation
in the PEIP [21].

To ensure a stable PEIP coalition, ADCu is boundedwithinmaximum
(
ADCmax

u

)

and minimum
(
ADCmin

u

)
limits that are predefined by the participating technolo-

gies, whereby ADCu ∈
(
ADCmin

u ,ADCmax
u

)
. As such, the coalition is considered

stable if their respective ADCu of each technology u is located within the predefined
limits. On the other hand, if ADCu falls out of the given range, the stability of the
PEIPwill be compromised due to unreasonable distribution of the incremental profits
[21]. As mentioned by Wang et al. [21], ADCmin

u and ADCmax
u might not be the

same for all technology owners u, and the limits can be altered based on technologies’
requirements or policies.

4 Case Study

The PEIP considered in this case study consists of three technology systems, i.e.,
palm oil mill (POM), a biomass-based cogeneration system (BCS) [3] and a palm-
based biorefinery (PBB). Note that each of these systems has its respective owner,
and their AOT are taken as 5000 h/yr. In the proposed PEIP, the POM is taken as an
existing facility, while the BCS and PBB are facilities that are to be newly installed
in the PEIP. Figure 1 illustrates the possible interactions among these technologies.

As shown in Fig. 1, the POM is fed with fresh fruit bunches (FBBs, from the oil
palm plantations) as raw material. POM requires utilities such as low pressure steam
(LPS), cooling water, chilled water, and power. These utilities can be purchased
from the BCSwithin the PEIP, or from an external facility; with the associated prices
listed in Table 1. Note that POM operation produces crude palm oil (CPO) as the
main product and EFB, PMF and PKS as biomass waste. The latter may be sold as
feedstock to the BCS and PBB, with selling prices given in Table 2. Note that the
BCS and PBB can purchase these biomass residues from external facilities (with
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Fig. 1 Initial PEIP configuration for case study

Table 1 Utility prices from BCS and external facility

Utility BCS (US$) External (US$)

Low pressure steam (LPS) 0.0184/kg 0.0207/kg

Medium pressure steam
(MPS)

0.0460/kg 0.0483/kg

Cooling water 0.000069/kg 0.000092/kg

Chilled water 0.00046/kg 0.00069/kg

Power 0.0667/kWh 0.0897/kWh

prices listed in Table 2). POME produced by the POM can be treated by the POM
internally, at cost of 4.48 US$/kg; or outsourced to the BCS (with no charge) to
produce biogas for power generation. If EFBs are not utilized by the BCS or PBB,
it would be disposed of at the cost of 0.0023 US$/kg. Apart from that, PBB would
require utilities such as medium pressure steam (MPS) and power for its operation.
These utilities can be purchased from the BCS, or from an external facility at higher
prices (see Table 1). The potential end products of PBB are biofuels such asmethanol
(MeOH), dimethyl-ester (DME), biodiesel and biogasoline. These fuels may be sold
to external customer at the given prices (see Table 3).
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Table 2 Material prices from POM and external facility

Material POM (US$/kg) External (US$/kg)

Crude palm oil (CPO) 0.69 –

Empty fruit bunches (EFBs) 0.0046 0.0069

Palm mesocarp fiber (PMF) 0.0161 0.0184

Palm kernel shell (PKS) 0.0373 0.0414

Table 3 Material prices from
PBB

Material Selling price (US$/kg)

Dimethyl-Ester (DME) 0.474

Biodiesel 0.122

Biogasoline 0.242

Methanol (MeOH) 0.805

Table 4 Different scenarios studied in case study

Scenario Description of Scenario

1 No coalition within PEIP

2 Coalition between BCS and POM

3 Coalition between PBB and POM

4 Coalition between BCS and PBB

5 Coalition between all three systems

4.1 Incremental Profits Allocation

Following to the proposed approach, the incremental profits of all possible coalitions
in the PEIP are computed. These incremental profits are obtained by considering five
different scenarios, as shown in Table 4. In Scenario 1, no coalition is to be formed
among the three parties in the PEIP. For this scenario, GPOVERALL is maximized and
its value is determined as US$43,800,000. The corresponding incremental profits for
BCS, PBB and POM are determined as US$400,000, US$200,000 and US$900,000,
respectively.

For Scenarios 2–4, coalition is assumed to be formed among technology owners
in the PEIP. In Scenario 2, coalition between BCS and POM is first analyzed. For this
case, economic transactions between BCS and POM are assumed to be waived by
both technology owners. For instance, energy produced by BCS can be supplied to
POM at no cost, since both owners of these technologies are in coalition. Similarly,
palm-based biomass from the POM can be supplied to the BCS at no fee. As shown
in Table 5, GPOVERALL of Scenario 2 is determined as US$43,800,000; while the total
incremental profits of the POM and BCS coalition is US$4,100,000. In Scenario 3,
coalition is formed between owners of PBB and POM, i.e., economic transactions
between these technology owners are subsidized. The GPOVERALL for Scenario 3 is
determined as US$43,800,000, while the total incremental profits of the PBB and
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Table 5 Distribution of available palm-based biomasses in PEIP

Palm-based biomass Available from POM
(kg/h)

Utilized by BCS
(kg/h)

Utilized by PBB
(kg/h)

EFB 12375.0 12375.0 0.0

PMF 6875.0 6875.0 0.0

PKS 3437.5 619.8 2817.7

POME 40700.0 40700.0 0.0
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Fig. 2 Optimized PEIP configuration

POM coalition are US$1,600,000. Similar with the previous scenarios, Scenario
4 assumes economic transactions for the BCS and PBB coalition are subsidized.
The GPOVERALL of this scenario is determined as US$43,800,000, with the total
incremental profit of the BCS and PBB coalition as US$1,200,000. Lastly, Scenario
5 considers a coalition between all three technology owners. In this case, the costs
for these three parties are subsidized as they are operating under a single coalition.
GPOVERALL is determined as US$43,800,000 and the total incremental profits for all
three parties is US$5,400,000. The optimal PEIP configuration (Fig. 2) in Scenario 5
is taken as the final configuration as this is the coalition desired for further analysis.

Table 5 shows the distribution of the available palm-based biomass within the
PEIP in Fig. 2. As shown, all EFB, PMF and POME are utilized by the BCS in
order to meet the energy demands of the POM and the PBB. Specifically, the EFB
and PMF biomasses are sent to the water tube boiler in the BCS to produce steam
and generate power via steam turbines (Fig. 3). Besides, POME is processed in an
anaerobic digester to yield biogas which is then purified and sent to a gas turbine for
power generation. The resulting waste heat from the gas turbine is then recovered
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via a heat recovery steam generator (HRSG) to produce additional amount of steam
(Fig. 3). A total of 82% of the PKS biomass is distributed to the PBB to produce
methanol fuel while the remaining 18% is sent to the BCS for generating steam and
power (Table 5).

Following this, the cooperative gamemodel is formulated as shown in Eqs. 14–23.
Note that Eqs. 14–16 are formulated based on the generic representation in Eq. 4.
Meanwhile, Eqs. 17–19 and 20–22 are formulated according to Eqs. 5 and 6 respec-
tively. Lastly, Eq. 23 is formulated in accordance to Eq. 7. Also, in this case study,
the index u of 1, 2, and 3 refer to the owners of BCS, PBB and POM, respectively.

(
1
/
C1

)
PA1 ≥ λ (14)

(
1
/
C2

)
PA2 ≥ λ (15)

(
1
/
C3

)
PA3 ≥ λ (16)

C1 � (IP123 − IP23 + IP12 − IP2 + IP13 − IP3 + IP1)
/
IP123 (17)

C2 � (IP123 − IP13 + IP12 − IP1 + IP23 − IP3 + IP2)
/
IP123 (18)
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Table 6 Input for Maali’s
cooperative game model in
PEIP case study

IPz (106 US$/yr)

IP1 0.40

IP2 0.20

IP3 0.90

IP13 4.10

IP23 1.60

IP12 1.20

IP123 5.40

C3 � (IP123 − IP12 + IP13 − IP1 + IP23 − IP2 + IP3)
/
IP123 (19)

PA1 ≥ IP1 (20)

PA2 ≥ IP2 (21)

PA3 ≥ IP3 (22)

PA1 + PA2 + PA3 � IP123 (23)

In order to solve the formulated model, input values of IP1, IP2, IP3, IP13, IP23,
IP12, and IP123 must be obtained. These input data are obtained from Scenarios
1–5 considered earlier. As shown in Table 6, the corresponding incremental profits
for BCS, PBB, and POM in Scenario 1 are taken as IP1, IP2, and IP3 respectively.
The incremental profits in Scenarios 2–5 are taken as IP13, IP23, IP12, and IP123
respectively. With these values, the allocation problem is solved by maximizing
Eq. 8.

Solving Eq. 8 determines the total incremental profit for the PEIP coalition as
US$5,500,000 (Table 7). Of this total incremental profit, the BCS, PBB and POM
owners would receive US$2,100,000, US$800,000 and US$2,600,000 respectively.
In other words, BCS, PBB, and POM owners have been allocated 38, 14, and 48% of
the total incremental profits based on their respective contributions in the PEIP coali-
tion. Based on these allocations, Table 7 indicates that the incremental profits of BCS,
PBB and POM have increased by US$1,700,000, US$600,000, and US$1,700,000,
respectively. Such increase shows that incremental profit allocated to PBB within
the coalition is significantly higher as compared to when they operated in isolation
(Scenario 1). This also suggests that the PBB is economically viable to be installed
along with BCS and POM.

Besides, the allocations for the BCS in Table 7 shows that investing in power
generation systems yields relatively higher incremental profits as compared to the
PBB. The latter has the least profit share, due to its limited contribution to the PEIP.
Apart from utilizing the biomass produced by the POM, the PBB can increase its
incremental profits if a portion of its product portfolio is contributed to the POM
and/or BCS. For instance, if some of the methanol produced by PBB is used as
a fuel in the BCS, it would mean that the PBB is contributing much more to the
coalition than it previously did. Consequently, the PBB would receive much higher
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Table 7 Incremental profits comparison of PEIP

Incremental
profits without
coalition (106

US$/yr)

Incremental
profits with
coalition (106

US$/yr)

Allocation from
total (%)

Increase/decrease
(±106 US$/yr)

BCS (1) 0.40 2.10 38 +1.70

PBB (2) 0.20 0.80 14 +0.60

POM (3) 0.90 2.60 48 +1.70

Total 1.50 5.50 100 +4.00

Fig. 4 Decision hierarchy of
PEIP case study

POM

BCS PBB

incremental profits since it is not only utilizing the biomass from the coalition, but
also contributing methanol to the coalition.

In the next section, the allocations shown in Table 7 are then utilized to analyze
the stability threshold of the coalition.

4.2 Stability Analysis

For stability analysis, this case study assumes that the additional investment cost of a
technology owner u (AIu) is given as a fraction (cf u) of the owner’s rawmaterial costs
(shown in Eq. 24). As such, the stability threshold is determined by investigating the
range in which values of cf u would provide a stable PEIP. Moreover, it is assumed
that all technology owners agree that the PEIP is considered stable only when ADCu

of each party is within the range of −0.5 to 0.5. Following this, the stability analysis
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Fig. 5 a Range of cf 1 based
on cf 2 with respect to
cf 3=20%, b with respect to
cf 3=25%, c with respect to
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is formulated in Eqs. 25–33. Equations 25–33 are formulated based on the generic
representation presented in Eqs. 9–13.

AIu � c fu × RMCu ∀u (24)

AIOVERALL � AI1 + AI2 + AI3 (25)

IPOVERALL � IP1 + IP2 + IP3 (26)

DCOVERALL � IPOVERALL

AIOVERALL
(27)

ADC1 � DC1

DCOVERALL − 1 (28)

ADC2 � DC2

DCOVERALL − 1 (29)
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ADC3 � DC3

DCOVERALL − 1 (30)

DC1 � PA1

AI1
(31)

DC2 � PA2

AI2
(32)

DC3 � PA3

AI3
(33)

Prior to determining the stability threshold, a decision hierarchy is first defined for
the PEIP. The decision hierarchy describes which system in the PEIP has a higher
influence on its operational decisions. Since the POM is the sole provider of raw
materials in the PEIP in Fig. 2, operational decisions in the POM would outweigh
the decisions in the BCS and PBB. If any variations or disturbances are experienced
in the POM, it would cause a “ripple” effect toward BCS and PBB operations and
subsequently destabilizing the PEIP economically. In that respect, the POM is placed
on the top of the decision hierarchy as shown in Fig. 4. Based on Fig. 4, the stability
threshold is determined by investigating the behavior of cf 1 (BCS) and cf 2 (PBB)
values with respect to cf 3 (POM), with results shown in Fig. 5. As shown in Fig. 5a,
the range of stability for fractions cf 1 and cf 2 is investigated empirically when cf 3
�20%. The verticals lines shown in the plot represent the range in which cf 1 values
give a stable PEIP when cf 2 is gradually increased. Meanwhile, the horizontal lines
indicate the common region of stability of cf 1 for different values of cf 2. Similarly,
results for cf 3 �25% and cf 3 �30% are shown in Fig. 5b, c respectively. The
common region of stability for the stability threshold of the PEIP is given as follows;

37% ≤ c f1 ≤ 46%

10% ≤ c f2 ≤ 30%

20% ≤ c f3 ≤ 25%

If additional investment cost of one (or more) system falls outside the above-
mentioned stability threshold, the stability of the PEIP is compromised and further
action must be taken.

Based on these thresholds, it can be seen that the POM has a smaller range as
compared to BCS and POB. This suggests that the PBB is able to absorb a wide range
of deviations in their respective additional investment costs in order to maintain an
acceptable economic stability within the coalition.

5 Conclusion

In this chapter, an integrated approach was presented to determine the allocation of
incremental profits for in a coalition that implements a green technology system.
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The approach is applied to the specific case of a palm-based biorefinery (PBB)
in a palm-based eco-industrial park (PEIP). The results suggest that the optimal
allocation of incremental profits is 14% (US$800,000) for the PBB. This allocation
indicates that incremental profits allocated to PBB within the PEIP coalition are
significantly higher compared to when the PBB operates without coalition. Based
on this allocation, further stability analysis determined that the PBB is economically
stable for as long as its additional investment costs are within 10–30% of its raw
material costs.

Acknowledgements The financial support from the Ministry of Higher Education, Malaysia
through the LRGS Grant (Project Codes: LRGS UPM Vot 5526100 and LRGS/2013/UKM-
UNMC/PT/05) are gratefully acknowledged.

References

1. AbdullahN, SulaimanF (2013)The oil palmwastes inMalaysia. In: Biomass now—sustainable
growth and use. InTech

2. Ali AAM, Othman MR, Shirai Y, Hassan MA (2015) Sustainable and integrated palm oil
biorefinery concept with value-addition of biomass and zero emission system. J Clean Prod
91:96–99

3. Andiappan V, Ng DKS, Bandyopadhyay S (2014) Synthesis of biomass-based trigeneration
systems with uncertainties. Ind Eng Chem Res 53:18016–18028

4. Andiappan V, Tan RR, Ng DKS (2016) An optimization-based negotiation framework for
energy systems in an eco-industrial park. J Clean Prod 129. https://doi.org/10.1016/j.jclepro.2
016.04.023

5. Department of Statistics Malaysia (2017) Gross domestic product third quarter 2017
6. Holling C (1996) Engineering within ecological constraints. National Academies Press, Wash-

ington, DC
7. Kasivisvanathan H, Barilea IDU, Ng DKS, Tan RR (2013) Optimal operational adjustment in

multi-functional energy systems in response to process inoperability.ApplEnergy102:492–500
8. Kasivisvanathan H, Ng RTL, Tay DHS, Ng DKS (2012) Fuzzy optimisation for retrofitting

a palm oil mill into a sustainable palm oil-based integrated biorefinery. Chem Eng J
200–202:694–709

9. KeTTHA (2010) Definition of green technology (WWW document). http://www.gpnm.org/e/
articles/Definition-of-Green-Technology-by-KETTHA-Ministry-of-Energy-Green-Technolo
gy-and-Water-a5.html. Accessed 31 Jan 2018

10. Kronenberg J (2007)Ecological economics and industrial ecology: a case study of the integrated
product policy of the European union. Routledge, New York

11. Maali Y (2009) Amultiobjective approach for solving cooperative n-person games. Int J Electr
Power Energy Syst 31:608–610

12. Malaysian Innovation Agency (2011) National biomass strategy 2020 : New Wealth Creation
for Malaysia’s Palm Oil Industry

13. Mayer AL (2008) Ecologically-based approaches to evaluate the sustainability of industrial
systems. Int J Sustain Soc 1:117–133

14. Ng RTL, Hashim MH, Ng DKS (2013) Process synthesis and optimization of a sustainable
integrated biorefinery via fuzzy optimization. AIChE J 59:4212–4227

15. Ng RTL, Ng DKS, Tan RR (2015) Optimal planning, design and synthesis of symbiotic bioen-
ergy parks. J Clean Prod 87:291–302

16. Ng RTL, Ng DKS, Tan RR (2013) Systematic approach for synthesis of integrated palm oil
processing complex. Part 2: multiple owners. Ind Eng Chem Res 52:10221–10235

https://doi.org/10.1016/j.jclepro.2016.04.023
http://www.gpnm.org/e/articles/Definition-of-Green-Technology-by-KETTHA-Ministry-of-Energy-Green-Technology-and-Water-a5.html


190 V. Andiappan et al.

17. NgRTL,NgDKS,TanRR,El-HalwagiMM(2014)Disjunctive fuzzy optimisation for planning
and synthesis of bioenergy-based industrial symbiosis system. J Environ Chem Eng 2:652–664

18. Shapley LS (1953) A value for n-person games. In: Contributions to the theory of games.
Annals of mathematical studies. Princeton University Press, Princeton, pp. 307–317

19. TeoKY, Ng TY,WauCM, Liew JTS, Andiappan V, NgDKS (2017) Hybrid optimisationmodel
for the synthesis of a central utility system in eco-industrial park. Process Integr Optim Sustain

20. Waage S (2013) Disruptive innovation is key for a sustainable economy (WWW document).
Guard. https://www.theguardian.com/sustainable-business/disruptive-innovation-sustainable-
economy

21. WangG, FengX, ChuKH (2013)A novel approach for stability analysis of industrial symbiosis
systems. J Clean Prod 39:9–16

https://www.theguardian.com/sustainable-business/disruptive-innovation-sustainable-economy


Index

A
Alternative biomass supply, 2, 3, 118, 119,

133, 139, 146, 154, 157, 158, 164, 168,
171, 178

Anaerobic digestion, 77–79, 87, 90, 177
Analytic Hierarchy Process (AHP), 35, 38, 39,

41, 43–46, 50, 51, 53, 133, 161, 169

B
Biogas, 73, 77, 79–91, 118, 120, 177, 183, 185
Biomass allocation, 143, 148
Biomass supply chain, 2–4, 14, 117–120, 133,

136–139, 144, 146, 154, 157–159, 164,
165, 167–169, 171

Bulk density, 1–3, 5–16, 18, 135, 153

C
Computer-Aided Molecular Design (CAMD),

35, 37–39, 41, 49, 51, 53, 54
Cooperative game theory, 175, 180
Crystallisation, 59, 60, 66, 69–71

D
Decision-making, 53, 138, 152, 161, 166

E
Eco-industrial park, 175, 177, 191
Empty Fruit Bunch (EFB), 2–4, 7, 9, 10,

11–14, 68, 87, 118, 122–128, 136, 144,
145, 164, 170, 177, 182, 185

G
Green technology systems, 175, 177–179

I
Incremental profits allocation, 179, 180, 184

L
Linear programme, 117, 134, 143

M
Modelling, 38, 119, 133, 157, 171
Moisture content, 1–3, 5–10, 12–16, 137
Multi-objective Optimisation, 37, 49, 53, 128,

129, 131, 139, 161

O
Oil Recovery, 35, 37, 59, 62, 68, 71
Optimisation, 4, 39, 49, 51, 119, 122, 128–131,

133, 139, 146, 157, 158, 161, 162

P
Palm oil mill, 68, 71, 73, 78, 81, 83–85, 90, 91,

118, 120, 177, 178, 182
Palm Oil Mill Effluent (POME), 73–89, 91,

118, 120, 177, 183, 185
Palm Pressed Fibre (PPF), 35, 36, 39, 41, 45,

47, 53
Palm-wax, Extraction, 64, 68–71
Physical appearance, 2, 8
Pilot plant, 61, 64, 68
Process optimisation, 49, 51, 158
Process synthesis, 119

R
Residual oil, 35, 36, 39, 41, 45, 47, 53, 59–61,

64–66, 69

© Springer Nature Singapore Pte Ltd. 2019
D. C. Y. Foo and M. K. Tun Abdul Aziz (eds.), Green Technologies for the Oil Palm
Industry, Green Energy and Technology, https://doi.org/10.1007/978-981-13-2236-5

191



S
Sink-source matching, 119
Solvent design, 37, 40–43, 49
Spent bleaching clay, 59, 60, 71

Stability analysis, 175, 178, 179, 181, 188, 191
Superstructural model, 121–124
Sustainability evaluation, 161

192 Index


	Foreword
	Preface
	Synopses of Chapters in Part I—New Technologies for Palm Oil Mills
	Synopses of Chapters in Part II—Palm Biomass and Biomass Supply Chain

	Acknowledgements
	Contents
	New Technologies for Palm Oil Mills
	Flowsheet Synthesis and Optimisation of Palm Oil Milling Processes with Maximum Oil Recovery
	1 Introduction
	1.1 Systematic Approach for Flowsheet Synthesis

	2 Problem Statement
	3 Development in Palm Oil Milling Processes
	4 Mathematical Model Formulation
	4.1 Material Balance
	4.2 Utility Balance
	4.3 Economic Analysis

	5 Case Study
	6 Conclusion
	7 Further Reading
	Appendix
	References

	Alternative Solvent Design for Oil Extraction from Palm Pressed Fibre via Computer-Aided Molecular Design
	1 Introduction
	1.1 Computer-Aided Molecular Design (CAMD)

	2 Proposed AHP–CAMD Framework for Alternate Solvent Designs in Residual Oil Extraction
	2.1 Determination of Design Objective and Target Properties
	2.2 Identification of Property Prediction Models
	2.3 Analytic Hierarchy Process (AHP) Stage
	2.4 Computation of Weights from Decision-Maker’s Value Judgement
	2.5 Molecular Design Stage
	2.6 Optimisation Model

	3 Proposed AHP–CAMD Framework Solution
	4 Conclusion
	References

	Green Extraction Process for Oil Recovery Using Bioethanol
	1 Introduction
	2 Materials and Methodology
	2.1 SBC and Solvent Preparation
	2.2 Pilot Plant Solvent Extaction
	2.3 Fractional Crystallisation and Evaporation
	2.4 Analysis of the Characteristic of the Extracted Oils

	3 Results and Discussion
	3.1 Effects of Pressure on Extraction Efficiency
	3.2 Yield of Gold Finger (GF) and Black Wax (BW)
	3.3 Characterisation of Residual Oils Extracted

	4 Potential Uses of GF and BW as Green Chemicals
	5 SECE for Oil Recovery in Palm Oil Milling Process
	6 Conclusion
	References

	Palm Oil Mill Effluent (POME) Treatment—Current Technologies, Biogas Capture and Challenges
	1 Introduction
	2 POME Treatment Technologies
	2.1 Physico-Chemical Treatments
	2.2 Biological Treatment
	2.3 Greener Technology for POME Treatment—Biogas Capture System

	3 Current Issues, Challenges and Areas of Improvement
	3.1 Technology Challenges
	3.2 Safety and Operational Risks
	3.3 Knowledge Transfer Between Industry and Academia
	3.4 High Investment Cost
	3.5 Government Supports
	3.6 Grid Interconnectivity

	4 Conclusions
	References

	Palm Biomass and Biomass Supply Chain
	Numerical Methods to Estimate Biomass Calorific Values via Biomass Characteristics Index
	1 Introduction
	2 Literature Review
	3 Biomass Characteristics Index (BCI)
	3.1 Relationships Between Bulk Density and Moisture Content
	3.2 BCI Calculation

	4 Illustrative Example
	5 Analysis
	6 Demonstration of Application Case Study
	6.1 BCI Alternative Sourcing
	6.2 Biomass Materials Filtering Using BCI

	7 Conclusion
	References

	A Simple Mathematical Model for Palm Biomass Supply Chain
	1 Introduction
	1.1 Palm Biomass Supply Chain for Power Generation

	2 Problem Statement
	3 Mathematical Model for Biomass Sink-Source Allocation
	4 Case Study
	4.1 Scenario 1—CO2 Emission Minimisation for Environmental Protection
	4.2 Scenario 2—Customer’s Perspective
	4.3 Scenario 3—Supplier’s Perspective

	5 Multi-objective Optimisation
	6 Case Study (Revisited)
	7 Conclusions
	References

	An Overview of Palm Biomass Supply Chain Modelling
	1 Introduction
	2 Facilities Location Decision
	2.1 Area Fragmentation
	2.2 Infeasibility Elimination
	2.3 Connectivity Detachment
	2.4 Economic Analysis
	2.5 Example

	3 Transportation Decisions
	3.1 Vehicle Capacity Constraints Consideration
	3.2 Graphical Decision-Making Tools
	3.3 Example (Revisited)

	4 Sustainability Evaluation and Optimisation
	4.1 Optimisation Consideration
	4.2 Multi-objective Optimisation Techniques
	4.3 Graphical Representation
	4.4 Example (Revisited)

	5 Debottlenecking
	5.1 Concept
	5.2 Debottlenecking Approaches
	5.3 Example (Revisited)

	6 Conclusion
	References

	Cooperative Game Theory Analysis for Implementing Green Technologies in Palm Oil Milling Processes
	1 Introduction
	2 Problem Statement
	3 Mathematical Model
	3.1 Incremental Profit Allocation
	3.2 Stability Analysis

	4 Case Study
	4.1 Incremental Profits Allocation
	4.2 Stability Analysis

	5 Conclusion
	References

	Index



