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ABSTRACT: This paper presents an integrated mathematical optimisation approach to 

synthesise a bioelectricity supply chain network with minimal costs. Detailed economic 

evaluation was performed to determine the optimum location of centralised or decentralised 

pre-treatment and power plants. Once the optimum bioelectricity supply chain network is 

established, input-output modelling of the network is formed. Next, feasible operating range 

analysis is performed. A palm-based bioelectricity supply chain case study in Malaysia was 

used to illustrate the proposed approach. Based on the optimised results, a total of 80.90 MW 

of bioelectricity were generated with an estimated net present value of USD 123.94 million 

and a payback period of 5 years. Meanwhile, the feasible operating range analysis indicated 

that the synthesised bioelectricity supply chain network possessed multiple feasible operating 
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ranges; 5.06 - 10.04 MW, 11.88 - 36.08 MW and 44.26 - 101.16 MW. Based on the result, 

the decision makers can determine the potential of the future bioelectricity projects according 

to different seasons of supply and demand variations.  

 

Keywords:  Bioelectricity supply chain network; palm oil; feasible operating range analysis; 

input-output modelling 
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1 Introduction 

Recently, there has been an increasing need to transition from fossil–based electricity 

generation to renewable electricity generation [1]. The research community has explored and 

identified biomass as one of the promising and renewable energy sources to generate 

electricity.  According to National Renewable Energy Laboratory [2], biomass is defined as 

energy resource derived from organic matters such as food crops, woody and grassy plants, 

forestry as well as agricultural residues which can be converted into other energy through 

combustion or chemical processes. As biomass originates from plant-based material, it is 

considered as an almost carbon dioxide (CO2) neutral energy source since CO2 is consumed 

through photosynthesis in plants depending on its life cycle emissions [3]. Therefore, 

replacing fossil fuel with biomass can reduce the CO2 emission significantly.  

 

In order to utilise biomass for electricity generation, energy conversion technologies for 

biomass is required to convert the chemical energy in biomass to electrical energy. The 

energy conversion technologies for biomass can convert biomass directly into energy or 

materials such as boiler, anaerobic digesters, gasification, etc. [4]. Direct combustion of 

biomass in a conventional boiler generates heat and produces pressurised steam, which is 

used in process heating. Steam turbines are then able to generate power through reduction of 

pressure as steam flows through the turbine’s blade. Besides, biomass can be converted into 

syngas through gasification and biogas via anaerobic digestion [5]. The syngas and biogas are 

then able to feed into conventional power generation technologies (i.e. gas engine, gas 

turbines) to generate power [4]. While research on biomass production and its conversion 

processes are well documented, the development of its entire supply chain is crucial as 

various options of processes proof to be challenging to design an optimal supply chain with 

various design parameters and uncertainties such as biomass availability and seasonality, 
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gross profit, design capacity, etc. [6]. In this respect, there are several contributions presented 

recently to synthesise an optimal biomass supply chain. The following section includes a 

review of the recent contributions in biomass supply chain optimisation.  

 

1.1 Biomass Supply Chain Optimisation 

Biomass supply chain is a network flow of biomass from plantations to its various end 

users through multiple processes such as harvesting, pre-processing, conversion processes 

[7]. In addition, storage and transportation serve as intermediate processes in between the 

supply chain to distribute the biomass and intermediate products [8]. The high level of 

complexity within these key supply chain activities pose challenges to determine the optimal 

biomass supply chain based on minimum cost. Therefore, various systematic tools for 

synthesis of biomass supply chains have been developed. For instance, Dunnet et al. [9] and 

Almansoori and Shah [10] developed a model for a biomass-to-ethanol supply chain utilising 

spatial representations. Ng et al. [11] uses superstructure optimisation approach to 

systematically design an optimal biorefinery pathway with multiple biochemical product and 

biomass conversion pathway considered. Perpina et al. [12] used a Geographical Information 

Systems (GIS) based model to identify an optimal biomass transportation strategy based on 

the feasibility of delivery within networks in Eastern Spain. Similarly, Frombo et al. [13] 

developed a GIS-based model which determined the configuration of woody biomass 

delivery networks with minimum cost. The model was then extended by Frombo et al. [14] to 

include environmental aspects of bioenergy production from biomass with consideration of 

various conversion processes and location of biomass sources and power plants.  Čuček et al. 

[15] developed a biomass supply chain model based on multi-layer structure. The proposed 

model was then extended by Čuček et al. [16] to consider 12 one-month periods, seasonality, 

purchase of raw materials and intermediate storage (with losses).  
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Later, Marvin et al. [17] presented a mixed integer linear programming (MILP) model 

to determine economical biomass processing facility locations and capacities for a large 

multistate region.  Lin et al. [18] developed a multi-layer model that optimised the bioethanol 

production based on farm equipment selection, transportation vehicles and biomass 

harvesting and delivery schedules. More recently, How et al. [19] developed a transportation 

decision tool to optimise integrated biomass supply chain with vehicle capacity constraints 

such as weight and volume. Extending from this, How and Lam [20] presented a 

debottlenecking approach using Principal Component Analysis (PCA) to identify 

sustainability bottlenecks in biomass supply chain at planning phase and subsequently 

removing them.  Zulkafli and Kopanos [21] developed a general spatial optimisation 

framework based on a modified state-task network representation to design supply chain 

networks. Besides, Wan et al. [22] presented a MILP model for a fuzzy multi-footprint 

optimisation approach to optimise the economic performance and carbon footprint of a sago 

value chain. In addition, Murphy et al. [23] presented a MILP model to allocate various types 

of biomass to satisfy demand of power plants while minimising the total greenhouse gas 

emissions from biomass production, processing and transportation. The model is used to 

simulate few case studies based on Ireland’s renewable energy sector. Life cycle assessments 

were performed for each case study to compare the greenhouse gas emissions [23]. However, 

it is important to note that these contributions only focus on steady-state scenarios where 

uncertainties are assumed as negligible.  

1.2 Uncertainties of Biomass Supply Chain  

Uncertainty is an important factor which can significantly influence the performance of 

biomass supply chains [24]. Uncertainties are commonly experienced in the biomass 

feedstock supply, biofuel demand, bioenergy production, price, logistics, and transportation 

in biomass supply chains [25]. In this regard, Sharma et al. [26] proposed a scenario-based 
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multi-period linear programming model to optimise the design of a biofuel supply chain 

under uncertain climatic conditions. Shabani et al. [27] optimised variation of forest based 

biomass monthly availability for a single power plant through developing a multi-period 

tactical model. Meanwhile, Giarola et al. [28] considered market uncertainties in a risk 

constrained multi-objective stochastic MILP model in order to determine the strategic 

planning decisions and design of a bioethanol supply chain.  Foo et al. [29] presented a robust 

linear programming (LP) model to synthesise biomass allocation networks that exhibit 

operational flexibility under multiple biomass supply scenarios. Wang et al. [30] presented an 

optimisation based flexibility analysis framework for supply chain networks. The framework 

applies the flexibility index to determine a supply chain’s ability of meeting targeted changes 

in demands. In addition, Leong et al. [31] presented a methodology incorporated 

superstructure optimisation with carbon pinch analysis to design a bioelectricity supply chain 

network (BSCN).  In particular, Leong et al. [31] considered carbon dioxide emissions from 

uncertainties in export of biomass and plantation growth factors. This work ultimately 

provided insights on potential carbon dioxide intensity reduction strategies and policies to 

realise commitments agreed by Malaysia in Paris Agreement. 

1.3 Critical Review 

Despite the literature reviewed above, it is worth mentioning that previous works 

addressed the configuration of energy systems within a biomass supply chain separately by 

pre-selecting the configuration in advance. In fact, the previous approaches did not consider 

the possibility of centralised or decentralised power plant configurations simultaneously 

within a supply chain design. This is important because there are possibilities for both 

centralised and decentralised configurations of energy systems to co-exist in a supply chain. 

In addition, the feasible operating range of a biomass supply chain was not explored in detail. 

Note that the feasible operating range for a biomass supply chain is crucial information to 
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determine whether or not it is susceptible to economic and operational risk. In other words, 

decision-makers would be able to deduce the boundaries in which the supply chain can afford 

operate at, in order to maintain its feasibility. The feasibility of a supply chain would in fact 

heavily depend on the energy systems involved in the supply chain.  

 

As such, this work presents an integrated mathematical optimisation approach to 

synthesise and analyse a biomass supply chain that produces bioelectricity; hereon known as 

bioelectricity supply chain network (BSCN). The proposed integrated approach combines the 

use of superstructure optimisation and input-output modelling. Superstructure optimisation is 

used to synthesise BSCN, considering biomass availability, government incentives, modes of 

transportation, pre-treatment technologies, conversion technologies and locations of power 

plants. Note that this work considers aspects from multiple optimisation works such as 

biomass availability from Foo et al. [29], modes of transportation from Perpina et al.[12], 

locations of power plants from Frombo et al. [13], and pre-treatment as well as conversion 

technologies from most biomass supply chain optimisation work simultaneously. Moreover, 

this work utilises superstructure optimisation to combine all the aforementioned aspects 

under one optimisation framework.  In addition, the configuration of the energy systems are 

identified simultaneously based on the optimised locations of power plants.  In particular, the 

model is able to determine the need for either centralised, decentralised or combinations of 

both energy systems configurations. Next, Feasible Operating Range Analysis (FORA) [32] 

is used to analyse the feasible operating range of the synthesised BSCN. FORA is a technique 

that considers the flexibilities of individual technologies within a system and subsequently 

determines the overall feasible operating range for that given system. 
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 The following sections describe the problem statement (Section 2), the proposed 

integrated approach (Section 3), the case study solved and its corresponding results (Section 

4). 

 

2 Problem Statement 

A generic superstructure of the problem is shown in Figure 1. The synthesis problem 

to be addressed is stated as follows: Facilities i ∈  I are the facilities (e.g., palm oil mills, saw 

mills, pulp and paper mills, etc.) that produce biomass as wastes. Based on the biomass 

collected from facility i, the solid palm oil biomass r ∈  R will either undergo or bypass a 

pre-treatment process j ∈  J producing an intermediate k ∈  K. The power plant location are 

identified based on the selected power plant m ∈  M with consideration of the different mode 

of transportation, l ∈  L. In addition, the distance between each facility i and electrical 

substation (PMU) is taken into consideration. For biomass r which bypassed the pre-

treatment process j prior to transportation, the biomass r will be used as the feedstock at 

power plant j’ ∈  J’ to produce an intermediate k’ ∈  K’  which can then undergo a 

conversion process, n ∈  N to generate electricity (bioelectricity) e ∈  E. The produced 

electricity will then be transferred to an electrical substation p ∈  P via grid connection. 

 

 The optimisation objective of this work is to determine the optimal BSCN with 

minimum costs considering biomass availability, government incentives, modes of 

transportation, pre-treatment technologies, conversion technologies and locations of power 

plants simultaneously. Once the optimum BSCN is established, feasible operating range 

analysis (FORA) is used to analyse the feasible operating range of the synthesised BSCN. 
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Figure 1: Generic Superstructure for the Proposed BSCN. 
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3 Integrated Mathematical Optimisation Approach 

Figure 2 shows the framework of the developed integrated approach. As shown, 

parameters and data (e.g., mass and energy balance, potential power plant locations, biomass 

availability, technologies, transportation routes and etc.) must be first collected.  Based on the 

collected data, a superstructure is developed to express all possible pathways and connections 

within the superstructure. Following this, a mathematical model, known as “superstructure 

optimisation model”, is developed based on the superstructure representation. Subsequently, the 

superstructure optimisation model is optimised by maximising gross profit to synthesise an initial 

BSCN design. Then, the feasible operating range of the synthesised BSCN is determined through 

FORA. The synthesised BSCN is recommended as the final design if its feasible operating range 

and gross profit are favourable to the designer. On the other hand, if the feasible operating range 

is deemed not acceptable, the framework revisits previous tasks either to revise constraints 

within the model or to introduce changes into superstructure. Note that the detailed discussion of 

the proposed framework are presented in following sub-sections. 
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Figure 2: Framework for Synthesis of Optimal Bioelectricity Supply Chain Network (BSCN)  

3.1 Superstructure Optimisation 

 In superstructure optimisation, a superstructure containing all possible pathways and their 

respective interconnections is developed [11].  Superstructure optimisation has been widely used 

for synthesis of supply chains.  For instance, Leong et al. [31] used superstructure optimisation 

for designing a BSCN based on carbon reduction targets. Meanwhile, Wan et al. [22] used 

superstructure optimisation to optimise the supply chains based on multi-footprint 
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considerations. Ng et al. [11] utilised superstructure optimisation to perform process and product 

design in an integrated manner.  

In this work, the superstructure optimisation is used to synthesise a cost effective BSCN, 

considering mass and energy balances and economic evaluation. In addition to this, the 

superstructure optimisation considers selection of transportation modes and routes, potential 

power plant locations and configuration simultaneously.  

 

3.1.1 Mass and Energy Balance 

As presented in problem statement, biomass r generated from facility i are distributed to 

different pre-treatment technologies j and subsequently converted into various intermediate 

products k. Through various types of transportation l, the intermediate products k from facility i 

are distributed to power plants m to further convert into bioelectricity. The mass and energy 

flows of these stages are modelled based on a mathematical formulation. For more detailed 

information on the mass and energy balance formulation, readers can refer to Section 1 of 

Appendix A.1. 

 

3.1.2 Potential Locations and Configurations of Power Plants 

In this work, the potential locations of the power plants are determined through 

optimisation of the BSCN superstructure. Potential locations of the power plants may include 

locations at the site of facility i and electrical substation p. This means that the superstructure 

optimisation may decide to locate power plants at the site of the facility i or electrical substation 

p or both.  The configuration of the energy system in BSCN can be identified through the 
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direction of optimised mass flow within the optimisation model.  Meanwhile, the configuration 

of the energy system can be categorised into centralised, decentralised or a combination of both 

configuration. The concept of these configurations is illustrated in Figure 3. 

Gridlines

Centralised

Decentralised

Power

Biomass

Facility

CHP/Power Plant

Decentralised

 
Figure 3: Combination of Centralised and Decentralised Energy System 

As shown in Figure 3, configuration of a centralised energy system is where multiple raw 

energy resource(s) (e.g., biomass) generated from different facility are processed in a common 

power plant for power generation. The generated bioelectricity from this centralised system is 

then distributed to the facilities, infrastructure, residential area, etc. through gridlines [33]. 

Alternatively, a centralised energy system could also be operated through a cooperation of 

resource collection by neighbouring facilities before transporting the resources to the common 

power plant [34]. For example, multiple facilities i ∈  I can cooperate to transfer its biomass r to 
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a common power plant m to generate bioelectricity. On the other hand, decentralised energy 

systems are systems that generate bioelectrcity at the location where the raw energy resource is 

available [35]. For instance, if a power plant is built at a single facility i and generates 

bioelectrcity independently, it is considered a decentralised energy system. It is imperative to 

note that a combination of both centralised and decentralised systems could exist in the supply 

chain. The formulation to identify the potential location of power plant and configuration of 

energy systems are modelled as shown in Section 1.3 in Appendix A.1. 

 

3.1.3 Economic Evaluation 

Decisions in Sections 3.1.1 – 3.1.2 are determined based on the economic performance of 

each available alternative. The optimisation objective for the proposed BSCN is to maximise the 

net present value (NPV) of the entire supply chain. The NPV is evaluated based on the overall 

gross profit (GP) in the BSCN, taxation and incentives from the government. GP is calculated 

based on the difference between annual revenue generated from selling bioelectricity to the grid 

and the annual total cost of the proposed BSCN. Detailed economic evaluation formulations can 

be found in Section 2 in Appendix A1.  

 

3.2 Feasible Operating Range Analysis  

In Section 3.1, multiple technology alternatives are screened and selected based on 

various aspects such as transportation mode, location of power plants, etc., to maximise NPV of 

the BSCN. However, the technology alternatives selected may have unique minimum and 

maximum capacities that may influence the overall feasible operating range of the BSCN. 

Hence, analysis for the feasible operating range of the BSCN is crucial to identify constraints or 
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bottlenecks.  In Section 3.2, Feasible Operating Range Analysis (FORA) [32] is used to 

determine the feasible operating range of the synthesised BSCN to meet bioelectricity demand. 

 

FORA is a subsidiary method developed within Design Operability and Retrofit Analysis 

(DORA) framework [32]. It was previously used to determine the feasible operating range for a 

given process within the boundaries of a single energy system. According to Andiappan et al. 

[33], FORA uses input-output (IO) modelling [36], a technique that builds linear correlations 

based on an IO table. IO table is a general representation of every material flow entering and 

leaving each respective process layers which have unique maximum and minimum capacities. 

Note that the unique maximum and minimum capacities of the biomass source layer (i.e., the 

palm oil mills) were identified in view of potential low seasons and peak seasons respectively. 

As such, the seasonality and availability of the raw material is inherently considered within the 

model developed.  The individual operating range for each layer in the supply chain network 

eventually provides the overall feasible operating range of the synthesised supply chain network. 

Readers are directed to Section 2 of Appendix A1 for the development and generic formulation 

of IO modelling. In this work, the overall feasible operating range relates to the common 

operating range among energy systems involved in a synthesised BSCN. It is defined as a net 

output range of a supply chain network that can deliver without design or performance 

limitation. FORA is performed to identify the maximum and minimum net outputs from each 

system in the supply chain network. Following this, the overall feasible operating range BSCN is 

determined by taking the lowest common value of maximum net output and the highest common 

value of minimum net output between the systems as the overall system upper and lower limits 
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respectively. Figure 4 illustrates the concept of an overall feasible operating range for a supply 

chain network. 

 

Figure 4: Concept of Overall Feasible Operating Range for Supply Chain Network 

 

With the overall feasible operating range of the supply chain network is identified, the 

information enables decision-makers to understand and analyse the BSCN performance with 

various constraints considered (e.g., biomass supply variation). This also provides decision-

makers an idea on whether the BSCN could be ramped up when larger demands are required in 

future. If the feasible operating range is favourable to decision-makers, the design configuration 

would be recommended as the final BSCN design. Details relating to FORA formulation can be 

found in Section 3 in Appendix A1.  

 

In order to illustrate the developed approach, a real case study is presented and solved in 

following section. The case study discusses the synthesis of optimal BSCN for palm oil industry 

in Malaysia. 
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4 Case Study 

The Malaysian government has taken measures to contribute to the renewable energy 

movement. The Renewable Energy Policy and Action Plan 2010 targets a total renewable energy 

production of 4,000 MW by the year 2030 [37] . This target includes the five main sources of 

renewable energy in Malaysia namely biogas, biomass, solid waste, small hydro and solar 

photovoltaic (PV). The provisional target for solid biomass alone is 800 MW by the year 2020.  

Palm oil biomass alone, accounts for 85.5% and 70 million tonnes of biomass is collected 

annually at landfills across Malaysia [38]. This is because Malaysia is one of the world’s leading 

producers of palm oil with an impressive growth in the global market for over the past 40 years. 

Thus, a notable solution available to utilise the biomass generated is through the implementation 

of a palm-based bioelectricity supply chain network (BSCN) to generate bioelectricity; 

electricity produced from biomass.  

 

In this case study, a BSCN is synthesised to produce bioelectricity based on the 

availability of palm-based biomass in Malaysian palm oil industry. However, the challenge for 

synthesizing a BSCN is its cost and operational uncertainty [39]. As such, the optimisation 

objective of this case study is to synthesise a profitable BSCN and analyse its feasible operating 

range. A sample size of seven palm oil mills (POMs) was chosen to provide a benchmark for the 

confidence level (margin of error) for the BSCN. The selection of the seven POMs was unbiased 

and showed a representation of the overall population of operating POMs. An initial sample 

estimate will have an associated level of uncertainty, should the network be deemed feasible with 

seven different biomass sources, a new network will be modelled accordingly by subsequently 

increasing the number of participating mills. Thus, a narrower margin of error can be determined 
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with a greater confidence level. The available train stations and electrical substations within the 

vicinity of the selected POMs’ locations were also identified and listed in Tables 1 - 3. 

 

Table 1: GPS Coordinates of Participating Palm Oil Mills. 

POM Palm Oil Mills (POMs) Latitude Longitude 

POM 1 Banting Palm Oil Mill Sdn Bhd 2.728394 101.494616 

POM 2 East Palm Oil Mill 2.883333 101.436136 

POM 3 Jugra Palm Oil Mill 2.845557 101.467958 

POM 4 Kampung Kuantan Palm Oil Mill 3.344463 101.290602 

POM 5 Eng Hong Palm Oil Mill 2.860081 101.476569 

POM 6 Kilang Kelapa Sawit Tuan Mee 3.265013 101.463790 

POM 7 Seri Ulu Langat Palm Oil Mill Sdn Bhd 2.851192 101.650403 

 

Table 2: GPS Coordinates of Train Stations. 

KTM Train Station (KTM) Latitude Longitude 

KTM 1 Westport Container Company 2.949843 101.308072 

KTM 2 Northport Malaysia Sdn. Bhd 3.019195 101.363393 

KTM 3 Nilai Inland Port Sdn. Bhd. 2.822828 101.822182 

KTM 4 Sungai Buloh 3.215904 101.531036 

KTM 5 Serendah Freight 3.388686 101.661293 

 

Table 3: GPS Coordinates of Electrical Substations. 

PMU Electrical Substations (PMU) Latitude Longitude 
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PMU 1 PMU Bukit Badong 3.372900 101.432900 

PMU 2 PMU Ingerback 3.035400 101.379000 

PMU 3 PMU Telok Panglima Garang 2.949100 101.476000 

PMU 4 PMU BBST (Bandar Baru Salak Tinggi) 2.833900 101.726000 

PMU 5 PMU Olak Lempit 2.846100 101.579000 

PMU 6 PPU MORIB 2.749600 101.446000 

 

 

 Figure 5 shows the approximate location of participating facilities and Malaysia’s railway 

lines.  Note that the BSCN is located within the state of Selangor, Malaysia and covers an area of 

3,027 km2 as shown in Figure 6 along with the location of GPS coordinates from Tables 1, 2 and 

3. Table 4 shows the individual capacity and the available biomass for each participating POM. 

 

Selangor

Pahang

Negeri 
Sembilan

Johor
Malacca

Perak

Kedah

Penang Kelantan
Terengganu

Indonesia

Thai land
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Figure 5: Location of Case Study BSCN in Malaysia and with Railway Map [40] 
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Figure 6: Location of POM, KTM and PMU in the BSCN [41] 

Table 4: Individual Capacity and Available Biomass for each POM. 

POM POM Capacity Available Solid Biomass (t/h) 
 FFB (t/h) EFB (t/h) PMF (t/h) PKS (t/h) 
POM 1 50 13.49 8.84 3.23 
POM 2 40 10.79 7.10 2.58 
POM 3 45 12.14 7.95 2.91 
POM 4 20 5.39 3.53 1.29 
POM 5 45 12.14 7.95 2.91 
POM 6 27 7.28 4.77 1.74 
POM 7 45 12.14 7.95 2.91 
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Aside from this, a few assumptions are made for this case study: 

1. The annual operating time (AOT) of the power plant is 8000 hours/year. This is a 

common energy generation uptime required by power purchasing agreements with 

power distributors. 

2. Initial expected rate of return is 8%, and it will be updated based on detailed economic 

evaluation. 

3. The lifespan for the synthesized BSCN is expected to be conservatively 15 years for 

biomass CHP based on industry heuristic. 

 

4.1 Superstructure Optimisation 

A MILP mathematical optimisation model for this case study was first developed and 

solved via LINGO v16.0 Global Solver on a Dell Inspiron 5423 with Intel Core i3 (1.80GHz) 

and 4 GB RAM. The model has an elapsed runtime of 0.25 seconds with 1,176 variables, 15 

integer variables, 992 constraints and 5,379 non-zeros. The optimisation objective of this model 

is set as minimisation of net present value (NPV) of network configuration. Readers are directed 

to Appendix A.1 Section 1 for the formulation of the MILP mathematical optimisation model 

and Section 1 to 5 in Supplementary Materials for the value used in the case study. 

 

 Upon solving the MILP model, an optimum network configuration with maximum NPV 

is determined as shown in Figure 7. Note that POM 1, POM 4 and POM 6 are required to have 

independent small power plant respectively and regulate the biomass supply for the power plant 

individually. However, POM 5 is expected to collaborate with POM 2, POM 3 and POM 7 to 
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build a centralised power plant which convert all the available biomass into bioelectricity. All the 

respective biomass sources are required to be transported to power plant at POM 5 for 

pretreatment prior to being converted to bioelectricity. The bioelectricity from each power plant 

(PP) will then be connected to the nearest electrical substation (PMU). Power plants that are not 

selected in Figure 7 will not be displayed. The selected BSCN configuration is summarised in 

Table 5. 

 

Table 5: BSCN Configuration Summary. 
Network Configuration : Combined Centralised and Decentralised  

 

No. of Power Plants : 4 
 

Total Electricity Generated  : 80.90 MW 
 

Net Present Value (NPV)* : USD 123.94 million 

PP 
Location 

Participating 
POMs 

Pre-Treatment 
Location 

Mode of 
Transportation 

PP Capacity 
(MW) 

POM 1 POM 1 POM 1 - 14.88 
POM 4 POM 4 POM 4 - 5.95 

POM 5 

POM 2  
POM 3 
POM 5 
POM 7 

POM 5 Truck 52.07 

POM 6 POM 6 POM 6 - 8.03 
*NPV determined from the LINGO model is an estimate (annualised capital cost) and is subject to change. 

 
 

Figure 8 illustrates the selected PP locations and a magnified region around POM 5 (sub-

network pathway). Based on Figure 8, electrical cables can also be observed connecting the 

selected power plants (PPs) to the closest electrical substations (PMUs). Table 6 shows the 

distance between the PPs and the PMUs. 
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Figure 7: Optimised BSCN
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Figure 8: Selected Power Plant (PP) Locations [41,42]
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Table 6: Distance between Each PP and PMU. 

Power Plant  Closest PMU Distance (km) 
PP1POM 1 PMU 6 5.73 
PP4POM 4 PMU 1 10.11 
PP5POM 5 PMU 3 9.96 
PP6POM 6 PMU 1 9.42 

 

The BSCN in Figure 8 generates a total of 80.9 MW of bioelectricity. The net present value 

(NPV) for the overall BSCN was computed by the model as USD 123.94 million (positive) as 

shown in Table 7. Table 7 also shows that without government incentives, the total revenue 

earned from selling bioelectricity is only 61.17% of the total revenue with incentives. This 

indicates that government incentives are crucial in enhancing the profitability of the network. 

Table 7: BSCN Economic Evaluation Summary. 

Economic Aspect  
Total Revenue (before tax with incentives) USD 866.95 million 
Total Revenue (before tax without incentives) USD 530.27 million 
Gross Profit  USD 14.80 million per annum 
Government Incentives  USD 22.44 million per annum 
Net Present Value  USD 123.94 million 
Payback Period (with incentives) 5 years 

 

Meanwhile, the breakdown of costs for the BSCN is presented in Tables 8 – 9 and 

Figure 9. Based on the pie chart shown on the left of Figure 9, raw material cost constitutes 

the highest fraction of total costs (70%) followed by the maintenance cost of the BSCN 

(20%). The lowest fraction is the pre-treatment operating cost (2%). On the other hand, the 

highest contributor to the capital cost (right side of Figure 9) is the boiler capital cost (57%). 

This is followed by the turbine capital cost (25%) and the grid connection cost (18%). Due to 

the magnitude of the boiler, turbine and grid connection cost; the dryer capital and fixed 

capital costs for both the power plant and pre-treatment system are negligible in comparison.  
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Table 8: Annual Operating Cost for the Overall BSCN. 

Variable Cost Annual Operating Cost (million USD/year) 
Raw Material 19.01 
Logistics 1.03 
Power Plant 1.01 
Pre-treatment 0.50 
Network Maintenance (Fixed Operating) 5.36 

*Equipment operating cost data can be found in Supplementary Material Section 3 

 

Table 9: Total Capital Cost for the Overall BSCN. 

Equipment Total Capital Cost (million USD) 
Boiler Capital* 121.50 
Turbine Capital* 53.95 
Dryer Capital* 0.63 
Power Plant Fixed Capital* 0.30 
Pre-Treatment Fixed Capital* 0.25 
Grid Connection 38.82 

*Capital cost data can be found in Supplementary Material Section 4  

 

 

Figure 9: Annual Operating Cost Breakdown (Left) and Capital Cost Breakdown (Right). 

 Aside from costs, the synthesised BSCN is analysed further to determine the reasons 

for selections made by the MILP model. The analysis is discussed based on the criterions 

considered in the model; (A) power plant locations, (B) pre-treatment locations, (C) 

transportation modes and (D) number of power plants. To simplify the analysis, the selection 
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made by the MILP model based on criterions from A to C is discussed for the centralised 

sub-network for PP5POM5 within the area of 134 km2, whereas criteria D is discussed based on 

the entire BSCN. The sub-network is shown in Figure 10. 
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Figure 10: Centralised Sub-Network for PP 3 (Area = 134 km2). [42] 

 

Criteria A: Power Plant Location 

 The power plant location was not chosen to be at any of the suggested PMUs but at 

POMs. PMUs were not selected even though there would be no electrical grid connection 

cost imposed should the power plant be build. However, it requires high logistics cost as 

biomass from all POMs would have been required to be transported (higher fuel cost and 

higher handling cost). To demonstrate the selection process, a small scale economic analysis 

was conducted on two options in the model. For both options, the capacity of the pre-

treatment and power plant systems are identical (same amount of biomass) and will be 

transported by trucks.  
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Option A1: Untreated biomass from POM 2, 3 and 7 are transported to POM 5 and a 

grid connection cost will be imposed to the closest electrical substation; 

PMU 3. 

Option A2: Untreated biomass from POM 2, 3, 5 and 7 are transported directly to 

PMU 3 and the grid connection cost is considered negligible. 

 

Table 10: Cost Comparison for Option A1 and Option A2 over 15 years. 

Criteria (Over 15 years) Option A1 Option A2 
Total Distance Travelled, km 39.60 80.10 
Transportation Cost, million USD 15.39 29.11 
Grid Connection Cost, million USD  
 

9.96 0 

Total Cost, million USD 25.35 29.11 

*Logistics data can be found in Supplementary Material Section.5  

 

Table 10 shows that Option A1 has a cost savings of 15% as compared to Option 2A. This 

means that it is more economical to transport the biomass to the POM and transmit the 

generated bioelectricity via grid connection. Hence, option A1 is selected by the model to 

minimise cost for maximum NPV. 

 

Criteria B: Pre-Treatment Location 

 The selected pre-treatment location was determined based on the capital cost of 

installing a pre-treatment system. Each pre-treatment system has a minimum capacity of 20 

t/h of biomass to be treated.  Two options of pre-treatment location were analysed and 

compared as described below. The pre-treatment systems are identical and will be transported 

by trucks in both options. 

Option B1: Treated biomass from POM 2, 3 and 7 are transported to POM 5 (each 

biomass is treated at the respective POM). 
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Option B2: Untreated biomass from POM 2, 3 and 7 are transported to POM 5 (all 

the biomass is treated using the same pre-treatment system at POM5) 

 

Table 11: Cost Comparison for Pre-Treatment Systems. 

Criteria (Over 15 years) Option B1 Option B2 
Number of Pre-Treatment Systems  8 (2 units at each POM) 3 
Capital Cost, million USD 0.72 0.27 

*Capital cost data can be found in Supplementary Material Section 4 

 

Based on Table 11, Option B2 has a cost savings of 62.5% compared to Option B1. Hence, 

option B2 is more economical and justifies the model selection for POM 2, 3 and 7 to treat 

the biomass at POM 5. 

 

Criteria C: Transportation Mode 

 The mode of transportation selected was by trucks instead of a combination of truck 

and train. This is because the closest train stations within the region (KTM 1 and KTM 3) 

were very distant. Options C1 and C2, further validate the statement. 

Option C1: Untreated biomass from POM 2, 3 and 7 are transported to POM 5 by 

truck. 

Option C2: Untreated biomass from POM 2, 3 and 7 are transported to POM 5 by a 

combination of truck and train. 

Table 12: Cost Comparison between Transportation Modes over 15 years. 

Start Point  End at POM 5 (Total million USD for 15 years) 
Option C1 Option C2 

POM 2 4.29 23.80 
POM 3 3.30 27.53 
POM 7 7.80 32.87 
Total 15.39 84.20 

*Logistics data can be found in Supplementary Material Section 5 
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Table 12 shows that cost for transportation using a combination of trucks and trains is 

approximately 4.5 times more compared to using trucks alone. This is due to the location of 

the train stations. It would be redundant to transport the biomass by truck to the train station 

(KTM) and then by truck to POM 5. Figure 11 further illustrates the route for POM 7 to POM 

5 for Options C1 and C2 and the redundancy of using a combination of truck and train. 
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Figure 11: Routes for Options C1 and C2 (POM 7 to POM 5). (Google Maps. 2018b) 

Criteria D: Number of Power Plants 

 The number of power plants selected is based on the capital cost imposed to build 

each power plant. The total amount of electricity generated remains at 80.9 MW. 

Option D1: POM 1, 4, 5 and 6 are selected as potential power plants (4 PPs). 

Option D2: POM 1, 2, 3, 4, 5, 6 and 7 are selected as potential power plants (7 PPs). 

 

Table 13: Cost Comparison for Number of Power Plants Selected. 

Criteria (Over 15 years) Option D1 Option D2 
Capital Cost, million USD 175.45 181.94 

*Capital cost data can be found in Supplementary Material Section 4  
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 Based on Table 13, Option D1 has a cost savings of USD 6.50 million (4% cheaper 

than Option D2. POM 1, 4 and 6 were selected to be smaller independent power plants as 

opposed to POM 5; which was selected to be a large power plant with a sub-network. This is 

mainly because POM 1, 4 and 6 are situated further from the sub-network at POM 5. POM 4 

and 7 are evidently further from the sub-network at POM 5 (82.1 km and 70.8 km 

respectively) whereas POM 1 is slightly further from the sub-network of POM 5 (29.7 km). A 

noteworthy mention is, it is possible for POM 1 to participate in the sub-network at POM 5; 

but with a lower profit. Hence, it is concluded that the pivotal deciding factor for the power 

plant location, pre-treatment location and transportation mode was due to the logistics cost 

and pre-treatment capital cost. Apart from that, the model selected only 4 power plant 

locations instead of 13; due to the high capital cost required for building power plants. 

 

4.2 Feasible Operability Range Analysis 

 FORA was conducted using an input-output (IO) modelling approach. The complete 

IO table formulated to analyse the operating range of the BSCN can be found in Section 7 of 

Supplementary Materials. The feasible operating range shows the flexibility of the 

synthesised BSCN. The range indicates the range of bioelectricity which can be generated 

without experiencing design or performance limitations. Figure 12 illustrates the feasible 

operating range for the entire BSCN based on bioelectricity production capacity and biomass 

capacity. As shown, the BSCN has multiple feasible operating ranges for bioelectricity 

production; 5.06 MW to 10.04 MW, 11.88 MW to 36.08 MW and 44.26 MW to 101.16 MW.  

Figure 14 also illustrates the breakdown of all possible operating combinations of selected 

power plants that contributes to the entire feasible operating range of the synthesised BSCN. 

The grey shaded areas shown in Figure 12 are gaps in the operating range of the synthesised 

BSCN. In these gaps, no combinations of power plants operate. This is due to the fact that 
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power plant PP5 operates at a operating range significantly larger than other 3 power plants 

(PP1, 4 and 6). As PP5 is a centralised power plant from four POMs (POM 2, 3, 5 and 7), any 

operating power plant combinations that include PP5 will have high operating range. On the 

other hand, any combinations without PP5 will have much lower operating range, hence 

resulting in gaps in operating range for the synthesised BSCN. This shows that the feasible 

operating range of the entire synthesised BSCN can consists of multiple feasible operating 

ranges instead of just a global operating range for BSCN.  

 

Figure 12: Feasible Operating Range of Optimised BSCN 

 

 Aside from this, FORA also determined multiple ranges of biomass throughout for the 

BSCN to operate without succumbing to failure. Such information can validate the feasibility 

of the BSCN during the change in biomass supply based on different seasons and can serve as 

a baseline for future demand variations.  
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4.3 Sensitivity Analysis 

 As the regulations on biomass raw material cost are not as established as conventional 

fuel, the variation of biomass raw material cost will cause a significant impact on the 

economic performance of the BSCN. Therefore, raw material cost of biomass in BSCN such 

parameter is selected for sensitivity analysis (Section 4.3.1). Besides, variation in biomass 

availability poses a challenge for biomass based processes. Hence, the impact of such 

parameter towards the feasible operating range of BSCN is further analysed and presented in 

in Section 4.3.2. 

4.3.1 Sensitivity Analysis 1: Impact of Raw Material Cost on Gross Profit 

 Based on the network cost breakdown in Section 4.1, a sensitivity analysis was 

conducted to identify the relationship between the cost of raw material (the highest 

contributor for operating cost; Figure 9) and the gross profit (GP) of the BSCN. The raw 

material cost used for the BSCN model is stated in Table 14. Whereas, the benchmark used 

for the raw material cost sensitivity analysis was the average solid biomass cost shown in 

Table 15. 

Table 14: Cost of Palm-Based Biomass [11] 

Item Cost (USD/t) 

EFB 6 

PMF 22 

PKS 50 

 

Table 15: Minimum and Maximum Potential Costs of Palm-Based Biomass  

Item Minimum (USD/t) Maximum (USD/t) 

EFB 35 122.5 

PMF 15 92.5 
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PKS 32.5 65 

\ 

 Based on the costs in Table 14, the empty fruit bunches (EFB) cost used for the 

BSCN model was underestimated whereas the palm mesocarp fibres (PMF) and palm kernel 

shell (PKS) costs used was within the range in Table 15. The sensitivity analysis was 

conducted three times by subsequently increasing the initial EFB cost, PMF cost and PMF 

cost. Figure 13 shows the sensitivity analysis for the BSCN. 

 

Figure 13: Sensitivity Analysis for Raw Material Cost (Refer to Supplementary Material 

Section 6 for Analysis Table). 

 Based on Table 16, it was found that the maximum optimum cost for EFB was 31 

USD/t which is lower than the minimum cost of EFB in Malaysia of 35 USD/t. Hence, a trial 

and error technique was employed to yield another set of optimum costs.  Based on the costs 

in Table 17, the gross profit for the BSCN is USD 597,308.70 with a NPV of USD 2.33 

million (positive). 

Table 16: Maximum Optimum Cost based on the Sensitivity Analysis in Figure 15. 
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Item Maximum Optimum Cost (USD/t) 

EFB 31 

PMF 23 

PKS 52 

*Detailed sensitivity analysis table can be found in Section 6 of Supplementary Materials  

Table 17: New Optimum Cost Range based on Trial and Error. 

Item New Optimum Cost (USD/t) 

EFB 35 

PMF 20 

PKS 32.5 

 

4.3.2 Sensitivity Analysis 2: Impact of Biomass Availability Variation on Feasible 

Operating Range of BSCN 

 To analyse the impact of biomass availability variation, a sensitivity analysis was 

conducted on the biomass availability due to its seasonality. This was done by varying the 

minimum and maximum capacity of POMs (i.e. minxv  and maxxv of POM layer). The minimum 

and maximum capacities were varied by ±10%, ±20%, ±30%, ±40% and ±50% of the 

average capacity in each POM. Readers are directed to Section 6 of supplementary materials 

for the minimum and maximum capacity of each power plant combinations for every biomass 

availability varied from ±10%, ±20%, ±30%, ±40% and ±50%. The corresponding feasible 

operating range the BSCN from the varied capacity of every POM is shown in Figure 14. It is 

worth noting that the minimum and maximum capacity of the downstream process layers 

may constraint the feasible operating range. Hence, these constraints were released by 

allowing the downstream process layers have large enough capacity to process any range of 

biomass capacity from the POMs’ layer.  
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Figure 14: Sensitivity Analysis for Biomass Availability Variation on Feasible Operating 

Range  

Based on Figure 14, higher variation of biomass availability considered in each POM 

capacity ultimately increases the feasible operating range of the BSCN. In this context, the 

increase in feasible operating range of BSCN implies an improved overall supply chain 

flexibility. However, the reliability of BSCN to achieve a desired power output may decrease. 

This is because the increase in feasible operating range would indicate that there is lesser 

guarantee to achieve a given output. For example, consider that the biomass availability 

throughout the year can be represented as a normal distribution curve as shown in Figure 15. 

As shown in Figure 15, the area under the distribution curve represents the probability of the 

biomass availability to occur.  Most notably, Figure 15 indicates that lower variation in 

biomass availability would have higher reliability in meeting the desired power output due to 

its larger area under curve. In other words, if there are less variations in the supply chain, it 

can be said that the reliability for the supply chain to meet a given output is high.  
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Figure 15: Normal Distribution Curve for Occurrence of Biomass Availability on Biomass 

Capacity of Palm Oil Mill and its Relative Bioelectricity Generation Capacity 

 This sensitivity analysis provided insights on how variations in biomass availability 

may impact the reliability of the BSCN.  However, the reliability of BSCN is beyond the 

scope of this work and may serve as a starting point for future work. 

 

4.4 Implications 

 As a whole, this work provides policy-makers a systematic approach to synthesise and 

analyse an optimised BSCN considering government incentives, modes of transportation, pre-

treatment technologies and location of power plant. As government incentives are considered, 

policy-makers can utilise this approach to make more informed decisions when formulating 

incentive packages, grants and subsidies to attract local investment into bioelectricity 

production. Optimised modes of transportation serves as a guideline for the POM’s owner to 

arrange cost effective logistics to transport biomass from POM to power plants.  Besides, the 

model is able to identify the configuration of the energy systems (i.e., centralised, 
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decentralised or both) based on the optimised location of power plants and the direction of 

mass flow from POM to power plants. This will allow policy-makers to determine the 

promising configurations for deployment and to plan feasible grid connections in the BSCN. 

In addition, technology analysis through superstructure optimisation provide insights to 

designer on technologies that are more favourable in certain range of capacity for power 

plants. Thus, this allows policy-makers to identify promising technologies worth investing 

through investment or research. 

 

As the unique minimum and maximum capacities of equipment are dependent on distinct 

biomass availability in each POM, FORA would provide insight on the corresponding 

feasible operating range of the BSCN. FORA allows designers to compare the feasible 

operating range with actual power consumption at the location of case study. This is to check 

if the optimised BSCN is sufficient to fulfil the power demand. In the event that the BSCN 

capacity is insufficient, additional source of biomass (i.e. POM) or any renewable energy 

power generation (e.g. solar, hydropower, etc.) can be incorporated into the network to meet 

the required demand. This would ultimately change the optimised network link in 

superstructure optimisation hence an updated FORA must be performed based on the latest 

optimised network. 

 

5 Conclusion 

 This work presented an integrated optimisation approach to synthesise and analyse a 

bioelectricity supply chain network (BSCN). To demonstrate the presented approach, a palm-

based biomass supply chain problem in Malaysia was solved. The optimum configuration for 

the BSCN within the vicinity of 134 km2 in Selangor was a decentralised power plant 
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location. The ideal locations for the construction of the power plants were selected to be at 

POM 1, POM 4, POM 5 and POM 6. The power plants at POM 1, POM 4 and POM 6 are 

small-scale power plants with average capacity of 14.88 MW, 5.95 MW and 8.03 MW 

respectively. However, POM 5 has a sub-network which receives biomass from POM 2, 

POM 3 and POM 7. POM 5 is a large power plant with an average capacity of 52.07 MW. 

The entire BSCN generates an average total of 80.93 MW of bioelectricity. The BSCN has a 

net present value (NPV) of USD 123.94 million and a payback period of 5 years. A 

sensitivity analysis was performed to identify the optimum biomass cost for the BSCN as the 

raw biomass cost was the pivotal aspect which determined the network profitability. It was 

found that the optimum biomass cost for EFB, PMF and PKS are 35, 20 and 32.5 USD/t 

respectively. Lastly, the feasibility of BSCN was determined using FORA. The BSCN has 

multiple feasible operating bioelectricity production range of 5.06 MW to 10.04 MW, 11.88 

MW to 36.08 MW and 44.26 MW to 101.16 MW which shows that FORA is necessary to 

identify possible inoperable gaps in operating range of BSCN. The proposed approach can be 

further extended to include optimisation of supply chain reliability to ensure the BSCN would 

operate without succumbing unforeseen failure and downtime due to uncertainties (e.g. 

biomass availability). Moreover, the proposed approach can be extended to smart grid 

operations as the FORA provides combination of power plants with varying power capacity 

range that could utilise for power supply chain management.  
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Appendix (A.1) 
1 Material and Energy Balance 

1.1 Facilities, i 

Various raw energy resources from plantations are transported to the respective participating 

facilities with the flow rate Raw
iF . At the facilities, the raw energy resources are converted to 

product, from which various types of biomass r are produced at a conversion of BioX ir . 

Bio Raw BioX=ir i irF F  i∀ r∀  

(Eq. 1) 

Each biomass is split based on the dry and moist basis for each individual facility, i. 

Bio Bio, Dry Bio, Moist= +ir ir irF F F  i∀ r∀  

(Eq. 2) 

A minimum Bio, minMCir and maximum Bio, maxMCir  range for each source is set to accommodate for 

the biomass, r from various facilities, i. The moisture contents for each biomass will be 

calculated by the model Bio, maxMCir . 

Bio, Moist
Bio Bio, min Bio Bio, max

Bio
   , MC MC MCir

ir ir ir ir
ir

F
MC

F
= ≤ ≤  					  (Eq. 3) 

Each type of biomass with flow rate Bio
irF  can distributed between the pre-treatment technology j 

in the pre-treatment process or to bypass the potential pre-treatment process via a “blank 

technology” which does not convert the biomass [1]. The total biomass to be distributed to all 

possible technologies is given as 

Bio Bio

1=

=∑
J

ir irj
j

F F  i∀ r∀  

(Eq. 4)  

The biomass is converted to intermediate k, using the pre-treatment conversionBioX irjk , which is 

determined based on the boiler moisture content constraint (Eq. 16). The total flow of 

intermediates, k is given as 
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( )Int Bio Bio

1 1 1

X
= = =

=∑∑∑
I R J

k irj irjk
i r j

F F  k∀  

(Eq. 5)  

1.2 Logistics   

The intermediate biomass Int
kF  can be transported to another facility or an electrical substation 

(PMU), to undergo the electricity conversion technology. The modes of road transport accessible 

are via truck, a combination of truck and train, or to bypass transportation via a “blank transport” 

and will remain at the respective facility [1]. The total available biomass intermediate which can 

be transported is as follows 

Int

1=

=∑
L

k kl
l

F F  k∀  (Eq. 6)  

The total flow of biomass intermediate k that is transported is given as 

Trans

1=

=∑
K

l kl
k

F F  l∀  

(Eq. 7)  

1.3 Power Plant  

The distribution of the transported biomass Trans
lF  to all possible power plant m, is given below 

Trans Trans

1=

=∑
M

l lm
m

F F  l∀  

(Eq. 8)  

All the transported biomass Trans
lmF  will be collected at the potential power plant location (PP). 

The total biomass collected at each power plant location is expressed in the following equation 

PP Trans

1=

=∑
L

m lm
l

F F  m∀  

(Eq. 9)  

The potential location will be determined by using the Big-M formulation, with M as an arbitrary 

number and mI  as a binary variable [2]. The concept is, should a power plant location be chosen, 

then the flow rate of the biomass to the respective power plant, PP
mF will be a non-zero integer, 

hence mI  can consume a value of either 1 or 0, however once the objective function is set to 
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minimise the overall cost, mI will equal to 1 [2].  maxNm 	is the maximum number of power plant 

locations to be considered. 

PP M( )≤m mF I  

m∀  (Eq. 10) 

max

1

N
M

m m
m

I
=

≤∑  

m∀  (Eq. 11) 

At the power plant, biomass which was sent to technology j will transported will be sent directly 

to the power generation process and will undergo a conversion technology n. The biomass which 

underwent “blank technology” will be sent to pre-treatment technology j’  before proceeding to 

the conversion technology n. The pre-treatment conversion used isBio
' 'Xmj k . 

'
PP

'
' 1=

=∑
J

m mj
j

F F  

m∀  (Eq. 12) 

'
Int Bio
' ' ' '

1 ' 1

X
= =

=∑∑
M J

k mj mj k
m j

F F  'k∀  (Eq. 13) 

The biomass distributed to conversion technology n is as follows to produce electricity e. 

 Int Int
' '

1=

=∑
N

k k n
n

F F  '∀k  (Eq. 14) 

The biomass distributed to conversion technology n produces electricity e with conversion Bio
'X k ne. 

The total electricity generated is as follows: 

'
Prod Int Bio

' '
' 1 1

X
= =

=∑∑
K N

e k n k ne
k n

E F  ∀ e  

(Eq. 15) 

 

The electricity generated Prod
e
E will then be exported. 

Exp Prod

1=
=∑

E

e
e

E E  

 
(Eq. 16) 
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1.4 Economic Evaluation 

All the pathways expressed in Section 1 were determined based on the economic performance of 

each available alternative. The objective function for the proposed BSCN is to maximise the net 

present value (NPV). To determine the economic performance for the proposed BSCN, the 

overall gross profit (GP) was calculated first using the equation below: 

P rod P rod B io B io

1 1 1 1

T rans T rans B io

1 1 1 1 1

' '
In t In t

' ' ' ' '
1 ' 1 ' 1 1

C C

A O T  C C C R F

C C R F C C R F

= = = =

= = = = =

= = = =

 
− 

 
 

= − − 
 
 
 − − 
 

∑ ∑ ∑ ∑

∑ ∑ ∑ ∑ ∑

∑ ∑ ∑ ∑

E I R J

e e ir j ir
e i r j

M L I R J

lm lm irj ir j j
m l i r j

M J K N

m j m j j k n k n n
m j k n

E F

G P F F

F F

 

(Eq. 17) 

ProdCe represents the cost of selling bioelectricity to the grid, BioCir represents the cost of raw 

biomass purchased from each facility i, TransClm is the transportation cost, Cirj  and 'Cmj 	are the cost 

for the pre-treatment technologies whereas Int
'Ck n  are the costs for the conversion technologies. 

Meanwhile, CRFn  is the capital recovery factor for each technology at a given stage. 

Once the GP is calculated, NPV can be determined. NPV is a robust indicator for an economic 

evaluation as it considers the economics after taxation and incentives from the government. On 

top of that, NPV also factors in the total lifespan for the BSCN, t. TAX, DEP and GOV represent 

the marginal tax rate, depreciation and government incentives. The values for TAX, DEP and 

GOV used in the case study are 6%, 8% and 0.04 USD/kWh respectively. R is the expected rate 

of return [1].  

maxt

t 1

(1 ) ( )

(1 )t

GP TAX GOV DEP TAX
NPV

R=

× − + + ×=
+∑  

 (Eq. 18) 

The GP and NPV determined using Eq. 20 and Eq. 21 served as a reference point to indicate the 

profitability of the BSCN in the mathematical model using LINGO.  
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2 Feasible Operating Range Analysis (FORA) 

FORA was modelled using input-output (I-O) modelling and uses linear correlations. I-O 

modelling begins with the construction of an I-O table. The sectors in this paper are represented 

by the layers in the superstructure. Once the I-O table is complete, the entire BSCN network can 

be expressed through FORA as; 

1

V

wv v w
v

a x y
=

=∑  w∀  (Eq. 19) 

wva  represents the matrix of the I-O fractions and xv represents the operating fraction of an unit 

operation (layer). Binaries vb  are used to denote if a unit is active or shutdown; 0 is used to 

denote a shutdown unit and 1 is used to denote an operating unit). yw represents the net flow rate 

of a given component[3]. Positive values are used for products of each layer/unit, negative values 

are used for input value to a given layer/unit and zero for intermediates [3]. During the operation 

of the BSCN, xv may be adjusted within the limits;  

  

min maxx xv v v v vb x b≤ ≤  

 (Eq. 20) 

minxv  and maxxv represent the true minimum and maximum capacities of an unit operation (layer) 

[3]. 

 

Nomenclature  
Abbreviations 

BSCN Bioelectricity supply chain network 

FORA Feasible operating range analysis 

GIS Geographical Information Systems 

MILP Mixed integer linear programming 

MSW Municipal solid waste 

PCA Principal Component Analysis 

LP Linear programming 

NPV Net present value 
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GP  Gross profit 

DORA Design Operability and Retrofit Analysis 

IO Input output 

POM Palm oil mill 

PP Power plant 

PMU Electrical Substation 

IRR Internal rate of return 

AOT Annual operating time 

KTM Train Station (Keretapi Tanah Melayu) 

EFB Empty fruit bunches 

PMF Palm mesocarp fibres 

PKS Palm kernel shell 

 

Indices 

i Index for facilities  

r Index for type of biomass 

j Index for pre-treatment technology in facility i 

k Index for intermediates from pre-treatment technology j in facility i 

m Index for locations of power plant 

l Index for type of transportation 

j’ Index for pre-treatment technology in power plant m 

k' Index for intermediates from pre-treatment j’  technology in power 

plant m 

n Index for conversion process to convert intermediates to electricity 

e Index for electricity generated from power plant m 

 

Variables 

Raw
iF  Mass flow rate of raw energy resources from facility i  

Bio
irF  Mass flow of specific biomass r from facility i 
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Bio, Dry
irF  Mass flow of biomass r in dry basis from facility i 

Bio, Moist
irF  Mass flow of biomass r in moist basis from facility i 

Bio
irjF  Mass flow of biomass r distributed to pre-treatment technology j 

from facilities i 

Int
kF  Total mass flow of intermediates k from all facilities i 

klF  Mass flow of intermediates k distributed with type of transport l  

Trans
lF  Total mass flow of transported intermediate k 

Trans
lmF  Mass of transported intermediate distributed to power plant m 

through transport l 

mI  Binary variable to select power plant m 

PP
mF  Total biomass collected at the location of power plant m 

'mjF  Mass flow rate biomass transported to power plant m distributed to 

pre-treatment technology j’  

Int
'kF  Total mass flow rate of intermediates k’ through pre-treatment 

technology j’ from power plant m 

Int
'k nF  Mass flow rate of intermediates k’ distributed to conversion 

technology n 

Prod
eE  Total electricity e generated from power plant m 

ExpE  Total electricity exported from power plants 

GP Overall gross profit of BSCN 

NPV Net Present Value 

wva  Matrix of Input Output fractions 

xv Operating fraction of a unit operation layer 

vb  Binaries to active or shutdown a unit operation layer 

yw Net flow rate of a given component in Input Output modelling 

Parameters 

BioX ir  Conversion of raw energy resources converted to specific biomass r 
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Bio, minMCir  Minimum moisture content of biomass r from facility i 

Bio, maxMCir  Maximum moisture content of biomass r from facility i 

BioX irjk  
Conversion of biomass r to intermediate k through pre-treatment 

technology j from facilities i 

M Arbitrary number 

maxNm  Maximum number of power plant locations considered 

Bio
' 'Xmj k  

Conversion of intermediate k’ through pre-treatment technology j’  

from power plant m 

Bio
'X k ne 

Conversion of biomass intermediates k’ to electricity e through 

conversion technology n 

AOT Annual operating time of the BSCN 

ProdCe  Cost of selling electricity e to the grid 

BioCir  Cost of raw biomass r from each facility i 

TransClm  Cost of transportation i to power plant m 

Cirj  Cost of pre-treatment technology j in facility i 

'Cmj  Cost of pre-treatment technology j’ in power plant m 

Int
'Ck n  Cost of conversion technology n to convert intermediates k’ 

TAX Marginal Taxation Rate 

DEP Depreciation Rate 

GOV Government incentives 

R Expected rate of return 

t Total lifespan of the BSCN 

minxv  Minimum capacities of an unit operation layer 

maxxv  Maximum capacities of an unit operation layer 
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Highlights 

• Integrated approach for bioelectricity supply chain network is presented 

• Optimum location of centralised/decentralised technologies is determined 

• Feasible operating range analysis is performed for the synthesised network  

• Potential for future bioelectricity projects can be determined 

 

 


