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Abstract 

The heightening world issues arises from climate change and energy security has 

created a strong resonance for sustainable development. The utilisation of biomass 

resources is amongst one of the best strategies to counter carbon emission and 

energy security issues for waste-to-wealth. Over the last decade, the Malaysian 

government has shown its clear intent to be a front-runner in the green economy 

through its various green economy policies and programs, particularly focus on oil 

palm biomass industry. However, it is observed that the diffusion rate of the 

industry remains relatively slow as compared to other developing countries such as 

Thailand and Philippine. Literature, anecdotal evidence, and advocates as well as 

businesses have identified that one of the non-technical factors that contributes to 

this problem is financing difficulties. The complication of biomass value chain 

creation often engaged with high risk profile, capital intensive and long payback 

period which is unfavourable for financing based on conventional risk assessment. 

Thus, this research focusses on developing a full range risk assessment model in 

aiding the industry stakeholder to comprehend the risk profile in managing and 

mitigating risk in biomass value chain in Malaysia. Multiple decision analytical 

tools have been employed and developed to integrate non-quantitative factors in 

risk assessment and design risk mitigation strategy based on the strengths and 

preferences of different stakeholders’ role.  The outputs can serve as policy 

recommendation to aid the authorities and policy makers to undertake policy 

reviews to effectively spur the biomass industry for green growth. Furthermore, 

financier and investor are recommended to utilise the information to enhance its 
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financing decision, to offer financial products that customised the need of 

sustainable projects without losing great business opportunity. Last but not least, 

the framework also offers industry stakeholders a practical decision analysis and 

making tool to integrate preferences as well as quantitative information to mitigate 

risks before any losses in venturing into the biomass industry occurred.  



iii 

 

Acknowledgement 

All glory to the Father in Heaven. Thank you for your blessings and sustain 

me throughout this journey of up and downs in pursuing and completing the PhD.   

Firstly, I would like to express my greatest gratitude to my supervisor, Prof. 

DDr. Hon Loong Lam for his guidance, motivation and continuous support 

throughout my PhD study. Thank for all the time and efforts in providing bright 

insights and direction for me to stay on the right path. Thank you for the opportunity 

and exposure to this wide network of research to widen my horizon about this career 

and find my passion here. Besides my main supervisor, I would also like to thank 

my co-supervisors: Assoc. Prof. Dr. Puan Yatim, Universiti Kebangsaan Malaysia 

for her patience guidance, encouragement and support throughout the process. I 

would also like to convey my sincerest gratitude to Prof. Dr. Michael A. B. 

Promentilla, De La Salle University, Philippine for the sharing of knowledge, 

expertise and guidance to complete this multidisciplinary project.  I would not ask 

for a better advisor team that can give constant supports, constructive comments 

and encouragement to enhance both of my hard and soft skills.  

I owe my deepest gratitude towards my family: my parents, Tin Kong and 

Ki Siew, for the constant support, patience, and encouragement which serve as my 

main motivation; my sister, Sue Ven for giving advice and insight from different 

perspectives to help me to shape and improve my work; my brothers, Seok Long, 

Seok Sheng, Seok Peng for giving valuable comments and planning fun activities 

to help me to destress. Thank you for my nieces and nephews, Chean, Harn, Tern, 

Haye and Yale for all the fun and joy that help me to maintain a healthy work-life 



iv 

 

balance. I could not be more grateful for this wonderful family. Thank you for 

shaping me to be who I am now and providing supports and helps throughout this 

journey.  

 I would also like to thank my research family, Dr. Wendy Ng, Dr. Edwin 

Lim, Dr. Jiang Ping Tang, Dr. Bing Shen How, Boon Hooi Hong, Wei Dong Leong 

and Sin Yong Teng. Thanks for all the fruitful discussion, generation of ideas 

sessions and collaboration. It has been a great joy to work, attend and organize 

conferences and seminar together.   

I gratefully acknowledge Long Term Research Grant Scheme 

[LRGS/2013/UKM-UKM/PT/06] from Ministry of Education Malaysia, and EP-

2017-028 under the leadership of Prof. Dr. Ah Choy Er, Universiti Kebangsaan 

Malaysia and University of Nottingham Malaysia Campus for providing me 

financial support. 

My sincere thanks to all my family and friends who help, support, care and 

encourage me throughout this journey. It would be impossible without them. Thank 

you.  

 

Sue Lin  



v 

 

List of Publications 

Referred Journals  

Ngan S.L., How B.S., Teng S.Y., Promentilla M.A.B., Yatim P., Er, A.C., Lam 

H.L., 2019. Prioritization sustainability indicators for promoting circular 

economy: the case of developing country. Renewable and Sustainable Energy 

Reviews, 111, 314-331. 

Ngan, S.L., Promentilla, M.A.B., Yatim, P., Lam, H.L. (2018). A Novel Risk 

Assessment Model for Green Finance: the Case of Malaysian Oil Palm Biomass 

Industry. Process Integration and Optimization for Sustainability, 3(1), 75-88. 

Yatim, P., Ngan, S.L., Lam, H.L, Er. A.C. (2017). Overview of the key risks in 

the pioneering stage of the Malaysian biomass industry. Clean Technologies and 

Environmental Policy, 19 (7), 1825-1839.  

How B.S., Ngan S.L., Hong B.H., Lam H.L., Ng W.P.Q., Yusup S., Wan Abd 

Karim Ghanie W.A., Kansha Y., Chan Y.H., Cheah K.W., Shahbaz M., Singh 

H.K.G., Raman Yusuf N., Ahmad Shuhaili A.Z., Ramlie J., 2019.  An Outlook of 

Malaysian Biomass Industry Commercialisation: Perspectives and Challenges. 

Renewable and Sustainable Energy Reviews, 113, 109277 

Leong W.D., Teng, S.Y., How, B.S., Ngan S.L., Lam, H.L., Tan, C.P., 

Ponnambalam, S.G., 2019, Adaptive Analytical Approach to Lean and Green 

Operations, Journal of Cleaner Production, 235, 190-209. 



vi 

 

Ngan S.L., How B.S., Teng S.Y., Leong W.D., Loy A.C.M., Promentilla M.A.B., 

Yatim P., Lam H.L., 2019. DEFANP method for prioritisation of risk mitigation 

strategies for biomass polygeneration systems. Renewable and Sustainable 

Energy Reviews (In Review). 

 

Conference Proceedings 

Yatim, P., Ngan, S.L., Lam, H.L., 2017. Financing Green Growth in Malaysia: 

Enabling Conditions and Challenges. Chemical Engineering Transactions, 61, 

1579-1984.  

Ngan, S.L., Promentilla, M.A.B., Lam, H.L., Yatim, P, Er. A.C., 2018. 

Developing Sustainability Index for Malaysian Palm Oil Industry with Fuzzy 

Analytic Network Process. Chemical Engineering Transactions, 70, 229-234.  

Ngan, S.L., How, B.S., Promentilla, M.A.B., Lam, H.L., Yatim, P., 2018. 

Integrating stakeholder’s role in mitigating risks for future cleaner production. 

Chemical Engineering Transactions, 70, 1327-1332.  

 

Book Chapter 

Yatim, P., Ngan, S.L., Lam, H.L., 2018. Sustainable Supply Chain: Feedstock 

Logistics Issues of Palm Oil Biomass Industry in Malaysia. In A. Sayigh, ed. 

Transition Towards 100% Renewable Energy. Cham, Switzerland: Springer, pp. 

467-479  



vii 

 

Table of Contents 

 

Contents 
Abstract .................................................................................................................... i 
Acknowledgement ................................................................................................. iii 
List of Publications ................................................................................................. v 

Table of Contents .................................................................................................. vii 

List of Figures ........................................................................................................ ix 

List of Tables ......................................................................................................... xi 
List of Abbreviations and Acronyms .................................................................... xii 
Chapter 1. Introduction ....................................................................................... 1 

1.1 Background Problem .................................................................................1 

1.2 Problem Statement ....................................................................................3 

1.3 Research Objective ....................................................................................4 

1.4 Research Scopes ........................................................................................5 

Chapter 2. Literature Reviews ............................................................................ 8 

2.1 Palm oil and oil palm biomass industry in Malaysia ................................8 

2.2 Sustainable development .........................................................................12 

2.3 Sustainability of palm oil industry ..........................................................19 

2.4 Challenges on financing oil palm biomass-related project .....................23 

2.5 Multiple criteria decision analysis in risk assessment .............................28 

Chapter 3. Research Strategy & Methodology ................................................. 34 
3.1 Introduction .............................................................................................34 

3.2 Overall methodology ...............................................................................35 

Chapter 4. Risk identification ........................................................................... 39 

4.1 Introduction .............................................................................................39 

4.2 Industry life cycle approach ....................................................................39 

4.3 The pioneering stage of biomass industry and key risks involved ..........41 

4.4 Conclusions and Future works ................................................................62 

Chapter 5. Risk Estimation and Evaluation ...................................................... 64 
5.1 Introduction .............................................................................................64 

5.2 Methodology ...........................................................................................65 

5.3 Problem structuring and model development .........................................69 

5.4 Conclusions and Future works ................................................................80 

Chapter 6. Prioritisation of indicators for sustainable development ................ 83 
6.1 Introduction .............................................................................................83 

6.2 Industry life cycle ....................................................................................84 



viii 

 

6.3 Methodology ...........................................................................................88 

6.4 Case study ...............................................................................................98 

6.5 Result and Discussion .............................................................................99 

6.6 Conclusions and Future works ..............................................................107 

Chapter 7. Risk management and mitigation.................................................. 109 
7.1 Introduction ...........................................................................................109 

7.2 Background ...........................................................................................110 

7.3 Methodology .........................................................................................115 

Chapter 8. Risk minimisation ......................................................................... 131 
8.1 Case study background - Biomass polygeneration system ...................131 

8.2 Case description ....................................................................................133 

8.3 Results and Discussion ..........................................................................143 

8.4 Conclusions and Future works ..............................................................157 

Chapter 9. Conclusions and Future Plans ....................................................... 159 
9.1 Conclusions ...........................................................................................159 

9.2 Limitation and recommendations ..........................................................161 

9.3 Future works ..........................................................................................162 

References ........................................................................................................... 165 
Appendices .......................................................................................................... 181 

A-1: Acknowledgement ...................................................................................181 

A-2: Sample Pairwise Comparison Questionnaires for ANP ..........................182 

A-3: Sample Pairwise Comparison Questionnaires for FANP ........................191 

A-4: Sample of FANP coding ( 4*4 matrix size) – LINGO 16.0 ....................206 

A-5: Sample DEFANP questionnaires ............................................................208 

A-6: Crsytal Ball outputs .................................................................................213 

 



 

ix 

 

List of Figures 

Figure 2-1 Distribution of the type of biomass produced in Malaysia on a yearly 

basis......................................................................................................................... 9 

Figure 2-2 No. of publication of MCDA and MCDA on risk related studies from 

2008 - 2018 ........................................................................................................... 29 

Figure 3-1 Methodology flow chart ...................................................................... 34 

Figure 4-1 Relationship between stakeholders in the biomass industry and 

uncertainties that contribute to technology risk. ................................................... 53 

Figure 5-1 The flowchart of the methodology ...................................................... 65 

Figure 5-2 The illustration of risk assessment hierarchical network model ......... 66 

Figures 5-3 An example of the generalized local priority matrix and supermatrix

............................................................................................................................... 67 

Figure 5-4 Illustration of the Malaysian biomass industry risk assessment 

hierarchical network model ................................................................................... 71 

Figure 5-5 An example of the supermatrix of the hierarchical network model .... 73 

Figure 5-6 Distribution of priority weightages for risk category .......................... 74 

Figure 5-7 Pareto graph of the priorities of risk factors in descending order ....... 80 

Figure 6-1 Methodology flow-chart ...................................................................... 91 

Figure 6-2 Representation of the relationships and elements in the network model

............................................................................................................................... 93 

Figure 6-3 The supermatrix table and its final value and ranking ........................ 99 

Figure 6-4 Network visualization of ANP relationship ...................................... 101 

Figure 6-5 Importance of sustainability index in each stage of the industry life 

cycle .................................................................................................................... 106 

Figure 7-1 Procedure flow-chart. ........................................................................ 116 

Figure 7-2 Development of the network model with its relationship ................. 118 

Figure 8-1 Polygeneration plant case study overview. ....................................... 134 

Figure 8-2 Development of the network model with its relationship for biomass 

pyrolysis-based polygeneration plant ................................................................. 140 

Figure 8-3 The initial supermatrix heatmap populated with DEFANP method . 141 

Figure 8-4 Dematel prominence-causal relationship diagram ............................ 141 



 

x 

 

Figures 8-6 DEFANP relationship nexus highlighted for: (a) Overall elements; 

(b)Stakeholder cluster; (c) Key elements cluster; (d) Action plan cluster. ......... 143 

Figures 8-7 Importance weights of elements: (a) Relative to full project; (b) 

Relative to goal in cluster. .................................................................................. 144 

Figures 8-8 Monte Carlo generated input for: (a) Mid and high season EFB 

availability, EFB price; (b) Dry and rainy season moisture content, low season 

EFB availability; (c) Coal price, oil price and diesel price; (d) Oil demand. ..... 148 

Figure 8-9  The effect of the respective action plans on NPV from 10,000 Monte 

Carlo simulations. ............................................................................................... 150 

Figure 8-10 The effect of the respective action plans on the PBP from 10,000 

Monte Carlo simulations. .................................................................................... 150 

Figure 8-11  Contribution of the implementation of risk mitigation action plans to 

NPV..................................................................................................................... 156 

Figure 8-12 Contribution of the implementation of risk mitigation action plans to 

PBP. .................................................................................................................... 156 



 

xi 

 

List of Tables 

Table 3-1  Summary of the method and contribution ........................................... 38 

Table 4-1Current basic feed-in-tariff (FiT) rates for renewable resources in 

Malaysia. ............................................................................................................... 44 

Table 4-2 Feed-in-tariff rates for renewable sources for various Asia Pacific 

countries and selected European countries. .......................................................... 45 

Table 4-3 Definition of key risks associated with the biomass industry .............. 61 

Table 5-1 List of identified risk factors ................................................................ 70 

Table 5-2 Consolidated pairwise comparison matrix of risk category with respect 

to goal.................................................................................................................... 72 

Table 5-3 Initial interdependence matrix of risk category’s relative dependency 

weights .................................................................................................................. 75 

Table 5-4 The derived priority weights and ranking of risk factors ..................... 79 

Table 6-1 Fuzzy scale for FANP pairwise comparative judgement ..................... 94 

Table 6-2 Supermatrix representation ................................................................... 96 

Table 7-1 Highlights of previous works on risk on biomass polygeneration system

............................................................................................................................. 114 

Table 7-2 Measurement scale for DEMATEL .................................................... 119 

Table 7-3 Description of the priority weights of relationship in the network model

............................................................................................................................. 120 

Table 7-4 Supermatrix representation ................................................................. 123 

Table 8-1 Parameters used in this work. ............................................................. 134 

Table 8-2 Descriptions for each action plan ....................................................... 138 

Table 8-3 Mode changes required for each action plan. ..................................... 139 

Table 8-4 Distribution for each action plan for sensitivity analysis ................... 142 

 

 

 

  



 

xii 

 

List of Abbreviations and Acronyms 

3R Reduce, Reuse, Recycle 

ACA Accelerated capital allowance 

AHP Analytic Hierarchy Process 

ANP Analytic Network Process 

BE Bioeconomy 

CAPEX Capital expenditure 

CCS Carbon capture and sequestration 

CDM Clean Development Mechanism  

CE Circular economy  

CGC Credit Guarantee Corporation 

CP Cleaner production 

CPO Crude palm oil 

CR Consistency ratio  

CSPO Certified sustainable palm oil 

CVaR Conditional value-at-risk 

DC Decanter cakes 

DEFANP Decision and evaluation-based fuzzy analytic network process 

DEMATEL Decision-making trial and experimental laboratory 

DG Deceleration of growth  

DOSM Department of Statistics Malaysia  

EFB Empty fruit bunch 

EPU Economic Planning Unit 

ESCO Energy services companies 

EU European Union 

EY Ernst & Young 

FANP Fuzzy Analytic Network Process 

FFB Fresh fruit bunch 

FiT Feed-in-Tariff 

G20 Group of Twenty 



 

xiii 

 

GDP Gross domestic product 

GE Green economy  

GGDN Global Green New Deal 

GHG Greenhouse gas 

GNI Gross national income  

GTFS Green Technology Financing Scheme 

HAZAN Hazard analysis study 

HAZID Hazard identification study 

HAZOP Hazard and operability study 

HHV Higher heating value 

HRSG Heat recovery steam generator 

IBA Industrial building allowance 

IEA International Energy Agency 

InRP Indian Resource Panel 

ISPO Indonesian Sustainable Palm Oil Standard 

ITA Income tax allowance 

KeTTHA Kementerian Tenaga, Teknologi Hijau dan Air Malaysia 

KPI Key performance indicators 

KPMG Klynveld Peat Marwick Goerdeler 

LCA Life cycle analysis 

LHV Lower heating value 

LOPA Layers of protection analysis 

MBIC Malaysia Biomass Industry Confederation  

MCDA Multiple criteria decision analysis 

MESTECC Ministry of Energy, Science, Technology, Environment and 

Climate Change 

MINLP Mixed integer nonlinear programming 

MoEFCC Ministry of Environment, Forest and Climate Change 

MPOB Malaysian Palm Oil Board 

MSC Malaysia Multimedia Super Corridor  

MSPO Malaysian Palm Oil Standard 



 

xiv 

 

MYR Malaysian Ringgit 

NKEA National Key Economic Area 

NLP Non-linear programming 

NPV Net present value 

OPEX Operating expenditure 

PBP Payback period 

PHA Process hazard studies 

PKS Palm kernel shell 

POME Palm oil mill effluent 

PPF Palm pressed fibre 

PV Prevent value 

PwC Pricewaterhouse Coopers 

REDII Renewable Energy Directive 

ROI Return on investment 

ROI+20 2012 UN Conference on Sustainable Development that was 

held in Rio de Janeiro 

RSPO Roundtable Sustainable Palm Oil 

SAP-LAP Situation Actor Process-Learning Action Performance 

SD Standard deviation 

SDGs Sustainable Development Goals 

SEDA Sustainable Energy Development Authority Malaysia 

SGD Singapore Dollar  

SME Small-medium enterprises 

t Tonne 

TAIEX Taiwan Stock Exchange Capitalization Weighted Stock Index 

TORO Target-oriented robust optimisation 

UN United Nation 

UNEP United Nations Environment Programme 

USD United States Dollar 

WEEE Waste electrical and electronic equipment 

 



Chapter 1 

1 

 

Chapter 1. Introduction 

1.1 Background Problem 

Malaysia, which situated strategically in the middle of South East Asia is 

blessed with fertile land and all year-round summer weather, possessing the best 

condition and resources for agriculture. The agriculture sector plays a crucial role 

in the economic development of Malaysia, with a contribution of 7.9 % to the 

national Gross Domestic Product (GDP) as of year 2018 and encompasses 11.09 % 

of the total employment [1]. Oil palm is amongst the top contributors which 

produce about 20 million tonnes of crude palm oil per year. Besides, the oil palm 

biomass (i.e., oil palm trunk, oil palm frond, empty fruit bunches (EFB), palm oil 

mill effluent (POME), palm kernel shell (PKS), palm pressed fibre (PPF) and 

decanter cake (DC)) is expected to reach 100 million dry tonnes by 2020 [2].   

Comparing to some developed countries such as United Kingdom who needs to 

actively planning woodland to secure the supply of the biomass source, Malaysia 

has the capacity to secure consistent supply of biomass feedstock from its main 

economic activities [3]. Thus, developing oil palm biomass industry by converting 

the organic waste into high value-added products is one of the best ways to creates 

synergy with the current economic activities in Malaysia [4]. 

Various initiatives have been initiated by the government to spur the growth 

of biomass industry, particularly on increasing the dependency on biofuel as well 

as the advancement of green technology. For example, the launch of (i) National 

Biofuel Policy which sets the platform for the development of biofuel industry; (ii) 

National Green Technology Policy to promote the application and development of 
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green technology in accelerating the economy while minimising the impact to the 

environment [5]; (iii) Green Technology Financing Scheme (GTFS) that provides 

easier access to financing for the green technology project [6] etc. The Annual 

Federal Government Budget since 2016 also highlighted on increasing productivity, 

innovation and green technology and set them as the second priority of the national 

development. Despite the significance and potential of Biomass industry in 

Malaysia together with the proactive support from the government, the industry is 

yet to be popularized.  

The biggest hindrance of the development of biomass industry in Malaysia, 

as pointed out by the stakeholders in this industry is financing difficulty [7]. 

Financing issues set up a high barrier for the stakeholders who are interested to 

venture into biomass industry, thus, decelerating the development of the industry 

to further contribute to the economy as a whole.  

Recently, many researchers have gained interest in green finance to 

introduce new financing method to aid financing issues for the development of the 

green growth [8]. However, less attention is dedicated to assessing and mitigate the 

risk profile of sustainable project, which is the core step prior to any financing 

decision or investment decision. Risk management inclusive of risk assessment and 

risk mitigation is very crucial in equipping industry stakeholders, regardless of 

investors, financiers, entrepreneur, and project developers with the integrated 

information to develop the oil palm biomass industry. The lack of focus in this area 

limits the funds and investments to venture into this industry to governmental 

scheme, venture capitalist and angel investors. This situation is not economically 
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sustainable across a longer period of time due to the characteristics of the respective 

investors. Thus, resulting in higher probability of project failure in which the 

project failed to survive through breakeven point to start generating profit. Poor 

success rate of precedent case can further intensify the financial difficulties of oil 

palm biomass related project due to higher chance of the project to fall into default 

status.  

 

1.2 Problem Statement 

One of the main factors that stakeholders of sustainable projects that contribute to 

green growth failed to attain financing from financial institution and investors is 

due to lack of information and capacity to evaluate the opportunity and risk 

associate with the industry.  Conventional risk assessment method and lending 

structure that adopted by most of the local financial institution in Malaysia are 

highly profit-oriented. This often led to failure loan application or relatively high 

premium charged on the financing amount that caused the businesses unable to 

meet debt obligation to sustain its operation. With the increasing concern on 

sustainable development and risk management, it is necessary for the capital 

providers to incorporate environmental and social cost in its financing decision-

making.  
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1.3 Research Objective  

The main objective of this research work is to provide comprehensive risk profile 

of biomass industry, to develop a user-friendly risk assessment approach and to 

provide guidelines on the risk mitigation to spur the growth of the industry for 

sustainable development. It can be further broken down into several goals: 

 

i. To identify the current state of green growth in Malaysia 

With the world switches towards sustainable development and cleaner production, 

it is necessary to understand where Malaysia is, both in term of nation policy, future 

development blueprint as well as industry practices. Thus, the first objective of this 

work is to understand current state of green growth in Malaysia, inclusive but not 

limited to policy enablers, challenges, role of different stakeholders and 

recommendations for the country to excel in this direction.  

 

ii. To develop a user-friendly risk assessment approach for Malaysian oil palm 

biomass industry 

There is a lack of appropriate approach to evaluate the risk associated with the 

sustainable project in developing country, particularly oil palm biomass industry 

which has high growth potential in Malaysia. A comprehensive framework and 

guideline will be developed to aid the identification and evaluation of the risk 

associated with the industry. Furthermore, analysis tool will be developed to select 

the most effective risk mitigation strategy, depending on the top identified risk. 
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iii. To aid the oil palm industry to switch towards sustainable development 

Sustainability of oil palm industry has been controversial across years as it is often 

claimed to cause deforestation, loss of biodiversity, violation of human right (i.e., 

child labour, lack of health and safety concern in plantation or mill), just to name a 

few. Prioritisation approach is introduced to aid the industry stakeholders to 

understand the complex relationship of sustainability indicators associated with 

different stages of the industry life cycle to initiate sustainability practices in its 

business or operation for sustainable development. 

 

1.4 Research Scopes 

The research is proposed to be carried out with the aid of a computational software 

(i.e., LINGO), multiple criteria decision-making software, (i.e., Superdecision) in 

correspond with spreadsheet software, Microsoft Excel with add in feature (i.e., 

Oracle Crystal ball) for simulation. 

 

i. Identification of the key risks hindering the development of oil palm biomass 

industry 

To address the high-risk profile of oil palm biomass industry which often claimed 

as one of the key factors hindering the growth of the industry, the first scope of this 

work is to identify the key risks associated with the industry based on industry life 

cycle approach. Unable to attain sufficient information related to the industry 

exposes the related stakeholders to high risk in making decision, whether to venture, 

invest, or finance biomass project. Thus, risk identification is carried out to provide 
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a comprehensive information for industry stakeholder, regardless of project 

developer, financier, investors to aid its decision. 

 

ii. Assessment of risks associated with oil palm biomass industry with multiple 

criteria decision analysis tool 

Risk exerts in both tangible and intangible form, which increase the complication 

for quantification (i.e., probability of occurrences and consequences of risk events). 

Due to the lack of historical data in the industry, the conventional quantification 

method is almost made impossible. Thus, a user-friendly approach with Analytic 

Network Process is proposed in this work to access and evaluate key risks 

associated with the industry. Furthermore, the outcome is not merely based on 

single objective (i.e., maximise financial benefits, minimise accident rate, reduce 

environmental impact), it takes in consideration of all perspectives from major 

industry stakeholders (i.e., business related party, capital provider, policy maker, 

researchers).  

 

iii. Prioritisation of sustainability indicators for oil palm industry towards 

sustainable development  

Different stages of industry life cycle exert different characteristics for growth. 

Despite multiple international and domestic sustainability standards are introduced 

to provide guidance on enhancing the sustainability of the industry, knowing what 

to need to be changed is insufficient. In this work, sustainability indicators are 

prioritised based on different stages of industry life cycle. The outcome provide 
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reference to help industry stakeholders to understand which indicators they can start 

to initiate sustainability practices to achieve the best effect, depending on the stages 

of the business/form. Furthermore, this work also helps policy makers to design 

suitable policies and incentives to enhance the overall sustainability of the industry.  

 

iv. Development of a systematic evaluation approach to evaluate risk 

mitigation strategies for risk minimisation 

Multiple attribute decision analysis tools are integrated to evaluate risk mitigation 

strategy to minimise the risk for oil palm biomass related project. The evaluation 

method incorporates the key elements of the industry (i.e., supply chain, technology, 

process) and the strength and weaknesses of stakeholder’s (industry players, 

government agency) to select the most effective and influential action plan. The 

method also aims to minimise the risks (i.e., financing risk, regulatory risk, supply 

chain risk) associated with the project. Simulation of the financial performance of 

the project and sensitivity analysis are conducted to verify the effectiveness of the 

mitigation action plan on financial performance.  The methodology is illustrated 

with the case study synthesized in Chapter 7 and 8.  
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Chapter 2. Literature Reviews 

2.1 Palm oil and oil palm biomass industry in Malaysia 

The palm oil industry is one of the main economic activities in the ASEAN 

region. Indonesia and Malaysia cumulatively accounted for 85% of the world palm 

oil production [9]. The significant growth of palm oil in Thailand has also grow 

begun to monopoly the other vegetable oil production within the country [10]. 

These three countries in total produce up to 91% of the total world palm oil [11] 

and this is followed by Colombia. Palm oil is amongst the most popular vegetable 

oil across the world, contributing about one-third of the global consumption. The 

consumption rate of the palm oil is expected to continue to increase up to 72 million 

tons per year [12]. Apart from being widely used as cooking oil, it can also act as 

the ingredient in food products (i.e., cookies, margarine, bread spread, pizza dough, 

bread), and further process to become cosmetic products (i.e., lipstick, lotion, soap) 

and bio-fuel. Malaysia, as the second world’s largest exporter of palm oil after 

Indonesia and contributes about 1.605 x 107 t (i.e. 36.75 %) of world palm oil 

exports on a yearly basis [9].  The ratio of the production of palm oil to dry oil palm 

biomass waste is about 1:4, excluding palm oil mill effluent [4]. This signifies that 

for every tonne of the palm oil produced, 4 tonnes of dry biomass (i.e., oil palm 

trunk, oil palm frond, EFB, PKS, PPF and DC) are produced. Studies showed that 

by fully utilising the oil palm biomass into high-value-added products, it could 

increase the country’s gross national income (GNI) by additional MYR 30 billion 

[2].  
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Agricultural activities are the backbone of Malaysia’s economy. Thus, apart 

from oil palm biomass, there is a wide array of biomass available through other 

commercial agriculture activities (i.e., woody residues, paddy residues, sago 

biomass). Figure 2-1 shows a non-exhaustive view of the distribution of biomass 

produced in Malaysia in a yearly basis. The oil palm biomass is the dominant source, 

contributing up to 86.18 % of the total biomass produced in Malaysia annually. 

Given that the palm oil industry is expected to grow in the next decade, the oil palm 

biomass industry exerts high growth potential largely due to business opportunities 

in upstream expansion, exploitation of existing downstream palm oil activities as 

well as bio-energy production.  

 

Figure 2-1 Distribution of the type of biomass produced in Malaysia on a yearly 

basis (Source: [13]) 
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2.1.1 Policy and Incentives  

Since the introduction of 8th Malaysia plan, the Malaysia government has 

undertaken favourable politics to drive the biomass industry forward. These 

policies and actions were not specifically aimed for the development of biomass 

industry per se but reaching out to a larger scope under renewable energy, green 

technology and biotechnology. First, fifth fuel policy was introduced in 1999 to 

recognize renewable energy as the fifth primary fuel in national energy supply to 

reduce the dependency on the traditional fuel. Next, Small Renewable Energy 

Program (2001), National Biofuel Policy (2006), National Green Technology 

policy (2009), Renewable Energy Policy and Action Plan (2010), Renewable 

Energy Act (2011) are introduced to encourage the development of transforming 

biomass from a form of polluting wastes into economically valuable resources 

[14,15]. This transformation is mainly driven by the need to reduce carbon emission 

to mitigate climate change, reducing dependency on finite fossil-based resources as 

well as maturing of sustainable bioscience and biotechnology [3,16].  

Since 2012, Biomass Industry Strategic Action Plan has been introduced to 

help small and medium enterprises (SMEs) in Malaysia to explore and convert local 

biomass resources into high value product. It is a joint program between Malaysia 

and European Union (EU) to encourage the development of biomass industry in 

Malaysia through sharing information, and technology[17]. In relation to that, 

Malaysia Biomass Industry Confederation (MBIC) has also been formed to 

represent SMEs to engage the Malaysia Government and other stakeholders (i.e. 

major feedstock owners, research institutes, and other local and international 
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biomass stakeholders). The purpose of MBIC is to commercialise, market and 

utilise the applications of high value biomass products alongside the value chain 

with the final goal of leading Malaysia to be the international biomass hub [18]. 

National Biomass Strategy 2020 has been introduced since 2013 to promotes the 

use of agricultural biomass waste for high value products. It was initially focusing 

on the palm oil industry and now is extending to include all types of biomass 

sources such as rubber, wood and rice husk. In relation to this, government 

introduces multiple incentives specifically tailored for biomass industry, such as 

palletisation capacity incentive (under palm oil NKEA) to provide 10-15 % in 

CAPEX incentives to the first five successful applicants for new pellet plants in 

Malaysia [2]. 

2.1.2 International initiative towards green growth 

Apart from the initiative at the national level, Malaysia also participates in 

various international initiative to combat global issues such as climate change, 

resource scarcity, energy security and food security. Even though the commitment 

to respective international treaty might not directly impact on the development of 

the oil palm biomass industry, the global movement towards cleaner production 

does increase awareness and demand of the utilisation of biomass. Malaysia had 

voluntarily become a signatory to Kyoto Protocol in the year of 2005 to put in place 

legislation and policies to mitigate climate change issues, particularly focusing on 

the take in environmental and social component in making climate-friendly 

investment decisions and the formation of a carbon market. Kyoto Protocol also 

encourages developed countries to aid developing countries to reduce net global 
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greenhouse gas emissions at a much lower cost by financing emissions reduction 

projects in developing countries. Kyoto Mechanism, such as International Emission 

Trading, Clean Development Mechanism (CDM) and Joint Implementation are also 

introduced under this protocol to attract foreign investment and technology transfer 

in the biomass industry to reduce carbon emission in Malaysia [19].  

2.2 Sustainable development 

The concept of sustainable development is first introduced by United Nation 

back in 1972 [20] to achieve a balance between economic growth, environmental 

conservation and preservation and social well-being.  It is not until 2010s that this 

movement received a strong resonance across the world, particularly with the 

launching of 2030 agenda for Sustainable Development Goal (SDGs).  SDGs 

indeed is a big milestone for sustainable development, enlisted 17 objectives to 

serve as the core of this movement. SDGs cover a wide range of area, ranging from 

social concern (i.e., no poverty, zero hunger, good health and well-being, quality 

education, gender equality) to environmental protection (i.e., clean water and 

sanitation, affordable and clean energy, climate action, life on land), to economic 

development (decent work and economic growth, industry, innovation and 

infrastructure, sustainable cities and communities) [21]. As defined by the 

European Union, sustainable development focus on the development which meets 

the needs of the present without compromising the ability of future generations to 

meet their own needs [20]. This initiative also strongly emphasises on the 

cooperation at multiple levels, including local, national, regional and international 

to form a global partnership to combat the world issues together. In relation to that, 
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different economic models and new concepts have been introduced and promoted 

to aid the transition towards sustainable development. Green economy (GE), 

Circular economy (CE), and Bioeconomy (BE) are amongst the most popular 

avenues that are gaining recognition in supporting SD initiatives.  

2.2.1 Green economy 

The notion of GE was officially introduced in the 2012 UN Conference on 

Sustainable Development held in Rio de Janeiro (ROI+20). It is defined as “an 

economic system that results in improved human well-being and social equity, 

while significantly reducing environmental risks and ecological scarcities.” [22]. 

The definition of GE conveys the comprehensiveness as the “engine” for 

sustainable development, which fully covers the economic, environmental and 

social aspects. It is meant to create a low carbon, resource efficient and socially 

inclusive economy by investing in natural capital for green projects, and increasing 

energy/resource efficiency [23]. Loiseau et al. [24] described the principles of GE 

as enable environmental economics, that focuses on cleaner production, resource 

efficiency and ecological economics. The growth in income and creation of green 

employment to mitigate social inequality is also a core element in GE to improve 

the overall quality of life [22]. The most distinctive difference of GE with CE nor 

BE is that GE goes a step further to drive fund and investment, from both public 

and private source to kick-start such initiative [25,26]. Global Green New Deal 

(GGDN), a United Nations Environment Programme (UNEP) movement 

introduced in 2009 is one of the best example [27]. GGDN involves 20 most 

advanced economies (i.e., G20) in the world to invest at least 1% of their total GDP 
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in GE related project. It successful draws a significant amount of investment (i.e., 

US$ 3.1 trillion) to fund the projects related to (1) energy efficiency in old and new 

buildings; (2) renewable energy technologies; (3) sustainable transport 

technologies; (4) the planet’s ecological infrastructure; and v. sustainable 

agriculture [28]. GE heavily promotes the implementation of cleaner energy policy 

to increase the usage of renewable resources. Large-scale penetration of renewable 

energy acts as a remedy for climate change, substitution of fossil resources for 

energy saving, and increase employment of green job to eradicate poverty[29]. GE 

initiatives also include providing education to raise awareness and acceptance level 

on the needs of green growth and demand for green products and services. Different 

from the CE which is relatively new in the policy arena for developing countries, 

except China, GE has been adopted in multiple developing countries as 

development blueprint over the past decades [30,31].     

2.2.2 Circular economy 

The idea of CE started way back to 1960s and regained its popularity in 

industrial and policy arena in recent year. There is no clear indication that the 

concept of the circular economy is drawn from a single source, but is based on 

multiple ideologies that are well-established years ago. Some of the ideology that 

contributes to the key principle of CE is the “spaceman” economy – which proposed 

a cyclical system that encourages the reproduction of materials [32]; “steady-state 

economy” – maintain a constant amount of inputs (i.e., both materials, human 

resources, energy) through the product cycle [33], “industrial ecology” – promote 

the recycled loop of the materials in a designed industrial ecosystem [34] and last 
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but not least, the “cradle-to-cradle” concept – promotes recycling with the 

emphasize on eco-efficiency [35].  

However, the concept of CE is often obscure and vary according to different 

practitioners, field and geographical location [36–38], depending on the cultural, 

social and political background. For instances, the CE concept in developed nations 

such as US, UK, European Union nations mainly focus on the 3Rs, reduce, reuse, 

recycle of the resources, waste management and reduce environmental impact for 

sustainable development [39]. Meanwhile, developed country in Asia regions such 

as South Korea and Japan mainly adopt the CE concept  on the raising public 

awareness on consumers responsibility on material use and waste [40]. China, on 

the other hand, adopted the concept of CE to promote urban development, to 

achieve a balanced growth of the development in the rural area as well as the urban 

area. The CE-initiative in China highly focuses on the replacement of conventional 

industrial culture with novel technology and process that significantly increase the 

efficiency and profitability of the production [41].  

In general, CE promotes cyclical resources flows in the production-

consumption system. The system is designed to be restorative and regenerative on 

its own like the cycle and can be applied on a different scale, from micro-level to 

meso-level as well as macro-system [42]. CE is not a minor change or modification 

to be added at a certain stage of the industry life-cycle. Rather, it is a fundamental 

systemic change, regardless of industry, location, scale, nature of business etc. [36]. 

It proposes a new type of economic growth that involve new business model 

creation and job opportunities that focus on reducing dependence on the supplier 
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for supply of material, save materials’ cost, dampening price volatility [43]. CE 

limits the throughput flow to a level that nature tolerates and utilises ecosystem 

cycles in economic cycles by respecting their natural reproduction rates [44]. The 

prominence action in transforming to CE consists of aspects of reduce, reuse, 

recycle and recovering material in production/distribution and consumption process 

to achieve cradle-to-cradle life cycle. Waste management also plays an important 

in the CE to overcome the negative impact of the linear economy, value lost and 

energy loss [45]. The intention of CE is to phase out “waste” by re-fitting biological 

and technical waste into the biological and technical materials cycle that designed 

for remarketing, remanufacture, disassembly or repurposing [46]. Murray et al. [47] 

also show the hierarchy of the usage of the biological and technical materials in 

order to keep the materials at their highest value and in use, served as a form of 

guidelines to ease the transition towards CE. 

2.2.3 Bioeconomy 

BE is defined by European Commission publication in 2012, “Innovating 

for Sustainable Growth: A bioeconomy for Europe” as bioeconomy encompasses 

the production of renewable biological resources and the conversion of these 

resources and waste streams into value-added products, such as food, feed, bio-

based products and bioenergy [and] includes the sectors of agriculture, forestry, 

fisheries, food and pulp and paper production, as well as parts of chemical, 

biotechnological and energy industries [48]. BE promotes innovative, low-

emissions economy while reducing the impact arising for the increasing demand 

for food, energy to ensure biodiversity and environmental protection [49]. Scarlat 
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[50] illustrate bio-economy as a new growth opportunity in both traditional and 

emerging bio-based sectors to counter global challenges (i.e., climate change, food 

security, energy security, scarce resources) with environmental constraints. Bugge 

et al. [51] categorized bioeconomy into three main groups, namely biotechnology 

vision, bio-resource vision and bio-ecology vision. Biotechnology vision 

maximises the usage of the resources to solve resource shortages and resource 

scarcity. Bio-resources vision minimises environmental impact in the process of 

value creation and bio-ecology vision prioritises on the hierarchy of the usage of 

the resources for sustainability. For example, reuse and recycle the waste prior to 

remanufacture or refurbish for other use. Different from CE’s and GE’s concept 

that emphasizes more on environmental preservation and conversation for 

environmental impact reduction, BE intends to create new opportunity to transform 

natural and renewable biological resources for energy, chemicals and materials 

application and substitution[52]. It is deemed to be more appropriate for rural 

development, rather than urbanization or industrialization [29]. A few works also 

described BE as a subset of GE, playing an integral role to aid the green growth 

initiatives [24,53]. Similar to CE, the definition and understanding of BE vary 

depending on the nature of the industry as well. It has been widely adopted in 

developed countries, particularly on European nations and America, and receive 

significantly less attention in developing country thus far. 

2.2.4 Current state of green growth in Malaysia 

As Malaysia strives towards becoming a developed nation by the year 2020, 

there has been rapid increase in energy consumption which has resulted in depletion 
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of primary non-renewable energy resources and increase of greenhouse gases 

(GHGs). In response to the depletion of natural resources and environmental 

degradation problems, Malaysia has instituted several policies associated with 

renewable energy and climate change policies. These policies include National 

Renewable Energy Policy and Action Plan (2009), National Policy on Climate 

Change (2009), National Green Technology Policy (2009) and Renewable Energy 

Act (2011). Furthermore, Malaysia is also a signatory to several multilateral 

environmental agreements (MEAs) such as the Paris Agreement and Convention 

on Biological Diversity. 

Malaysia launched 11th Malaysia Plan 2016 - 2020, an economic 

development blueprint for the next five years and defined six strategic thrusts to 

help Malaysia achieve the target of becoming an advanced economy by year 2020 

in the year of 2015. Green growth is one of the strategic thrusts that will enable 

Malaysia to stay ahead of environmental challenges and opportunities in a fast-

changing global and political landscape. The government has set out three strategies 

to promote the green growth agenda including strengthening governance to drive 

green growth, enhancing awareness to create share responsibility, and establishing 

sustainable financing mechanisms to promote and support green growth. Since 

green growth has become one of the policy agenda in Malaysia’s sustainable 

economic development for the next five years, it is imperative that we look at key 

factors enabling green growth and challenges that may hinder green growth efforts. 

Although there are several enabling conditions necessary to increase the uptake of 
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green growth in Malaysia, our primary focus is on the financing aspect of green 

growth. 

The policy makers around the world have recognized that green growth can 

underpin industrial policy and macroeconomic goals as growing demand for green 

technologies, products and services provides opportunities for countries to develop 

new industries and markets. However, the policy commitments from the 

government alone is not enough; a long-term commitment from all stakeholders in 

the green growth nexus is a prerequisite to create the environment for green growth. 

In addition to clear green policy directions, easy access to financing facilities for 

green industries through fiscal and financial support systems are also equally 

important. Typically, government-led financing facilities are crucial at the initial 

stage of green growth process. However, as the participation of private sector in 

green growth increases, large external financing from financial institutions and 

capital markets become increasingly important for green industries seeking to 

commercially explore new ideas and clean technologies [54]. 

2.3 Sustainability of palm oil industry 

Malaysia also voluntarily committed to Agenda 2030 of Sustainable 

Development Goals in 2015 in line with the national development blueprints with 

the 17 SDGs principles. Nonetheless, the sustainability of the palm oil industry is 

controversial in recent years. It is often claimed that the palm oil industry is 

associated with heavy deforestation which creates a serious impact on the loss of 

biodiversity. Furthermore, the neglection of the social benefit of labour issues, such 

as contracted part-time undocumented labour, child labour, women labour, poor 
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working environment also often claimed as a violation of human right [55,56]. With 

that, a series of anti-palm oil movement has been launched by non-governmental 

organisations to increase the awareness of the sustainability of palm oil production 

and to avoid the consumption of palm oil-related products[57]. These create a huge 

impact on the demand for and price of the palm oil in a long run. The situation is 

worsened with the European Union’s intention to exclude import of palm oil from 

Malaysia (i.e., REDII mandates) [9].  However, the substitution of palm oil with 

other vegetable oil (i.e., sunflower oil, soya oil etc) might not be a wise move as it 

required at least 50% more land consumption for the production required to meet 

the vegetable oil demand[12,57]. In relation to that, different sets of sustainability 

standards and certification have been introduced in conjunction with the increasing 

dispute for this industry. 

2.3.1 International certification standard  

Roundtable Sustainable Palm Oil (RSPO) is the most world-recognized 

certification standard for the time being.  RSPO is the first international 

organization to develop and implement global standards for sustainable palm oil. It 

is a multi-stakeholder voluntary international standard that focuses on minimising 

the negative impact of palm oil cultivation on the environment and communities in 

palm oil-producing regions. It was first introduced in 2004 and formally recognized 

as accreditation in 2013 [58]. RSPO consists of three main impact goals and seven 

principles on creating sustainable palm oil supply chain, starting from the plantation 

(supply base) and mill, to the delivery of the palm-oil products to end user. The 

three impact goals enlisted in the RSPO standards are prosperity (i.e., economic), 
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people (i.e., social) and planet (i.e., environmental) [59]. To ensure the standard is 

always relevant to the up-to-date context, the standards are revised every 5 years of 

implementation. Similarly, the RSPO certification owner will need to undergo the 

main assessment once every 5 years, and annual assessment for continued 

compliance. The standards and guidelines are also subjected to national 

interpretation due to the difference of law and regulations in different country. 

RSPO consists of seven principles in total. Impact goal “Prosperity” consists of 

three principles: first, to create a competitive, resilient and sustainable sector; 

second, to behave ethically and transparently; third, to operate legally and respect 

rights; fourth, to optimise productivity, efficiency, positive impacts and resilience. 

Impact goal “People” aims to create sustainable livelihoods and poverty reduction 

with the following three principles: respect community and human rights and 

deliver benefits; support smallholder inclusion; respect workers’ right and 

conditions. The last principle is categorized under impact goal “Planet”  to conserve, 

protect and enhance the ecosystem that provides for the next generation through 

protect, conserve and enhance ecosystems and the environment [59].  

2.3.2 Domestic certification standards  

Another two sustainability standards that are commonly known across the 

industry are Malaysian Palm Oil Standard (MSPO) and Indonesian Sustainable 

Palm Oil Standard (ISPO). These two certifications are introduced as voluntarily 

basic by respective local government and later enacted as law to mandate 

compulsory compliance. MSPO was first launched in November 2013 and 

officially came into effect by 2015. MSPO consist of two major categories, oil palm 
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management certification and supply chain certification. Oil palm management 

certification consists of three parts, for independent smallholders, oil palm 

plantations and organised smallholders and palm oil mill. The standards and criteria 

for the respective category are varied slightly. The first six (6) key principles for all 

these three categories are the same, management commitment and responsibility, 

transparency, compliance to legal requirements, social responsibility, health, safety 

and employment conditions, environment, natural resources, biodiversity and 

ecosystem services, best practices, except for the seventh, development of new 

plantings is excluded for palm oil mill as it is irrelevant [60]. On one hand, the 

supply chain certification under MSPO was just newly introduced and officially 

come into implementation on August 2018. Similar with RSPO certification, supply 

chain certification applies to industry players that process, trade or manufacture 

palm oil products. The Supply Chain Certification Standard focuses on the 

transparency and traceability of the information and material/product flow 

throughout the supply chain to ensure all stakeholders are responsible to the 

sustainability of the supply chain [61]. On the other hands, ISPO also consists of 

seven principles, namely licensing system and plantation management, technical 

guidelines for palm oil cultivation and processing, environmental management and 

monitoring, responsibilities for workers, social and community responsibility, 

strengthening community economic activities and sustainable business 

development [62]. ISPO contains 3 types for certifications which are grower 

certification, supply chain certification and holding certification.  
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2.4 Challenges on financing oil palm biomass-related project 

Difficulties in attaining financing is one of the most commonly cited 

stumbling blocks for the slow development of oil palm biomass industry in 

Malaysia [63]. Renewable energy and other capital-intensive cleantech projects are 

highly leveraged and require large initial investments, moreover, they are also 

exposed to numerous risks such as market risk, credit risk, liquidity risk, operational 

and regulatory risks [64]. From the perspective of financial institutions’ and 

investors’ they would typically assess the revenue projections and major risks that 

can potentially impact the project when considering a project. If this risk-return 

analysis is not adequately performed, risks associated with cleantech projects will 

directly impact the amount, timing, cost and availability of financing [65]. 

Moreover, to achieve bankability, clean technologies need to be proven and reliable 

and scalable. As a result, the type of financing available to cleantech projects is 

largely dependent on risk management approaches employed by the project 

developers and the risk management tools available to mitigate real and perceived 

risks. The main factors that contribute to the financing issue are the capital-

intensive nature of the industry, insufficient historical data for analysis, high risk 

profile, financing gaps in local financing framework. The explanation for each 

factor would be illustrated in the following section. 

2.4.1 Capital intensive  

Biomass industry, by nature is a capital-intensive industry [66] as it required 

a combination of expertise from various areas, inclusive but not limited to 

technology, material science, biology, bio-chemical, supply chain management and 
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engineering [67]. While the government-led financing is necessary to stimulate the 

uptake of green growth, the government financing schemes are not able to match 

the investment costs required for scale-up clean technology projects. These projects 

are not able to obtain large amount of financing from financial institutions and 

capital markets partly because of their real and perceived risks. Lenders and 

investors alike will impose more stringent lending and investment criteria, making 

the financing cost higher than that of government financing schemes. Cleantech 

projects that are highly leveraged and complex, such as biorefineries, are more 

likely to pose high financing risks and the risk of delayed completion and 

discontinuation [68].  Depending on the biomass feedstock, the operational 

components starting with the construction of the plant and facility, implementation 

of technology, adoption of techniques to logistics arrangement contributed to high 

setup cost for the industry. Even though capital intensive industry creates high 

barriers of entry which minimise the competition of the industry, at the cons side, 

stakeholders are imperative to receive financing in order to start and sustain through 

the operation [69]. However, the financing for the project might not need to be 

limited to venture capital, capital markets, private equity and project finance, which 

are the commonly available financing medium in Malaysia. In Germany, financial 

citizen participant was introduced to finance renewable energy technologies or 

projects from citizens (i.e. private individual, individual enterprises or legal entities) 

in the form of equity. The investing members hold voting and control right over the 

technology or project that they are investing [70].   
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2.4.2 Insufficient historical data for analysis  

Unlike common fossil fuel such as petroleum, natural gas, coal that are 

widely trade as commodity across world, biomass industry in Malaysia facing lack 

of historical data related to the cost, pricing and revenue for further analysis and 

interpretation [71]. Failure to attain of the mentioned information prevent the 

industry stakeholders to study about the historical trend to forecast the required cost, 

expected return and payback period for the project financing [72]. Stakeholders also 

unable prepare solutions and alternatives to manage and mitigate losses which can 

be observed based on the historical data trend. Furthermore, it also contributes to 

the high market volatilities in term of pricing, supply and demand of biomass 

feedstock type and end-product (i.e. bioethanol, green pallet, energy) [73]. Even 

though there are various institution in Malaysia such as Malaysian Palm Oil Board 

(MPOB), Sustainable Energy Development Authority Malaysia (SEDA), 

Department of Statistics Malaysia (DOSM), but the data are relatively scattered and 

challenging to consolidate for further usage.   

2.4.3 High business risk profile 

Given that biomass industry is a multi-disciplinary industry, has its own 

unique potentials and risk profiles [74]. Risk, in relation to biomass industry can be 

best described as positive or/and negative uncertainty that might have on the 

viability of the industry. With the government initiatives’ that introduce regulations 

and policies to promote the renewable resources in Malaysia, it exposes the industry 

to regulatory risk. Changes or lack of clarity in the regulations and policies exposes 

the industry stakeholders to compliance issues as well as increase the costs of 
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operation [15]. Besides, the on-going research and development efforts of biomass 

commercialisation in Malaysia are still facing commercial viability issues [75]. By 

relying on the imported technology from oversea which can be costly and obsolete, 

this contributes to high technology risk as the properties of biomass can be varied 

significantly depending on the biomass type as described above [76]. The 

willingness of industry players, particularly of plantation and oil mills owner, in 

committing a consistent and long-term feedstock supply also plays a crucial role in 

the development of biomass industry. Failure to prove a long term and sustainable 

feedstock supplies and reliable supply chain can give rise to the supply chain and 

feedstock risks [77]. Besides the financial risk and business risk that is commonly 

seen in other industry, regulatory risk, technology risk, and supply chain risks 

intensify the overall risk profile of biomass-related project which makes the 

financing from conventional sources (i.e. bank loans, project finance) more 

challenging [78]. 

2.4.4 Financing gaps in local financing framework 

Financial institution refers the financing decision by credit decision. Credit 

risk model and credit scoring scorecard are the most common tools developed and 

utilised by bank to assess credit risk of the borrowers based on different portfolios 

(i.e. hire purchase, mortgage, credit card, personal loan, corporate loan, and SME 

loan). The rating parameters and the weightage of each parameters in the credit risk 

model and credit scoring scorecard are varied for each portfolio and financial 

institution, but it should incorporate both quantitative and qualitative components 

[79]. The importance of qualitative components, particularly human judgements is 
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also emphasized in The Basel Accord (i.e. Basel I, Basel II and Basel III), which is 

a global, voluntary regulatory framework that help to strengthen the regulation, 

supervision and risk management of the banking sector [80].  

Conventional risk assessment focuses on the business and financial risks 

faced by the industry. With the world’s initiative in promoting green and low 

carbon project, the necessity to incorporate environmental cost in the risk 

assessment is also reflected on the emerging trend in overseas that incorporate 

environmental factors in the evaluation of corporate and sovereign credit risk [81].  

As biomass industry is relatively new in Malaysia and possessing unique risk 

profile, financial institutions are not familiar with these projects and thus have 

insufficient capacity to evaluate them.  By maintaining the traditional lending 

structure and conventional risk assessment in making credit decision tend to be 

resulted in higher cost of capital (i.e., high premium in lending rates, higher 

guarantee amount) or jeopardizing the bankability of biomass-related projects, in 

the worse cases [82]. In the meanwhile, this also led to an impasse between industry 

stakeholders, where capital provider and capital lender could not agree on 

valuations of green project [72]. As a result, they offer few, if any, financial 

products designed specifically to finance renewable energy projects and require 

substantial technical assistance to develop such products from technology experts. 

Financial institutions prefer cleantech projects with high certainty of expected 

profits and require greater collaboration between borrowers and technology experts 

to ensure the feasibility of a project. Moreover, lack of “near cash” collateral and 

poor credit standing also contribute to the difficulty of obtaining credits by many 
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green technology companies [83]. Banks consider much of the equipment and 

technology for renewable energy projects inadequate collateral due to the fact that 

the technology and equipment are new and unproven with limited life span.  

Thus, it is necessary for financier to aware of the need to create an integrated 

risk assessment framework and method to aid the credit decision making for 

environmentally friendly and sustainable project [84].  In China, adopting green 

finance policy in lending has shown as the best way to sustain the banking business 

in the competitive market. At the same time, it can also gain reputation as taking 

up social responsibility to offer financial products and services to environmentally 

responsible and low carbon technologies, projects as well as companies [85]. 

Furthermore, risk assessment is also essential in showing the integrated risk profile 

for green project to allow industry stakeholder to understand the risks associated 

with green business at the early stage. Consequently, stakeholders able to prepare 

strategy and solution to reduce, transfer, and mitigate the risk before it becomes a 

real loss. 

2.5 Multiple criteria decision analysis in risk assessment 

The development of information technology has made the world become 

ever connected than before with the easily accessible and attainable information. 

The unlimited access to information has also increased the complexity of decision-

making process, thus increasing the need for multiple criteria decision analysis 

tools. Multiple criteria decision analysis (MCDA) supports decision making 

process that involve complex relationship and correlation. The application of 

MCDA has experienced rapid growth in the recent years, as reflected through the 
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number of publications based on Scopus database literature search in years 2008 – 

2018 (i.e., Figure 2-2).   

  

Figure 2-2 No. of publication of MCDA and MCDA on risk related studies from 

2008 - 2018  

MCDA tools have been widely applied in various areas, particularly in computer 

science, engineering, decision sciences, mathematics, business, management and 

account, environmental science and social sciences. Although there are a lot of 

developed techniques or modified approaches available, the capability of using 

these methods to assess the risks of an industry by taking in consideration of the 

complex relationship between all stakeholders is remain minimal, as illustrated 

through the huge gaps in Figure 2-2.  

In engineering arena, traditional risk assessment methodologies, such as the 

most commonly used risk assessment matrix, relies on qualitative data. The risk 

assessment matrix is a method that identifies risk based on the severity of risks and 

its likelihood. The method is commonly used for general project planning and 
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management, as shown in the works of Wambeke et al. [86]. Markovski and 

Mannan [87] have extended the risk assessment matrix to enable quantitative 

studies by incorporating fuzzy analysis. The study has shown that the fuzzy risk 

assessment matrix was able to be implemented in process hazard studies (PHA) and 

layers of protection analysis (LOPA). For engineering process risk assessment, the 

hazard identification study (HAZID) is most commonly used for an initial 

identification study [88]. Consecutively, hazard and operability study (HAZOP) 

and hazard analysis study (HAZAN) are human-input systematic tools that can be 

later used to mitigate risks within systems [89]. For a more detailed study of the 

interaction between risks, the logic tree approach can be used for risk analysis and 

mitigation. Researchers such as Faber and Stewart [90] have demonstrated the use 

of the logic tree approach for managing risks in an engineering facility. For risk 

mitigation strategy selection, Webster [91] has demonstrated the usefulness of the 

risk level assessment table and spectrum of risk in a case study for drug testing.  

In term of the application of MCDA approaches in risk management, 

Mustafa and Al-Bahar [92] have used the analytic hierarchy process (AHP) 

methodologies to analyze and manage project risks using pair-wise scoring. In 

Gandhi et al. [93], DEMATEL is adopted to evaluate and select the best practice in 

the green manufacturing and supply chain management. Dehdasht et al. [94] 

applied ANP and DEMATEL in assessing the six main risk associated with the oil 

and gas construction project (i.e., technical, financial, environmental, design and 

construction, contractual, policy and political). Furthermore, AHP also combined 

with SWOT strategy to select and evaluate strategy to overcome biomass supply 
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risks [95]. In research front end, an integrated fuzzy multi-criteria decision-making 

(MCDM) approach is pro-posed based on the technique in order of preference by 

similarity to ideal solution (TOPSIS) and criteria importance through inter-criteria 

correlation (CRITIC) method is proposed for supply chain risk management [96].  

In this work, Analytic Network Process (ANP), Fuzzy Analytics Network Process 

(FANP) and Decision-Making Trial and Evaluation Laboratory (DEMATEL) are 

adopted to develop risk assessment model and integrate the key components of risk 

management (i.e., process, stakeholders) in managing risk associated with oil palm 

biomass industry in Malaysia. All the MCDA tools reviewed in section 2.5.1 to 

2.5.3 are adopted in this study, with the detailed steps demonstrated in the 

respective chapters (i.e., Chapter 5 – ANP; Chapter 6 – FANP; Chapter 7 and 8 – 

DEMATEL)  

2.5.1 Analytic Network Process 

Analytic Network Process (ANP) is a generalization of AHP that proposed 

by Saaty in year1996 [97]. Different with AHP, ANP is represented by a network, 

which does not only take in account of the dependency of lower level elements on 

higher level elements, but also includes the “bottom-up” dependence of the higher-

level elements on lower level elements and the inner dependency of elements within 

each cluster. The flexibility that ANP offered in structuring the problem and 

converting subjective judgements into objective measure has enabled a wide range 

of application, both in the research and business arena [98]. Furthermore, ANP that 

refrain the unidirectional problem is also more applicable for real life issue that 

associates with complex relationship and correlation between multiple variables 
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and level. The influence of the elements between cluster, or within the cluster will 

then be represented and calculated with supermatrix, converting intangible factors 

into quantitative factors [97,99,100]. Weightage (i.e. limited weightage and global 

weightage) will be assigned to represent the importance of elements and clusters 

[101]. ANP is a relatively new method in Malaysia that is rarely being used by 

researchers or business to enhance decision making process, particularly in risk 

assessment. As risk exerting in both qualitative and quantitative criteria and form, 

ANP enables a clear indication of the relationship and interaction for both tangible 

and intangible factors, and able to prioritise/rank the importance of the variables 

based on the objectives of the study. 

2.5.2 Fuzzy Analytic Network Process 

Despite of the mathematically simplicity and flexibility offered by the ANP, 

the crisp value input for the pairwise comparison based on Saaty’s traditional 9-

point fundamental scale has been controversial. It is argued that human judgement 

can be vague and ambiguous at the same time [102]. In relation with that, fuzzy set 

theory has often been combined with AHP or ANP for a comprehensive 

representation of the judgements. Fuzzy set theory was first introduced by Zadeh 

[103] to overcome constraints of limited information and data. It was later applied 

to aid decision making, particularly those associated with personal or subjective 

opinions that involve high degree of uncertainty and imprecision. Fuzzy set theory 

is incorporated with ANP and AHP by replacing the crisp input for pairwise 

comparison with fuzzy membership function. Fuzzy membership function does not 

only enable the level of dominance relationship to be implied more precisely with 
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the inclusion of upper and lower bound, the range of lower bound and upper bound 

also indicates the confidence level of experts in giving such judgements [104]. 

2.5.3 Decision-Making Trial and Evaluation Laboratory 

DEMATEL method has long established back in 1970s by the Geneva Research 

Centre of the Battelle Memorial Institution to analyse the casual and effect 

relationship of complex problem or system [105]. It is well recognized as a 

powerful tool in analysing interdependency to identify causal and effect factors out 

of a group of variables [106]. It enables visualisation of the relationship through the 

representation of matrices and digraph. Similar with ANP and FANP, the expertise 

of stakeholders is incorporated in the method to identify the primary causal and 

effect factors that greatly affect the rest of the model. Meanwhile, it also helps to 

evaluate the activeness of the factors in the whole model. It is widely used as a 

problem structuring tool, and in recent years, expands its application as multiple 

decision criteria analysis tools. 
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Chapter 3. Research Strategy & Methodology 

3.1 Introduction 

The overall methodology of this work is illustrated in Figure 3-1.  

 

Figure 3-1 Methodology flow chart 

Multiple Criteria Decision Analytical Tools are adopted to access risks for 

the green growth in Malaysia, focusing on the case of oil palm biomass industry. 

As risk exert in multiple forms, it can be challenging to assess the risk for an 

emerging industry based on conventional definition, which is the multiplication of 
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the probability of occurrences of risk events with its magnitude. This is because the 

emerging industry is often lack of sufficient historical data to calculate and estimate 

the probability of occurrences of risk events and its consequences. In relation with 

that, a comprehensive framework is introduced by adopting multiple MCDAs to 

integrate the qualitative input from the experts and experienced stakeholders with 

available quantitative information to assess the risk for emerging industry and to 

come out with the best mitigation strategy to achieve optimal solution. This work 

is mainly divided into four stages, and the detailed information with case study is 

demonstrated in the respective chapters, from Chapter 4 to 8.  

3.2 Overall methodology 

As illustrated in Figure 3-1, the work begins with stakeholder’s engagement 

session for data collection. The information is gathered based on two different 

dimensions, with the first part focuses on the risk associated with the industry, and 

second part on the preferences of the stakeholders towards sustainable development. 

As the risks and the preferences of stakeholders are both involving human 

judgements which could be ambiguos and vague in time, the segregation of 

pathway is to systematically analyse and prioritise the dominant factors in each 

main group.  Chapter 4 recorded the method and outcome of the identification of 

risks based on industry life cycle method. Given that different stage of the industry 

in the life cycle involves different challenges and competitive advantages, the risk 

associated with different stage is varied as well. Thus, in order to effectively design 

risk mitigation and management strategy to tackle the real issue (e.g., financing 

difficulties, unable to fulfil debt obligation, technology failures, disruption of 
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supply chain), it is important the risk identification is done in a comprehensive 

manner on the predetermined specific scope. Chapter 5 is the continuous work of 

risk identification, to evaluate all the identified risks and prioritise the key risk. 

Analytic Network Process (ANP) is adopted at this part of the work to model the 

risks into multiple cluster and analyse the interdependency relationship of each risk 

for prioritisation.  

On the other hands, Chapter 6 reported the preferences of stakeholders on 

sustainability indicators that motivate the transition towards sustainable 

development. Similar with the method adopted in Chapter 4, industry life cycle 

analysis, the prioritisation of sustainability indicators is done based on the four 

stages (i.e., pioneering/emerging stage, rapid growth stage, maturity and stable 

growth stage, and deceleration of growth stage). A modified version of ANP, Fuzzy 

ANP (FANP) is utilised at this stage to analyse and produce priority weights of 

each sustainability indicators at different stages, and as the whole industry. FANP 

is the combination of Fuzzy set theory and ANP, which is believed to better address 

the vagueness of human judgement through the replacement of ANP traditional 9-

point scale with fuzzy membership function. Humans can give satisfactory answers, 

but it rarely can be claimed as an absolute answer due to the existence of much 

fuzzy knowledge in the real world. The elements that closely associate with human 

judgements such as expertise and experience tend to have neither clear boundary 

nor single standard to represent by a single crisp value between 1 to 9. Thus, the 

replacement of the fuzzy membership function to crisp value is deemed to produce 

a more realistic output [102].  
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After gathering the information on the key risk and supplementing with the 

preferences of stakeholders, the work is continued with the selection of the risk 

mitigation strategy which is reported in Chapter 7. This step focuses on integrating 

the role of different industry stakeholders (i.e., industry players, government 

agency), as well as the key element of an industry (i.e., process and technology, 

supply chain) to select the best strategy that can simultaneously reduce the risk level 

of the respective case. Two MCDA tools, FANP and DEMATEL are integrated to 

access both the structural dependency, as well as causal-effect relationship of 

model’s elements. The preference of the stakeholders plays a crucial role in this 

stage to avoid unnecessary waste of energy (i.e., cost, effort) to execute the action 

plan which has least impact on the risk minimisation and transition towards 

sustainable development.     

Chapter 8 demonstrated the optimisation of the case study for risk minimisation, 

net present value (NPV) maximisation and payback period (PBP) reduction. It is 

done by performing Monte-Carlo simulation (i.e., 10,000 times) on the financial 

performance of the case. The simulation is performed for each mitigation strategy, 

as well as a combination of strategies at the same time. Sensitivity analysis is 

performed to identify the impact of each action plan on NPV and PBP. The 

objective function is to identify the optimal solution which involve the minimum 

cost with the best outcomes. It also served as a verification of the output generated 

from DEFANP model. In the event that the outcomes of the simulation is different 

with the strategy selected from DEFANP model, it is recommended to revisit the 

input for the DEFANP to make sure that all the information are reflected in the 
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judgements of the questionnaires respondent. Table 3-1 summarizes the methods 

applied in each chapter with its contribution. 

Table 3-1  Summary of the method and contribution  

Methodology Summary Contribution 

Industry life 

cycle analysis 

To identify the key risks (i.e., 

regulatory risk, technology 

risk, financing risk, supply 

chain risk, social and 

environmental risk) 

associated with the 

pioneering stage of palm oil 

biomass industry.  

• Comprehensive risk profile of 

the pioneering stage of oil palm 

biomass industry. 

• Framework to identify key risks 

associated with different stages 

of the industry.   

• Definition of regulatory risk, 

technology risk, financing risk, 

supply chain risk, social and 

environmental risk 

ANP To apply ANP to rank the 

importance of the five (5) 

risk categories and twenty-

seven (27) risk events to 

investigate the top risks to be 

mitigated to resolve the 

financing difficulties of oil 

palm biomass related project. 

• Risk assessment framework that 

incorporate both quantitative 

data and qualitative factors.  

FANP To employ FANP to 

prioritise the preferences of 

stakeholders in adopting 

sustainability practices in 

their operation at different 

stages of industry life-cycle.  

• Guidelines for industry 

stakeholders to initiate and to 

improve the sustainability of the 

palm oil related project to 

compliance with the sustainable 

certification (i.e., RSPO, 

MSPO, ISPO) 

DEFANP To integrate DEMATEL and 

FANP to form DEFANP to 

evaluate and select the best 

risk mitigation strategy.  

• Risk mitigation strategy 

selection framework to assess 

the effectiveness and efficiency 

of the strategy based on the role 

of stakeholders as well as the 

key element of the industry.  

• New formulation that expand 

the scopes of structural 

dependency of FANP with 

causal dependency offered by 

DEMATEL.  
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Chapter 4. Risk identification 

4.1 Introduction 

Despite biomass industry has great potentials in Malaysia, it remains largely 

under-invested and has had limited success thus far. For instance, the target in the 

Renewable Energy Policy and Action Plan for renewable energy generated from 

biomass source was set at 330 MW by year end 2015. Due to several constraints, 

only about 63 MW was achieved in 2015 [107]. In order to meet the national target 

for biomass to energy at 1,340 MW by 2030 here is a need to accelerate the growth 

of the industry [2]. Despite institutional arrangements and policy frameworks being 

put in place coupled with funding mechanisms and incentives offered to private 

sectors to participate in the industry, the industry has yet been able to create value 

along its value chain. While there are many attractive reasons to venture into the 

biomass industry, there also are potential risks associated with it. Therefore, it is 

imperative that the perceived concerns of risks should be addressed. Thus, this 

chapter attempts to identify and reviews several key risks that are related to the 

biomass industry in Malaysia. 

4.2 Industry life cycle approach 

Life cycle models are not just applied to life sciences. Industries and product 

lines also experience a similar cycle of life. In general, an industry life cycle starts 

with pioneering/emerging stage, followed by growth, maturity and declining stages. 

There are two related streams of literature that have evolved separately and 

constitute the backbone of industry lifecycle theory. Starting from a management 
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of technology and operations background, Abernathy and Utterback [108] describe 

the evolution of an industry’s technology over time and how the industry evolution 

shape firms in the industry. Gort and Klepper [109] examine industry life cycle 

from the evolutionary economics perspective and provide several important 

findings, including that a new product has a five-stage life cycle and an industry, to 

a large extent, is shaped by technical changes and flow of information among 

existing and potential producers. Porter[110] proposes five competitive forces - 

threat of new entrants, bargaining power of suppliers, threat of substitute products, 

bargaining power of customers, and intensity of rivalry – which is a framework for 

analysing the nature of competition within an industry. A more recent stream of 

literature has derived a similar life cycle model by focusing on demand 

characteristics, such as performance thresholds and types of preferences, interact 

with technological change lead to the evolution of technology and competition 

during the life cycle of an industry [111–113]. 

Every industry has its own risks, mostly generated by uncertainties or events 

that are inherent to that industry [114]. An industry risk analysis is commonly 

performed by businesses and investors to determine the viability of the industry. 

Firms conduct risk management process to ensure that every important decision is 

made with full understanding of the associated risks, trade-offs and shortcomings. 

With integrated risk management process, businesses not only can reduce costs, but 

also can enhance business resilience and help them maintain business sustainability 

in adverse conditions [115]. One approach to industry risk analysis is by assessing 
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industry-related risks throughout the life cycle of the industry. Another approach is 

carrying out risk assessment at each stage of the industry life cycle.  

The biomass industry represents different industries brought together with 

common goal to utilise renewable organic matters including oil palm waste, timber 

waste, rice husk, municipal waste and others. These organic materials have 

potentials to be used in the manufacturing of various value-added products such as 

biochemical and the generation of renewable energy. Although Malaysia has 

enormous untapped potentials for commercialisation, the utilisation of biomass in 

the market has yet to be realized. As the biomass industry in Malaysia is an 

emerging industry, it is therefore important that industry players recognize and 

understand several inherent industry risks and challenges faced by the industry. 

There are various stages to the life cycle of the biomass industry, each with their 

own applicable risks. Existing industry life cycle literature, thus far has not 

addressed the link between risks associated with each stage of industry life cycle. 

4.3 The pioneering stage of biomass industry and key risks involved  

Risk in relation to the biomass industry can be described by the negative or 

positive impact which future events may affect the viability of the industry. 

Although both risk and upward potential are related to the uncertainty of future 

events, risks tend to play a more dominant role in business decisions since investors 

are generally risk averse. Risk often varies in the likelihood of its occurrence and 

its impacts from one industry to another and risk changes its nature during the life 

cycle of an industry [64]. 
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With regard to risks associated with the biomass industry, six key risks seem 

to play the most dominant role. Typically, most risk assessment approaches focus 

on business and financial risks. As an emerging industry, the biomass industry is 

not only exposed to business and financial risks, it also faces several risks that are 

unique to the industry. These risks include technology, supply chain, environmental, 

and regulatory risks [78]. As developing countries have increasingly recognized the 

economic significance of the biomass and renewables, it is imperative that industry 

players not only understand the risks associated with the biomass industry and but 

also know sources of these risks so that they can put in place mitigation strategies 

to reduce and hedge these risks away. The following section reviews several key 

risks associated with the biomass industry in Malaysia. 

4.3.1 Regulatory Risk 

Regulatory risk is the risk that a change in regulations and policies will 

materially affect a business, industry or market. A change or lack of clarity in 

regulations and policies can increase the costs of operations, reduce the 

attractiveness of an industry, and/or change the competitive landscape and slow the 

growth of that industry. The industry’s institutional structure, which include the 

governance of the industry and the regulatory regime is crucial for an industry such 

as the biomass industry where government subsidies and support policies are 

integral part of the revenue stream. Conducive regulatory environment and 

government support will therefore shape the future of the industry and its potential 

to contribute to Malaysia’s efforts to diversify its economy and its path towards a 

more secure and sustainable energy future. In contrast, fragmented governance and 
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lack of clarity of regulatory framework hamper efforts to promote the growth of the 

biomass industry. The natural tendency of responsible agencies to develop and 

pursue their own agendas and organizational structures often ignores issues of 

coordination with others [15]. Further, resistance to coordination efforts can also 

contribute to fragmented governance in the Malaysian biomass industry. 

In line with the National Renewable Energy Policy and Action Plan (2009), 

which is the renewable energy roadmap, Malaysia enacted the Renewable Energy 

Act 2011 and Sustainable Energy Development Authority Act 2011. The 

Renewable Energy Act 2011 provides the feed-in-tariff (FiT) mechanism which 

allows electricity produced from renewable resources (i.e. solar, biomass, biogas, 

small hydro and geothermal) to be sold to power utilities at a fixed premium price 

for specific duration. By guaranteeing access to the power grid and setting a 

favourable price per unit of renewable energy, the FiT mechanism does not only 

support rapid renewable energy deployment but also enhances energy security as 

well as addresses climate change challenges. Table 4-1 shows the current FiT rates 

for various renewable energy sources in Malaysia while Table 4-2 provides the 

feed-in-tariff rates for various Asia Pacific countries for 2014. The feed-in-tariff 

rates for select European countries are also provided in Table 4-2 for benchmarking 

purposes. 
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Table 4-1Current basic feed-in-tariff (FiT) rates for renewable resources in 

Malaysia. Source: [116]  

 

Energy and utility companies are operating in a dynamic market and are 

continually under pressure from various influences including regulators and 

government. This has resulted in more rules and regulations governing energy and 

utility industry, whether environmental protection regulations or industry-specific 

such as FiT rate and quota policies. Renewable energy companies are likely to face 

regulatory risk as a change in energy policy such as FiT rate reduction may 

adversely affect their profitability. Further, macroeconomic uncertainty also entails 

significant financial risk, political, and regulatory risk as governments may reduce 

financial support for renewable energy projects as part of austerity measures. This 

will slow down the growth of the industry and making renewable energy projects 

less attractive for investors.  
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Table 4-2 Feed-in-tariff rates for renewable sources for various Asia Pacific 

countries and selected European countries. Source: [117] 

 

Energy policies are an important policy issues for all countries, particularly 

for developing countries. Many developing countries, including Malaysia have 

subsidized their energy sector for a variety of reasons, focusing particularly on 

improving growth and equity. However, energy subsidies do not only have negative 

economic and environmental effects, they can also distort investment cost decisions 

[82]. Transport fuel has been heavily subsidized in Malaysia since 1983 and now 
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accounts for more than 40 percent of the country’s gross development expenditure. 

Fossil fuel subsidies gradually grew from MYR8.154 billion in 2005 to MYR 24.73 

billion and MYR 23.46 billion for 2012 and 2013, respectively [118]. In 2013, in 

response to Malaysia’s fiscal deficit and rising national debt, the government began 

the fuel subsidy rationalization efforts which have resulted in an increase of retail 

fuel prices in recent years. However, despite the fuel subsidy reforms, the 

implementation of the reform remains politically sensitive. The continued use of 

fossil fuel subsidies presents a major barrier to the development and deployment of 

renewable energy technologies and discourages investment in renewable energy 

sources [16]. In this context, and faced with the regulatory challenges described 

above, policy makers looking to encourage renewable energy development may 

attempt to further reform fossil fuel subsidies to create a level playing field for 

renewable energy companies or may employ other measures to promote renewables 

and achieve cost competitiveness [119]. 

Solar power electricity generation has increased rapidly in recent years and 

in 2016 accounted for 52 percent of all renewable electricity in Malaysia (SEDA, 

2017). However, other renewable sources such as biogas, have been neglected. For 

instance, the power generated from biogas was about 46GWh while the power 

generated from solar was about 249.35GWh (SEDA, 2017). Biogas, as a source of 

renewable energy should be viewed as superior compared to other renewable 

sources such as solar PV as it offers more than just power. Malaysia generates about 

60 million tonnes of POME every year and it is expected to increase to 70-110 

million tonnes by 2020. POME is an attractive feedstock for bio-methane 



Chapter 4 

47 

 

production and is abundantly available in all palm oil mills, hence it ensures 

continuous supply of substrates at no or low cost for biogas production [2]. 

Utilisation of POME for biogas production does not only address a serious 

environmental issue but it also promotes “waste-to-wealth” concept [4]. Although 

there is a high energy potential from POME, the utilisation of POME for biogas 

production in Malaysia remains low because there is no standard technology for 

POME management and treatment. Majority of palm oil mills treat POME using 

ponding system due to its low operational costs. A suitable regulatory framework 

of capturing methane gas from anaerobic digestion of POME is likely to help 

promote the shift from the open ponding system to biogas plant for methane gas 

capture. Further, financial and fiscal incentives provided by the government to 

renewable energy producers may also help them with the high capital investment 

typically associated with the biogas power generation plant [120]. 

In summary, supporting policies, renewable energy subsidies, investment and tax 

incentives for the biomass industry are likely to enhance the economic viability at 

the early stage of the industry, thus reducing regulatory or policy risk of the industry. 

Consistent, adequate and predictable regulatory framework is also essential to the 

success of the biomass industry, so that the industry players can easily manage their 

regulatory risk more effectively [121]. 

4.3.2 Financing risk 

Financing risk relates to risk of insufficient access to capital. Financing risk 

also arises from inability of project developers meet debt obligations such as 

interest payments, particularly during the project’s initial years of development and 
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operations. At the pioneering stage of life cycle, funding for a biomass project is a 

particular challenge. High financing risks are seen especially in capital intensive 

and highly leveraged and complex biomass projects such as biogas power plants 

and large-scale bioenergy storage. Further, financing amount typically depends on 

the costs of innovation process relative to its expected future revenues which in turn 

determined, among others, by the maturity of the technology in question and the 

technology’s dependence on other innovations or infrastructure to be built [122]. 

Grubb (2004) argues that the cost of a project or innovation is likely to increase the 

closer the technology is to deployment. 

Bank lending is often linked to biomass projects with high certainty of 

expected annual profits. Small plant and standalone project developers have 

traditionally attempted to finance their projects by bank debts. However, a large 

financing gap exists because the lending structure of the banking sector has not 

expanded their scope of financing beyond traditional financing in sectors such as 

consumer and public infrastructure projects. Depending on the circumstances, 

financial institutions and capital markets may demand a premium in lending rates 

for financing of biomass-related projects, making cost of capital expensive, for 

instance renewable energy projects because more capital is at risk upfront compared 

to conventional energy projects [124]. Moreover, lack of collateral and poor credit 

worthiness also contribute to the difficulty of obtaining credit, particularly for 

poorly capitalized project developers whose projects and technologies are at the 

early stage of development. As a result, obtaining bank debt has become more 

challenging and costly. 
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In addition, financial institutions often lack standardized scoring and risk 

assessments for biomass-related projects and technologies, thus jeopardizing the 

bankability of these projects. Given that the biomass industry in Malaysia is 

relatively new, financial institutions have neither the experience nor adequate 

knowledge about the industry. Available bank loans may also be too short relative 

to the equipment or investment horizon of a project. Shorter tenure loans inevitably 

entail a refinancing risk. As projects increase in scale and complexity, financing 

risk rises too. During credit crunch period, financing risk is even more acute as 

credit supply is significantly constrained and lenders tend to discriminate between 

project developers who do and do not have cash flows problems. 

To overcome financing risk and to ensure continuing flow of funding 

opportunities for the successful implementation of biomass investments, alternative 

sources of financing other than those from financial institutions and government 

are crucial. Several possible financing means are currently available for project 

developers to seek such as venture capital, capital markets, private equity and 

project finance. Venture capital and private equity investors are particularly 

important to biomass-related projects as they provide the early stage financing 

needed to commercialise new clean technologies to the market [125]. Bond 

issuance could supplement bank lending and bond market has largely been 

untapped for renewable energy finance though it takes time for the market to grow 

as investors take conservative approach to new asset classes and need time to 

develop valuation expertise [126]. Further, large utilities companies which have 

better access to bond markets can take small equity participation in start-up firms 
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to share investment costs. In recent years, project finance has also emerged as a 

leading financing alternative to clean energy projects [127]. The basic premise of 

project finance is that financiers lend money for the development of a project 

primarily based on the project’s risks and future cash flows while the assets of the 

project serve as the collateral for the loan [128]. As various policies are created and 

implemented, it is important that policy makers recognize financing difficulties 

faced by project developers and pay attention to the impacts of biomass-related 

policy design on financing. 

4.3.3 Technology risk 

Technology risk arises as a result of a technology does not operate or 

perform as effectively and efficiently as expected. Examples of technology risks 

include unproven technology, bad design, engineering failure, and poor technology 

implementation or execution. A bad technology decision can derail or destroy an 

otherwise a compelling biomass-related project. As the biomass industry is an 

emerging industry in Malaysia, project developers primarily rely on technology 

imported from abroad which can be costly. Although there are ongoing research 

and development efforts to develop new efficient routes to biomass-derived 

chemicals and improve existing green technologies, the efforts appear to have 

scalability issues which can affect the commercial viability of the technologies [75]. 

Industry stakeholders such as investors may not consider unproven technology in 

their investment decision making because they are not able to evaluate the 

reliability and stability of the technology over time. Recognizing various risk 

associated with new technologies, investors are likely to demand higher premium 
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for their investment which in turn increase cost of financing for project developers 

[54]. In addition, the uncertainties of future technology development and 

application in sustainable development-related industries may also increase the 

technology risk of the biomass industry even when the technology may work well 

in a laboratory or scientific setting [129]. Therefore, the degree of techno-economic 

attractiveness of a technology (i.e., efficiency, quality, cost-effectiveness, 

environmental performance) plays an important role in its uptake. 

Despite a wide range of policy initiatives to push for clean technologies 

adoption, the progress in development and deployment of these technologies in 

Malaysia has been relatively slow. The diffusion of existing technologies also 

advances at a very slow pace. This could be explained by the lack of capacity at the 

industry level to innovate and to change to new technologies due to high cost of 

replacing production process in sectors such as transport and energy sectors [130]. 

Insufficient availability of expertise in clean production and inadequate 

institutional support to drive technological capacity building also contribute to slow 

clean technologies advancement in Malaysia [131]. As a result, slow adoption and 

diffusion of clean technologies pose greater technology risk to project developers, 

investors and other stakeholders in the biomass industry.  

Further, lack of familiarity with green and renewable energy technologies 

throughout the value chain and among stakeholders of the biomass industry 

increases the equipment procurement and maintenance costs. Unlike renewable 

energy sources, conventional production methods have already experienced cost 

reductions through technology deployment (i.e., project learning curve). Moreover, 
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the number of suppliers for latest technologies is relatively limited which results in 

a number of risks related to the availability of a technology’s components for 

maintenance purpose and increases the probability of delay in project completion. 

At a pioneering stage of industry life cycle, proven and state-of-the-art as well as 

economically feasible technology can significantly reduce technology risk. 

Technology risk requires attention of various stakeholders in the biomass industry. 

These stakeholders include researchers, technology and project developers, 

financiers/investors, and policy makers. It is therefore imperative that there is a 

need for these stakeholders to improve existing technologies or develop innovative 

mechanisms to manage and mitigate this risk. Figure 4-1 illustrates the relationship 

of stakeholders and uncertainties that contribute to technology risk. 
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Figure 4-1 Relationship between stakeholders in the biomass industry and 

uncertainties that contribute to technology risk. 

4.3.4 Supply chain risk 

In general, supply chain risks relate to the probability and impact of internal 

and external events that could adversely affect the supply chain and interrupt the 

flow of goods, information, processes and finances of businesses in an industry 

[132]. The growth of the biomass industry depends largely on the management of 

supply chain risk through coordination or collaboration among supply chain actors 
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in the industry to ensure a guaranteed biomass feedstock and minimises supply 

interruptions. Several types of biomass sources are bulky, voluminous and often 

seasonably available. These biomass characteristics create serious concern in the 

logistics and reliability of supply of the feedstock. Industry players often raise their 

concerns on the difficulty in obtaining a guaranteed biomass feedstock and 

consequences of supply interruptions which hinder project development and pose 

financial risk to capital providers [73]. 

Feedstock logistics plays a critical role in the biomass industry’s supply chain as it 

links to feedstock production and conversion. The economics of bioenergy is highly 

dependent on feedstock costs which include types, yield, location, physical and 

chemical properties and logistics – harvesting/collection, pre-processing, transport 

and storage [77]. Contrary to fossil fuels industries (e.g.., oil and gas and coal), 

biomass feedstock ownership is highly fragmented. For instance, Malaysia Palm 

Oil Board [133] reports that 61 % of the oil palm plantations belong to the private 

estates, 22.2 % are owned by state schemes/government agencies, while 

independent smallholders own the remaining 16.8 % of total oil palm plantations. 

Dispersed ownership of plantations coupled with remote locations of these 

plantations complicate the feedstock logistics. For example, in the absence of 

temperature-controlled storage facilities, the physical and chemical properties as 

well as the moisture levels of the pre-processing feedstock may be detrimentally 

altered [134]. Therefore, feedstock logistics represents a major risk factor in the 

industry’s supply chain. It can also be the highest cost component of the supply 

chain depending on types of feedstock. 



Chapter 4 

55 

 

Furthermore, given that oil palm biomass is not traded widely as a commodity, a 

supply chain has not yet been established, it increases operational risks for biomass 

project developers. They need to source the feedstock from plantations using their 

own resources such as transportation and processing and storage facilities. In the 

absence of a liquid market, suppliers are likely to look for long-term procurement 

agreement from, for instance renewable energy power companies to support their 

investment case [135]. Moreover, the lack of clarity regarding sustainability 

requirements, regulatory regime, and subsidies as well as incentives has led to the 

current cautious levels of supply chain investments despite the potential 

opportunities. The operational costs associated with oil palm biomass supply chain 

can have an impact on profit margin and operational efficiency. Without evidence 

of long-term and sustainable feedstock supplies and reliable supply chain, obtaining 

financing from traditional sources such as bank loans and project finance becomes 

even more difficult. Venture capitalists are also likely to shy away from investing 

in biomass-related projects. 

Currently, there is minimal infrastructure in place for biomass supply chain 

in the Malaysian biomass industry. A key priority for project developers, 

particularly those in early stage of the industry, is to mitigate supply chain related 

risks. Innovative arrangement such as strategic partnerships with plantation owners 

and millers and vertical integration between upstream and downstream industry 

players can minimise risks along the biomass supply chain [136]. Strategic 

partnerships with other industries such as paper or pulp industry which potentially 

use the same fuel but already have an established supply chain can also be further 
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explored to achieve supply chain synergies such as cost savings [137]. 

Decentralized biomass collection and processing facilities (hubs or depots) which 

linked to the overall biomass feedstock supply chain may also help reduce costs 

associated with feedstock logistics [138]. The support structure for developing a 

robust supply chain network, particularly for an emerging industry, is crucial in the 

management and mitigation of supply chain risk so as to ensure long-term viability 

of the biomass industry. In addition to the development of a robust supply chain 

network, industry players also can manage risks in a holistic manner by using, for 

instance, supply chain risk management (SCRM) approach. The steps involved in 

determining biomass supply chain using the SCRM include identifying the risks, 

analysing the risks, and developing mitigation strategies [139]. 

4.3.5 Social and environmental risk 

Environmental risk can be broadly defined as actual or potential threat of 

adverse effects on general and ecological aspects of environment and well-being of 

human beings by effluents, emissions, wastes, resource depletion and other 

pollutants which arise from an organization’s activities. In general, renewable 

forms of energy are considered “green” because sources such as wind, solar and 

wave cause little depletion of natural resources and emit zero emissions during 

power generation. Biomass energy is renewable but shares several characteristics 

with fossil fuels. Similar to fossil fuels, biofuels can be transported and stored and 

can generate power on demand. Biomass power plants raise similar though not 

identical environmental concerns about air emissions at the conversion stage and 

water use as for fossil fuels power plants [140]. In addition to air emissions at 
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conversion stage, there are also other environmental risks surrounding biomass-

related industries, particularly risks associated with producing biomass. 

Environmental concerns include the sustainability of increasing crop yields and 

intensifying agriculture which have significant impacts on food production and 

food security [141] and damage land use change [142]. 

Environmentalists have long argued that oil palm agriculture is the greatest 

immediate threat to deforestation and environmental degradation in Indonesia and 

Malaysia [143]. As forests are being cleared and converted to oil palm, the extent 

of biodiversity losses associated with this process has increased [144]. For biomass-

related projects to deliver their potentials, it is essential that project developers 

adhere to sustainability and ethical business practices and environmental policies. 

It is also important to note that complying with environmental regulations adds to 

project developers’ operational risks and subsequently increase their costs. 

Although there are compliance costs, compliance with sustainability standards is a 

pre-requisite for government subsidies and tax incentives. Further, to minimise 

negative perception on their feedstock production practices, adoption of voluntary 

certification schemes such as the Roundtable of Sustainable Palm Oil (RSPO) 

certification and adherence to them are likely to attract and boost investor 

confidence [145]. Economists traditionally view that environmental regulations add 

costs to companies and slow down productivity and growth. More stringent 

environmental regulations may affect the competitiveness of newly emerging 

industries such as the biomass industry. An alternative view is that stricter 

environmental regulations may induce innovation in clean technologies and help 
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firms achieve technological leadership and boost broader economic growth. 

Although Malaysia has enacted several environmental laws and policies, these laws 

and policies have not been properly implemented due to several problems such as 

non-coordination, weak enforcement and customary attitudes [146]. Given the 

uncertainty surrounding the future environmental and sustainability regulations, 

one option that project developers could consider is embedding sustainability 

criteria and best practice principles into the company’s operations and processes 

ahead of time before more stringent environmental laws and policies are properly 

enforced. 

In general, social risk arises from business and operational activities and 

interactions with various stakeholders in the biomass industry, particularly 

employees and general public. These activities and interactions may result in labour 

and human right violations and environmental degradation which could adversely 

affect the standard of living and livelihood of affected communities. The vast 

majority of biomass resources in Malaysia are the by-product of other main 

economic activities such as timber and palm oil industries. Developing new 

industries such as the biomass sector does not only reduce dependence on 

traditional commodities but also helps create employment opportunities in rural 

areas and along the value chain of the industry from the biomass production or 

procurement, to its transport, conversion, distribution and marketing [147]. The 

emergence of biofuel markets is expected to directly affect the livelihood and 

economy of rural population, given that almost all biomass feedstock are cultivated 
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in rural areas. In 2015, biofuel employment in Thailand, Malaysia, and the 

Philippines reached 76,900, 31,800 and 9,700 jobs, respectively [148]. 

Despite recent government efforts, there are a number of social challenges 

associated with the biomass industry. There is considerable lack of public and 

industrial awareness regarding sustainable and green technologies and the benefits 

they can provide to businesses and communities [149]. Although public awareness 

does not directly affect the viability of the industry, it certainly impedes the growth 

of the biomass industry as adoption and market acceptance determines the demand 

of biomass-derived products. The use of low-cost bio-wastes may also result in 

little public acceptance due to environmental fears that such fuels are in general 

considered as dirty and contaminated [150]. In general, sustainability issues and 

environmental awareness among consumers in developing countries including 

Malaysia are relatively lower than those in developed countries. For instance, 

Ramayah, Lee, & Mohamad, (2010) find that environmental consequences are not 

a significant factor of environmentally responsible purchase intention among 

consumers in Malaysia. Thus, general lack of awareness of the importance, benefits, 

and potential of renewable energy, for instance, both among general public and 

major stakeholders’ constraints rapid deployment of renewable energy. The 

implementation of sustainable construction practices for the built environment 

sector in Malaysia is also low due to lack of environmental awareness, poor 

environmental law enforcement, and high compliance costs [152].  

Awareness programs and the development of technical and safety standards 

are needed to encourage the acceptance of proven technologies and 
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environmentally friendly products in the marketplace so that industries related to 

clean technologies and its products can be successful. Having proven technologies 

and products with market acceptance does not only help companies, particularly 

young companies in an emerging industry, accelerate revenue streams but also 

attract investors and financiers. Table 4-3 summarizes the definition of key risks 

generally associated with the biomass industry, based on a systematic and 

throughout review. 
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Table 4-3 Definition of key risks associated with the biomass industry 

Type of risks Description References 

Regulatory Risk arises from the probability that regulatory agencies will make 

changes in the existing laws and regulations (or will impose new rules 

and regulations) that will negatively affect the industry.  

[15,16,119–121,153] 

Financing Risk arises from the lack of access to credit and guarantee facilities, 

particularly those tailored for green technologies and investment 

projects. 

[122,123,126,127,153] 

Technology Risk relates to uncertainty surrounding the implementation and 

performance of technologies that are currently in use. 

[54,129–131,154] 

Supply chain  Risk arises from the occurrence of disruptions of supply of raw 

materials, information, and products from suppliers in the supply chain 

that adversely affects process flows and delivery of final products to end 

users.  

[77,134–136,139,155] 

Social and 

environmental  

Risk arises from an organization’s business activities that may present 

threats to environment (atmosphere, water, and land, biodiversity, and 

community livelihood) and socio-economic welfare and well-being of 

its stakeholders (employees, regulators, consumers, suppliers, and 

investors) 

[64,140,150–152,141–

147,149] 
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4.4 Conclusions and Future works 

The potential for biomass to contribute to the Malaysia’s future energy 

needs and overall economic diversification is significant. Recognizing the 

potentials, the government has put in place institutions and introduced policies to 

facilitate and promote renewable energy and green technologies industries. While 

renewable energy projects from solar have high visibility and acceptance in the 

marketplace, biomass-related projects are not as readily recognized in Malaysia. 

Many challenges remain in place in order for the biomass industry, particular when 

the industry is at an early stage, to grow. The industry is susceptible to several risks 

including regulatory, financing, technology, supply chain, and environmental and 

social risks. While project developers remain keen to de-risk some of these risks in 

order to unleash the growth potential of the industry and make the sector investment 

financially attractive, de-risk mechanisms such as institutional supports and 

incentives need to be put in place. For an emerging industry such as the biomass 

industry, policy de-risking instruments that address and seek to remove underlying 

barriers that cause these risks are needed. For instance, comprehensive biomass 

database is necessary for the formulation of effective and robust biomass policy 

and strategic plan to promote the green growth and renewable energy development 

and deployment. Biomass-related industries can also benefit from the database by 

identifying the size and capacity of biomass available in their vicinities so that they 

can make appropriate investment decisions. Collaborative efforts between the 

biomass industry players and other stakeholders in the industry such as logistics 

providers and scientific and technical expertise in order to achieve an integrated 
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supply chains, develop consistent technical standards for the industry, identify 

training needs and programs, and share information. 

Our work contributes to the existing knowledge of risk assessment and management 

by providing an overview of key risks associated with a specific industry, namely 

the biomass industry which is relatively new in developing countries including 

Malaysia. The study offers several noteworthy contributions for business 

management and decision making in the biomass industry in the form of 

understanding several specific risks and recommendations to manage and mitigate 

these risks. Despite this work mainly focus on identify and understand the key risks 

associated with the biomass industry at pioneering stage, this framework is also 

applicable in other industry at different stages of industry life-cycle (i.e., rapid 

growth, maturity, declining of growth). Thus, the study serves as reference for 

understanding risks using the industry life cycle approach.   
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Chapter 5. Risk Estimation and Evaluation 

5.1 Introduction 

Risk assessment can be divided into three stages: (i) identification; (ii) 

estimation and (iii) evaluation. The result of risk identification (i.e., Chapter 4) 

served as the basis for the development of questionnaires and the construction of 

the network model for risk estimation and evaluation. Even though the market for 

green bonds and other types of financing options with environmental and climate-

related benefits has grown rapidly in recent years, less attention is being paid to 

assessing the risk profiles of sustainable projects that contributes to green growth. 

Risk assessment is a critical component for project financing, but generic risk 

assessment methodologies may not apply to sustainable projects. Consequently, the 

risk profile of different categories (e.g., energy sector, building sector, waste 

management sector, transport sector) of projects will also vary considerably, so a 

tailor-made risk analysis approach will be required for sustainable projects. 

Financial institutions and financial markets play a key role in assessing financing 

risk, originating loans and underwriting the issuance of equities and debt for various 

investments, particularly for green investments.  However, generic risk assessment 

models and scorecard approaches currently being employed in many financial 

institutions, particularly in developing countries including Malaysia are mostly 

appropriate for other types of investment such as public infrastructure and 

commercial projects rather than specifically tailored for risk assessments of 

sustainable project investments [30].  Limited understanding and lending 

experience of green financing among local financial institutions may create biases 
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in their lending decisions, causing viable projects to be rejected for financing. 

Therefore, it is imperative to develop a user-friendly evaluation tool to assess the 

identified risks in a comprehensive manner to help industry players to address these 

risks by putting in place appropriate risk management and mitigation measures. In 

this chapter, ANP is employed to access the total 27 key risks associated with oil 

palm biomass, based on Chapter 4. The calculation is done with spreadsheet 

software, Microsoft Excel. 

5.2 Methodology 

The framework of developing the risk assessment model is illustrated in Figure  

5-1. The detailed explanation for each stage is as follows: 

 

Figure 5-1 The flowchart of the methodology 

 



Chapter 5 

66 

 

Step 1: Risk Identification - Literature reviews and focus group discussion are 

performed to gather inputs from the experts to understand and identify the risks (i.e. 

internal and external events) that closely associated with the industry.  

 

Figure 5-2 The illustration of risk assessment hierarchical network model 

Step 2: Hierarchical network model development - The model is formed with 

combination of clusters and elements in hierarchical network to entail the objective 

of this study. As illustrated in Figure 5-2, the hierarchical network consists of three 

level, where level 1 represent the goal, followed by level 2, risk category, and level 

3, risk factor. The relationships of the clusters and elements are indicated by arrows. 

The downward arrow from one cluster to another implied that the element(s) in 

lower level cluster is depending on the element(s) in upper level cluster. Meanwhile, 

upward arrow indicates the feedback dependence of the element(s) in the lower 

level cluster with element(s) on upper level’s cluster. The looping arrow in cluster 

itself showed the mutual influence of elements within its own cluster. There are two 

types of inner dependence loops, which are independence loop and interdependence 

loop. Independence loop apply for clusters where the elements only depend on itself, 

while for interdependence loop, the element(s) is affected by other elements in the 
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same cluster. Last but not least, feedback control loop is the structural dependence 

connecting all the elements and clusters back to the goal [102,156].  

 

Step 3: Elicit judgements with pairwise comparisons’ survey – Experts of the 

subject matter are required to compare the dominance relationship of the elements 

within its cluster and other clusters in pair (i.e. importance, preferences, likelihood 

and influence) based on pairwise comparison method. The 9-point fundamental 

scale of AHP developed by Saaty [157] is adopted in this survey to represent the 

intensity of the dominance relationship. The description of the scale is as following:  

1–equally important; 3–moderately more important; 5–strongly more important; 7–

very strongly more important; 9–extremely more important.  

 

Figures 5-3 An example of the generalized local priority matrix and supermatrix 

Step 4: Formation of pairwise comparisons matrix – This step consists of the 

calculation of eigenvectors of elements and clusters to form local priority matrices. 

Experts’ judgements serve as the input for upper right part of the matrix (i.e. 𝑤12), 

and the lower left is the inverse of the upper right value (i.e. 1/𝑤12) as illustrated 
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in the Figure 5-3a. Geometric mean method is used to combine the input from 

multiple experts. AHP eigenvector method involved the multiplication of the local 

priority matrix by itself, until the normalized priorities weightage become stable. 

This method also provides a measure for the consistency of the experts’ judgement, 

to make sure the decisions of respondents are logical and rational in term of being 

self-consistent. Consistency ratio (CR) is calculated by dividing the consistency 

index (CI) by random index (RI).  The consistency ratio is recommended to be less 

than or equal to 0.1 [157], otherwise, it is suggested the respective expert(s) to 

revisit his/her pairwise comparisons judgements. 

 

Step 5: Formation of supermatrix – Arranging the eigenvectors of each local 

priority matrix based on the hierarchical network model to form unweighted 

supermatrix [S] as illustrated in Figure 5-3b. The input to the supermatrix [S] 

represents the relationship between the clusters and elements in the model. Sij is 

interpreted as the direct relationship of the elements in cluster j with respect to 

cluster i. For example, S21 is the eigenvector representing the priority weightages 

of elements in level 2 cluster (i.e. risk category) depending on level 1 cluster (i.e. 

goal). If there is no direct relationship between the two clusters (i.e. level 1 with 

level 3), then the block matrix (i.e. S31) will be represented by null block matrix (i.e. 

[0,…,0]). Sij for all i=j represents the inner dependence relationship of the elements 

on its own clusters. In the events of independence loop, where the element only 

depends on itself, the input will be represented by identity block matrix (I). eT is 

the block matrix of unit row vector (i.e. [1,…,1]) that represent the feedback control 
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loop that make sure the whole model is strongly connected, as every decision 

elicited by experts should be based on the goal of this study. Normalize the 

unweighted supermatrix with the total sum of the column to make it column 

stochastics resulting in weighted supermatrix. 

 

Step 6: Formation of the limit matrix – The supermatrix is then raise to power until 

it converged to same value across all column (i.e. same figure up to 4 decimal 

places). By doing so, the limit matrix captured all the possible interaction of 

elements and clusters in the model.  

 

5.3 Problem structuring and model development 

The outcomes from previous chapter, risk identified in pioneering into 

Malaysian biomass industry that consists of five main risk categories, namely 

technology risk, financing risk, supply chain risk, regulatory risk and 

environmental and social risk are served as the backbone of the assessment model. 

It served as the basic of the hierarchical network model, with further verification 

and validation from other literatures and outcomes from focus group discussion. 

The summary of the final risk category and factors included in this work are 

illustrated in Table 5-1  
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Table 5-1 List of identified risk factors 

Risk category Risk factors 

Technology 

T1 Poor performance of technology 

T2 Lack of resources and capability to scale up to industrial level 

T3 Slow pace of technology development, deployment and 

application 

T4 Poor techno-economic attractiveness 

T5 Uncertain on the availability and duration of support and 

incentive 

T6 High research and development cost 

Financing 

F1 High upfront capital 

F2 Long pay back periods 

F3 Low return of investment 

F4 Lack of information to assess performance of biomass project 

F5 Inappropriate risk assessment and lending structure of financier 

F6 Poor macroeconomic condition 

Supply chain 

S1 Underdeveloped supply chain and logistics infrastructure 

S2 Inconsistent feedstock supply 

S3 High logistics cost 

S4 Complication in feedstock logistics 

S5 Unclear sustainability requirements, regulatory regime for 

biomass industry 

Regulatory 

R1 Unstable political environment 

R2 Unclear regulations and policies related to biomass industry 

R3 Lack of control on quality and pricing of biomass feedstocks 

R4 Tightening standard of CO2 emission 

R5 Poor governance of biomass related institutions 

Environmental 

and social 

E1 Impacts on the environment 

E2 Threats for social well-being 

E3 Lack of technical and safety standards for biomass plant 

E4 Low awareness of the potential of biomass industry 

E5 Low public acceptance on value-added bio-based products 

 

As illustrated in Figure 5-4, the risk assessment model for Malaysian 

biomass industry consist of three levels. Level 1 is the goal of the study, to identify 

the key risks associated with Malaysian biomass industry to ease financing. Level 

2 consists of the five main risk categories as described above and level 3 comprises 

27 identified key risk factors closely connected with the development of the 
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industry. The details of the 27 risk factors and references are described in Chapter 

4. The relationship of the levels (i.e. cluster) and elements are delineating with 

different arrow. Level 1, 2 and 3 is aligned in hierarchy, where elements in level 2 

is directly depend on level 1, and elements in level 3 is directly depend on level 2. 

Inner dependency relationship is also studied to understand the power of influence 

of the elements within its own clusters. Feedback control loop is included to make 

sure all the elements in the model are strongly connected.   

 

Figure 5-4 Illustration of the Malaysian biomass industry risk assessment 

hierarchical network model 

In this study, a total of 15 experts that research on biomass related areas 

were gathered in a focus group to discuss and respond to the survey. Their research 

areas inclusive of bioscience - the pre-treatment techniques to enhance the 

efficiency and yield of value-added bio-product; chemical engineering - 

development of process for biomass conversion, development of technology to pre-

treat and pre-process biomass feedstocks; process system engineering - 

enhancement of the overall biomass supply chain in Malaysia; business and social 
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science – economic, social and environmental impact of biomass industry in 

Malaysia.  

Pairwise comparison question is structure as “in relation to financing 

biomass project, which of the risk is more important and by how much?”. The 

questions are varies slightly depending on the dominance relationship (i.e. 

importance, influences power, dependency). Table 5-2 shows an example of the 

pairwise comparison matrix with the derived eigenvector of risk category with 

respect to the goal (i.e. level 2 with respect to level 1).  The eigenvector is then 

served as one of the column entries in block of the initial unweighted supermatrix. 

An example of the unweighted supermatrix is illustrated in the Figure 5-5. For 

instances, the eigenvector that representing the priority weightage of different risk 

category with respect to goal (i.e. Table 5-2) is inserted to the L2L1 of the initial 

supermatrix (i.e. Figure 5-5). 

Table 5-2 Consolidated pairwise comparison matrix of risk category with respect 

to goal 

Goal TC FN SP RG ES eigenvector 

TC 1.00 0.76 1.58 1.37 1.37 0.2211 

FN 1.31 1.00 2.54 2.70 1.61 0.3247 

SP 0.63 0.39 1.00 1.66 1.34 0.1694 

RG 0.73 0.37 0.60 1.00 1.19 0.1368 

ES 0.73 0.62 0.75 0.84 1.00 0.1479 

CR = 0.0203 
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Figure 5-5 An example of the supermatrix of the hierarchical network model 

5.3.1 Result and discussion 

Analysis based on risk category 

The distribution of the weightage based on risk categories after normalized 

from the limit supermatrix is illustrated in Figure 5-6. Respondents rank the 

financing risk as the most important risk in impeding the financing for biomass 

related project in Malaysia (30.39 %), followed by technology risk (23.64 %), 

supply chain risk (18.21 %), environmental and social risk (13.44 %) and lastly, 

regulatory risk (14.35 %).  The ability to hedge financing risk are deemed to be the 

key to guarantee a successful loan application of a biomass project. Biomass 

industry is a multidisciplinary industry that required a combination expertise on 

technology, material science, biology, biochemical, supply chain management and 

engineering [158]. The required corporation amongst multiple expertise for the 

industry created high barriers of entry and resulting in high upfront cost to purchase 

and build the plant, equipment, technology, long payback period and relatively low 
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return of investment in short investment period. Furthermore, the information about 

the supply, demand, cost related with biomass industry in Malaysia are rather 

scattered, lack of centralized data system to consolidate them. This increase the 

difficulties for financier to accurately analyse and forecast the industry’s financial 

performance. Thus, financier is lack of information and capacity to evaluate the 

opportunity and risk associate with the industry to customise financial services and 

products that suit the industry’s attribute.  

 

Figure 5-6 Distribution of priority weightages for risk category 

Based on the inner dependency matrix, it is observed that financing risk is strongly 

dependent on technology risk (i.e. 0.4116) and supply chain risk (i.e. 0.3369) as 

shown in Table 5-3. The numbers are interpreted as the dependency power of risk 

category aligned in left column on risk category aligned in the top row. For example, 

“0.4116” indicates that 41.16 % of the fluctuation of financing risk is caused by the 

changes of technology risk and so on. “1” indicates that the risk category is self-

dependence, as the increase or decrease of the respective risk category will affect 
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the risk in the same category. The unknown factors in technology and supply chain 

related components also made the feasibility performance analysis on the project 

almost impossible, which resulting in higher financing risk. 

Table 5-3 Initial interdependence matrix of risk category’s relative dependency 

weights 

 TC FN SP RG ES 

TC 1.0000 0.5016 0.3695 0.2864 0.2747 

FN 0.4116 1.0000 0.3369 0.1924 0.2516 

SP 0.2883 0.2811 1.0000 0.2901 0.2800 

RG 0.1412 0.1184 0.1441 1.0000 0.1937 

ES 0.1589 0.0989 0.1494 0.2311 1.0000 

 

As biomass industry is still an emerging industry in Malaysia, the industry 

is heavily relying on the imported technology from oversea. However, not all 

imported technology is proven effective, some are also unideal for 

commercialisation due to the high capital expenditure [159]. Meanwhile, locally 

manufactured technologies are mainly still in laboratory or pilot phase which is yet 

to be scale up to commercialise level. Consequently, the industry experiences a very 

limited choice of technology which indirectly made the cost of technology even 

higher. Lack of operational data to assure the performance, stability, efficiency and 

effectiveness of the expensive technology further intensify the technology risk.   

Thirdly, biomass supply chain in Malaysia remains largely underdeveloped 

with uncertainties on the supply of feedstocks to the demand of the value-added 

bio-based products.  Dispersed ownerships of palm oil miller and plantation 

increase the difficulties to compile biomass feedstock in a large scale for further 
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usage. Furthermore, distances between plantation, palm oil mill, pre-treatment 

plant, and biorefinery also add constraint for the supply of feedstocks as CO2 

emitted by transportation activities should not contribute excess carbon footprint 

for the biomass supply chain [160]. Variety of biomass feedstocks, inclusive but 

not limited to oil palm biomass (i.e. empty fruit brunch, palm kernel shells, 

mesocarp fibre, POME, trunk, fronds), paddy residues, rice husk, coconut shell etc. 

exerting different characteristics (i.e. density, weight, shape) also add complication 

to the logistics component [161]. These issues contributed to a higher cost of 

logistics, which made logistics cost could be the highest cost component in the 

biomass supply chain, ranging from 15 % to 60 % of the total cost of the production 

[2]. Furthermore, the potential carbon emission due to the transportation of the  

Regulatory risk category appeared as the least important risk in affecting 

the financing for biomass industry. This is in line with the expectation as Malaysian 

government is showing a clear intent to want to be a front runner of green growth 

in Southeast Asia through initiate multiple efforts in spur this industry. Thus, the 

threat of changing or imposing new rules and regulations not in favour with biomass 

industry is very unlikely, for the time being.  

 

Analysis based on risk factor 

In order to get a deeper grasp on the risk factor that hindering the financing 

for biomass industry, limit priorities of individual risk factors are analysed. Table 

5-4 shows the overall result of the network model with the priority ranking. The 

limit matrix value indicates the priority weightage of the risk factors in relation to 
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the whole network model while the normalized by cluster value shows the degree 

of importance of risk factor in relative to other risk factors within the same level. 

The top 3 risk factors that hindering the financing for biomass project in Malaysia 

are all dependent elements of financing risk category, which is “F2 Long payback 

periods”, “F3 Low return of investment” and “F1 High upfront cost”. Generally, 

investors can be separated into two main groups, which are risk taking and risk 

averse. Venture capitalist and private equity players are willing to invest in high 

risk industry, but expecting 50 % to 500 % return in 3 to7 years [162].  On the other 

hands, public or commercial banks and institutional investors are risk averse 

investors, which prefer low return with known risks and longer payback period [7]. 

Biomass related project which associates with high upfront cost and required long 

payback period fall on the intersection are of risk taking and risk averse investors, 

which made it challenging to attain financing.  

“S2 Inconsistent feedstock supply” is the rank fourth factor that hindering 

the financing of biomass project in Malaysia. Based on forecast, biomass residues 

in Malaysia will continue to increase, with an estimation of 100 million tonnes by 

end of 2020 [2]. Nonetheless, the consistent and reliability of the long-term supply 

of biomass feedstocks to support a biomass project life-cycle (i.e. average 20 years) 

is still remain unknown. There are a few factors that contributed to this issue. First, 

as biomass feedstocks are still not widely trade as commodity, the fluctuation of 

feedstock price across time is huge. Feedstocks supplier unwilling to commit into 

a long-term supply contact as there might be opportunity to sell at a higher price in 

the near future.  Next, some biomass feedstocks are only seasonably available. Its 
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price and quality are highly volatile depending on availability, weather, location of 

the processing plant, storage and logistics. Thus, a well-coordination and 

collaboration among supply chain players is very important to ensure a guaranteed 

biomass feedstock in a long term to avoid supply interruptions. 

The risk ranked fifth and sixth are “T2 Lack of resources and capability to 

scale up to industrial level and resources” and “T6 High research and development 

cost”. As described in the previous section, technology for biomass industry in 

Malaysia is still highly depend on the imported technology, that are extremely 

expensive and almost inaccessible for project developers. Ideally, locally 

manufactured technology need to be made available in order to resolve the cost 

constraint for biomass related project. Unfortunately, there are very limited 

resources (i.e. money, human capital) and capability (i.e. technical skills) to scale 

up the local technology into industrial level [130]. The high research and 

development cost also contributed to the slow progress of the locally manufactured 

technology. The industry also lacks with local expertise that capable to solve the 

technical hurdles associated in this industry [16]. Some example of the technical 

issues that project developers will potentially face are high energy consumption in 

the pre-treatment and conversion process, inconsistent quality of biomass, high 

moisture content of the feedstock which reduced the efficiency of thermal 

conversion process and etc. [163]. Furthermore, technologies show satisfactory 

result when operating in laboratory or scientific setting does not guarantee the 

performance when scale up to industry level, further intensify the technology risk 

in the industry [129].    
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Table 5-4 The derived priority weights and ranking of risk factors 

Risk group Risk factor 
Limit 

Matrix 

Normalized 

by cluster 
Ranking 

Technology 

risk 

T1 Poor performance of technology 0.0080 0.0359 15 

T2 Lack of resources and capability to scale up 

to industrial level 
0.0109 0.0492 5 

T3 Slow pace of technology development, 

deployment and application 
0.0062 0.0279 20 

T4 Poor techno-economic attractiveness 0.0092 0.0415 10 

T5 Uncertain on the availability and duration of 

support and incentive 
0.0073 0.0328 17 

T6 High research and development cost 0.0109 0.0491 6 

Financing risk 

F1 High upfront capital 0.0132 0.0592 3 

F2 Long pay back periods 0.0156 0.0704 1 

F3 Low return of investment 0.0142 0.0639 2 

F4 Lack of information to assess performance 

of biomass project 
0.0101 0.0453 8 

F5 Inappropriate risk assessment and lending 

structure of financier 
0.0083 0.0372 13 

F6 Poor macroeconomic condition 0.0062 0.0280 19 

Supply chain 

risk 

S1 Underdeveloped supply chain and logistics 

infrastructure 
0.0100 0.0449 9 

S2 Inconsistent feedstock supply 0.0113 0.0508 4 

S3 High logistics cost 0.0108 0.0488 7 

S4 Complication in feedstock logistics 0.0046 0.0208 22 

S5 Unclear sustainability requirements, 

regulatory regime for biomass industry 
0.0038 0.0169 26 

Regulatory 

risk 

R1 Unstable political environment 0.0029 0.0132 27 

R2 Unclear regulations and policies related to 

biomass industry 
0.0089 0.0399 12 

R3 Lack of control on quality and pricing of 

biomass feedstocks 
0.0081 0.0365 14 

R4 Tightening standard of CO2 emission 0.0040 0.0182 24 

R5 Poor governance of biomass related 

institutions 
0.0058 0.0263 21 

Environmental 

and social risk 

E1 Impacts on the environment 0.0067 0.0300 18 

E2 Threats for social well-being 0.0045 0.0202 23 

E3 Lack of technical and safety standards for 

biomass plant 
0.0090 0.0406 11 

E4 Low awareness of the potential of biomass 

industry 
0.0077 0.0348 16 

E5 Low public acceptance on value-added bio-

based products 
0.0040 0.0180 25 

 

“S3 High logistics cost”, “F4 Lack of information to assess performance of 

biomass project”, and “S1 Underdeveloped supply chain and logistics infrastructure” 

factors are the 7th, 8th, and 9th risk factors based on the result, which made the top 
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9 risk factors solely from financing risk, supply chain risk and technology risk 

category. Based on the pareto graph in Figure 5-7, it is observed that the weightage 

of the first 9 risk factors cumulative up to 50% of the total risk factors assessed in 

this study. In other words, by able to mitigate the top 9 risks, the success rate of 

biomass project receiving financing can be increased significantly, (i.e. 50% higher 

success rate). 

 

Figure 5-7 Pareto graph of the priorities of risk factors in descending order 

 

5.4 Conclusions and Future works 

In conclusion, a novel methodology with ANP approach is proposed to 

assess risk factors, regardless of tangible or intangible in the same scale to 

determine the dominance risk factors associated with green financing in Malaysia. 

The proposed methodology is illustrated with Malaysian biomass industry case 

study. Based on researchers’ perspectives, financing risk is the main concern that 

hindering the financing for the Malaysian biomass industry, followed by 

technology risk and supply chain risk. The key risk factors are “F2 Long payback 
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periods”, “F3 Low return of investment” and “F1 High upfront cost”. Based on the 

nature of biomass industry with its unique characteristics, it is observed that 

conventional lending frameworks are inappropriate to assess the bankability of such 

project. Unfavourable attribute of the industry (i.e. high upfront cost) that 

contributes high barrier of entry could be shaped into competitive advantages in 

generating higher return in the future. Thus, it is necessary for financier and 

investors to understand the nature of the industry to customise financial products 

and service for biomass related project. Green finance does not only offer financier 

the increasing reputation benefits as taking up social responsible to promote 

environmental friendly business, it also proven to be a way to sustain banking 

business in the competitive market nowadays. Meanwhile, it also helps to unleash 

the potential of an industry while gaining both economic and social benefits.  

The outcomes provide a comprehensive risk profile of biomass industry for 

industry stakeholders to establish more effective risk management and mitigation 

strategies to directly tackle the key risks. Policy makers will be also equipped with 

sufficient knowledge and information to undertake policy reviews to encourage 

investment from private sources. The future works will focus on extending the 

current model to gather the perspective from other industry stakeholders, such as 

industry players (i.e. oil palm miller, plantation owner, logistics company), 

investors and government agency to develop a comprehensive risk index of biomass 

industry in Malaysia. In the next part of this work (i.e., Chapter 7), the scope of the 

risk assessment model is further expanded with additional component – to select 

and evaluate risk mitigation strategy to determine the most effective risk mitigation 
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strategy in relation to the dominant risks. It should be noted that the proposed 

methodology is only serve as general purpose, the structure of the network model 

can vary depending on the nature of the project. 
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Chapter 6. Prioritisation of indicators for sustainable 

development 

6.1 Introduction 

As one of the world’s major exporters of crude palm oil, Malaysian palm 

oil industry plays a crucial role in the country’s economic development, contributed 

up to an average 5 – 7 % of GDP annually [164]. The utilisation of palm oil biomass 

residues into high value-added products also has grown tremendously in recent 

years as well. Despite obvious benefits to the country’s economy and welfare of its 

population, the oil palm industry also claimed to contribute to environmental 

degradation, both at the input and output sides of its activities. With the 2030 

agenda for SDGs introduced by EU has created a strong resonance on a wide range 

of industry throughout the world, there has been increasing dispute on the 

“sustainability” of the palm oil production in Malaysia, both for oil palm plantations 

as well as the palm oil mills. Recently, EU Parliament in favour of the exclude the 

import of palm oil from Southeast Asia for production of biofuels and bioliquids 

due to the long term environmental impact created by the industry, it has created a 

higher urgency for industry stakeholders to initiate sustainable practices in its 

operation [165].  

Furthermore, the adoption of various sustainable development, climate 

change policy without understanding on the stages of the industry life cycle, 

cultural, political, economic and business background of a country often lead to 

higher waste of resources and falling short of the target initially determined [166]. 
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Thus, it is imperative to comprehend the structural dependence of the sustainable 

indicators at different stages of industry life-cycle to derive the priority towards 

transition for green growth. In this work, an analytical prioritisation methodology, 

FANP was used to quantify the complex relationship of the sustainable indicators, 

stages of the industry life cycle to spur the uptake of green economy in developing 

country context.   

 

6.2 Industry life cycle  

The industrial life cycle can be categorized as 4 different stages, which are 

the pioneering and emerging stage, rapid growth stage, maturity and stable growth 

stage, growth deceleration stage [167]. The corresponding industrial life cycle 

stages will be discussed in the subsections below from 6.2.1 to 6.2.4 respectively. 

6.2.1 Pioneering and Emerging Stage 

Start-ups, entrepreneur and SMEs are common in this stage of the industry 

life cycle [168]. Innovative and novel products and methodologies are often 

introduced in this phase by companies [109]. The economy of emerging markets 

often downcycles materials using low labour costs, high losses and poor working 

conditions [116]. The barrier to entry is the start-up capital and the eco-innovation 

demonstrated in product and technology [169]. Start-up funding can be obtained 

from the founder’s own capital, subsidies and grant, Venture Capital, Angel 

investors, crowdfunding and bank loan [170]. In developing countries such as 

Malaysia, entrepreneur hubs are available in the Multimedia Super Corridor (MSC 
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Malaysia). Convenience to incentives is available in the hubs to support innovative 

start-up, which includes pioneer status, investment tax allowance (ITA), research 

and development grants, industrial building allowance (IBA), accelerated capital 

allowance (ACA) and other forms of deduction and allowances [171]. The GTFS 

has also pooled a 5 billion MYR of funding for green technologies in 2018 [6], 

which contributes to the development of green growth, as an overall. The success 

of the start-up is highly associated with industrial risks, which may include 

environmental, environmental, feedstock, technology and supply chain risks [78]. 

Yatim et al. concluded that the biomass industry in Malaysia was facing regulatory, 

financing, technological, supply chain, feedstock, business, social and 

environmental risks at the pioneering stage [78]. These risks are mainly caused by 

inconsistent regulations and policies, poor social awareness [16], lack of data for 

investment evaluation, poor understanding of systems by investors [172] and the 

requirement for supply chain infrastructure [4]. For the emerging solar cell industry 

in Korea, a few hypothesis tests were carried out by Park and Kang [173]. They 

concluded that the entry timing, collaboration activity and technology portfolio 

affected the product innovation performance during the emerging stage. In Europe, 

the emerging washing machine industry is reshaped by using sustainable design, 

pay-per-use business model, predictive supply chain and big data analytics [174]. 

Process integration was also carried out to improve energy efficiencies within 

commercial laundries process [175], showing that using up-to-date processing 

system can effectively debottleneck traditional industries.  
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6.2.2 Rapid Growth Stage 

Gort and Klepper [109] proposed that the rapid growth stage is defined by 

a sharp increase in the numbers of producers. This is a period where the innovative 

industrial product or service has been validated and accepted by the market, causing 

a rise in competing interests. At this phase, the driving force for firms is the 

manufacturing innovation by high skilled workers, while manufacturing plants are 

compact and nearer to consumers [176]. McDougall et al. [177] argued that the 

sales growth of a company at this stage is critical in maintaining financial 

performance with the entrance of new competitors. The study also proposed that 

large-scale entry, speciality products, advertising and promotion, marketing 

expertise, channels of distribution, brand name and forward integration affected 

growth in this stage. Cleaner production auditing in companies at the pioneering 

and emerging stage can assess the sustainability of the initial product design and 

innovation. Involvement of the companies in eco-industrial network and eco-city 

requires them to be in rapid growth stage and maturity stage respectively to exhibit 

market volume and stability for business. At the declination stage, companies 

would need to choose between repositioning their market position or liquidate and 

decommission.  

6.2.3 Maturity and Stable Growth Stage 

The maturity stage is the period where the firms entering and exiting the 

industry is balanced, approximately zero [109]. Functional and technological 

standards are achieved by production automation, process equipment specialisation, 

cost reduction and quality improvement [176]. From works of Yuan et al. [178] the 
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integration of firms into eco-city proposed at a maturity stage. Traditionally, eco-

cities refer to cities that were constructed with ideas about urban planning, 

transportation, housing, economic development, public participation and social 

justice [179]. However, in the context of green economy, it refers to a city that has 

effort in minimalization of waste, energy and resources [178]. Fully matured 

industries such as the waste management industry have waste collection rate 

positively correlated to the GDP of the country [180], while additional investment 

costs are required when demand exceeds supply. Another fully matured industry is 

the waste-to-energy industry, where this technology can convert waste into heat and 

power while avoiding over-utilisation of landfills [181]. Up-to-date waste-to-

energy technologies include thermal, energy and off-gas cleaning system which are 

designed based on rigorous engineering simulations to ensure optimal performance 

[182]. The matured development of the waste-to-energy industry has flourished 

beautifully to support the green growth, particularly circular economy on a global 

scale, and even commercial decision tools are developed [183] for this purpose. 

LCA [184] points out that waste-to-energy technologies perform better than carbon 

capture technology towards the circular economy, as the technology can utilise 

waste to replace fossil fuels. Still, challenges faced by firms at this stage of the 

industry life cycle are commonly production overcapacity, loss of production skill 

due to automation and price competition [176].  

6.2.4 Deceleration of Growth Stage 

The deceleration of growth phase is defined as the negative net entrant of 

firms in the industry [109]. Companies in this stage have a low level of product and 
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process innovation, overcapacity in production, require manpower from countries 

of low labour cost [176]. At this point in the industry life cycle, production is rigid 

and difficult to cope with the varying environment [176]. Firms normally undergo 

process improvement, retrofit projects or decommission [185] and more research 

and development is carried out compared to the matured stage [186]. Management 

strategies that focus on improving system efficiencies such as “lean and green” [187] 

are suitable at this stage. Leong et al. [188] have developed a framework for 

managing manufacturing processing plants with the “lean and green” terminology. 

Total site utility methodologies can also be used for retrofitting projects [189] and 

cogeneration designs in total site systems [190] to improve the overall energy 

efficiency. Lakhal et al. [191] demonstrated an effective “Olympic” framework for 

environmental friendly decommissioning of an oil and gas facility. Cleaner efforts 

in the mining operation include automation and optimisation, improving efficiency, 

reducing waste (tailing, gangue and wastewater), water reuse and recycle. Mining 

is also carried out in group mode, ecological park mode or social wide circulation 

mode to reduce waste in an industrial symbiosis way [192]. The key to managing 

firms in declination stage is to either improve management and system efficiency 

or simplify products and service and move to a niche market [176]. 

6.3 Methodology 

Fuzzy Analytic Network Process (FANP) is a combination of Fuzzy Set 

Theory [103] and Analytic Network Process [193]. ANP is a general form of AHP, 

which both were developed by Saaty back to 1980s. ANP and AHP are powerful 

MCDA that integrate the structural dependency of a network or hierarchy into a 
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single index. AHP mainly cater to the problems that can be structured into a 

hierarchy, from top-to-bottom [157]. By structuring the decision-making process 

into a top-to-bottom form, starting from the goal, main criteria, sub-criteria and 

lastly alternatives, it allows an independent analysis on the structural dependency 

for every layer in deriving the final global priority for the alternatives. 

Unfortunately, most of the real-life issue cannot be structured into a unidirectional 

issue. It often associated with inner correlation and/or feedback dependence relation. 

Instead of deriving a single vulnerability index as proposed by AHP, ANP adopted 

the supermatrix approach to combine all possible relationship in the issue to derive 

final limiting value. Depending on the nature of the problem and the goal of the 

decision or study, both AHP and ANP can enhance the overall decision-making 

process. AHP and ANP have been widely applied in the field of Engineering, 

computer science, business, management and accounting [98,194].  

On the other hand, Fuzzy set theory is first introduced to accommodate the 

“fuzziness” contained in human language (i.e., judgement, evaluation and decisions) 

[195].  Initially, it is another form “uncertainties theory” that help to deal with the 

vagueness and ambiguity associated with the real-life, regardless of the 

performance of technology, resources, materials associated with the human 

decision. Due to the desirable empirical validation of its output across years, it has 

been developed into a powerful tool both as a formal theory as well as integrated 

into different applications or methods to enhance the efficacy of the original 

method/application. Fuzzy set theory introduces approximate reasoning, release the 

constraint of binary systems in classical set theory, that only allow either “1” or “0” 
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as an outcome. It permits the membership function-valued in the interval of [0,1], 

also known as the degree of membership. Fuzzy ANP is one form of the “enhanced” 

ANP as it replaces the traditional 9-point scale in the inputs for pairwise comparison 

judgements by fuzzy memberships. Humans can give satisfactory answers, but it 

rarely can be claimed as an absolute answer due to the existence of much fuzzy 

knowledge in the real world. The elements that closely associate with human 

judgements such as expertise and experience tend to have no clean boundary nor 

single standard to represent by a single crisp value between 1 to 9. Thus, the 

replacement of the fuzzy membership function to crisp value is deemed to produce 

a more realistic output [102].  

 

Figure 6-1 is the overall methodology flowchart of this proposed work.  
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Figure 6-1 Methodology flow-chart 
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Step 1: Having addressed the distinctive characteristics and challenges of each stage 

in the industry life cycle, sustainable indicators are identified and gathered to 

develop the network model. The network model is illustrated in Figure 6-2. It 

consists of three different levels, with the first level as the goal, followed by second 

level, stages in the industry life cycle and lastly, sustainability indicators. The 

second level consist of 4 different stages of in the general industry life cycle, 

starting with pioneering/ emerging stage (PE), followed by rapid growth stage (RG), 

maturity and stable growth stage (MS), and finally, deceleration of growth stage 

(DG). In term of the sustainability indicators level, it is divided into three different 

clusters naming economic (EC), environmental (EN), and social (SC). Economic 

cluster consists of cost (CS) and profit (PT) element; Environmental impact is 

determined by carbon footprint (CF), water footprint (WF) and Ecology (EY) 

balance; Social dimension is evaluated in term of health and safety (HS), education 

and training (ET) and public acceptance (PA). 

The purpose of the model is to prioritise the sustainability indicator to be 

emphasized for the successful transition to sustainable development. The direction 

of the arrows represents different dependency relationships of the elements in the 

network model. For instances, a downward arrow indicates the direct dependency 

of the lower level elements with respect to upper-level elements. Self-looping 

arrows in the cluster represent the interdependence of the elements within the same 

cluster. Feedback control loop arrows, the arrow that connecting level 2 and level 

3 cluster back to the goal cluster (i.e., level 1) is to assure the strong connectivity 

of all the elements in the model in achieving the goal. 
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Figure 6-2 Representation of the relationships and elements in the network model 

Step 2: Data is collected by gathering responses from 20 experts that have expertise 

and experience on SD-related research. The research areas included but not limited 

to social-economic benefits of SD, development of technology and process, 

optimisation for resources saving, energy policy and governance. The questionnaire 

consists of 3 main parts. Part 1 consists of 6 questions to determine the preference 

of the stage in the industry life cycle to initiate sustainability practices for SD. Part 

2 consists 112 questions to access the importance of different sustainability 

indicators at a different stage. Part 3 consists of 168 questions to evaluate the 

interdependence of the sustainable indicator in affecting other indicators in the 

transition toward SD. The sample questionnaire is attached as a supplementary 

document for further references. The questions are formulated as pairwise 

comparison questions, which the researchers are required to compare two elements 



Chapter 6 

94 

 

in pairs and determine the dominance relationship (i.e., preference, importance, 

influence etc.) based on fuzzy memberships. For example, the pairwise comparison 

question for Part 2 is formulated as: “For firm or business in the 

pioneering/emerging stage, which sustainability indicators play a more important 

role to encourage the transition toward SD and by how much?” Due to the high 

number of question, calibrated fuzzy scale comparative with its linguistics term 

introduced by Promentilla et al. [196] is adopted in the questionnaires to ease the 

responding process. The set of triangular fuzzy numbers and its associated 

linguistics term is shown in Table 6-1.  

Table 6-1 Fuzzy scale for FANP pairwise comparative judgement 

Linguistic scale Lower bound (lij) Modal value (mij) Upper bound (uij) 

Equally 1.0 1.0 1.0 

Slightly more 1.2 2.0 3.2 

Moderately more 1.5 3.0 5.6 

Strongly more 3.0 5.0 7.9 

Very strongly more 6.0 8.0 9.5 

 

Step 3: The pairwise comparisons inputs in linguistics scale are then converted into 

vectors, <l, m, u>, representing the lower bound (l), modal value (m) and upper 

bound (u) of the judgement. It is worth to note that this set of calibrated fuzzy 

numbers follows Fibonacci sequences, where the range of upper bound and lower 

bound (i.e., u-l), also known as the degree of fuzziness for stronger dominance 

relationship (i.e., very strongly more) is larger as compared to weaker dominance 

relationship (i.e., slightly more). The geometric mean method is then used to 

aggregate the inputs from responses on the same question. The pairwise reciprocal 

matrix is illustrated as:  
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𝐴̂ = [

〈1,1,1〉 𝑎̂12
𝑎̂21 〈1,1,1〉

⋯      𝑎̂1𝑛
⋯      𝑎̂2𝑛

⋮         ⋮
𝑎̂𝑛1           𝑎̂𝑛1

  ⋱ ⋮
  ⋯ 〈1,1,1〉

] where 𝑎̂𝑖𝑗 = 〈𝑙𝑖𝑗 , 𝑚𝑖𝑗, 𝑢𝑖𝑗〉 

; 𝑎̂𝑗𝑖 =  〈
1

𝑢𝑖𝑗
,
1

𝑚𝑖𝑗
,
1

𝑙𝑖𝑗
〉  

6-1 

Step 4: The priority weights of a pairwise reciprocal matrix are computed based on 

the nonlinear fuzzy preference calibrated Promentilla et al. [197] in 2015. The 

formulas are as the following: 

Maximise 𝜆 6-2a 

s.t.:  

(𝑚𝑖𝑗 − 𝑙𝑖𝑗)𝜆𝑤𝑗 − 𝑤𝑖 + 𝑙𝑖𝑗𝑤𝑗 ≤ 0, ∀𝑖 = 1, … , 𝑛 − 1; 𝑗 = 𝑖 + 1,… , 𝑛 6-2b 

(𝑢𝑖𝑗 −𝑚𝑖𝑗)𝜆𝑤𝑗 − 𝑤𝑖 + 𝑢𝑖𝑗𝑤𝑗 ≤ 0, ∀𝑖 = 1,… , 𝑛 − 1; 𝑗 = 𝑖 + 1,… , 𝑛 6-2c 

(𝑚𝑖𝑗 − 𝑙𝑖𝑗)𝜆𝑤𝑖 − 𝑤𝑗 + 𝑙𝑗𝑖𝑤𝑖 ≤ 0, ∀𝑗 = 𝑗, … , 𝑛 − 1; 𝑖 = 𝑗 + 1,… , 𝑛  6-2d 

(𝑢𝑗𝑖 −𝑚𝑗𝑖)𝜆𝑤𝑖 − 𝑤𝑗 + 𝑢𝑗𝑖𝑤𝑖 ≤ 0, ∀𝑗 = 1,… , 𝑛 − 1; 𝑗 = 𝑗 + 1,… , 𝑛 6-2e 

∑𝑤𝑖

𝑛

𝑖=1

= 1 6-2f 

𝑤𝑖 < 1, ∀𝑖 = 1,… , 𝑛 6-2g 

 

The objective function is to maximise the degree of satisfactory, 𝜆 in calculating 

the weights of the respective element (i.e., 𝑤𝑖) in the matrix. In the meanwhile, 𝜆 

also play as the consistency measurement to verify the priority weights calculated 

are in accordance to the initial response gathered from domains. The value of 𝜆 

need in the range 0 ≤ 𝜆 ≤ 1. 𝜆 = 1 is elaborate as perfect consistency while 𝜆 = 0 

means the judgements are only satisfied at their boundaries [104]. In the event that 
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𝜆 < 0, it is recommended for the respective expert to revisit their judgments as the 

inputs are contracted to itself and cannot be concluded.  

 

Step 5: The priority weights derived for every reciprocal pairwise comparison 

matrices are integrated to form a supermatrix. The arrangement of the priority 

weights in the supermatrix is illustrated in Table 6-2: 

Table 6-2 Supermatrix representation 

i/j L1 L2 L3 

L1 w11 = 1 w12 = eT w13 = eT 

L2 w21 w22 = I w23 = 0 

L3 w31 = 0 w32 w33 

 

wij is priority weights presenting the direct dependency of the elements in the level 

i with respective to level j. For example, w21 is interpreted as the priority weights 

of the preference of the stages of industry life cycle (i.e., level 2) in prioritising 

sustainable indicator for SD (i.e., level 1). wij when i=j represents the independent 

relationship of the elements in the same cluster/level. There are two different types 

of inner dependence relationships, namely independence and interdependence. 

Independence relationship means the element only depends on itself, while 

interdependency means the elements in the clusters have influence power on the 

other elements as well. As the stages of industry life-cycle are independent of one 

another (i.e., independence relationship), w22 is represented by Identity matrix (i.e., 

I). The “0”, null block matrix (i.e., [0, 0,…,0]) indicates there is no direct 

relationship between the elements in both clusters (i.e., w31, w13).  w12 and w13 are 
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the priority weights of the feedback control loop, which represented by unit row 

vector (i.e., [1,1,…,1]).  

 

Step 6: Eigenvector method is then utilised to power the initial supermatrix until all 

the value across very column converged. This signifies that all the direct and 

indirect interaction of the elements in the whole model are taking into consideration 

in deriving the final weights of the sustainable indicators for promoting SD.  

 

Step 7: The verification of the outcomes generated by the proposed FANP is done 

by communication with industry stakeholders in focus group discussion setting.  

The stakeholders’ engagement session consist a total of 15 participants, included 

researchers, industry players, policy makers, and government agency that have 

expertise and experience in the subject matter to discuss and verify the outcomes 

from the proposed model. In the event that industry stakeholders failed to reach an 

agreement with the priority weights and ranking generated from the proposed 

model, it is recommended to start with the data collection process. It is worth to 

note that this method enables customisation and selection of the elements in the 

model to cater the generic as well as specific needs of a study, thus, the selection 

of the questionnaires respondents and verifiers of the result should be relevant with 

the goal. 
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6.4 Case study 

There is a lot of effort has been directed by the local governments, volunteer 

organization such as RSPO to guide industry stakeholders to compliance with 

sustainable practices. However, the uptake level of the industry players voluntarily 

in compliance with such sustainability standards are still relatively low, especially 

small stakeholders, which accounted for 38% [198] and 40% [199] of the ownership 

of oil palm cultivation in Indonesia and Malaysia respectively. The stage of industry 

life-cycle which the firm/plantations are in also greatly affecting the cost and 

impact to uptake sustainability practice in its operation. Thus, this case study 

applied the proposed model in the palm oil industry to prioritise the sustainable 

indicators at each stage of the industry life-cycle to promote SD in developing 

countries.  

First, the network model as illustrated in Figure 6-2 is adopted to prioritise 

the sustainable indicator for the palm oil industry to adopt CE for sustainable 

development. Palm oil industry stakeholder which consists of oil palm plantation 

owners, palm oil-related business/firm owners, sustainability standard certification 

auditors and researchers who working on sustainability studies are engaged to 

respond to the questionnaires. The sample of the questionnaires is attached in 

Appendix A-2. The pairwise comparison question is structure as “Based on the 

general palm oil industry life cycle, which stage of the project/business is more 

preferred to initiate sustainability practices in its operation for sustainable 

development?”. The data collected is filtered to make sure completeness prior 

proceed with the calculation. The calculation to generate the priority weights for 



Chapter 6 

99 

 

pairwise reciprocal matrices are computed based on the Equation 6-1 to 6-2 with 

LINGO 16.0 software (see codes in Appendix A-4).  

6.5 Result and Discussion 

The priority weights of every relationship derived from individual reciprocal 

pairwise comparison matrices and the final converged value and its ranking are 

shown in Figure 6-3. The value in the supermatrix can be interpreted in three 

different dimensions: i. priority weights of direct dependency relationships, as 

highlighted in blue and green colour; ii. Inner dependency relationship of 

sustainability indicators, as highlighted in orange; and the iii. comprehensive 

weights for the whole model, portraying at the final value column. The industry 

stakeholders concurred the results as illustrated in Figure 6-3, with additional 

comments included in the discussion.  

 

 

Figure 6-3 The supermatrix table and its final value and ranking 
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Figure 6-4 illustrates the network relationship of the SD goal, industry life cycle 

phases, and prioritisation indexes. Weights of each node indicate the percentage 

importance value, while the thickness of each connection edge indicates the average 

dependency relationship. Based on the outcomes, “L3 - Maturity and stable growth” 

stage appeared to be the best stage to initiate and implement sustainable practices 

in its operation for SD, followed by “L1 – Pioneering/Emerging” stage, “L2-Rapid 

growth” stage and finally, “L4-Deceleration of growth” stage. The segmentation of 

the industry life cycle is adopted from Hill and Jones [200] which divided the 

industry life cycle into four different stages, with applications for both firm level as 

well as an industry as a whole system. The pioneering/emerging stage is described 

as the introduction of new technology or product in the market. This stage tends to 

associate with high upstart costs, with low demand due to the “newness” of the 

product and industry. It is also the surviving stage for the new entrant on whether 

able to play a role in this industry or market [201]. Firm and industry in rapid 

growth stage experience accelerated sales and profit. It is the stage where the 

market experience the highest level of heterogeneity between firms, such as product 

variation and market share instability for the emerging of market leader [202]. 

Maturity and stable growth stage occur when the competition started to wane as the 

firm identify and understand its competitive advantage in the market and fully 

utilise it. In most of the case, the firm will produce at its economic of scale to fully 

portray its competitive advantages. This stage also tends to be the longest stage in 

the life cycle whereby norm and standard will be formed, and the weak competitors 

will be eliminated in the market [112]. Porter [110] describe that the same force of 
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competition will continue and intensify rivalry, until the industry experience lower 

intra-industry homogeneity, this is when the industry moves on to the last stage, the 

deceleration and declining stage. This stage is not a representation of the poor 

performance of the industry/ firm, it is the stage where the market is concentrated 

with few key players, with lack of variation for further innovation or breakthrough 

[203]. Thus, the growth rate started to remain stagnant or even slowing due to the 

satiation of demand. It is also the stage where the industry will experience a change 

in consumer preference and demand shifts to new products or substitutes.  

 

Figure 6-4 Network visualization of ANP relationship 

The focus group participants concurred with the outcome in which maturity 

and stable growth stage is the best stage to uptake sustainability practices for SD. 

It is because the business and firm in this stage have sufficient capacity and ability, 

both in term of capital as well as human resources to sustain its operation. This 

enables the firm to divert it full attention from economic benefits to focus on 
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environmental well-being and social responsibility. Furthermore, the firm in 

maturity and stable growth stage also contain sufficient data and information to 

undergo fundamental change proposed by one of the SD avenue, circular economy 

framework [204]. Some of the recommendations to initiate sustainability practices 

are the replacement of inefficient and less effective technology to cleaner 

technology, optimise the process through leveraging the history data for minimising 

waste of energy, reduce redundant parts, encourage sharing of resources etc. [44]. 

These efforts do not only help to reduce long-term operation cost, gain reputations 

as an environmental and societal responsible party, it also served as an alternative 

to prevent the company to fall into next stage, the deceleration of growth stage. 

Pioneering and emerging is ranked 2nd in the list. Business or firm in the 

pioneering/emerging stage is the most flexible stage across the industry life cycle 

to shape its competitive advantage to survive in the market [110,202]. Even though 

the risk profile for the sustainable business model in developing countries is higher 

as compared to the conventional model due to the lack of a successful precedent 

case, the long-term benefit is significant. Particularly, economic gain through 

reduced raw material and energy costs, waste management cost, emissions control 

cost, and blue ocean market creation and environmental preservation through 

reduction on virgin materials and resources input, while reducing the overall wastes 

and emissions [37]. These are deemed to be a powerful strategy in moulding the 

image and development blueprint of the business and firm. Furthermore, with the 

growing resonance of SDGs in a global arena, there is also a high possibility for 
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mandatory compliance for sustainable standards in the near future. By adopting 

sustainable operation at the initial stage can reduce the compliance cost in the future.  

In term of the importance of sustainability indicators in encouraging the 

transition toward SD throughout the whole industry life-cycle, cost (EC-CS) is top 

factor, followed by profit (EC-PT), and public acceptance (SC-PA). The first two 

indicators are from the economic cluster. This indicates that economic gain is still 

the key driver for the stakeholders in the palm oil industry to adopt and integrate 

sustainability components in its operation, across the palm oil supply chain. It is 

also often cited as one of the factors that hindering small stakeholders in Malaysia 

and Indonesia to voluntary compliance to MSPO and ISPO, as all the principles of 

the certifications merely focus on environmental and social aspects [60,62]. This 

finding can serve as a reference for local authorities and policymakers to 

incorporate economic element in is attract the uphold of such standards. For 

example, certified sustainable palm oil (CSPO) awarded by full compliance with 

RSPO is able to sell at a higher price (i.e., >10% premium) as compare to non-

CSPO [205].  

Public acceptance ranked 3rd in the sustainability indicators that should be 

prioritised to promote SD. The arousing confrontation on the environmental 

destruction caused by the palm oil industry has in recent years has intensified the 

anti-palm oil movement. This series of movement has, directly and indirectly, 

affected the demand and price of the palm oil  [9], particularly the demand on 

developed nations where the community has high awareness on purchasing 

products sourced from sustainable palm oil [57]. One of the examples is the 
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increasing demand for CSPO. Even though CSPO only accounted only less than 

one-fifth of the total world palm oil production, there has been a clear trend on the 

higher demand despite the need to pay a premium. A recent work, Pischke et al. 

[206] also further assure the importance of public acceptance in affecting the 

purchasing and consumption behaviours of palm oil, and the growth of the whole 

industry. Another example of the importance of public acceptance is reflected by 

the increasing trend at developed countries on community financing. With the high 

public acceptance and awareness on the need for renewable energy, community are 

willing to finance the renewable energy project which is deemed as high risk and 

low return investment [207]. Thus, in order to encourage the uptake of 

sustainability practices in the oil palm industry, there is a need to raise the public 

acceptance on the sustainable palm oil, but not based on the value of money. 

Ecology (EN-EY) and water footprint (EN-WF) is ranked 4th and 5th, followed by 

education and training (SC-ET), carbon footprint (EN-CF) and lastly health and 

safety (SC-HS). It is crucial to understand that the goal of this study focuses on 

prioritisation of the sustainability indicators to promote SD, thus, the indicators 

with lower weights are not insignificant for the overall development of the industry. 

It only provides recommendations for the industry players to design and select an 

action plan to spur the sustainability of the industry based on the indicators that 

have higher preferences.   

The sustainability indicators that carry the highest weights for each stage of 

industry life-cycle are varied slightly as illustrated in Figure 6-5. For the 

pioneering/emerging stage, rapid growth stage and deceleration of growth stage, 
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the top indicators are mainly dominated by economic cluster’s elements, cost and 

profit. For maturity and stable growth stage, it is interesting to note that the 

preferences have shifted from economic benefits to environmental and social well-

being. Public acceptance carries the highest weights, followed by education and 

training. Water footprint and ecology share the same weights to rank at the 3rd, 

simultaneously, with carbon footprint has slightly lower weights after water 

footprint and ecology. This further affirms the finding firm in the above section that 

firm or business at maturity and stable growth stage is the most suitable stage to 

initiate such transition as they have sufficient resources to shift its objective from 

profit-oriented to social and environmental oriented. 
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Figure 6-5 Importance of sustainability index in each stage of the industry life cycle 



Chapter 6 

107 

 

In term of the power of influence, it is observed that the economic cluster, both cost 

and profit are the indicators that have highest influences on other sustainable 

indicators. Ecology factors are next on the list. The analysis of the power of 

influence can serve as a reference for the industry stakeholder, particularly decision 

makers and policy makers to design and customise action plan and incentive or 

support to boost the indicators with a higher power of influence. By accelerating 

the performance of indicator which has a high power of influences is expected to 

improve the performance of other indicators, concurrently.  

6.6 Conclusions and Future works 

SD is no doubt the best solution for developing country to solve waste issues 

and simultaneously avoid further development bearing on the cost of environment 

and resources of the future generation. The work provides an in-depth analysis of 

the strength and weaknesses of feasibility and practicality of transition into the SD 

model in general industry life-cycle. A FANP model is proposed to prioritise the 

sustainable indicators to aid the industry stakeholders at different stages of the 

industry life cycle to ease the transition towards SD. The proposed method enables 

the incorporation of human preferences on sustainability indicators to provides a 

more feasible solution for the industry stakeholders to assess, monitor, and 

implement relative sustainability practices in its operation. Furthermore, it also 

helps to enhance decision making process on selecting technology and process that 

not only maximise economic performance, but also preserve and conserve the 

environment and improve social well-being. The results based on the oil palm 

industry case study shows that economic performance indicators (EC-CS, EC-PT) 
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still play a dominant role in encouraging the industry players to adopt sustainable 

practices to promote SD, followed by public acceptance (SC-PA). This indicates 

that economic benefits and public acceptance play the prominent role in affecting 

the decision of industry players towards SD. The outcomes served as a reference 

for the government agency, policy makers or non-governmental organization to 

incorporate such elements in its policy and plan to encourage fast adoption for 

sustainable development. As the data for the model is gathered based on the 

expert’s input, it is worth to note that the outcomes might varies depending on the 

background, expertise and experiences of respondents. Nonetheless, this is also one 

of the pros of the proposed model as it served as a generic decision-making model 

to take in complicated structural dependency (outer-dependency, interdependency) 

in deriving the final output, regardless for niche group (firm level) or an industry 

as a whole.  The performed study and method can also be extended into other 

expects of SD development, such as comparison of the factors and priority in 

promoting SD between developed and developing countries.    
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Chapter 7. Risk management and mitigation 

7.1 Introduction 

In this chapter, the outcomes from Chapter 5 (i.e., the dominance risks) and 

chapter 6 (i.e., the priority of sustainable indicators of stakeholders to initiate 

sustainability in its operation) are integrated to evaluate and select the most 

effective risk mitigation strategy to reduce the overall project risks while promoting 

sustainable development. Biomass energy has been known as one of the attractive 

renewable energy which plays an important role in tackling global issues of energy 

supply security and climate change [208]. The utilisation of biomass does not only 

help these developing countries to meet their energy demands given their rapidly 

increasing populations but also offer significant potential for climate change 

mitigation [209]. For example, Nguyen et al. [209] shows that the utilisation of the 

excess bagasse and cane trash from the sugar industry using the polygeneration 

systems in Thailand has successfully substituted the electricity generated from 

conventional fossil-based power plants while significantly reducing the emission 

of greenhouse gases (GHG). Biomass is also considered as a renewable energy that 

results in a negligible net contribution of carbon dioxide [210]. Currently, oil palm 

residues (e.g., trunks and fronds) are being left in plantations or being composted 

as fertilizers to improve soil structure. With advanced polygeneration systems, the 

abundant availability of oil palm biomass presents vast opportunities for the 

utilisation of these agricultural wastes in various applications including bioenergy 

productions. According to the International Energy Agency (IEA), bioenergy has 

accounted for approximately 10.3% of world total primary energy supply and it is 
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predicted to increase an average of 1.6% between 2010 and 2035 [211]. 

Furthermore, Enerdata [212] reports that energy consumption in Asian countries 

has grown strongly and steadily in past few decades partly due to the population 

growth and industrial expansion.  Thus, the need for a more stable and secure 

supply of bio-based feedstock has become increasingly important to meet increases 

in energy demand. 

7.2 Background 

7.2.1 Development of DEMATEL and ANP 

Decision-making trial and experimental laboratory (DEMATEL) was first 

developed by Gabus and Fontela [105] in Battelle Geneva Research Centre. The 

method is highly effective in identifying the intercorrelations between individual 

attributes, then identifying the most critical attributes by using an impact 

relationship map. DEMATEL allows the decision maker to systematically conclude 

key policies by comparing relations between attributes [213]. Moreover, the 

DEMATEL method is able to aid decision maker in understanding the complicated 

cause and effect relationship in the decision-making problem [106]. On the other 

hand, the AHP is a concise and simple method to analyse complex multiple criteria 

decisions introduced by Saaty in 1980 [157]. By structuring a complicated issue in 

hierarchy order, it allows the decision makers to visualize the problem and analyse 

from a mathematical and psychological perspective. The method utilised the 

concept of relativity to evaluate the dominance relationship of different parameters 

to generate global priority weights. In the later years, Saaty proposed a generic form 
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of the AHP, which called ANP. ANP overcomes the limitation of AHP to further 

include feedback dependence, as well as inner correlations [97] to enhance the 

overall decision-making process. The work has also shown that ANP is used for 

prioritisation, resource allocation, benchmarking, quality management, public 

policy, health care and strategic planning. However, the traditional 9-point 

fundamental scale for pairwise comparison is a widely discussed argument as it is 

claimed as unable to fully reflect the human judgements [102]. In relation with that, 

Fuzzy set theory is integrated with AHP and ANP to overcome the human 

ambiguity by replacing the 9-point scale with fuzzy scale. Later, Dağdeviren et al. 

[214] apply the ANP framework with fuzzy logic to identify faulty behaviour risk 

systems. The similar Fuzzy ANP (FANP) framework was also utilised by 

Naghadehi et al. [215] to select an optimum mining method for Bauxite mining. In 

recent works, Promentilla et al. [216] have utilised a stochastic FAHP for the 

optimal selection of clean technology, showing that the method can be utilised for 

processing technology.  

With the advancement of information technology, the tremendous amount 

of information has increased the difficulty to make decision or selection. 

Combination of MCDAs is often necessary in order to fully access the correlation 

the real-world problem prior to decision-making. DEMATEL method is 

categorized as causal dependency MCDA which is less applicable for complex 

problems that involves multiple level and stages. Whereas, ANP is a structural 

dependency MCDA that capable to access the interdependency and outer-

dependency of one cluster with respect to another. Thus, the combination of 
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DEMATEL and ANP provides an additional dimension to derive both causal 

dependency and structural dependency in the system. In recent years, there has been 

an increase in the application of this method in both the business arena as well as 

the research world, both as for selection and evaluation tools [217]. Dehdasht et al. 

[94] adopted DEMATEL-ANP method to access the construction risks for oil and 

gas project while developed implementation plan for risk management. Fazli et al. 

[218] also apply the hybrid model to prioritise the most important risks in the crude 

oil supply chain to enhance the decision in Iran. Rezaeisaray et al. [219] have 

combined FANP and DEMATEL to increase the flexibility of the decision process 

in selecting a supplier for pipe and fitting manufacturing. Using the FANP-

DEMATEL combination framework, Wei-shan Hu et al. [220] has evaluated stock 

trading strategies for trading in the Taiwan Stock Exchange Capitalization 

Weighted Stock Index (TAIEX). Büyüközkan and Güleryüz [217] has also shown 

that an integrated framework of DEMATEL and ANP is suitable for the selection 

of renewable energy. For biomass applications, Ngan et al. [221] have studied the 

integration of stakeholder’s role in mitigating risks for biomass processing 

companies using the FANP-DEMATEL framework.  

7.2.2 Methods for risk mitigation strategy evaluation for supply chain 

Looking deeper into risk management for supply chain, the approach of using 

simulations that are mapped with risk mitigation strategies is studied by Talluri et 

al. [222]. The work mainly utilises a theoretical simulation framework with 

consideration of disruption, delay and distortion risks. Alternatively, Mangla et al. 

[223] have used a qualitative approach of the Situation Actor Process-Learning 



Chapter 7 

113 

 

Action Performance (SAP-LAP)  model to mitigate risks within the supply chain. 

The model simulates the interplay of learning, action and performance for situations 

and response. Risk mitigation strategies generated by this approach is then 

compared using a dominance matrix, which ranks each strategy. Christopher and 

Peck [224] proposed that the simulation and building of a resilient supply chain will 

require the consideration of supply risk, process risk, demand risk, control risk and 

environmental risk. The work also discussed four important aspects for creating a 

resilient supply chain, which are the engineering of the supply chain, risk 

management culture, agility and collaboration of supply chain. In addition, Allen 

et al. [225] have highlighted the costs of fuel supply for logistics management in a 

supply chain. Kim et al. [226] have proposed that the simulation of supply chain 

models require nominal design and scenario design, hence Monte Carlo simulation 

is required to account for uncertainty. Additionally, Gebreslassie et al. [227] 

proposed the multiobjective stochastic programming model can be used to model 

biorefinery supply chains. The work evaluated designs of supply chain using 

conditional value-at-risk (CVaR) and downside risks using mixed integer nonlinear 

programming (MINLP) algorithms. Thus, risk mitigation strategies that consider 

the supply chain of biomass polygeneration systems are complex and therefore 

multiple criteria decision-making studies must be carried out. 

Although various works have been performed to assess risk mitigation 

strategies in the supply chain as well as analysing the risk and challenges of biomass 

polygeneration system, risk mitigation and management related studies on biomass 



Chapter 7 

114 

 

polygeneration system are relatively rare. Table 7-1 summarizes the literature of 

the risk-related studies on biomass polygeneration system. 

Table 7-1 Highlights of previous works on risk on biomass polygeneration system 

Author Remarks 

Sy et al. [228] • Proposed Target-oriented robust optimisation 

(TORO) method to synthesize polygeneration 

systems, with a focus on reducing investment risk 

due to the high price volatile (i.e., both demand and 

supply) 

Benjamin et al. [229] • Developed criticality index to quantify the 

consequences of the failure of a component (i.e., 

technology risk)  

• Identify the high-risk components in the integrated 

energy system to design effective risk mitigation 

solution  

Wang et al. [230] • Introduced new MCDAs (i.e., a combination of 

fuzzy best-worst method and fuzzy network method) 

in assessing the sustainability of polygeneration 

system under uncertainties 

Sy et al. [231] • Proposed an enhancement of TORO method that 

takes into consideration of both profit and 

environmental footprint during optimization.  

• Introduced robustness index to represent the overall 

risk acceptance level of decision makers  

• Monte Carlo simulation is performed to show the 

robust optimal configuration  
 

 

It is observed that most of the works are focusing on the evaluation of specific type 

of risks associated with biomass polygeneration system rather than the complete 

biomass polygeneration supply chain. In addition, there is still lack of works 

emphasizing on prioritisation of risk mitigation strategies to mitigate the 

comprehensive risks associated with biomass polygeneration supply chain. 

Overviewing the high operational risks that arise from the biomass industry, this 
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work adopts the DEFANP framework to select the best strategy to enhance the 

overall performance of the project. Firstly, the operational risks for biomass 

polygeneration systems are complex and highly interrelated, which the DEMATEL 

fraction of the framework can identify. Next, the multiple levels of decision groups 

within the biomass industry is modelled by the FANP fraction of the framework. 

Therefore, this work demonstrates a comprehensive and concise DEFANP 

framework to rank and select risk mitigation strategy through repetitive simulations 

of the biomass system and market. Monte Carlo simulation is performed to concur 

the solution generated from the DEFANP model, to ensure the impact of the 

proposed risk mitigation action plans is reflected in the form risk minimisation. The 

risk measurement in this work is reflected in the form of higher net present value 

(NPV), shorter payback period (PBP) and less variation (i.e., smaller variance) in 

NPV and PBP over the project life cycle. 

7.3 Methodology 

The procedure of this work is illustrated in Figure 7-1. The detailed explanation for 

each stage is as the following: 
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Figure 7-1 Procedure flow-chart. 
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This work consists of two major stages, which are: i) the development of FANP 

and DEMATEL hybrid model to integrate the strength and weaknesses of 

stakeholder’s in determine the most influential and important strategy and ii) to run 

Monte Carlo simulation to verify the effectiveness of the respective mitigation plan 

through the comparison of the financial performance of the project as well as 

sensitivity analysis. The detailed procedures of each stage are elaborated in the 

following section: 

 

Step 1: Literature review is performed to identify the main elements that contribute 

to the high operational risks for the biomass industry and its mitigation strategy and 

solution. The identified information is constructed into a network model as 

illustrated in Figure 7-2. The model consists of four main clusters (C), namely C1 

– Goal (GO), C2 - Key components of biomass industry (KE), C3 - Industry 

stakeholders (SH), and C4 - Risk mitigation action plan (AP). The variables in each 

C are named as elements. Arrows are used to indicate the relationship of clusters 

and elements in the model. Arrows from CA to CB represents the dependence 

relationship of elements in CB with respect to CA.  The self-looping arrow on a 

cluster indicates the inter-dependence and inner-dependence of the elements within 

the cluster. The arrow that connects all clusters back to the C1 - Goal is called 

feedback control arrow. It represents the strong connection of the clusters with the 

goal of the study.  
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Figure 7-2 Development of the network model with its relationship 

Step 2: Focus group discussion is held to gather experts of this industry to discuss 

and verify the network structure proposed based on literature review. A total of 

fifteen experts are invited to participate in the focus group discussion, which consist 

of policymakers (2), biomass-related business owners (3), oil palm plantation 

owners (3), palm oil millers (2), financial institutional representatives (2) and 

researchers (3) that have experience, competence and knowledges about the 

industry. The purpose of the discussion is for the industry stakeholders to verify 

and modify the model structure. Furthermore, the participants also contribute to 

provide and decide on the details for the respective action plan (i.e., duration, range 

etc.).  This is to make sure that the proposed action plan is plausible and realistic to 

implement and adopt by industry stakeholders as a mitigation strategy.  

Step 3: Data collection involved elicit judgements from experts through a structured 

interview with questionnaires. In this study, a total of 25 industry stakeholders have 

been interviewed to respond to two different sets of questionnaires (see Appendix 

A-5). The interviewees consisted of researchers from the University of Nottingham 
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Malaysia and University Technology Petronas and industry business owners that 

work on biomass polygeneration projects. The first set of questionnaires is to 

evaluate the outer-dependency and interdependency relationships of the problem 

follow the FANP pairwise comparison structure. The second set of questionnaires 

focus on the assessment of the causal and effect relationship with DEMATEL 

intensity of influence/dependence structure. Linguistic terms are adopted in both 

sets of questionnaires and the values associated with the linguistic term are 

described in Table 6-1 and Table 7-2. 

Table 7-2 Measurement scale for DEMATEL 

Linguistic scale Value 

No influence 0 

Very low influence 1 

Low influence 2 

High influence 3 

Very high influence 4 

 

Step 4: The data collected are then evaluated with two different methods, FANP 

and DEMATEL. The fundamental mathematics operation for both methods is the 

same, which is by using matrices. The size of the matrix is depending on the number 

of elements in the cluster. Every relationship represented by the arrow in Figure 7-

2 consists of its own matrix. The matrix size varies according to the number of 

elements in the respective cluster. For instance, assuming there are seven elements 

in C4, arrow41 which interprets as the effectiveness of the action plan to improve 

the goal is a 1x7 matrix (i.e., 1 goal, 7 suggested action plans) etc. Inner dependency 

relationship is represented by a square matrix (i.e., matrix with dimensions of n x 

n).  
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In this work, FANP is adopted to evaluate the outer-dependency cluster with cluster 

(i.e., A11, A21, A31, A41, A12, A32, A42, A13, A23, A43, A14, A24, A34)   and inner-

dependency of key elements (i.e., A22) and industry stakeholders cluster (i.e., A33). 

DEMATEL is utilised to assess the interdependency and cause and effect 

relationship of the action plan’s cluster (i.e., A44). As the implementation of action 

plans associated with different cost and consequences, the proposed method, 

DEFANP helps to prioritise the most important and influential action plan to 

achieve maximum outcomes with minimal input. The description of the 

relationship represented by the arrows are presented in Table 7-3. 

Table 7-3 Description of the priority weights of relationship in the network model 

Arrow Description Output 

A21 The dependency of key elements for biomass polygeneration 

project with respects to the goal 

w21 

A31 The dependency of the role of stakeholders with respects to 

the goal 

w31 

A41 The dependency of the effectiveness of action plans with 

respects to the goal 

w41 

A12 Feedback control loop – the strong connection of the goal 

with key elements for biomass polygeneration project 

w12 

A22 Inner and inter-dependency of the elements in of biomass 

polygeneration project 

w22 

A32 The dependency of the role of stakeholders with respects to 

the key elements in biomass polygeneration project 

w32 

A42 The dependency of the effectiveness of action plans with 

respects to the key elements in biomass polygeneration 

project 

w42 

A13 Feedback control loop – the strong connection of the goal 

with industry stakeholders 

w13 

A23 Feedback dependence of role of stakeholders with respect to 

the key elements in biomass polygeneration project 

w23 

A33 Inner and inter-dependency of the role of different 

stakeholders 

w33 
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Table 7-4 Description of the priority weights of relationship in the network model 

(continued) 

Arrow Description Output 

A43 The dependency of the effectiveness of action plans with 

respects to industry stakeholders 

w43 

A14 Feedback control loop – the strong connection of the goal 

with respective action plans 

w14 

A24 Feedback dependence of effectiveness of action plan with 

respect to the key elements in biomass polygeneration 

project 

w24 

A34 Feedback dependence of effectiveness of action plan with 

respect to the role of stakeholders 

w34 

A44 Normalized total relation matrix generated from DEMATEL 

– interdependency and causal impact relationship of action 

plans with one another 

w44 

 

 

For FANP, fuzzy non-linear programming (NLP) calibrated by Promentilla et al. 

[197] is adopted to quantify the priority vector for matrices with the aid of 

optimisation software, LINGO 16.0. The detailed explanation of the method and 

equation for the FANP is introduced in Chapter 6, equation 6-1 to 6-2  

 

For DEMATEL, the inputs from all experts (k) are combined with arithmetic 

average prior populated into a square matrix, namely direct relation matrix (D) as 

illustrated in the following.  

𝐷𝑘 = [

0 𝑑12𝑘
𝑑21𝑘 0

⋯     𝑑1𝑛𝑘
⋯      𝑑2𝑛𝑘

⋮ ⋮
𝑑𝑛1𝑘 𝑑𝑛2𝑘

  ⋱ ⋮
  ⋯ 0

] 7-1 

where D = Direct relation matrix; 𝑑𝑖𝑗𝑘= average of 𝑑𝑖𝑗of k experts; k = total number 

of participants 
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Varying with the reciprocal local priority matrix as populated with FANP method, 

the value of the diagonal elements (i.e. i=j) is equal to zero, given that the element 

has no intensity of influence upon itself. Upper-right from the diagonal elements 

indicates the intensity of influence of elements in row i with respect to the elements 

in column j; while the lower-left part of the D represents the intensity of dependence 

of elements in column j with respect to row i. 

Row sum is then calculated to identify the largest row sum value. Normalize D with 

the largest row sum value to form normalized direct relation matrix (M).  

𝑀 = [𝑚𝑖𝑗]𝑛∗𝑛 = 
𝐷

max
1≤𝑖≤𝑛

∑ 𝑑𝑖𝑗
𝑛
𝑗=1

, where 0  ≤  𝑚𝑖𝑗 ≤ 1 7-2 

Next step involves converting M to the total influence matrix, (T) with the 

following formula:     

𝑇 = 𝑀 +𝑀2 +𝑀3 +⋯+𝑀𝑛 ≈ 𝑀(𝐼 − 𝑀)−1, 

when 𝑛 → ∞  

7-3   

where M is the normalized direct relation matrix and I is an Identity matrix.  

Calculate the prominence and net cause/effect values for each of the element by 

summing the row (𝑅𝑖)and column (𝐶𝑖)  of the T. (𝑅𝑖) represents the influence 

power of the row’s element in the cluster while (𝐶𝑖) represents the intensity of the 

column’s element being influenced by other elements in the cluster. (𝑅𝑖 + 𝐶𝑖) 

shows the prominence relationship of the elements in the overall problem structure, 

which in this case, the action plans. The net cause/effect factors are represented 

(𝑅𝑖 − 𝐶𝑖) value. The element with positive values for (𝑟𝑖 − 𝑐𝑖) is classified as cause 

factor, while element with negative values for (𝑟𝑗 − 𝑐𝑗) is categorized as effect 

factor.  
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Step 5: Formation of supermatrix. Priority weights (i.e. wk) derived from FANP 

and normalized total relation matrix (i.e. TN) from DEMATEL are then populated 

into a supermatrix based on the order as described in Table 7-4, the description of 

the priority weights in the supermatrix is illustrated in Table 7-3.  

Table 7-5 Supermatrix representation 

i/j 1-GO 2-KE 3 - SH 4 - AP 

1 - GO w11 w12 w13 w14 

2 - KE w21 w22 w23 w24 

3 - SH w31 w32 w33 w34 

4 - AP w41 w42 w43 w44 

 

Step 6: The eigenvector method is used where the supermatrix is incrementally 

raised in orders of mathematical power until all the values across the column are 

converged. During convergence, the final ranking and weights of elements in the 

model can be obtained. The converged values indicate all the direct and indirect 

influence of the elements with respect to the goal is taken into consideration in 

deriving final outcomes.  

 

Step 7: As a form of verification, Monte Carlo simulation is adopted to simulate 

the financial performance of the project to make sure the outcome of the proposed 

DEFANP model is in line with the simulation result. The Monte Carlo simulation 

is performed using equation-based models which developed in Microsoft Excel. 
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The general model formulation for the Monte Carlo simulation is presented as 

follow: 

NPV is an indicator that able to reflect the present value of cash inflow and cash 

outflow, which considers the monetary inflation rate over the operational lifespan, 

t (see Equation (7-4)). In this work, it is used to compare the effectiveness of each 

proposed action plan. Note that the NPV in tth year is computed based on the 

summation of the monthly Prevent value (PV) of each month m, 𝑃𝑉𝑚,𝑡  (see 

Equation (7-5)).  

𝑁𝑃𝑉 = ∑ 𝑁𝑃𝑉𝑡𝑡   7-4 

𝑁𝑃𝑉𝑡 = ∑ 𝑃𝑉𝑚,𝑡𝑚      ∀𝑡 ∈ 𝑇  7-5 

To obtain 𝑃𝑉𝑚,𝑡, Equation (7-6) is applied to convert the corresponding monthly 

net cash flow, 𝑁𝐶𝐹𝑚,𝑡 into present values with the use of the discount rate, 𝑖𝑛. 

𝑃𝑉𝑚,𝑡 =
𝑁𝐶𝐹𝑚,𝑡

(1+𝑖𝑛)𝑡
   ∀𝑡 ∈ 𝑇, ∀𝑚 ∈ 𝑀  7-6 

𝑁𝐶𝐹𝑚,𝑡 is determined using Equation (7-7), where 𝐶𝐹𝑚,𝑡
𝐼𝑁  and 𝐶𝐹𝑚,𝑡

𝑂𝑈𝑇  refer to the 

input and output cash flow; 𝑇𝐴𝑋  refer to the corporate tax rate; while the 

investment tax allowance which served as a tax exemption indicator is denoted as 

𝐼𝑇𝐴. Note that the qualifying rate and the exemption limit used in this work are 80% 

and 85% respectively [232].  

𝑁𝐶𝐹𝑚,𝑡 = (𝐶𝐹𝑚,𝑡
𝐼𝑁 − 𝐶𝐹𝑚,𝑡

𝑂𝑈𝑇) × (1 − 𝑇𝐴𝑋) + 𝐼𝑇𝐴 × 𝑇𝐴𝑋   ∀𝑡 ∈ 𝑇, ∀𝑚 ∈

𝑀  

7-7 

In a polygeneration plant, 𝐶𝐹𝑚,𝑡
𝐼𝑁  is usually contributed by two main components, 

i.e., (i) sales from selling bio-oil (first term of Equation 7-8) and (ii) profit obtained 

through feed-in-tariff (second term of Equation 7-8). 
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 𝐶𝐹𝑚,𝑡
𝐼𝑁 = 𝐹𝑚,𝑡

𝑂𝐼𝐿 × 𝐶𝑚,𝑡
𝑂𝐼𝐿 + 𝐸𝑙𝑒𝑐𝑚,𝑡

𝐸𝑋𝑃 × 𝐶𝐹𝐼𝑇    ∀𝑡 ∈ 𝑇, ∀𝑚 ∈ 𝑀   7-8 

where 𝐹𝑚,𝑡
𝑂𝐼𝐿 refers to the total bio-oil generated through pyrolysis process; 𝐸𝑙𝑒𝑐𝑚,𝑡

𝐸𝑋𝑃 

indicates the generated power which channeled back to the electricity grid; while 

the bio-oil price and the FiT rate are denoted as 𝐶𝑚,𝑡
𝑂𝐼𝐿 and 𝐶𝐹𝐼𝑇.  

 

𝐹𝑚,𝑡
𝑂𝐼𝐿 and other pyrolysis products (i.e., syngas, 𝐹𝑚,𝑡

𝐺𝐴𝑆 and bio-char, 𝐹𝑚,𝑡
𝐶𝐻𝐴𝑅) can be 

determined using Equations 7-9 to 7-11: 

𝐹𝑚,𝑡
𝑂𝐼𝐿 = 𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑚,𝑡

𝐷𝑅𝑌 × 𝑦𝑂𝐼𝐿        ∀𝑡 ∈ 𝑇, ∀𝑚 ∈ 𝑀  7-9 

𝐹𝑚,𝑡
𝐺𝐴𝑆 = 𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑚,𝑡

𝐷𝑅𝑌 × 𝑦𝐺𝐴𝑆        ∀𝑡 ∈ 𝑇, ∀𝑚 ∈ 𝑀  7-10 

𝐹𝑚,𝑡
𝐶𝐻𝐴𝑅 = 𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑚,𝑡

𝐷𝑅𝑌 × 𝑦𝐶𝐻𝐴𝑅        ∀𝑡 ∈ 𝑇, ∀𝑚 ∈ 𝑀   7-11 

where 𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑚,𝑡
𝐷𝑅𝑌  refers to the amount of dried biomass consumed in the 

polygeneration plant; while the respective product yield for bio-oil, syngas and bio-

char are denoted as 𝑦𝑂𝐼𝐿, 𝑦𝐺𝐴𝑆 and 𝑦𝐶𝐻𝐴𝑅 respectively. 

The generated 𝐹𝑚,𝑡
𝐺𝐴𝑆 which contained various high energy content gaseous, g (i.e., 

CO, H2 and CH4) are converted into electricity, 𝐸𝑙𝑒𝑐𝑚,𝑡
𝐺𝐸𝑁  and thermal energy, 

𝑇ℎ𝑒𝑟𝑚𝑎𝑙𝑚,𝑡
𝐺𝐸𝑁 via co-gen process. Based on commercial gas engine performance 

data, the amount of thermal energy recovered from a co-gen process is 1.2 times 

the amount of electricity being generated [233]. The amount of energy produced is 

computed in Equations 7-12 and 7-13: 

𝐸𝑙𝑒𝑐𝑚,𝑡
𝐺𝐸𝑁 = ∑ (𝑔 𝐹𝑚,𝑡

𝐺𝐴𝑆 × 𝑦𝑔
𝑃𝑌 × 𝐿𝐻𝑉𝑔) × 𝜉

𝐸𝑁𝐺𝐼𝑁𝐸        ∀𝑡 ∈ 𝑇, ∀𝑚 ∈ 𝑀  7-12 

𝑇ℎ𝑒𝑟𝑚𝑎𝑙𝑚,𝑡
𝐺𝐸𝑁 = 1.2 × 𝐸𝑙𝑒𝑐𝑚,𝑡

𝐺𝐸𝑁                                  ∀𝑡 ∈ 𝑇, ∀𝑚 ∈ 𝑀  7-13 
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where 𝑦𝑔
𝑃𝑌  refers to the composition of gas g; 𝐿𝐻𝑉𝑔 indicates the lower heating 

value of gas g; while 𝜉𝐸𝑁𝐺𝐼𝑁𝐸 represents the conversion efficiency of the gas engine 

unit.  

 

𝐸𝑙𝑒𝑐𝑚,𝑡
𝐺𝐸𝑁  is used to compensate for the electricity consumption of the pyrolysis 

process,  𝐸𝑙𝑒𝑐𝑚,𝑡
𝑅𝐸𝑄

 (computed through Equations 7-14). External power, 𝐸𝑙𝑒𝑐𝑚,𝑡
𝐼𝑀𝑃 

will be imported from grid if 𝐸𝑙𝑒𝑐𝑚,𝑡
𝐺𝐸𝑁  is insufficient to sustain the process. 

Contrarily, if there were excessive power, the energy will be supplied back to the 

grid. This can be defined as Equations 7-15: 

𝐸𝑙𝑒𝑐𝑚,𝑡
𝑅𝐸𝑄 = 𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑚,𝑡

𝐷𝑅𝑌 × 𝜓𝑃𝑌                          ∀𝑡 ∈ 𝑇, ∀𝑚 ∈ 𝑀  7-14 

𝐸𝑙𝑒𝑐𝑚,𝑡
𝐺𝐸𝑁 + 𝐸𝑙𝑒𝑐𝑚,𝑡

𝐼𝑀𝑃 = 𝐸𝑙𝑒𝑐𝑚,𝑡
𝑅𝐸𝑄 + 𝐸𝑙𝑒𝑐𝑚,𝑡

𝐸𝑋𝑃       ∀𝑡 ∈ 𝑇, ∀𝑚 ∈ 𝑀   7-15 

Similarly, 𝑇ℎ𝑒𝑟𝑚𝑎𝑙𝑚,𝑡
𝐺𝐸𝑁  is used to compensate for the thermal energy required 

during the biomass drying, 𝑇ℎ𝑒𝑟𝑚𝑎𝑙𝑚,𝑡
𝑅𝐸𝑄

. Equation 7-16 is used to determine the 

𝑇ℎ𝑒𝑟𝑚𝑎𝑙𝑚,𝑡
𝑅𝐸𝑄

 of the drying process. On top of that, 𝐹𝑚,𝑡
𝐶𝐻𝐴𝑅 is also used as the solid 

fuel to generate thermal energy. Coal will be utilised as additional solid fuel if the 

generated thermal energy is insufficient to meet the energy consumption (see 

Equation 7-17). 

𝑇ℎ𝑒𝑟𝑚𝑎𝑙𝑚,𝑡
𝑅𝐸𝑄 = 𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑚,𝑡

𝐼𝑁 ×
(𝑀𝐶𝑚,𝑡

𝐼𝑁 −𝑀𝐶𝑂𝑈𝑇)

100
× 𝜓𝑇𝐻𝐸𝑅𝑀𝐴𝐿       ∀𝑡 ∈

𝑇, ∀𝑚 ∈ 𝑀  

7-16 

𝑇ℎ𝑒𝑟𝑚𝑎𝑙𝑚,𝑡
𝑅𝐸𝑄

= (𝐹𝑚,𝑡
𝐶𝑂𝐴𝐿 × 𝐿𝐻𝑉𝐶𝑂𝐴𝐿 + 𝐹𝑚,𝑡

𝐶𝐻𝐴𝑅 × 𝐿𝐻𝑉𝐶𝐻𝐴𝑅) × 𝜉𝐷𝑅𝑌 +

                               𝑇ℎ𝑒𝑟𝑚𝑎𝑙𝑚,𝑡
𝐺𝐸𝑁                                         ∀𝑡 ∈ 𝑇, ∀𝑚 ∈ 𝑀  

7-17 
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where 𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑚,𝑡
𝐼𝑁  and 𝐹𝑚,𝑡

𝐶𝑂𝐴𝐿  refer to the amount of raw biomass sent to the 

polygeneratin plant and amount of coal used as the solid fuel; the moisture content 

before and after the drying process are expressed as 𝑀𝐶𝑚,𝑡
𝐼𝑁  and 𝑀𝐶𝑂𝑈𝑇 

respectively; 𝜓𝑇𝐻𝐸𝑅𝑀𝐴𝐿 indicates the thermal energy required to remove a unit of 

water content; while the lower heating values of coal and char are represented as 

𝐿𝐻𝑉𝐶𝑂𝐴𝐿 and 𝐿𝐻𝑉𝐶𝐻𝐴𝑅 respectively. 

 

𝐶𝐹𝑚,𝑡
𝑂𝑈𝑇  cis contributed by the capital expenditure (CAPEX), 𝐶𝑘

𝐶𝐴𝑃𝐸𝑋  (this is 

invested in t=0); operating expenditure (OPEX), 𝐶𝑘,𝑚,𝑡
𝑂𝑃𝐸𝑋  of each unit k; 

transportation cost, 𝐶𝑚,𝑡
𝑇𝑅 ; procurement cost, 𝐶𝑚,𝑡

𝑃𝑅𝑂𝐶𝑈𝑅𝐸  (imported electricity, 

biomass and(or) coal); and carbon penalty, 𝐶𝑚,𝑡
𝑃𝐸𝑁𝐴𝐿𝑇𝑌. 

𝐶𝐹𝑚,𝑡
𝑂𝑈𝑇 =

{
 

 ∑ 𝐶𝑘
𝐶𝐴𝑃𝐸𝑋

𝑘
|
𝑡=0

∑ 𝐶𝑘,𝑚,𝑡
𝑂𝑃𝐸𝑋

𝑘
+ 𝐶𝑚,𝑡

𝑇𝑅 + 𝐶𝑚,𝑡
𝑃𝑅𝑂𝐶𝑈𝑅𝐸 + 𝐶𝑚,𝑡

𝑃𝐸𝑁𝐴𝐿𝑇𝑌|
𝑡>0

                   

                                                                                                  ∀𝑡 ∈ 𝑇, ∀𝑚 ∈ 𝑀    

7-18 

𝐶𝑚,𝑡
𝑇𝑅  considers the cost associated with the materials transportation (including 

biomass and bio-oil). In this work, the transportation mode is assumed to be the 

conventional 10 tonnes truck, while all the required details (including fuel 

consumption, capacity constraint, dimension, etc.) can be obtained from How et al. 

[234] .  It is expressed as follow: 

𝐶𝑚,𝑡
𝑇𝑅 = 2 ×

(𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑚,𝑡
𝐼𝑁 × 𝑑𝑆 + 𝐹𝑚,𝑡

𝑂𝐼𝐿 × 𝑑𝐷)

𝐶𝑎𝑝𝑇𝑅𝑈𝐶𝐾
× 𝜓𝐹𝑈𝐸𝐿 × 𝐶𝑚,𝑡

𝐹𝑈𝐸𝐿        

                                                                                          ∀𝑡 ∈ 𝑇, ∀𝑚 ∈ 𝑀  

7-19 
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where 𝑑𝑆  and 𝑑𝐷  refer to the travelling distance (i.e., from biomass source to 

polygeneration plant and from polygeneration plant to the demand respectively); 

𝐶𝑚,𝑡
𝐹𝑈𝐸𝐿  indicates the fuel price at month m in year t; while the vehicle capacity 

constraint and fuel consumption rate of the transportation mode are expressed as 

𝐶𝑎𝑝𝑇𝑅𝑈𝐶𝐾 and 𝜓𝐹𝑈𝐸𝐿 respectively. Note that the constant “2” in Equation 7-19 is 

used to indicate a complete trip (i.e., round trip).  

 

Aside from that, 𝐶𝑚,𝑡
𝑃𝑅𝑂𝐶𝑈𝑅𝐸 can be determined by multiplying the capacity of the 

imported material to their respective unit cost: 

𝐶𝑚,𝑡
𝑃𝑅𝑂𝐶𝑈𝑅𝐸 = 𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑚,𝑡

𝐼𝑁 × 𝐶𝑚,𝑡
𝐵𝐼𝑂𝑀𝐴𝑆𝑆 + 𝐹𝑚,𝑡

𝐶𝑂𝐴𝐿 × 𝐶𝑚,𝑡
𝐶𝑂𝐴𝐿 + 𝐸𝑙𝑒𝑐𝑚,𝑡

𝐼𝑀𝑃  ×

𝐶𝐸𝐿𝐸𝐶                                                                                         ∀𝑡 ∈ 𝑇, ∀𝑚 ∈ 𝑀  

7-20 

where 𝐶𝑚,𝑡
𝐵𝐼𝑂𝑀𝐴𝑆𝑆 , 𝐶𝑚,𝑡

𝐸𝐿𝐸𝐶  and 𝐶𝐸𝐿𝐸𝐶  refer to the unit cost of biomass, coal and 

imported electricity respectively.   

 

In this work, carbon penalty which was introduced by Zhou et al. [235] and further 

implemented by How et al. [234], is used in this work to estimate the compensation 

cost required to recover the environmental damage caused by the carbon emission. 

It is computed through Equation 7-21: 

𝐶𝑚,𝑡
𝑃𝐸𝑁𝐴𝐿𝑇𝑌 = 𝐶𝐶𝑂2 × (2 ×

(𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑚,𝑡
𝐼𝑁 ×𝑑𝑆+𝐹𝑚,𝑡

𝑂𝐼𝐿×𝑑𝐷)

𝐶𝑎𝑝𝑇𝑅𝑈𝐶𝐾
× 𝜓𝐹𝑈𝐸𝐿 × 𝑦𝐶𝑂2𝑇𝑅 +

                         𝐸𝑙𝑒𝑐𝑚,𝑡
𝐺𝐸𝑁 × 𝑦𝐶𝑂2𝐶𝑂𝐺𝐸𝑁 + 𝐹𝑚,𝑡

𝐺𝐴𝑆 × 𝑦𝐶𝑂2𝑃𝑌)∀𝑡 ∈ 𝑇, ∀𝑚 ∈ 𝑀          

7-21 
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where 𝑦𝐶𝑂2_𝑇𝑅 , 𝑦𝐶𝑂2_𝐶𝑂𝐺𝐸𝑁  and 𝑦𝐶𝑂2_𝑃𝑌  refer to the carbon yield during 

transportation, co-gen unit and pyrolysis process; while 𝐶𝐶𝑂2  refers to the unit 

compensation cost. 

 

During the Monte Carlo simulation, the following two supply and demand 

constraints must be fulfilled: 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑚,𝑡
𝐴𝑉𝐴𝐼𝐿𝐴𝐵𝐿𝐸 ≥ 𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑚,𝑡

𝐼𝑁        ∀𝑡 ∈ 𝑇, ∀𝑚 ∈ 𝑀           7-22 

𝐹𝑚,𝑡
𝑂𝐼𝐿 ≤ 𝐹𝑚,𝑡

𝑂𝐼𝐿_𝐷𝐸𝑀𝐴𝑁𝐷                                 ∀𝑡 ∈ 𝑇, ∀𝑚 ∈ 𝑀   7-23 

where 𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑚,𝑡
𝐴𝑉𝐴𝐼𝐿𝐴𝐵𝐿𝐸 refers to the biomass availability at month m in year t; 

while the local demand of the bio-oil at month m in year t is indicated as 

𝐹𝑚,𝑡
𝑂𝐼𝐿_𝐷𝐸𝑀𝐴𝑁𝐷. Note that Equation 7-22 is used to ensure the supplied biomass to the 

polygeneration plant is capped at the biomass availability; whereas the inequality 

in Equation 7-23 shows that it is not necessary to fulfil all the market demand.  

 

It is worth to mention that, random inputs (based on the statistical data) are used to 

represent the supply uncertainty ( 𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑚,𝑡
𝐴𝑉𝐴𝐼𝐿𝐴𝐵𝐿𝐸 ), demand variation 

(𝐹𝑚,𝑡
𝑂𝐼𝐿_𝐷𝐸𝑀𝐴𝑁𝐷 ), price fluctuation (𝐶𝑚,𝑡

𝐵𝐼𝑂𝑀𝐴𝑆𝑆 , 𝐶𝑚,𝑡
𝐶𝑂𝐴𝐿 , 𝐶𝑚,𝑡

𝐹𝑈𝐸𝐿  and 𝐶𝑚,𝑡
𝑂𝐼𝐿 ), seasonal 

biomass quality (𝑀𝐶𝑚,𝑡
𝐼𝑁 ) in this Monte Carlo simulation. 10,000 samples are 

generated through the simulation, while the NPV and the payback period of these 

samples are analysed. The effectiveness of the proposed action plans is evaluated 

based on the improvement of these two components (NPV and payback period).     
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Step 8: Sensitivity analysis is performed with the Oracle Crystal Ball add-in to 

Microsoft Excel. Vary with the Step 7, where the simulation is performed based on 

single action plan each time to observe the impact of the respective action plan on 

NPV and PBP, for sensitivity analysis, the seven action plans are presented as a 

distribution and executed simultaneously through 10,000 simulation. Thus, the 

sensitivity of the respective action plan towards the overall NPV and PBP 

throughout the project life-cycle can be observed. 



Chapter 8 

131 

 

Chapter 8. Risk minimisation 

8.1 Case study background - Biomass polygeneration system 

In general, thermochemical (e.g., direct combustion, gasification and 

pyrolysis) and biological conversion of biomass are common bioenergy conversion 

methods [236]. Pyrolysis is considered as one of the most effective technologies to 

convert biomass into tri-states products (e.g. biogas, solid char, and liquid bio-oil) 

without the need for expensive chemical reagent [237]. These products are found 

to have relatively higher heating value (HHV) and can potentially be adopted as 

intermediary products for Fischer-Tropsch process and biodiesel production [238]. 

For instance, Chen et al. [239] perform pyrolysis of cotton stalk to evaluate the 

effects of temperature reaction on the characteristics of tri-phase products and find 

the reaction temperatures ranging from 550 to 750 °C is the most suitable for the 

production [239]. Other studies on the effects of heating rates of other biomass 

sources can be found in Wan Alwi et al. [240].    

Liu et al. [241] argue that polygeneration approach is a promising energy 

conversion technology because it enables high energy conversion and improves the 

economic attractiveness of the different products as well as has the potential to 

reduce the costs of carbon capture and sequestration. The effectiveness of 

polygeneration in biomass-conversion efficiency provides higher outcome value 

compared to open cycle generation [239]. In power generation, the gas turbine is 

the major components of the system. Typical modern gas turbine efficiency varies 

from 30% to 35% [242]. In order to increase the efficiency of the system, a heat 

recovery steam generator (HRSG) recovers energy from the gas turbine’s exhaust 
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gas. Recovered steam can be further used for process consumption or electric 

generation with a steam turbine. This will increase the overall system efficiency 

substantially. Furthermore, it is also proven that chemical and fuel synthetic can be 

recovered from polygeneration [241]. Chemical components such as hydrogen, 

methanol and synthetic natural gas can be recovered as value added products. In 

addition to its value as a fuel gas, hydrogen has a vast application spectrum 

including in the production of carbon steels, special metals and semiconductors. 

Moreover, it is also widely used in the electronic industry as a reducing agent and 

as a carrier gas [243]. However, the efficiency and reliability of conventional 

hydrogen production are delaying the development and progress of a hydrogen 

economy [210]. The development of an affordable method for hydrogen production 

with less environmental damage will contribute significantly to the hydrogen 

economy. Methanol is an important intermediate product for other chemicals such 

as formaldehyde and acetic acid. In addition, methanol is also identified as a 

potential alternative fuel source for an internal combustion engine. Synthetic 

natural gas consists of approximately 96% of methane which has similar properties 

with natural gas. In an area with limited access to natural gas, polygeneration can 

provide a convenient, consistent and high-quality supply of synthetic natural gas. 

Polygeneration provides the advantages of processing a wide range of 

biomass without compromising environmental performance. Parraga et al. [210] 

point out the significant barriers to polygeneration are capital investment cost and 

plant performance when dealing with different biomass options. The study adds 

that the desire for a sustainable and flexible energy conversion system is critical to 
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cope with environmental challenges. Tako et al.[244] view that the cost and 

complexity of the logistic operations hinder biomass utilisation for energy 

production. Jana and De [245] also point out that logistics of biomass causes the 

maximum environmental impact among all process units in polygeneration systems. 

Due to the complexity of the polygeneration system and the logistics challenges, 

the capital investment cost of the system will be intensive. However, economic 

attractiveness can be increased by switching the biomass and product based on 

market price and demand. The intervention of government in terms of policy and 

incentive will be one of the driving forces to ensure successful implementation of 

the polygeneration system.  

8.2 Case description 

In this work, a biomass pyrolysis-based polygeneration plant is used as an 

illustrative case study. EFB is collected from a nearby palm oil mill (located 10 km 

away from the plant). They are dried and used as the pyrolysis feed in the 

polygeneration plant. The produced bio-oil is valuable (demand point is assumed 

to be located 15 km away from the plant), while the by-products (i.e., syngas and 

biochar) can be used to generate utility energy (electricity and thermal energy) in 

the co-generation process and can also be used as solid fuels. These generated 

utilities can then be used to compensate for the heat and power requirement of the 

polygeneration plant. As mentioned, the generated excess electricity can be sent to 

the national grid in order to generate additional revenue. The visual illustration of 

this case study is presented as Figure 8-1, while all the important parameters used 

to develop the case study model (as introduced in Step 7) are summarised in Table 
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8-1. Next, Table 8-2 presents the explanation of each action plan while Table 8-3 

illustrated the changes made according to the different action plans. Monte Carlo 

simulation is then performed based on these changes to validate the economic 

feasibility for each action plan. 

Table 8-4 is the parameters of the action plan used for sensitivity analysis.  

 

Figure 8-1 Polygeneration plant case study overview. 

Table 8-1 Parameters used in this work. 

Parameter Remark Value Unit Reference 

Random Inputs 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑚,𝑡
𝐴𝑉𝐴𝐼𝐿𝐴𝐵𝐿𝐸 Low 

Season1 

 

Mid Season1 

 

High 

Season1 

9890.82 (Mean2) 

323.69 (SD2,3) 

11664.92 (Mean2) 

203.37 (SD2,3) 

13853.1 (Mean2) 

350.30 (SD2) 

tonnes

/ 

month 

[246]  
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Table 8-2 Parameters used in this work (continued) 

Parameter Remark Value Unit Reference 

Random Inputs 

 

𝐹𝑚,𝑡
𝑂𝐼𝐿_𝐷𝐸𝑀𝐴𝑁𝐷  

January4 

 

February4 

 

March4 

 

April4 

 

May4 

 

June4 

 

July4 

 

August4 

 

September4 

 

October4 

 

November4 

 

December4 

 

918.60 (Mean) 

90.86 (SD3) 

915.60 (Mean) 

65.80 (SD3) 

926.70 (Mean) 

82.86 (SD3) 

927.75 (Mean) 

69.03 (SD3) 

960.00 (Mean) 

66.95 (SD3) 

957.45 (Mean) 

48.72 (SD3) 

984.27 (Mean) 

63.89 (SD3) 

978.95 (Mean) 

59.60 (SD3) 

970.77 (Mean) 

61.26 (SD3) 

936.82 (Mean) 

68.21 (SD3) 

929.18 (Mean) 

92.27 (SD3) 

924.95 (Mean) 

89.10 (SD3) 

tonnes

/ 

month 

[247]  

𝐶𝑚,𝑡
𝐵𝐼𝑂𝑀𝐴𝑆𝑆  - 140 (Max) 

290 (Min) 

MYR/ 

tonnes 

- 

𝐶𝑚,𝑡
𝐶𝑂𝐴𝐿  - 287.80 (Mean5) 

79.57 (SD3,5) 

MYR/ 

tonnes 

[248]  

𝐶𝑚,𝑡
𝐹𝑈𝐸𝐿  - 2.13 (Mean6) 

0.11 (SD3,6) 

MYR/

L 

[249] 

𝐶𝑚,𝑡
𝑂𝐼𝐿  - 3.37 (Mean) 

0.11 (SD3) 

MYR/

L 

- 

𝑀𝐶𝑚,𝑡
𝐼𝑁   Dry Season 

 

Rainy 

Season7 

66.5 (Mean) 

1.83 (SD3) 

76.5 (Mean) 

1.83 (SD3) 

% [250]  
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Table 8-3 Parameters used in this work (continued) 

Parameter Remark Value Unit Reference 

Other Parameters 

𝑀𝐶𝑚,𝑡
𝑂𝑈𝑇  Desired 

moisture 

content 

10 % - 

Pyrolysis product 

yield 
Oil, 𝑦𝑂𝐼𝐿 

Syngas, 

𝑦𝐺𝐴𝑆 

Char, 𝑦𝐶𝐻𝐴𝑅  

27 

24 

49 

% [251] 

𝑦𝑔
𝑃𝑌  H2 

CO 

CH4 

CO2 

3.7 

34.0 

7.8 

54.0 

% [251] 

Carbon emission Transportati

on, 𝑦𝐶𝑂2_𝑇𝑅 

Co-gen, 

𝑦𝐶𝑂2_𝐶𝑂𝐺𝐸𝑁  

2.68 

 

kg 

CO2/ 

L fuel 

kg 

CO2/ 

kWh 

 

[252] 

0.525 

𝐿𝐻𝑉𝑔  H2 

CO 

CH4 

120.1 

283.5 

801.4 

MJ/kg 

kJ/mol 

kJ/mol 

[253,254]  

Heating value of 

solid fuel 

Coal, 

𝐿𝐻𝑉𝐶𝑂𝐴𝐿 

Char, 

𝐿𝐻𝑉𝐶𝐻𝐴𝑅 

23 

 

MJ/kg 

MJ/kg 

[255,256] 

26 

Efficiency Gas Engine, 

𝜉𝐸𝑁𝐺𝐼𝑁𝐸 

Drying, 

𝜉𝐷𝑅𝑌 

38.7 

 

85 

% [233] 

 

𝜓𝑃𝑌  - 240 kWh/ 

tonne 

EFB 

[257]  

𝜓𝐹𝑈𝐸𝐿  - 0.213 L/km [234] 

𝜓𝑇𝐻𝐸𝑅𝑀𝐴𝐿  - 4 MJ/kg 

water 

remov

ed 

[258]  

𝑇𝐴𝑋  - 24 % - 

𝑖𝑛  - 10 % - 
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Table 8-4 Parameters used in this work (continued) 

Parameter Remark Value Unit Reference 

Other Parameters 

𝐶𝑘
𝐶𝐴𝑃𝐸𝑋  Pyrolysis 

processes 

Co-

generation 

units 

6.26 8 

 

1,000,

000 

MYR 

[259,260]  

1.94 

𝐶𝑘,𝑚,𝑡
𝑂𝑃𝐸𝑋  Pyrolysis 

processes 

Co-

generation 

units 

171 

 

MYR/ 

tonne 

EFB 

MYR/ 

kWh 

[261] 

0.25 

𝐶𝐹𝐼𝑇  - 0.4886 MYR/ 

kWh 

[107]  

𝐶𝐸𝐿𝐸𝐶   - 0.55 MYR/ 

kWh 

- 

𝐶𝐶𝑂2  - 0.20 MYR/

kg 

CO2 

[234] 

𝐶𝑎𝑝𝑇𝑅𝑈𝐶𝐾  - 10 tonnes

/ 

trip 

- 

Distance 

Travelled 

From 

biomass 

Source to 

plant, 𝑑𝑆  

From plant 

to demand, 

𝑑𝐷  

10 

 

15 

km/tri

p 

- 

1Classified based on the monthly palm crude oil production [71]. Low season: 

January to March; Mid-season: April to June; High season: July to December.  
2EFB availability for a single 90 t FFB/h palm oil mill; assumed constant empty fruit 

bunch and crude palm oil (CPO) yield in respect to fresh fruit bunch (FFB), i.e., 0.23 

t EFB/t FFB and 0.204 t CPO/t FFB respectively.  
3SD = standard deviation  
4The local bio-oil demand is assumed similar to the pattern of the oil production in 

Malaysia (historical data from year 2009 to 2018; obtained from U.S. Department of 

Energy Information Administration) 
5Based on the data collected from October 2013 to May 2018. 
6Based on the data collected from December 2014 to August 2018. 
7Assumed moisture content of the EFB during rainy seasons is 10% more than that of 

during dry seasons. 
8Estimated using six-tenths rule. 
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Table 8-5 Descriptions for each action plan 

Code Action plan Description 

AP1 – HD Engage in demand 

contract 

To hedge demand risk by committed into a 

supply contract with the consumer(s), to sell 

a fixed amount of product for a fixed 

duration, with fixed prices (≤3% of current 

market price). 

AP2 – HS Engage in supply 

contracts 

To hedge supply risk by committed into a 

purchase contract with the supplier(s), to 

buy a fixed amount of raw materials for a 

fixed duration, with fixed prices (≥10% of 

current market price). 

AP3 – FI Introduce new 

financing incentive 

To reduce financing risk by providing 

financing incentives in the form of interest 

rate reduction/annum to lower the debt 

obligation of industry players. 

AP4 – SF Substitute fossil 

fuel with biodiesel 

To encourage the substitution of 

conventional fossil fuel which is less 

environmentally friendly with biodiesel to 

boost up the demand of end-products for the 

biomass polygeneration project. 

AP5 – TI Introduce new tax 

incentive 

To reduce regulatory risk by showing favour 

in the form of tax exemption to encourage 

the utilisation of biomass for wealth 

generation and the development of the green 

growth industry. 

AP6 – RF Revise Feed-in-

Tariff (FiT) rate 

To promote higher utilisation of renewable 

energy by revising the FiT rate to a higher 

rate to make it attractive for new entrants 

and investors to venture into the industry. 

AP7 – CM Introduce carbon 

management 

systems 

To promote sustainable development by 

introducing carbon management systems 

upfront to avoid high carbon emission which 

could potentially result in carbon penalties. 
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Table 8-6 Mode changes required for each action plan. 

Action Plan Description Changes required 

AP1-HD Engage in demand contract Contracted demand = 1700 

tonne/year 

𝐶𝑚,𝑡
𝑂𝐼𝐿 is 3% lesser than 

market price 

AP2-HS Engage in supply contract Contracted supply = 10,000 

tonne/year 

𝐶𝑚,𝑡
𝐵𝐼𝑂𝑀𝐴𝑆𝑆 is 10% higher 

than market price 

AP3-FI Introduce new financing 

incentive 
𝑖𝑛 is reduced to 6% 

AP4-SF Substitute fossil fuel with 

biodiesel 
𝐶𝑚,𝑡
𝐹𝑈𝐸𝐿 = 2.8 MYR/L  

𝑦𝐶𝑂2_𝑇𝑅 = 2.1 kgCO2/L 

AP5-TI Introducing new tax incentive 

(first 5 years) 
𝑇𝐴𝑋 = 0% for t≤5 

AP6-RF Revise FiT rate 𝐶𝐹𝐼𝑇 increased by 10% 

AP7-CM Introducing carbon management 

system 

CAPEX is assumed 60% 

more expensive [260] 

OPEX = 0.1505 MYR/kg 

CO2 removed [261] 

Removal efficiency is 

assumed as 80% 

 

The DEFANP model for this case study is illustrated in Figure 8-2. In order 

to quantify the effectiveness of the action plan, the goal (i.e., C1 - Goal) is set to 

improve the NPV of biomass polygeneration project. C2 - KE cluster consists of the 

technology and process (TP) (i.e., conversion pathway, technologies implemented) 

and supply chain (SC) (i.e., supply, demand, logistics). C3 - SH cluster comprises 

the government agency (GA) and industry players (IP). Government agencies are 

defined as parties that are capable to propose, amend, change rules and regulations 

that govern or affect the overall development of the biomass industry. Industry 

players are referred to as the business owner, investors that directly or indirectly 

contribute to the growth of this industry.  Finally, C4 – AP cluster consists of seven 
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(7) risk mitigation strategies that potentially help to reduce the overall risk profile 

of the project through the NPV performance over a 20-years project life-cycle. The 

action plans are selected based on the risk identified in the biomass industry as 

presented in Chapter 4.  

Figure 8-2 Development of the network model with its relationship for biomass 

pyrolysis-based polygeneration plant 

 

The calculation for FANP and DEMATEL are performed based on equation 6-1, 

6-2 and 7-1 to 7-3 as explained in the methodology. The priority weights generated 

based on FANP and total relation matrix from DEMATEL are then populated into 

a supermatrix as illustrated in Figure 8-3. The supermatrix is then raised to power 

until all the values converged, to attain the final value. Monte Carlo simulation is 

then performed based on the changes of the action plans as described in Table 8-3 

to validate the economic feasibility for each action plan. 
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Figure 8-3 The initial supermatrix heatmap populated with DEFANP method 

 

By plotting the digraph based on (𝑅𝑖 + 𝐶𝑖)  against (𝑅𝑖 − 𝐶𝑖)  value as 

shown in Figure 8-4, it clearly illustrated the inter-correlation of the elements with 

clear indication of causal or effect factor. 

Figure 8-4 Dematel prominence-causal relationship diagram 
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Table 8-7 Distribution for each action plan for sensitivity analysis 

Action 

Plan 

Remark Distribution Variation and 

range 

Unit 

AP1-HD  Triangular Minimum: 1200 

Median:1700 

Maximum: 2200 

tonne/year 

AP2-HS  Triangular Minimum: 10,000 

Median: 20,000 

Maximum: 30,000 

tonne/year 

AP3-FI  Triangular Minimum: 5 

Median: 6 

Maximum: 10 

%/annum 

AP4-SF Minimum – 

Fossil fuel;  

Maximum – 

biodiesel;  

Correlated with 

CO2 emission 

with correlation 

coefficient of -1 

Discrete 

uniform 

Minimum: 1.80 

Maximum: 2.80 

MYR/L 

AP5-TI For the first 5 

years 

Triangular Minimum: 20 

Median:80 

Maximum: 100 

% reduction 

/year 

AP6-RF Median = 

𝐶𝐹𝐼𝑇𝑥 1.1 (10% 

increase) 

Triangular Minimum: 0.44 

Median:0.52 

Maximum: 0.58  

MYR/kWh 

AP7-CM 

 

CAPEX is 

assumed 60% 

more expensive 

[260] 

OPEX = 0.1505 

MYR/kg CO2 

removed [261] 

Triangular Minimum: 30 

Median:80 

Maximum: 90 

CO2 

Removal 

efficiency 

(%) 
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8.3 Results and Discussion 

The outcomes generated from the DEFANP model are presented in Figures 8-5 and 

8-6. Figure 8-5 is the relational nexus illustrating the relationship of elements in the 

network problem.  

 

  

(a) (b) 

  

(c) (d) 

Figures 8-5 DEFANP relationship nexus highlighted for: (a) Overall elements; 

(b)Stakeholder cluster; (c) Key elements cluster; (d) Action plan cluster. 
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(a) (b) 

 

Figures 8-6 Importance weights of elements: (a) Relative to full project; (b) 

Relative to goal in cluster. 

The value of each element signifies the structural and causal dependency of the 

elements with respect to other elements in the network model. For instances, the 

goal element (i.e., GO = 23.3 %) is interpreted as the importance of GO with respect 

to KE, SH, and APs, vice versa. Traditionally, the results of FANP can be 

interpreted in two dimensions, based on clusters’ weight and elements’ weight. In 

term of the cluster, KE appeared to be the most important cluster, followed by SH, 

and finally, GO cluster and AP cluster. It is because KE (i.e., supply chain and 

technology/process) and SH are the underlying assets and the executor of the 

project. Thus, KE and SH serve as the core elements prior prioritising the action 

plans (i.e., APs cluster) to improve NPV for the biomass polygeneration project 

(i.e., GO).  
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To improve understanding of the dominance relationship of the elements in 

the whole system, the result has been normalized based on clusters. It is observed 

that the enhancement on the supply chain (54.65 %) is slightly more effective 

compared to the process and technology chosen/implemented (45.35 %) in 

improving the NPV of the biomass polygeneration projects. This outcome is 

supported by Kurian et al. [77], in which supply chain (i.e., logistics, consistent 

feedstock supply, demand) can contribute up to 70 % of the total operating cost for 

a biomass project. The remote location of biomass sources has further aggravated 

the supply chain issue for the biomass polygeneration project in Malaysia. In 

general, the palm oil biomass (i.e., EFB. PKS, DC) are high in moisture content at 

its original form (i.e., from palm oil mill). This results in higher degradability and 

shorter shelf life for the biomass. Supply chain management comes in to play a key 

role in reducing the overall logistics time and to prevent any disruption of materials 

as well as information to prevent a halt in operation. In term of technology and 

process selection for the biomass polygeneration process, Malaysia is still highly 

dependent on the foreign technology, which might involve higher cost and 

uncertainty performance due to the nature of biomass characteristics [159].  Even 

though there has been active on-going research and development project working 

on different technologies for different biomass conversion pathway, the outcomes 

largely remain in a laboratory setting or a pilot scale. More resources need to be 

devoted to solving the scalability and commerciality issues of locally manufactured 

technology and to help driving down the high CAPEX due to the implementation 

of technology.        



Chapter 8 

146 

 

In term of industry stakeholders, both government agency (i.e., 50.34 %) 

and industry players (i.e., 49.66 %) appeared to be equally important in improving 

the NPV of the project. Meanwhile, the dependency of the effectiveness of action 

plans with respects to industry stakeholders as illustrated in the Figure 8-3 (i.e., w43: 

column 4-5, row 6-12) shows that the government agency is more suitable to 

execute AP3–FI, AP5-TI, AP6-RF and AP1-HD while industry players have 

stronger capability to implement AP5-TI, AP6-RF, AP7-CM, AP2-HS. It is worth 

to note that both stakeholder groups are capable to execute all the action plans at 

different cost according to their role. Nonetheless, the higher priority weights of the 

action plan with respect to the stakeholders signifies greater impact can be achieved. 

For instance, government agency has more influence on the AP3 – FI compared to 

industry players (i.e., 27.18 % vs 11.29 %). This is because government agency 

plays a pivotal role in providing a macro-environment which is heuristics and 

friendly for the development of green growth. Government agency can encourage 

the industry players to participate in this initiative to best utilise the abundancy of 

oil palm biomass and convert it into wealth through introducing policy, rules and 

regulations. Nonetheless, without the input from the industry stakeholders, the 

development of the industry will remain stagnant. Some of the action plans exert 

similar level of dependency on both stakeholders as AP5 – TI and AP6 – RF. This 

indicates a close collaboration is required between government agency and industry 

players to successfully execute the action plans and to spur the development of 

biomass industry together [30]. Industry players should proactively communicate 

to and associate with their respective government agency on expressing the issue 
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and problems faced in the industry. Government agency should understand the 

needs of the industry players to aptly offer incentives and supports for them to 

venture into the industry, and such move can eventually contribute to the overall 

economic growth. Government agency should also make sure that a clear policy 

signal is sent out to the investors to encourage the funding and investment for the 

biomass-related project. Furthermore, it is crucial for the information of the 

industry, inclusive of the support mechanisms and benefits offered made available 

to the public. This is to ensure clear guidelines are provided to ease the 

administrative and apply process of the stakeholders to shorten the time in acquiring 

such benefits.  

To test the robustness and reliability of action plans generated from the 

proposed DEFANP model as shown in Figures 8-5 and 8-6, Monte Carlo 

simulations are carried out with random disturbances factors such as availability, 

moisture content and fluctuations in prices as a verification for the DEFANP output. 

For each batch of simulations, the 10,000 number of individual cases were carried 

out. The randomised points for Monte Carlo simulation are shown in Figures 8-7. 
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(a) (b) 

 

 

(c) (d) 

Figures 8-7 Monte Carlo generated input for: (a) Mid and high season EFB 

availability, EFB price; (b) Dry and rainy season moisture content, low season 

EFB availability; (c) Coal price, oil price and diesel price; (d) Oil demand. 

For this work, a total of seven action plan has been proposed to be implemented to 

improve the NPV of biomass polygeneration project. As mentioned above, Monte-

Carlo simulation is performed to simulate the financial performance of 20-years 

project life, EFB based polygeneration plant to verify the outcomes from DEFANP 

with actual cost benefits of the respective action plan. According to the outcomes 

from DEFANP model as illustrated in Figure 8-6(b), AP3 –FI appeared to be the 
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top one action to be implemented to improve the NPV of the biomass 

polygeneration plant. Failure to attain financing and funding for sustainable 

projects, including biomass project is often cited as the main reason for the slow 

growth of the industry in Malaysia [66,262,263]. Thus, it is important for the 

government to step in to offer financing incentives in aiding the industry players to 

start-up the project. Financing incentives can be in the form of interest rate 

reduction, credit guarantee, policy signal for financial institutions and investors (i.e., 

local, international). The currently available financing incentives offered by the 

government related to the development of renewable energy is the Green 

Technology Financing Scheme (GTFS) 2.0. Under the term of GTFS, the producers, 

users of the green technology and energy services companies (ESCO) can apply for 

up to MYR 100 million, MYR 50 million and MYR 25 million respectively from 

participating financial institution for the project [6]. Successful applicants for the 

GTFS will get a 2 % reduction in interest rate per annum based on the loan rates 

charged by the financial institution. Besides, Credit Guarantee Corporation (CGC) 

will also provide 60% of the guarantee of total financing amount, to increase the 

likelihood of loan approval. The first round of GTFS is completely utilised by the 

end of 2017, benefits up 319 green tech-related projects. Recently announced 

National budget 2019 continue to allocate additional MYR 2 billion for the GTFS 

to further accelerate the growth of green technology industry [264]. This further 

affirms the initiative of the government to move towards green growth. 

Based on simulation results as illustrated in Figure 8-8, it is observed that 

there is a 58.51 % increase in the mean of NPV by introducing new financing 
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incentive, with an additional 2 % interest rate reduction. The payback period as 

shown in Figure 8-9 also improved by 12.22 %, which indicates the project will 

achieve breakeven seven months earlier than the base case.  

 

 

Figure 8-8  The effect of the respective action plans on NPV from 10,000 Monte 

Carlo simulations. 

Figure 8-9 The effect of the respective action plans on the PBP from 10,000 

Monte Carlo simulations. 
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Furthermore, the sensitivity of each action plan on the NPV and PBP as illustrated 

in the Figure 8-10 and 8-11 further affirmed outcomes generated by the DEFANP 

model. “AP3 = FI” that reduce the interest rate has the highest influence in the NPV, 

as high as 76.3% in term of NPV and ranked second in term on PBP (i.e., 34.5%). 

This further affirm that the reduction of interest rate, which directly decreases the 

debt obligations through lowering amount of loan repayment across the project life-

cycle (i.e., 20 years) can significantly increase mean NPV and shorten the 

breakeven year. As minimal as it may seem, the 2% reduction of the interest rate 

per annum reduced the amortisation future value of loan tremendously. 

“AP6 - RF” is ranked second from the proposed DEFANP model method. 

FiT mechanism is amongst the most widely used support systems across the world 

to accelerate the development of renewable energy. FiT is the premium paid to the 

generation of electricity based on renewable energy sources for a fixed duration, 

depending on the type of renewable energy sources [117]. The primary energy 

generation for Malaysia based on renewable sources is merely recorded as 2 % as 

of 2018, which is falling behind the initial target of the Renewable Energy Policy 

and Action Plan (2009) to reach at 5.5 % by end of 2015 [5]. In the recent 

announcement by the Ministry of Energy, Science, Technology, Environment and 

Climate Change (MESTECC), the Minister is committed to increase the generation 

of electricity of renewable sources to 20 % by end of 2030 [265]. The FiT rates 

were introduced in 2011 to promote the utilisation of renewable energy sources (i.e., 

solar, biomass, biogas, geothermal and hydro) in electricity generation. However, 

the growth of renewable energy in Malaysia remains relatively slow, as reflected 



Chapter 8 

152 

 

by the statistics. Based on the feedback from the focus group discussion, the experts 

claimed that current FiT rates offered by the government are less attractive, 

particularly when such renewable energy plant is associated with high upfront 

investment. Furthermore, the quota to attain FiT rates is very limited and the 

application process is taking a long time as well. Nonetheless, multiple countries 

have achieved successful growth in renewable energy sectors through the 

implementation of FiT. For instance, the high rate of FiT in Thailand has 

successfully increased the power generation capacity by renewable sources from 

8 % in 2015 to 17 % by the end of 2017 [266]. The simulation results show that the 

overall NPV will increase by 20.72 % with a 14.04 % reduction in the payback 

period by adopting AP6 to increase FiT rates. The outcomes also in line with its 

sensitivity analysis on NPV (i.e., 13.9 %) and PBP (i.e., 34.9 %).  

The action plan that ranked 3rd, 4th and 5th are “AP5 - TI”, “AP1 - HD” 

and “AP2 - HS”. Identical to financing incentive, the tax incentive is another type 

of financial instrument that is widely used by the government to spur the growth of 

an industry. Some of the examples of tax incentives are tax returns, tax exemption, 

tax reduction and so forth. Similar with the GTFS introduced in 2013 to drive 

investment into the green technology industry, Malaysia government has offered 

multiple tax incentives for renewable energy and energy efficiency projects. For 

instance, green technology projects inclusive biomass polygeneration project are 

entitled to 70 % statutory income tax allowance (ITA) on the qualifying capital 

expenditure, until all the allowances are fully absorbed. Besides, the import duty 

and sales tax for green technology (i.e., equipment, materials, spare parts, 
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machinery) are fully exempted as well [267]. As Malaysia has shown its clear intent 

in the transition towards to green growth, it is necessary to make this information 

known publicly to reduce the high barrier of entry to this industry [77]. The 

introduction of tax incentives in a specific industry is also claimed to positively 

affect the credit decision of investors to fund the relevant project [268]. In line with 

the outcome of the DEFANP, the simulation result for implementing “AP5 - TI” is 

also ranked 3, in which it increases the mean of the NPV by 12.62 %, and reduce 

the payback period by 11.04 %. 

As mentioned in the above, the supply chain of the biomass polygeneration 

project plays a significant role in securing the long-term performance of the plant. 

Even though Malaysia has abundant availability of oil palm biomass, it is still an 

issue for the oil palm biomass production plant to experience non-disruption or non-

distortion of supply across the project life cycle. One of the main factors in this 

issue is the scattered ownership of the oil palm plantation. About 40 % of the oil 

palm plantation owner are categorized as small-shareholders, who are unwilling to 

commit into a long-term supply contract with the potential business partner but to 

sell with a higher price in the short future [16]. Furthermore, the hikes in demanding 

for biomass is built up in Asia country such as Japan, South Korea, and China 

(i.e., >100% increase). This has caused a lot of the local suppliers to bound under 

long-term obligation to supply biomass to meet their demand, prior fulfilling the 

needs of local market [269]. The availability of oil palm biomass is also highly 

sensitive to the weather across different seasons in Malaysia. Thus, proper planning 

of supply chain is necessary to avoid the disruption of supply to meet the demand 
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of market. It is a common practice in industry for production plant to engage into a 

long-term supply or/and demand contract to supply or purchase a fixed quantity of 

the product at a fixed price, for a fixed duration. This idea is similar to future 

contract in stock market, wherein the buyer enters into a contract at t = 0, to 

purchase X amount of share with Z price, at T = 1. In return, the contract owner 

will need to provide some premiums for the suppliers or purchasers to be bound 

under the obligation of demand and supply contract. For common industry practices, 

if party A initiates to enter into a supply contract with party B to buy 1000 EFB per 

month for two years, the fixed price of the EFB across the duration is required to 

be higher than the current market price (i.e., t = 0) by at least 10 %. As the demand 

curve is more sensitive than the supply curve, the premium for demand contract is 

usually lower than supply contract (i.e., 3 %). The simulation results based on 

demand contract, supply contract and a combination of both contracts shows that 

all three scenarios achieve better performance in NPV and payback period 

compared to the base case. The increase of mean of NPV for AP1 - HD, AP2 – HS 

and combination of AP1 - HD and AP2 - HS is 10.84 %, 1.95 %, and 15.31 % 

respectively. Meanwhile, the improvement of the payback period for each scenario 

is 6.68 %, 2.49 % and 9.46 %. It is worth to note that the impact of the combination 

of both supply and demand contract is higher than the “AP5 -  Introduce new tax 

incentives”.  

“AP7 - CM” and “AP4 - SF” are ranked 6th and 7th in the action plan to 

improve the NPV for the biomass polygeneration project by the DEFANP model. 

The results can be interpreted as these two action plans has a lack of causal and 
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influential power on other elements in the model to meet the goal of this work. The 

increment of NPV for AP7 - CM (i.e., 9.69 %) is higher than the “AP2-HS” (i.e., 

1.95 %). However, the payback period of AP7 - CM is 24.75 % longer than the 

base case, which means it required an additional 2 years for the project to reach the 

breakeven point. This is because carbon capture and sequestration (CCS) is still an 

emerging technology which is extremely costly at the moment. The performance of 

CCS technology also remains largely unproven on a large scale [270]. Thus, the 

uptake of CCS at this stage is categorized as a high-risk decision and is less 

favourable compared to other action plans which could achieve a similar 

improvement in NPV, without incurring a higher upfront cost. This is reflected as 

negative correlation in the sensitivity analysis for NPV and positive influence on 

PBP. “AP4 - SF” has very minimal impact on both the NPV as well as the payback 

period. It is the most passive action plan evaluated by DEFANP and easily 

influenced by the changes of other action plans. The initial rationale for selecting 

this action plan is to increase the demand of bio-oil with the substitution. However, 

it is observed that it is still highly depending on the substitution cost resulting from 

the implementation of another action plan. Solaymani and Kari [262] also pointed 

out that the transportation sector is one of the most sensitive sectors that affected 

by energy subsidy reform such as introduction and of FiT, financing incentives, and 

tax incentives.  
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Figure 8-10  Contribution of the implementation of risk mitigation action plans to 

NPV. 

 

Figure 8-11 Contribution of the implementation of risk mitigation action plans to 

PBP. 
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8.4 Conclusions and Future works 

The results of the combined DEFANP decision-making framework has been 

validated by using rigorous Monte Carlo simulations. The DEFANP method has 

ranked financial incentives action plan (AP3 - FI) as rank 1, indicating that the 

action plan would be most impactful in terms of outer and interdependence. Monte 

Carlo simulation has also validated that by providing financial incentives (AP3 - 

FI) to biomass polygeneration companies, it would give the highest expected 20-

years net present value (mean NPV is MYR 17.3 million) and relatively short 

payback period (mean payback period is 4.38 years). The rank 2 action plan that 

was determined by the DEFANP method is “revise feed-in-tariff rate” action plan 

(AP6 - RF). The action plan gives a 20-years mean NPV of MYR 13.2 million and 

has the fastest mean payback period of 4.29 years amongst all action plans. The 

DEFANP method has also shown that the supply chain (rank weight is 14.66 %) 

would be slightly more important than the technologies (rank weight is 12.17 %) in 

a biomass polygeneration project. This suggests that the difficulties within the 

biomass supply chain in Malaysia is more complex than the processing system itself. 

For stakeholders, the impact of government and industry players are equally 

important with the rank weight of 13.33 % and 13.15 % respectively. This indicates 

that a successful biomass polygeneration project would require both government 

and industry player to provide an equal contribution. Meanwhile, the priority 

weights on the influences of respective stakeholders on each action plan enable 

industry stakeholders to select mitigation strategies that best suits their role and 

resource. The outcomes provide references for the government agency to design 
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policy in providing financial support in the form of financial incentives, tax 

incentives, as well as procurement plan to encourage the demand of products from 

biomass polygeneration system. Besides, the information also enables industry 

players to be more vigilant on the viability and cost of different risk mitigation 

mechanism to enhance the overall decision making in risk management.  

In this work, the simulation of the biomass polygeneration system is based on a 

first-order input-output model. This approach would give satisfactory operational 

estimations with the detailed resolution of the processing system has been omitted. 

Our future work would consider the rigorous simulation of the processing system 

to study the micro-behaviours of the biomass systems. In this method, a detailed 

analysis of factors (such as product composition and quality, conversion variations 

etc.) can be carried out to improve the research findings. Moreover, the developed 

framework is a generic decision-making framework that can be applied into other 

case studies (e.g., energy source planning, petrochemical allocation, biogas supply 

chain etc.), which will be demonstrated in future work. 
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Chapter 9. Conclusions and Future Plans 

9.1 Conclusions 

Despite the sustainability of oil palm industry remains controversial, with 

both European countries and major palm oil producers (i.e., Indonesia, Malaysia) 

each claiming the pros and cons of the industry, complete substitution of palm oil 

is infeasible and irrational. With the international organization working together 

with domestic authorities to ensure the sustainability of the industry for green 

growth, the utilisation of the oil palm biomass for waste-to-wealth concepts should 

be forged ahead. Failure to attain financing and sufficient capital to venture into the 

industry or sustain its operation is one of the main factors that hindering the overall 

development of the industry. Even though the innovation of the synthesis and 

design of processes and technologies in converting biomass into value added 

products (i.e., bio-chemical, energy) are well-developed and have reached stage for 

industrial implementation, the risks and uncertainties associated with the industry 

value chain often hindering the investment and financing for the related projects. 

The thesis presents a comprehensive framework to utilise MCDA tools in assessing 

risks for financing green growth, demonstrated by the oil palm biomass industry in 

Malaysia. The risk assessment framework comprised of four main stages: i. Risk 

identification with industry life-cycle analysis; ii. Risk evaluation and estimation 

with ANP; iii. Quantification of stakeholders’ preferences towards sustainability 

with FANP; iv. Evaluation and selection of risk mitigation strategies with DEFANP. 

The suggested framework integrates the non-quantitative factors such as experience, 

expertise to assess the risks associated within the industry and proposed risk 
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mitigation and management strategies that achieve maximum economic 

performances with minimum costs (i.e., CAPEX, operation cost). The case study 

performed also illustrated significant improvement in reduction of risks, as 

reflected through higher overall project NPV and lower PBP with lower variance 

as compare to base case.  

This work offers a systematic and transparent approach for different 

industry stakeholders to identify, assess, evaluate risks that are associated with the 

whole biomass project risks. The risk events include but not limited to attaining 

investment or financing to start-up the project, procurement of feedstocks, selection 

of technology and process, logistics, and the deliverance of end product to 

customers. It allows industry stakeholders to integrate their role and resources to 

maximise the strengths in customising the risk mitigation and management 

mechanisms to secure economic performance of the project, without neglecting 

social and environmental welfare. The comprehensive framework also served as a 

reference for the policy makers to design, underwrite and modify new and currently 

available regulations and policies to spur the growth of the biomass oil palm 

industry for green growth. Furthermore, it also provides a new insight for the 

financial institution and investors on the needs to include non-quantitative benefits 

particularly on environmental and social aspects on financing and investment 

decision assessment. Last but not least, industry players (i.e., biomass suppliers, 

plant owners, logistics coordinators, technology providers etc.) can utilise the 

information to enhance decision making process to achieve their own goal and 

preferences.  
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9.2 Limitation and recommendations 

A limitation of the proposed risk assessment framework is that the 

integration of qualitative factors into risk measurement requires expert input. 

Therefore, it would give less satisfactory results when implemented or replicated 

without having a group of relevant topic experts. For example, if the selected 

experts to represent the industry only concentrated on R&D stages but no other 

industry players from different stages of the industry life cycle are included, the 

outcomes will be highly skewed toward R&D stages. Thus, it is important to ensure 

that selection of the experts should be conducted in a fair manner to include experts 

that can well-represent the subject matter.  

Another limitation that associated with the framework is that the number of 

questions required response from the expert in data collection. For the multiple 

MCDAs employed in this framework, data is collected based on pairwise 

comparison method -- to compare two elements in pair to determine the relative 

dominance relationship. Pairwise comparison is indeed one of the powerful 

methods to convert non-measurable parameter such as reputation, perspective, 

preference etc. into quantitative value through the concept of relativity. However, 

the process required high concentration and patience from the expert to evaluate 

the dominance of relationship of all the elements in pair by pair. The large amount 

of pairwise comparison questions may affect the accuracy of the responses from 

the expert. Hence, a proper sectioning should be included in the questionnaires to 

allow experts to have a break time in the process of responding. With a proper setup, 

such as the usage of linguistic terms, laymen language in the questionnaires and 
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clear instruction and sectioning, it can avoid mislead the experts in giving wrong 

judgement and affect the reliability of the result. Consistency analysis is a must 

prior to data analysis and interpretation to ensure that the inputs from the experts 

are consistent across all the responses without self-contracting. 

Furthermore, the proposed framework that is highly flexible and 

customisable based on case-by-case basis can become a limitation as well when the 

selection of the criteria and elements of the model is not done in a systematic and 

organized manner. The model is capable to analyse structural and causal 

dependency between different cluster and elements included in the model. 

Nonetheless, to apply the framework in generic problem which associate with vast 

amount of information, a step-by-step data filtering and cleaning is necessary to 

avoid the inclusion of the non-necessary element or criteria in the model. The 

inclusion of non-necessary element in the model can complicate the data collection 

and analysis stages, resulting in wastage of effort and resources throughout the 

process. Thus, it is necessary to ensure the development of the network model is 

done in an organized way to include both structural dependency and causal 

dependency of the selected criteria and elements to enhance the clarity of the 

decision-making process to achieve the goal. Sensitivity analysis or simulation is 

recommended to be conducted to verify the outcomes to increase its reliability. 

9.3 Future works 

As illustrated in the limitation, the framework often constructed to achieve 

a specific goal based on the interest of the study. Nonetheless, different countries 

also exert different historical and cultural background that affect the perspectives 
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of risks. Thus, future work can be focused on expanding the model to produce a 

generic risk index for the overall biomass industry, inclusive of different biomass 

type (i.e., wood-based biomass, municipal solid waste, risk husk etc.) as well as the 

level of development across nation (i.e., developed country, developing country). 

The biomass type can be reflected through the characteristics of biomass such as 

density, moisture contents, calorific value etc. while the level of development can 

be represented through economic growth indicators (i.e., GDP, CPI). The inclusion 

of the resources and strengths based on the level of development of the country can 

provides policy recommendations for domestic authority to design appropriate 

development blueprint to manage risk while spur green growth. Furthermore, it also 

serves as an initial guideline for the interest industry players that interested to 

venture into the industry in managing risk, and ultimately, reducing the possibility 

of occurrences and consequences of the risk events.  

With the innovation of artificial intelligence and data technology that 

widely accepted across the world nowadays, the risk assessment framework model 

can also be enhanced by incorporating artificial intelligence into the framework. 

Artificial neural network approach is capable to constantly learn and analyse the 

trend of data to identify potential future risk events. ANN can be incorporated to 

analyse available data particularly macroeconomic indicators such as fluctuation of 

stock market, GDP, foreign exchange rate to predict future cost and prices of the 

supply and demand across the biomass value chain creation. The output of the ANN 

can significantly increase the accuracy of the cost information while filter out 

unnecessary parameter to populate into the DEFANP for selection and evaluation 
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of risk mitigation evaluation. The integration of ANN into the framework can 

increase the accuracy of the output of the risk framework and reduce the 

redundancy information that hindering the decision-making process.  
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A-2: Sample Pairwise Comparison Questionnaires for ANP 
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A-3: Sample Pairwise Comparison Questionnaires for FANP 
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A-4: Sample of FANP coding ( 4*4 matrix size) – LINGO 16.0 
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A-5: Sample DEFANP questionnaires 

Part I – General instruction 

 

Part II – To determine the dependency of the key elements for biomass 

polygeneration project and role of stakeholders with respects to the goal 
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DEMATEL Questionnaires 
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A-6: Crsytal Ball outputs 

The frequency distribution and cumulative frequency view of the NPV for 10,000 

Monte Carlo simulation (Chapter 8 case study)  
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The frequency distribution and cumulative frequency view of the PBP for 10,000 

Monte Carlo simulation (Chapter 8 case study)  

 

 


