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ABSTRACT 

The oil palm industry plays significant roles in developing Malaysia’s 

economy, society and environment. Current oil palm industry practices produce 

millions of tons of oil palm biomass as bio-waste at plantations and mills. Untreated 

biomass waste leads to environmental problems such as waterways contamination 

and carbon dioxide emission (CO2). Biomass waste produced reached 150 million 

tons in 2014, which comprised of decanter cake, boiler ash, empty fruit bunch, palm 

oil mill effluent, oil palm frond, and oil palm trunk. An oil palm eco-industrial town 

(EIT) was proposed as a new oil palm industry model to balance both economic and 

environmental needs by integrating oil palm based industries and community. The 

main objective of this study was to synthesise oil palm based industries for oil palm 

EIT by using structural optimisation. In order to achieve the goal, four sub-objectives 

were identified: (1) to develop a model that can determine the products and biomass-

pathways that will give maximum profit to the oil palm EIT, (2) to develop a model 

that can decide the profitable products and biomass-pathway that will give maximum 

profit to the oil palm EIT while minimising impacts of CO2 emissions to the 

environment, (3) to develop a model that is able to do spatial planning of centralised 

biomass facility, as well as location for spatial development of oil palm EIT, and (4) 

to develop a multi-period model that can decide the most profitable industries in oil 

palm EIT for the next 10 year period, taking into consideration the biomass yield 

based on age of the palm oil tree. A case study of Johor was applied in this research. 

The developed models were optimised by using General Algebraic Modelling 

System (GAMS) software as an optimisation tool. The developed models verified 

that the community and oil palm based industries can be integrated via oil palm EIT 

concept. The developed model named as the Economic Optimisation Model (EOM) 

found that the maximum profit that can be achieved by oil palm EIT was USD 67.27 

million. The Green Economic Optimisation Model (GEOM) verified that the oil 

palm EIT can meet both economic and environmental needs with 0.96 degree of 

satisfaction, optimal profit of USD 65.50 million and total CO2 emission of 464,210 

kg-CO2-eq. The oil palm EIT can achieve maximum profits of USD 163.37 million 

via decentralised system in cases where there are multi-site oil palm EITs, as 

demonstrated by the Multi-site Optimisation Model (MSOM). Multi-period 

Optimisation Model (MPOM) demonstrated the most profitable industrial elements 

to be developed for year 2016 to 2025. It was found that the maximum profit can be 

achieved by oil palm EIT for the 10 year period was USD 903.07 million. The oil 

palm EIT can be promoted as a green economic development model powered by oil 

palm biomass. 
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ABSTRAK 

Industri kelapa sawit memainkan peranan penting dalam membangunkan 

ekonomi, masyarakat, dan alam sekitar Malaysia. Namun, amalan industri kelapa 

sawit semasa menghasilkan jutaan tan biojisim kelapa sawit sebagai bahan buangan 

di ladang dan kilang kelapa sawit. Bahan buangan biojisim yang tidak dirawat 

dengan baik mengundang masalah alam sekitar seperti pencemaran saliran dan 

pembebasan karbon dioksida (CO2). Bahan buangan biojisim yang dijana mencecah 

150 juta tan pada tahun 2014 termasuk serat, abu dandang, tandan sawit kosong, 

efluen kilang sawit, tandan dahan sawit, dan batang pokok sawit. Sebuah bandar eko 

industry (EIT) kelapa sawit dicadangkan sebagai model industri kelapa sawit baru 

untuk mengimbangi ekonomi dan alam sekitar dengan menggabungkan industri 

berasaskan kelapa sawit dengan komuniti. Objektif utama kajian ini adalah untuk 

mensintesis industri berasaskan kelapa sawit untuk EIT kelapa sawit dengan 

menggunakan kaedah pengoptimuman berstruktur. Bagi mencapai tujuan tersebut, 

empat sub-objektif dikenalpasti: (1) untuk membangunkan model yang boleh 

menentukan produk dan laluan biojisim yang dapat memberi keuntungan maksimum 

kepada EIT kelapa sawit, (2) untuk membangunkan model yang dapat menentukan 

produk dan laluan biojisim yang dapat memberikan keuntungan yang maksimum 

disamping meminimumkan pembebasan CO2 ke alam sekitar, (3) untuk 

membangunkan model yang dapat merancang ruangan untuk pemusatan biojisim 

serta lokasi pembinaan EIT kelapa sawit, dan (4) untuk membangunkan model 

pelbagai-waktu yang dapat menentukan industri kelapa sawit yang menguntungkan 

bagi EIT kelapa sawit untuk tempoh 10 tahun akan datang dengan 

mempertimbangkan pengeluaran biojisim berdasarkan usia pokok kelapa sawit. 

Model-model yang dibangunkan dioptimumkan dengan menggunakan perisian 

Sistem Pemodelan Algebra Umum (GAMS) sebagai alat pengoptimuman. Model 

yang dibangunkan mengesahkan bahawa komuniti dan industri boleh digabungkan 

melalui EIT kelapa sawit. Model yang dibangunkan bernama Model Pengoptimuman 

Ekonomi (EOM) menunjukkan keuntungan maksimum yang boleh dijana oleh EIT 

adalah sebanyak USD 67.27 juta. Model Pengoptimuman Ekonomi Hijau (GEOM) 

pula mengesahkan bahawa EIT kelapa sawit boleh mencapai keseimbangan ekonomi 

dan alam sekitar dengan darjah kepuasan sebanyak 0.96, keuntungan optimum USD 

65.50 juta dan jumlah pembebasan CO2 adalah sebanyak 464,210 kg-CO2-setara.  

Dalam kes wujudnya beberapa lokasi EIT kelapa sawit, keuntungan maksimum yang 

boleh dijana oleh EIT kelapa sawit adalah sebanyak USD 163.37 juta, melalui sistem 

nyahpusat sebagaimana ditunjukkan oleh Model Pengoptimuman Pelbagai-kawasan 

(MSOM). Model Pengoptimuman Pelbagai-waktu (MPOM) menunjukkan elemen 

industri yang paling menguntungkan bagi tahun 2016 hinga 2025. Keuntungan 

maksimum yang boleh dicapai oleh EIT bagi tempoh 10 tahun akan datang adalah 

USD 903.07 juta. EIT kelapa sawit boleh diperkenalkan sebagai model 

pembangunan ekonomi hijau berasaskan biojisim kelapa sawit.                   
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CHAPTER 1  

INTRODUCTION 

1.1 Introduction 

Palm oil is one of the most important edible oils in the world. Being one of 

the world’s main palm oil producers, Malaysia plays a significant role toward 

sustainability in palm oil production.  This chapter elaborates on research 

background, problem statement, research objectives and scope of work related to 

development of oil palm eco-industrial town model.  Finally, this chapter highlights 

the contributions of this study towards the research and development of the oil palm 

industry. 

1.2 Palm Oil Outlook 

Palm oil is the highest oilseed’s producer in the world compared to other 

oilseed.  Based on total production of oilseed in the past four years as shown in 

Figure 1.1, palm oil has the highest production with 291.53 million tonne (Mt), 

followed by soybean 231.76 Mt, rapeseed 128.8 Mt, sunflowerseed 72.68 Mt, palm 

kernel 34.36 Mt, peanut 27.43 Mt, cottonseed 25.18 Mt, coconut 17.23 Mt and the 

lowest, olive with 14.32 Mt. Oilseed production from oil palm tree (palm oil and 

palm kernel) represented 37 - 39% of total annual oilseed production between 2012 

to 2016. The palm oil is the world’s main consumption for edible oil, which 

represents 35% of total edible oil consumption, followed by soybean 29%, rapeseed 

15%, sunflower seed 8%, palm kernel 4%, peanut 3% and other oilseed oil 2%.  

Production and demand factors make palm oil the most profitable oilseed in the 

world.   World’s edible oil main consumption for palm oil, soybean, rapeseed seed,  
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Figure 1.1 World edible oil production from 2012-2016 (USDA, 2016) 

 

sunflower seed, palm kernel, peanut and other oilseed is shown by Figure 1.2 in the 

next page.       

Oil palm has high productivity and efficiency compared to other oilseeds. 

This has been proven by the land use for oilseed cultivation; it was reported that oil 

palm cultivation used only 5.5 % of total cultivated land compared to the soybean 

that uses 40% of total cultivation land for oilseed. Sime Darby Plantation, (2014) 

reported that oil palm can produce about 8 t/ha of oil yearly or more than 10 times 

yield compared to other oilseed crops. Figure 1.3 in the next page shows world palm 

oil main producer in 2016.  Indonesia was the world largest palm oil producer with 

54%, followed by Malaysia with 31%, Thailand 4%, Columbia 2%, and lowest was 

Nigeria with 1%. Indonesia and Malaysia produces 85% of total world palm oil in 

2016 with Malaysia contributing 31%. Being the second largest palm oil producer, 

Malaysia has planted about 5.64 Mha of oil palm tree, 17% of Malaysia’s land size.                             

 Oil palm is an important economic crop for Malaysia. This industry 

contributed about RM 41.26 billion to the country’s revenue in 2016. Major 

importers for Malaysia’s palm oil in 2016 are India (3.69 Mt), European Union (2.43 

Mt), China (2.38 Mt), Pakistan (0.73), USA (0.7 Mt), Philippines (0.65 Mt), and 

Vietnam (0.58 Mt). Total amount of palm oil exported to these seven countries 
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accounted for 64% of total Malaysia’s palm oil export. Most of the exported palm 

oil, either in the form of crude palm oil or palm kernel oil, is mainly used in food and 

non-food industries as cooking oil and feedstock for processing activities such as 

animal feeds mix.      

 

 

Figure 1.2 World edible oil consumption in 2016 (USDA, 2016) 

  

Figure 1.3 World oil palm producer in 2016 (USDA, 2016) 
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1.3 Background of Research 

Oil palm is one of the most important crops in Malaysia in the aspect of the 

economic, environmental and social benefits. Malaysia has established more than 

400 palm oil mills to extract oils from fresh fruit bunches (FFB) into crude palm oil 

(CPO) and palm kernel (PK) (MPOB, 2015b). However, oil palm industry also 

generates large amount of unused oil palm biomass.  It is estimated that in 2014, 

about 157 million tonne (Mt) of oil palm biomass were produced by the plantations 

and palm oil mills in Malaysia. About 43% of the oil palm biomasses are at the 

plantation, which includes oil palm frond (OPF) and oil palm trunk (OPT). The 

remaining 57% of oil palm biomass are available at the palm oil mills, which 

includes empty fruit bunches (EFB), palm oil mill effluent (POME), oil palm shell 

(OPS), and mesocarp fibre (MF).              

There have been many efforts of utilising oil palm biomass. Yoshizaki et al., 

(2013) investigated a new approach for utilising POME and EFB via integrated 

technology of biogas energy and compost production. Combustion of EFB, OPS and 

MF can generate at least 20 MW of electricity, as reported by Nasution et al. (2014). 

Chiew and Shimada (2013) studied the trend of utilising oil palm residue and the 

environmental performance of recycling technologies being used for fuel, fibre, and 

fertilizer in Malaysia.  Unfortunately, not all oil palm biomass are being utilised 

optimally. Oil palm biomass such as EFB, OPT, OPF, OPS, MF and POME need to 

be transported to other processing mills in order to be processed into other oil palm 

based products. Factors such as technology, cost, and physical properties make this 

valuable biomass dumped at palm oil mills and plantations. This situation contributes 

negative impact to the environment, such as CO2 emission and other GHG being 

released to the atmosphere. Extensive research is needed to find optimal palm oil 

biomass to energy conversion, with minimum waste generation and valuable by-

products (Bazmi et al., 2011).  

On the other hand, eco-industrial cluster (EIC) can effectively use biomass by 

converting them into other marketable product and bio-energy form. EIC employs 

industrial symbiosis approach to reduce energy usage, material consumption, waste 

generation and GHG emission. Generally, several industries will be clustered at the 

same location and cooperate with each other via the industrial symbiosis approach. 
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Note that waste output from one industry becomes the raw material input to another 

industry within the EIC. This helps the industry to generate additional income by 

selling waste and reduce cost for waste disposal. Besides that, transportation cost can 

be eliminated as the waste or materials are transported to nearby industries. In fact, 

this industrial model has been proven to play a vital role in developing countries such 

as Vietnam, India, Thailand and other countries, through GDP increment and social 

development. Even as EIC benefits the community via local economic generation 

and job opportunity, the community itself are not directly involved with material or 

energy sharing in EIC. Towards sustainability, the community should be integrated 

with the industries in the EIC model. The concept of industrial symbiosis as 

illustrated in Figure 1.4.       
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Palm Oil 
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Energy, material, waste Energy, material, waste

Energy, material, waste
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Figure 1.4 Schematic diagram of industrial symbiosis embedded in EIT 
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Oil palm industry in Malaysia has the potential to create oil palm eco-

industrial town (EIT) by utilising availability of oil palm biomass and employing 

eco-industrial cluster concept. The EIT integrates the industries and community via 

material and energy sharing in one location. Oil palm eco-industrial town (EIT) 

could contribute to the economy, environment and play a vital role in the green 

economic development for the local community.  Among potential industries that 

could be incorporated in the EIT are bio-fertilizer industry, biogas industry, paper 

and pulp industry, oil palm plantation, crude palm oil mill, bio-fuel industry, and 

livestock industry. Aside from bringing positive impact to the economic value, these 

industrial activities also benefit the local community by providing job opportunities 

and developing the area continuously. Thus, oil palm based industries should evolve 

into EIT as a smart green economic development. The concept of EIT, eco-town and 

eco-industrial cluster is shown in Figure 1.5.  

 

Eco-city 

concept
Eco-industrial 

cluster concept

Eco-town 

concept

Eco-industrial 

town concept

Focus to improve economic 

and environment 

performance of industries 

Focus to give benefits to 

both industry and 

community 

Focus to create sustainable 

human settlement in the 

aspect of quality of life, 

energy consumption, and 

environmental preservations   

Figure 1.5 Eco-town, eco-industry cluster and eco-industrial town 

concept 
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1.4 Problem Statement 

Malaysia has a vast amount of oil palm biomass resources not being 

efficiently utilised. An estimated 90% of harvested oil palm plantation goes to waste, 

with only 10% to palm oil. In 2016, the industry generated around 83 million tonnes 

of biomass, with the volume expected to increase between 85 to 110 million dry 

tonnes by 2020. This quantity represents a sizeable opportunity to produce new 

wealth creation through production of value added bio-based products on an 

industrial scale. In 2015, the five companies - Genting Sdn Bhd, Kelas Wira Sdn 

Bhd, Bell Corp Sdn Bhd, Teck Guan Industries Sdn Bhd and Golden Elate Sdn Bhd 

formed biomass cluster. The cluster, led by the Malaysian government’s Innovation 

Agency (Agensi Innovasi Malaysia, or AIM), aims to address gaps in the market 

between biomass owners and downstream users such as bio-based chemical 

refineries. Following are the gaps identified in the current oil palm industrial cluster 

in Malaysia: 

1) Small scale of systematic planning of resources and demand, and the 

absence of centralised collection and processing system on a commercial 

scale has been an obstacle for the downstream bio-based industry. Hence, 

biomass resource and demand planning optimisation model is essential in 

providing sustainable supply of biomass to enhance the economy of 

downstream biomass industries.  

2) Numerous researches on integration of biomass supply chain have been 

conducted. However, there are lack of studies on potential of biomass 

conversion to various value added products and spatial planning of 

biomass resources at a huge scale, resulting in underutilisation of 

biomass.  

3) EIT concept is introduced in this study in order to systematically plan the 

biomass availability based on market demand and its downstream 

product; such as bio-energy generation, production of compost and bio 

fertilisers, manufacture of eco-products, as well as production of bio-

based fuels and chemicals. Although there have been various EIT model 

implemented successfully in other countries such as Denmark, UK and 

China, the literature indicates the lack of integrated EIT model with 

spatial planning and community for long term planning. In this study, an 
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optimal network of biomass resource-to-downstream products can be 

developed through implementation of palm oil EIT concept. Therefore, 

sustainable economic and environmental benefits for palm oil EIT is 

expected with optimum utilisation of palm oil biomass at minimum cost, 

which leads to better planning and biomass management in the country. 

The problem statement for this research is stated as follows:  

Given a case study of current oil palm industry and its downstream industries in 

Malaysia, it is desirable to synthesize a local oil palm eco-industrial town which 

includes calculation of potential profit, assess impact of CO2 emission, and plan for 

development of oil palm EIT using structural-based optimisation.   

1.5 Research Questions   

In order to design sustainable oil palm EIT, a few research questions must be 

addressed.  The research questions of this study are as follows: 

1) What are the potential bio-based products that can be produced by the 

oil palm EIT in order to maximise profitability?   

2) What is the potential profit that can be achieved by the oil palm EIT 

while minimising the CO2 emission to the environment? 

3) Whether a decentralised or a centralised system is more cost effective 

for development of oil palm EIT, if there are a number of oil palm 

biomass resources (plantations and crude palm oil mills) in a single 

area? 

4) What are the most profitable industries in the oil palm EIT for a 10 

year period, if the oil palm EIT is developed gradually? 

1.6 Research Objective 

The main objective of this research is to develop a new systematic framework 

to synthesize a local oil palm eco-industrial town (EIT) using structural-based 

optimisation.  The sub-objectives are as follow: 
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1) To develop and optimise a mathematical model that can determine the 

profitable products and biomass-pathways that will give maximum 

profit to the oil palm EIT.  

2) To develop and optimise a mathematical model that can decide the 

profitable products and biomass-pathway that will give maximum 

profit to the oil palm EIT, while minimising the impacts of CO2 

emission to the environment. 

3) To develop spatial planning optimisation model to centralise biomass 

facility for spatial development of oil palm EIT.     

4) To develop multi-period optimisation model for development of oil 

palm EIT in a 10 year time horizon, taking into consideration biomass 

yield based on age of palm oil tree. 

1.7 Scope of the Work 

In order to achieve the intended research objectives, several scope of the 

study have been identified as follows: 

1) Literature review on the current and the state-of-the-art scenario on: 

i. The oil palm biomass utilisation in oil palm based industry, 

including the processes, limitations and potential 

enhancement. 

ii. The process network, modelling, and optimisation in oil palm 

industrial cluster model.   

2) Developing an optimisation model, namely Economic Optimisation 

Model (EOM) for oil palm EIT. The specific objectives are: 

i. Identifying potential oil palm based industries including their 

raw materials, utilities, process conversions, products and by 

products. 

ii. Developing a mathematical model that can identify material 

flow of oil palm biomass into oil palm based products in each 

industry in the oil palm EIT.    

iii. Optimising the developed model with aims to maximise the 

overall profit of oil palm EIT. 
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iv. Performing sensitivity analysis on case study to analyse and 

evaluate the economic and technical performances of the 

designed EOM model.   

3) Developing an optimisation model, namely Green Economic 

Optimisation Model (GEOM) for oil palm EIT. The specific objectives 

are:  

i. Investigating impact of oil palm EIT operation on the CO2 and 

other greenhouse gasses (GHG) emission.   

ii. Developing a mathematical model that can calculate impact of 

material flow and utilities in EIT to CO2 and other GHG 

emission. 

iii. Optimising the developed model with aims to maximise 

overall profit of oil palm EIT while minimising impact of CO2 

emission to the environment. 

iv. Performing sensitivity analysis on case study to analyse and 

evaluate the economic, environment and technical 

performances of the designed GEO model.   

4) Developing an optimisation model, namely Multi-site Optimisation 

Model (MSOM) for spatial development planning of oil palm EIT.  

i. Identifying location of crude palm oil mills, potential location 

for centralised system and transportation network in State of 

Johor.  

ii. Calculating the operational cost for decentralised system and 

centralised system including the capital and maintenance cost, 

and transportation cost.   

iii. Developing a mathematical model that decides the operational 

system for development of oil palm EIT at one area, whether 

to apply a decentralised or a centralised system.  

iv. Optimising the developed model with aims to maximise the 

overall profit of oil palm EIT.   

v. Performing sensitivity analysis on case study to analyse and 

evaluate the economic and technical performances of the 

designed MSOM model. 
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5) Developing an optimisation model, namely Multi-period Optimisation 

Model (MPOM) for gradual approach development planning of oil 

palm EIT. 

i. Investigating availability of oil palm biomass after 10 years of 

planting. 

ii. Studying demand for oil palm based products via policies and 

National Biomass Strategy 2020.  

iii. Developing a mathematical model that decides the time to 

develop each of the industries in oil palm EIT within the 10 

year horizon. 

iv. Optimising the developed model with aims to maximise 

overall profit of oil palm EIT. 

v. Performing sensitivity analysis on case study to analyse and 

evaluate the economic and technical performances of the 

designed MPOM model.  

1.8 Research Contributions 

The key contributions of this work are summarised as follows: 

1) A new optimisation model for maximising profitability of the oil palm 

EIT. 

- A generic linear programming model (LP) has been developed 

to identify biomass-pathway in the oil palm EIT. 

- Economic performances including profit, sales, material cost, 

utility cost, capital and maintenance cost for each industry in the 

oil palm EIT has been modelled.   

- The model considered the benefit of oil palm EIT to the 

community via electricity supply and waste utilisation. 

2) A new optimisation model for green economic model of oil palm EIT. 

- The multi-objectives linear programming model has been 

developed to achieve both economic and environmental 

performances. 
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- The model is able to maximise total profit of oil palm EIT while 

minimising the impact of CO2 emission to the environment.  

3) A new optimisation model for spatial development planning of oil 

palm EIT. 

- A mixed integer linear programming (MILP) model that is 

capable of selecting operational system and location for spatial 

development planning of oil palm EIT.   

- ArcGIS is employed for spatial data and network analysis is 

conducted for biomass transportation in the developed model.    

4) A new optimisation model for gradual development planning of oil 

palm EIT. 

- A mixed integer linear programing (MILP) model developed to 

identify the most profitable industries in the oil palm EIT for a 

10 year time horizon. 

- The model is able to plan the development of oil palm EIT 

gradually for a 10 year time horizon. 

Appendix A highlights all the publications and corresponding key 

contributions of this thesis towards the new body of knowledge in designing and 

planning of an oil palm EIT. 

1.9 Organisation of the Thesis 

This thesis consists of eight chapters.  Chapter 1 gives an overview of the oil 

palm industry issues, problem background, problem statement, objectives and scope 

of the research which aims to develop a new systematic framework for an oil palm 

eco-industrial town by using the mathematical approach 

In Chapter 2 of this thesis describes the fundamental theory and relevant 

literature related to the optimal synthesis of oil palm eco-industrial town. This 

chapter also describes the oil palm biomass scenario in Malaysia and reviews the 

utilisation of oil palm biomass globally. Moreover, this chapter reviews the eco 

industrial cluster concept that has been applied to different industries and the 

potential of oil palm eco industrial cluster. Next, this chapter reviews the state-of-
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the-art process systems engineering (PSE) approach applied to biomass based 

industry and community. At the end of Chapter 2 presents the state-of-the-art oil 

palm eco industrial town and highlights the specific research gaps for each review. 

Chapter 3 presents the concept of oil palm EIT and generic methodology used 

in solving optimisation issues in developing an oil palm EIT. The concept of oil palm 

EIT integrates nine oil palm based industries and community at once location; 

including oil palm plantation, crude palm oil mill, bio-fertiliser mill, medium density 

fibre mill, biogas mill, paper mill, biodiesel mill, ruminant pellet mill, and livestock 

production of cows. This chapter also discusses the framework for development 

model of oil palm EIT and generic methodology that used in solving optimisation 

issues.   

Chapter 4 present the Economic Optimisation Model (EOM) for maximising 

profitability of the oil palm EIT. In this chapter, a linear programming (LP) model is 

formulated to maximise economic performances of oil palm EIT by identifying the 

most profitable biomass route utilisation. Economic performances including profit, 

sales, material cost, utility cost, capital and maintenance cost for each industry in the 

oil palm EIT also expressed by the EOM. 

Chapter 5 present the Green Economic Optimisation Model (GEOM) for 

maximising profitability, while minimising amount of CO2 emission of oil palm EIT. 

In this chapter, a multi-objectives linear programming (LP) model is formulated to 

maximise economic performances of oil palm EIT by identifying the most profitable 

biomass route utilisation that will minimise the impact of CO2 emission to the 

environment. Economic performances including profit, sales, material cost, utility 

cost, capital and maintenance cost for each industry in the oil palm EIT also 

expressed by the GEOM. 

Chapter 6 present the Multi-site Optimisation Model (MSOM) for spatial 

development planning of oil palm EIT.  In this chapter, a mixed-integer linear 

programming (MILP) model is formulated to maximise economic performances of 

oil palm EIT by selecting the most profitable operation system for development of oil 

palm EIT at one area, whether to apply a decentralised or a centralised system. The 

MSOM used spatial data included location of crude palm oil mills, potential location 

for centralised system and transportation network in State of Johor. The used of 



14 

 

1
4
 

ArcGIS as GIS tool for network analysis (biomass transportation) is also discussed in 

this chapter.   

Chapter 7 present the Multi-period Optimisation Model (MPOM) for gradual 

approach development planning of oil palm EIT. In this chapter, a mixed-integer 

linear programming (MILP) model is formulated to maximise economic 

performances of oil palm EIT by deciding the most profitable industries in 10 years’ 

time horizon for gradual development planning of oil palm EIT. The forecasted 

amounts of oil palm biomass and product demand for 2016-2025 are presented in this 

chapter.  

Chapter 8 summarises the key contributions of this research, prior to the 

recommendations of possible future work. Figure 1.6 shows the flow and linkage of 

the chapters. 

 

 



15 

 

1
5
 

 

THESIS INTRODUCTION

CHAPTER 2: FUNDAMENTAL THEORY AND LITERATURE 

REVIEW

A review and analysis on :

 Oil palm biomass utilisation

 Eco-industrial cluster

 Process system engineering

CHAPTER 3 : METHODOLOGY

Oil palm EIT framework

CHAPTER 4: ECONOMIC OPTIMISATION MODEL FOR 

INTEGRATED OIL PALM ECO-INDUSTRIAL TOWN

Application of EIT model to :

 Synthesis the optimal resource-industry network

 Maximise the total profit

CHAPTER 5: GREEN ECONOMIC OPTIMISATION FOR 

INTEGRATED OIL PALM ECO-INDUSTRIAL TOWN

Application of EIT model to :

 Synthesis the optimal resource-industry network

 Maximise the total profit, while minimising the CO2 emission

CHAPTER 6: MULTI-SITE OPTIMISATION MODEL FOR 

SPATIAL DEVELOPMENT PLANNING OF INTEGRATED 

OIL PALM ECO-INDUSTRIAL TOWN 

Application of EIT model to :

 Selection of system and location for multi-site oil palm EIT

 Maximise the total profit of oil palm EIT.

CHAPTER 7: MULTI-PERIOD OPTIMISATION MODEL FOR 

GRADUAL DEVELOPMENT PLANNING OF INTEGRATED 

OIL PALM ECO-INDUSTRIAL TOWN

Application of EIT model to :

 Gradual development planning of oil palm EIT 

 Selection of industry for multi-period time horizon

 Maximise the total profit of oil palm EIT

CHAPTER 8 : CONCLUSION & RECOMENDATION

 

Figure 1.6 Flows diagram illustrating the conceptual link among the chapters 



186 

 

 

1
8
6
 

REFERENCES  

Abdullah, N., & Sulaiman, F. (2013). The oil palm wastes in Malaysia. Biomass Now 

– Sustainable Growth and Use, 75–100.  

Ali, A. A. M., Othman, M. R., Shirai, Y., & Hassan, M. A. (2015). Sustainable and 

integrated palm oil biorefinery concept with value-addition of biomass and zero 

emission system. Journal of Cleaner Production, 91, 96–99.  

Alimon, A. R., & Wan Zahari. (2012). Recent advances in utilization of oil palm by-

products as animal feed.. In International Conference on Livestock Production 

and Veterinary Technology (pp. 211–219). 

Aljuboori, A. H. R. (2013). Oil Palm Biomass Residue in Malaysia : Availability and 

Sustainability. International Journal of Biomass & Renewables, 2, 13–18. 

Anbumozhi, V. (2008). Eco-industrial clusters : Enhancing regional economic 

development through environmental linkages. Institute for Global 

Environmental Strategies (IGES), Hayama, Japan, IGES Polic(8), 1–8. 

Retrieved from  www.isn.ethz. 

Anbumozhi, V., Thangavelu, S. M., & Visvanathan, C. (2013). Eco-Industrial 

Clusters - A prototype training manual. 

Andiappan, V., Ng, D. K. S., & Bandyopadhyay, S. (2015). Synthesis of Biomass-

Based Tri-generation Systems with Variations in Biomass Supply and Energy 

Demand. In Process Development and Resource Conservation for Biomass 

Conversion (pp. 103–132).  

Andiappan, V., Tan, R. R., & Ng, D. K. S. (2016). An optimization-based 

negotiation framework for energy systems in an eco-industrial park. Journal of 

Cleaner Production, 129, 496–507.  

Anh, P. T., My Dieu, T. T., Mol, A. P. J., Kroeze, C., & Bush, S. R. (2011). Towards 

eco-agro industrial clusters in aquatic production: the case of shrimp processing 

industry in Vietnam. Journal of Cleaner Production, 19(17–18), 2107–2118.  

Badri, K., & Amin, K. (2006). Biocomposites from Oil Palm Resources. Journal of 



187 

 

 

1
8
7
 

Oil Palm Research, (April), 103–113.  

Bazmi, A. A., Zahedi, G., & Hashim, H. (2011). Progress and challenges in 

utilization of palm oil biomass as fuel for decentralized electricity generation. 

Renewable and Sustainable Energy Reviews, 15(1), 574–583.  

Boix, M., Montastruc, L., Azzaro-pantel, C., & Domenech, S. (2015). Optimization 

methods applied to the design of eco-industrial parks : a literature review. 

Journal of Cleaner Production, 87, 303–317.  

Cao, J., Pang, B., Mo, X., & Xu, F. (2016). A new model that using transfer stations 

for straw collection and transportation in the rural areas of China: A case of 

Jinghai, Tianjin. Renewable Energy, 99, 911–918.  

César A.G. Quispe, Christian J.R. Coronadoc, J. A. C. J. (2013). Glycerol : 

Production , consumption , prices , characterization and new trends in 

combustion. Renewable and Sustainable Energy Reviews, 27(January), 475–

493. 

Chavalparit, O., & Rulkens, W. (2006). Options for environmental sustainability of 

the crude palm oil industry in Thailand through enhancement of industrial 

ecosystems. Environment, …. Retrieved from 

http://link.springer.com/article/10.1007/s10668-005-9018-z 

Chiew, Y. L., & Shimada, S. (2013). Current state and environmental impact 

assessment for utilizing oil palm empty fruit bunches for fuel, fiber and fertilizer 

– A case study of Malaysia. Biomass and Bioenergy, 51, 109–124.  

Chin, M. J., Poh, P. E., Tey, B. T., Chan, E. S., & Chin, K. L. (2013). Biogas from 

palm oil mill effluent (POME): Opportunities and challenges from Malaysia’s 

perspective. Renewable and Sustainable Energy Reviews, 26, 717–726.  

Comte, I., Colin, F., Grünberger, O., Follain, S., Whalen, J. K., & Caliman, J. P. 

(2013). Landscape-scale assessment of soil response to long-term organic and 

mineral fertilizer application in an industrial oil palm plantation, Indonesia. 

Agriculture, Ecosystems and Environment, 169, 58–68.  

Dahlan, I. (2000). Oil palm frond, a feed for herbivores. Asian-Australasian Journal 

of Animal Sciences, 13(SUPPL. C), 300–303. 

Daianova, L., Dotzauer, E., Thorin, E., & Yan, J. (2012). Evaluation of a regional 

bioenergy system with local production of biofuel for transportation , integrated 

with a CHP plant. Applied Energy, 92, 739–749.  



188 

 

 

1
8
8
 

Daud, W. R. W., & Law, K. N. (2011). Oil palm fibers as papermaking material: 

Potentials and challenges. BioResources, 6, 901–917. 

DIVA. (2016). Free Spatial Data | DIVA-GIS. Retrieved February 8, 2016, from 

http://www.diva-gis.org/Data 

Dong, L., Fujita, T., Zhang, H., Dai, M., Fujii, M., Ohnishi, S., … Liu, Z. (2013). 

Promoting low-carbon city through industrial symbiosis: A case in China by 

applying HPIMO model. Energy Policy, 61, 864–873.  

Ehsan, S., & Wahid, M. A. (2013). Feasibility study of biogas production and 

utilization as a source of renewable energy in Malaysia. Renewable and 

Sustainable Energy Reviews, 19, 454–462.  

Foo, D. C. Y., Tan, R. R., Lam, H. L., Abdul Aziz, M. K., & Klemeš, J. J. (2013). 

Robust models for the synthesis of flexible palm oil-based regional bioenergy 

supply chain. Energy, 55, 68–73.  

Foo Yuen Ng, Foong Kheong Yew, Yusof Basiron, K. S. (2011). A Renewable 

Future Driven with Malaysian Palm Oil-based Green Technology. Journal of 

Oil Palm & The Environment, (January), 1–7.  

Gebremedhin, A. (2012). Introducing District Heating in a Norwegian town – 

Potential for reduced Local and Global Emissions. Applied Energy, 95, 300–

304.  

Gibbs, D., & Deutz, P. (2005). Implementing industrial ecology? Planning for eco-

industrial parks in the USA. Geoforum, 36(4), 452–464.  

GlobalPetroPrices. (2015). Malaysia diesel prices, 14-Dec-2015 | 

GlobalPetrolPrices.com. Retrieved December 17, 2015, from 

www.globalpetrolprices.com 

Goh, C. S., & Lee, K. T. (2010). Palm-based biofuel refinery (PBR) to substitute 

petroleum refinery: An energy and emergy assessment. Renewable and 

Sustainable Energy Reviews, 14(9), 2986–2995.  

GPOC. (2015). Background Document An overview of the palm oil sector: countries 

and companies. In Global Palm Oil Conference. 

Gu, C., Leveneur, S., Estel, L., & Yassine, A. (2013). Modeling and Optimization of 

Material/Energy Flow Exchanges in an Eco-Industrial Park. Energy Procedia, 

36, 243–252.  

Gupta,  a., Saini, R. P., & Sharma, M. P. (2010). Modelling of Hybrid Energy 



189 

 

 

1
8
9
 

System for Off Grid Electrification of Clusters of Villages. Renewable Energy, 

35(2), 520–535.  

Hansen, S. B., Olsen, S. I., & Ujang, Z. (2012). Greenhouse gas reductions through 

enhanced use of residues in the life cycle of Malaysian palm oil derived 

biodiesel. Bioresource Technology, 104, 358–66.  

Herran, D. S., & Nakata, T. (2012). Design of decentralized energy systems for rural 

electrification in developing countries considering regional disparity. Applied 

Energy, 91(1), 130–145.  

Ho, W. S., Hashim, H., & Lim, J. S. (2014). Integrated biomass and solar town 

concept for a smart eco-village in Iskandar Malaysia (IM). Renewable Energy, 

69, 190–201.  

Hoong, Y. B., & Paridah, M. T. (2013). Development a new method for pilot scale 

production of high grade oil palm plywood: Effect of hot-pressing time. 

Materials & Design, 45, 142–147.  

How, B. S., Tan, K. Y., & Lam, H. L. (2016). Transportation decision tool for 

optimisation of integrated biomass flow with vehicle capacity constraints. 

Journal of Cleaner Production, 136, 197–223.  

IndexMundi. (2015). IndexMundi - Country Facts. Retrieved December 17, 2015, 

from http://www.indexmundi.com/ 

Kasivisvanathan, H., Barilea, I. D. U., Ng, D. K. S., & Tan, R. R. (2013). Optimal 

operational adjustment in multi-functional energy systems in response to 

process inoperability. Applied Energy, 102, 492–500.  

Kasivisvanathan, H., Ng, R. T. L., Tay, D. H. S., & Ng, D. K. S. (2012). Fuzzy 

optimisation for retrofitting a palm oil mill into a sustainable palm oil-based 

integrated biorefinery. Chemical Engineering Journal, 200–202, 694–709.  

Kasivisvanathan, H., Tan, R. R., Ng, D. K. S., Abdul Aziz, M. K., & Foo, D. C. Y. 

(2014). Heuristic framework for the debottlenecking of a palm oil-based 

integrated biorefinery. Chemical Engineering Research and Design, (February).  

Keirstead, J., Samsatli, N., Pantaleo, A. M., & Shah, N. (2012). Evaluating biomass 

energy strategies for a UK eco-town with an MILP optimization model. 

Biomass and Bioenergy, 39(0), 306–316.  

Khalil, H. A., & Fazita, M. N. (2010). Development and material properties of new 

hybrid plywood from oil palm biomass. Materials & Design, 31(1), 417–424.  



190 

 

 

1
9
0
 

Klaarenbeeksingel, F. . (2009). Greenhouse Gas Emissions from Palm Oil 

Production: Literature review and proposals from the RSPO Working Group on 

Greenhouse Gases. Brinkmann Consultancy, (October), 36. 

Komonkiat, I., & Cheirsilp, B. (2013). Felled oil palm trunk as a renewable source 

for biobutanol production by Clostridium spp. Bioresource Technology, 146, 

200–7.  

Kulkarni, M. G., & Dalai, A. K. (2006). Waste cooking oil - An economical source 

for biodiesel: A review. Industrial and Engineering Chemistry Research, 45, 

2901–2913.  

Kum, W., & Zahari, M. (2011). Utilisation of Oil Palm By-products as Ruminant 

Feed in Malaysia. Journal of Oil Palm Research, 23(August), 1029–1035.  

Lam, H. L., Foo, D. C. Y., Kamal, M., & Klemeš, J. J. (2010). Synthesis of regional 

energy supply chain based on palm oil biomass. In 19th International Congress 

of Chemical and Process Engineering, CHISA 2010 and 7th European 

Congress of Chemical Engineering, ECCE-7. 

Lim, J. S., Manan, Z. A., Hashim, H., & Wan Alwi, S. R. (2014). Synthesis of a 

sustainable integrated rice mill complex. Journal of Cleaner Production, 71, 

118–127.  

Lim, J. S., Manan, Z. A., Wan Alwi, S. R., & Hashim, H. (2013). A multi-period 

model for optimal planning of an integrated, resource-efficient rice mill. 

Computers & Chemical Engineering, 52, 77–89.  

Loh, S. K., Lai, M. E., Ngatiman, M., Lim, W. S., Choo, Y. M., Zhang, Z., & 

Salimon, J. (2013). Zero discharge treatment technology of palm oil mill 

effluent. Journal of Oil Palm Research, 25(DEC), 273–281. 

Mani, S., Sokhansanj, S., Bi, X., & Turhollow, A. (2006). Economics of producing 

fuel pellets from biomass. Applied Engineering in Agriculture, 22(3), 421–426.  

Maniam, G. P., Hindryawati, N., Nurfitri, I., Jose, R., Mohd, M. H., Dahalan, F. A., 

& M. Yusoff, M. (2013). Decanter cake as a feedstock for biodiesel production: 

A first report. Energy Conversion and Management, 76, 527–532.  

MARDI. (2015). Animal feed from Oil Palm Fronds - Portal Rasmi Institut 

Penyelidikan dan Kemajuan Pertanian Malaysia. Retrieved December 17, 2015, 

from www.mardi.gov.my  

Mekhilef, S., Safari, A., Mustaffa, W. E. S., Saidur, R., Omar, R., & Younis, M. a. a. 



191 

 

 

1
9
1
 

(2011). Biomass energy in Malaysia: Current state and prospects. Renewable 

and Sustainable Energy Reviews, 16(1), 386–396.  

Mizan, M., & Razali, B. (2014). Report for Palm Oil Mill Distribution in Malaysia. 

MPOB. (2014). Overview of the Malaysian oil palm industry 2013. Retrieved June 9, 

2015, from www.mpob.gov.my 

MPOB. (2015a). Overview of the Malaysian Oil Palm Industry 2014. Retrieved June 

9, 2015, from www.mpob.gov.my 

MPOB. (2015b). Overview of the Malaysian Oil Palm Industry 2015, 1–6. 

MTIB. (2015). Malaysian Timber Industry Board - Timber Prices. Retrieved 

December 17, 2015, from www.mtib.gov.my 

Mukherjee, I., & Sovacool, B. K. (2014). Palm oil-based biofuels and sustainability 

in southeast Asia : A review of Indonesia , Malaysia , and Thailand. Renewable 

and Sustainable Energy Reviews, 37, 1–12.  

Nasution, M. A., Herawan, T., & Rivani, M. (2014). Analysis of Palm Biomass as 

Electricity from Palm Oil Mills in North Sumatera. Energy Procedia, 47, 166–

172. 

Ng, D. K., & Ng, R. T. (2013). Applications of process system engineering in palm-

based biomass processing industry. Current Opinion in Chemical Engineering, 

2(4), 448–454. 

Ng, R., Ng, D., & Tan, R. (2015). Optimal planning, design and synthesis of 

symbiotic bioenergy parks. Journal of Cleaner Production, 87, 291–302.  

Ng, R. T. L., Ng, D. K. S., Tan, R. R., & El-Halwagi, M. M. (2014). Disjunctive 

fuzzy optimisation for planning and synthesis of bioenergy-based industrial 

symbiosis system. Journal of Environmental Chemical Engineering, 2(1), 652–

664.  

Norul Izani, M. A., Paridah, M. T., Mohd Nor, M. Y., & Anwar, U. M. K. (2013). 

Properties of medium-density fibreboard (MDF) made from treated empty fruit 

bunch of oil palm. Journal of Tropical Forest Science, 25(2), 175–183. 

O-Thong, S., Boe, K., & Angelidaki, I. (2012). Thermophilic anaerobic co-digestion 

of oil palm empty fruit bunches with palm oil mill effluent for efficient biogas 

production. Applied Energy, 93, 648–654.  

Patthanaissaranukool, W., Polprasert, C., & Englande, A. J. (2013). Potential 

reduction of carbon emissions from Crude Palm Oil production based on energy 



192 

 

 

1
9
2
 

and carbon balances. Applied Energy, 102, 710–717.  

Pérez-fortes, M., Laínez-aguirre, J. M., Arranz-piera, P., Velo, E., & Puigjaner, L. 

(2012). Design of regional and sustainable bio-based networks for electricity 

generation using a multi-objective MILP approach. Energy, 44.  

Rozario, M. (2013). National Biomass Strategy 2020: New wealth creation for 

Malaysia’s palm oil industry. Agensi Inovasi, Malaysia, Kuala Lumpur, (June), 

1–32.  

SAJ. (2016). Syarikat Air Johor. Retrieved August 4, 2016, from http://saj.com.my/ 

Schuchardt, F., & Stichnothe, H. (2008). Zero waste process for palm oil mills by 

composting and biological drying. In Manure and organic residues 

management approaches in non-European countries (pp. 1–4). 

SEDA. (2016). SEDA PORTAL. Retrieved July 10, 2017, from  www.seda.gov.my 

Shabani, N., & Sowlati, T. (2013). A mixed integer non-linear programming model 

for tactical value chain optimization of a wood biomass power plant. APPLIED 

ENERGY, 104, 353–361.  

Shabbir, Z., Tay, D. H. S., & Ng, D. K. S. (2012). A hybrid optimisation model for 

the synthesis of sustainable gasification-based integrated biorefinery. Chemical 

Engineering Research and Design, 90(10), 1568–1581.  

Shinoj, S., Visvanathan, R., Panigrahi, S., & Kochubabu, M. (2011). Oil palm fiber ( 

OPF ) and its composites : A review. Industrial Crops & Products, 33(1), 7–22.  

Silalertruksa, T., & Gheewala, S. H. (2012). Environmental sustainability assessment 

of palm biodiesel production in Thailand. Energy, 43(1), 306–314.  

Sime Darby Plantation. (2014). Palm Oil Facts & Figures. April 2014, 2012, 8. 

Retrieved from www.simedarby.com 

Singh, P., Sulaiman, O., Hashim, R., Peng, L. C., & Singh, R. P. (2013). Using 

biomass residues from oil palm industry as a raw material for pulp and paper 

industry: Potential benefits and threat to the environment. Environment, 

Development and Sustainability.  

Singh, R. P., Embrandiri, A., Ibrahim, M. H., & Esa, N. (2011). Resources , 

Conservation and Recycling Management of biomass residues generated from 

palm oil mill : Vermicomposting a sustainable option. “Resources, 

Conservation & Recycling,” 55(4), 423–434.  

Statista. (2015). • Vegetable oils: global consumption, 2015 | Statistic. Retrieved 



193 

 

 

1
9
3
 

December 17, 2015, from www.statista.com. 

Stichnothe, H., & Schuchardt, F. (2011). Life cycle assessment of two palm oil 

production systems. Biomass and Bioenergy, 35(9), 3976–3984.  

Sudiyani, Y., Styarini, D., Triwahyuni, E., Sembiring, K. C., Aristiawan, Y., 

Abimanyu, H., & Han, M. H. (2013). Utilization of Biomass Waste Empty Fruit 

Bunch Fiber of Palm Oil for Bioethanol Production Using Pilot–Scale Unit. 

Energy Procedia, 32, 31–38.  

Theo, W. L., Lim, J. S., Ho, W. S., Hashim, H., Lee, C. T., & Muis, Z. A. (2017). 

Optimisation of oil palm biomass and palm oil mill effluent (POME) utilisation 

pathway for palm oil mill cluster with consideration of BioCNG distribution 

network. Energy, 121(February), 865–883.  

TNB. (2015). Pricing & Tariffs - Tenaga Nasional Berhad. Retrieved December 17, 

2015, from https://www.tnb.com.my/commercial-industrial/pricing-tariffs1 

Tohiruddin, L and Foster, H. (2013). Superior effect of compost derived from palm 

oil miil by-products as a replacement for inorganic fertiliser applied to oil palm. 

Journal of Oil Palm Research, 25, 123–137. 

Tohiruddin, L., & Foster, H. L. (2013). Superior effect of compost derived from 

palm oil mill by-products as a replacement for inorganic fertilisers applied to oil 

palm. Journal of Oil Palm Research, 25(APR), 123–137. 

USDA. (2016). Oilseeds: World Markets and Trade | USDA Foreign Agricultural 

Service. Retrieved from www.fas.usda.gov 

Verheye, W. (2010). Growth and Production of Oil Palm. Soils, Plant Growth and 

Crop Production, 32.  

Wan, Y. K., Ng, R. T. L., Ng, D. K. S., Aviso, K. B., & Tan, R. R. (2016). Fuzzy 

multi-footprint optimisation (FMFO) for synthesis of a sustainable value chain: 

Malaysian sago industry. Journal of Cleaner Production, 128, 62–76.  

Weber, C., & Shah, N. (2011). Optimisation based design of a district energy system 

for an eco-town in the United Kingdom. Energy, 36(2), 1292–1308.  

Wei, P. C., May, C. Y., & Ngan, M. A. (2010). Life cycle assessment for the 

production and use of oil palm biodiesel. Journal of Oil Palm Research, 

22(December), 927–933. 

Yılmaz, S., & Selim, H. (2013). A review on the methods for biomass to energy 

conversion systems design. Renewable and Sustainable Energy Reviews, 25, 



194 

 

 

1
9
4
 

420–430. 

Yoshizaki, T., Shirai, Y., Hassan, M. A., Baharuddin, A. S., Raja Abdullah, N. M., 

Sulaiman, A., & Busu, Z. (2013). Improved economic viability of integrated 

biogas energy and compost production for sustainable palm oil mill 

management. Journal of Cleaner Production, 44, 1–7.  

 

 




