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ABSTRACT 9 

The increase in global energy demands has led to the need for efficient decarbonisation systems to produce renewable energy. 10 
One example of such system is the biomass combined heat and power (CHP) system. Biomass CHP systems have been gaining 11 
a lot of attention in the past few years. However, the variations of energy demand and biomass supply have created a challenge 12 
in synthesising flexible and reliable yet cost-effective biomass CHP systems. A system with high flexibility and reliability 13 
requires additional equipment that perform the same functions. The addition of equipment though, would increase the total cost 14 
of a biomass CHP system. In this respect, it is a challenge to synthesise a biomass CHP design with high flexibility, high 15 
reliability, and low cost. In this paper, a multi-objective fuzzy optimisation model was developed to synthesise the optimal 16 
design of the biomass CHP considering the system cost, flexibility, and reliability. Inspired by the reliability importance 17 
concept, this work expressed reliability linearly, unlike the complex and non-linear expressions developed in the past. 18 
Moreover, the changes of equipment performance under varying loads known as partial load performance is also considered. 19 
To demonstrate the proposed approach, a case study was conducted. The objective of the case study was to synthesise a CHP 20 
system using biomass from palm oil and wood mills as feed. Several scenarios with different power demand were solved to 21 
study the model performance. Additionally, the proposed linear model is compared to a model with non-linear expressions.  22 

Keywords: Biomass, combined heat and power, system flexibility, system reliability, total cost, fuzzy optimisation 23 

Nomenclature 24 

Indices 

i Index for biomass fuel p Index for product 

j,j’,jj’ Index for technologies e Index for energy 

    

 25 
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Parameters 

Fi Available flow of biomass fuel Cj
VAR,OPEX Variable cost conversion for the 

operational expenditure of technology 
j 

Fj
MIN Minimum capacity of technology j Cj

FIX,OPEX Fixed cost constant for the operational 
expenditure of technology j 

Fj
MAX Maximum capacity of technology j Cj’

VAR,OPEX Variable cost conversion for the 
operational expenditure of technology 
j’ 

ηFIX
ijp  Fixed conversion of fuel i to product p 

through technology j  
Cj’

FIX,OPEX Fixed cost constant for the operational 
expenditure of technology j’ 

 ηPARTIAL LOAD
ijp  Partial load conversion of fuel i to product p 

through technology j 
Fe,BASE Baseline output of energy e 

PLj Partial load constant of technology j Fe,CHANGE Changes of energy e from baseline 
output 

Fj’
MIN Minimum capacity of technology j’ Rj Reliability of technology j 

Fj’
MAX Maximum capacity of technology j’ Rj’ Reliability of technology j’ 

'ηFIX
pj e  Fixed conversion of product p to energy e 

through technology j’ 
RMIN,SYSTEM Minimum system reliability 

 
'ηPARTIAL LOAD

pj e  Partial load conversion of product p to energy 
e through technology j’ 

RRj Relative reliability of technology j 

PLj’ Partial load constant of technology j’ RRj’ Relative reliability of technology j’ 

CFj
VAR,CAPEX Variable cost conversion for the capital 

expenditure of technology j  
CUPPER Upper limit for cost 

CFj
FIX,CAPEX Fixed cost constant for the capital expenditure 

of technology j 
CLOWER Lower limit for cost 

CFj’
VAR,CAPEX Variable cost conversion for the capital 

expenditure of technology j’ 
FIUPPER Upper limit for flexibility index 

CFj’
FIX,CAPEX Fixed cost constant for the capital expenditure 

of technology j’ 
FILOWER Lower limit for flexibility index 

AF Annualising factor RRUPPER Upper limit for relative reliability 

R Rate of return for payment period RRLOWER Lower limit for relative reliability 

n Number of payment periods   

    

Variables 

Fij Flow of biomas fuel i to technology j Cj’
OPEX Operational expenditure of technology 

j’ 

Ij Binary variable of technology j COPEX Total operational expenditure of the 
system 

Fjp Flow of output product p from technology j CTOTAL Total cost of the system 
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Fp Flow of product p FI Flexibility index 

Fpj’ Flow of output product p to technology j’ Rjj’ Reliability of technology jj’ 

Ij’ Binary variable of technology j’ Ijj’ Binary variable of technology jj’ 

Fj’e Flow of energy e from technology j’ RSYS Reliability of the system 

Fe Flow of energy e TOTALRR  Total relative reliability 

Cj
CAPEX Capital expenditure of technology j λ Trade-off degree of satisfaction 

Cj’
CAPEX Capital expenditure of technology j’ COSTλ  Degree of satisfaction for cost 

CCAPEX Total capital expenditure of the system FLEXλ  Degree of satisfaction for flexibility 

Cj
OPEX Operational expenditure of technology j RELIABILITYλ  Degree of satisfaction for reliabiility 

1. Introduction 26 

In the past few years, the growth of the world’s population and the advancement of technologies have led to an increase in 27 
global energy consumption. To date, more than 80% of global energy consumption is met solely by fossil-based resources (BP, 28 
2019). Studies have shown that by 2050, the oil and gas reserves are estimated to decrease to less than 20% (Martins et al., 29 
2019). Aside from the depletion of non-renewable energy resources, the consumption of fossil-based resources also affects the 30 
environment greatly. Carbon dioxide (CO2) and other greenhouse gases released through the combustion of fossil-based 31 
resources are the primary contributors to climate change and global warming. In 2018, around 38 billion tonnes of CO2 are 32 
released from the consumption of fossil-based resources (Crippa et al., 2019). This amount has contributed to more than two-33 
thirds of the total greenhouse gas emission in the world (Olivier and Peters, 2020). The excessive consumption of fossil-based 34 
resources has created both energy sustainability and environmental issues. With this in mind, policy-makers emphasise the 35 
need for a large-scale decarbonisation systems that operate on renewable energy sources. 36 

Biomass combined heat and power (CHP) is an integrated system that generates electricity and thermal energy 37 
simultaneously from biomass fuel. As an energy source, biomass offers a number of potential environmental and economic 38 
benefits. For instance, a study by Koruba et al. (2017) pointed out that biomass gives environmental benefits because it produces 39 
low net CO2 emissions as compared to fossil fuel energy sources. In addition, biomass residues that were previously regarded 40 
as wastes, can now be monetised to create economic benefits (Perea-Moreno et al., 2019). Biomass CHP systems also have 41 
higher energy conversion efficiency compared to conventional energy generation systems. The system converts biomass to 42 
gaseous product through gasifiers or anaerobic digestion systems. The gaseous product is further utilised to produce power and 43 
hot exhaust gas as the by-product. The heat from hot exhaust gas is then captured to produce utility like low pressure steam. 44 
Alternatively, biomass can be used in boilers to produce high pressure steam. The high pressure steam is then used to generate 45 
power.  46 

Biomass CHP systems are required to be very versatile to generate heat and power. This is because energy demands are 47 
constantly changing due to the advancement of technologies and the increase of population. In this sense, biomass CHP systems 48 
need to be agile towards such changing demands. On top of this, the biomass fuel fed to the CHP system may have inconsistent 49 
compositions. This may affect the output of the biomass CHP system if not taken into account. In order to have a versatile 50 
system, biomass CHP systems must have high flexibility. From a technical point of view, a system can achieve high flexibility 51 



 4  
 

by increasing the number of technologies employed. However, this creates a challenge in designing a cost-effective biomass 52 
CHP system as systems with high flexibility would often require additional costs to increase the number of technologies in 53 
operation. 54 

The challenge above can be addressed using mathematical optimisation. Mathematical optimisation can be defined as the 55 
process of maximising or minimising an objective function within a set of inputs under a certain degree of constraint 56 
(Andiappan, 2017). This optimisation approach starts by developing the mathematical model through formulating a set of 57 
mathematical equations, followed by solving the mathematical model. There are two elements in the process of developing a 58 
mathematical model: constraints and objective function (Arsham, 2014). Constraints within the mathematical model define the 59 
limits of variables. For example, the available amount of fuel, the allowable operating capacity, the amount of required product, 60 
etc. Meanwhile, the objective function is the criteria that the system needs to achieve. Normally it is either maximising or 61 
minimising of a certain aspect. Examples of the objective functions can be minimising total costs or maximising profit. 62 

There are many mathematical optimisation studies related to the optimal design of biomass CHP system or multi-fuel CHP 63 
systems. For example, Zhang et al. (2015) developed an optimal design of a CHP-based microgrids considering environmental 64 
and economic sustainability aspect. The optimal design of the microgrids is developed using a multi-objective optimisation 65 
model. Wang et al. (2017) presented a mixed integer linear programming model to determine the optimal design and operation 66 
of CHP units based on the cost and carbon emissions. Elsido et al. (2017) used a mixed-integer non-linear programming and 67 
two-stage optimisation algorithm to determine the most profitable CHP units design with heat storage. Meanwhile, Chong et 68 
al. (2017) presented an approach to design a biomass energy system along with carbon capture technology. A systematic 69 
framework based on linear programming was developed by Ling et al. (2018) to design a biomass CHP system that can 70 
minimise the loss of economic opportunity due to varying energy demand. The model developed will determine the optimum 71 
biomass CHP design. Pérez-Uresti et al. (2019) developed a mixed-integer nonlinear programming model for the design of a 72 
renewable-based utility plant. The developed model is used to select the technologies with a minimum total system annual cost. 73 
From the studies shown in above, most of the work done on the optimal design development of the biomass CHP or CHP 74 
system with other types of fuel only considered the economic performance, environmental impact or both. Meanwhile, as 75 
mentioned previously, it is also necessary to consider the system flexibility due to the versatility nature of the biomass CHP 76 
system. 77 

Flexibility is defined as the ability of the system to deploy its resources and assets to respond to the net demand changes 78 
(Lannoye et al., 2012). A system with high flexibility has the potential to avoid penalty costs caused by the uncertainties. One 79 
of the uncertainties in this case is the energy demand. Energy demand varies from time to time and is affected by various factors 80 
(e.g., changes in weather, increase of population, etc.). Even though system flexibility is important in the design of biomass 81 
CHP system, most of the studies on system flexibility optimisation is in the field of the manufacturing industry. For example, 82 
Song et al. (2016) integrated the discrete event simulation and the genetic algorithm in solving the optimisation problem in the 83 
flexible manufacturing system and Bhosale and Pawar (2018) modified a mathematical model to optimise the material flow of 84 
a flexible manufacturing system. Only until recent years, studies on energy system flexibility has been gaining more attention. 85 
There are some studies done on power system flexibility through the penetration of renewable energy sources. Alizadeh et al. 86 
(2016) did a review on additional flexibility requirements in power systems due to high penetration rate of renewables. Akrami 87 
et al. (2019) studied the change of power system flexibility in response to the penetration of renewables. A multiperiod mixed-88 
integer linear model is formulated to design a flexible renewable-based utility plant (Pérez-Uresti et al., 2020). There are also 89 
some studies on optimising the flexibility of CHP system. For instance, Nuytten et al. (2013) proposed a generic model to 90 



 5  
 

assess the flexibility of CHP system. The model is used to determines the theoretical maximum flexibility of a CHP system 91 
coupled to a thermal energy storage. De Rosa et al. (2018) performed a techno-economic feasibility study on the gas turbine 92 
CHP system. The system is integrated with thermal and electrical storage and the energy flexibility potential response to the 93 
varying demand is studied. Results have shown that integrating the thermal energy storage system can save up to 7% of the 94 
cost. One notable study from Lok et al. (2020) did consider flexibility in the CHP system. However, the work from Lok et al. 95 
(2020) optimised the flexibility of an existing CHP system operation with respect to fuel emissions, start-up and shutdown 96 
costs. In fact, Lok et al. (2020) did not consider designing a CHP entirely. Similarly, Andiappan et al. (2017) developed a 97 
design operability and retrofit analysis framework for energy systems. In this work (Andiappan et al., 2017), a feasible operating 98 
range analysis was proposed to analyse the inherent flexibility of a highly integrated energy system that is in operation. Foong 99 
et al. (2019) later extended the work by Andiappan et al. (2017) to consider flexibility and utilisation factors for the design of 100 
a palm oil mill (Foong et al., 2018).   101 

Other than flexibility, another challenge in the design of a cost-effective system is system reliability. Reliability is defined 102 
as the probability of a process or system to perform a required function for a certain time under a specified condition (Ebeling, 103 
1997). Studies had shown that a system or process with low reliability often leads to undesirable consequences, such as safety 104 
issues, high costs of maintenance and repair (Paganin and Borsato, 2017). Thus, reliability should be considered in the initial 105 
design phase (Yang et al., 2011). In the past, reliability is often pre-determined based on heuristics or rule of thumb. For 106 
example, the n+2 rule where two additional units added to the initial proposed design. There are some studies done on the 107 
optimisation of system reliability. For instance, Haghifam and Manbachi (2011) studied the reliability of CHP systems and 108 
proposed a CHP reliability model. The model is based on the state space and the continuous Markov method. Ruiz-Rodriguez 109 
et al. (2014) presented a method based on shuffled frog-leaping algorithm and probabilistic load flow to optimise a biomass 110 
electric power system reliability. Sacaan et al. (2017) improved a power system reliability using an industrial strength compass 111 
algorithm. Andiappan et al. (2019) proposed a mixed integer linear program model to optimise the design and reliability of 112 
energy systems based on the function of equipment and their operating capacity. More recently, Benjamin et al. (2020) extended 113 
the a previously published work (Andiappan et al., 2018) to design a bioenergy park based on reliability.   114 

In summary, many studies have looked to optimise the economic and/or environmental performance of the biomass 115 
CHP/CHP systems. However, there are only a few works done on optimising the reliability of the system along with system 116 
flexibility. However, aspects like flexibility and reliability are necessary to be considered in the design of the biomass CHP 117 
system. Low flexibility and reliability system would lead to additional costs during the operation. This is because a low 118 
flexibility and reliability system would require the addition of equipment or maintenance if there are any changes in energy 119 
demand or failure of equipment. To increase the system flexibility and reliability, it would also mean increasing the total costs. 120 
Therefore, a trade-off between cost and system flexibility and reliability need to be achieved. Cost, flexibility, and reliability 121 
are contradicting objectives, where improving one aspect would lead to sacrificing the other. Optimisation model that has two 122 
or more contradicting objectives also known as Multi-objective Optimisation (MOO). Optimisation contradicting objectives 123 
often generate a set of solutions, it is hard to satisfy all objectives with a single solution from the mathematical point of view 124 
(Cui et al., 2017). Study from Gunantara (2018) identified two methods of MOO that do not require complicated equations, 125 
which are Pareto and Scalarisation. Pareto method generated sets of solutions consisting of dominated solution and non-126 
dominated solution. Meanwhile, scalarisation method converts multi-objective functions into a single solution using weights. 127 
Schmidt et al. (2019) applied the scalarisation method by developing a compact mixed-integer linear programming formulation, 128 
the problems are reduced to well-known single-objective problems. A review from Andiappan (2017) showed that there are 129 
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two classes of approaches in obtaining a single solution for a MOO problem. Priori approaches and Posteriori approaches, two 130 
classes are distinguished by the time when the decision-maker provides additional preferences. Priori approach is before the 131 
solution process starts and posteriori approach is after the solutions generated. The weighted sum is one example of the priori 132 
approach. There are three commonly applied posteriori approaches ε-constraint, fuzzy optimisation, and EMOAs (evolutionary 133 
multi-objective algorithms). 134 

The aim of this work is to develop a mathematical optimisation model to design a biomass CHP system with high flexibility, 135 
reliability, and low cost. Fuzzy optimisation, one of the posteriori approaches is chosen to optimise the design of the biomass 136 
CHP. The reason for this is because, unlike other techniques, fuzzy optimisation does not require prior knowledge from the 137 
decision-maker (Korte, 2003). In fact, fuzzy optimisation is employed to solve the fuzzy decision problem where a lot of 138 
uncertainties, ambiguity, and vagueness are involved. The working principle of fuzzy optimisation can be explained in 2 steps 139 
as shown in Fig. 1. The first step is the integration of the contradicting objective functions into one interdependence variable 140 
(λ). This interdependence variable (λ) represents the relations of the contradicting objectives. As mentioned previously, MOO 141 
model has two of more contradicting objectives. These contradicting objective functions can be classified into two types: 142 
Property to be maximised and property to be minimised. For objectives under the classification of property to be maximised, 143 
the higher the value of the higher the level of satisfaction. Meanwhile, it is the other way for objectives under the classification 144 
of property to be minimised. The second step would be the optimisation of interdependence variable (λ), when an 145 
interdependence variable (λ) of contradicting objectives is optimised, the result will generates an optimal solution with partial 146 
satisfaction of all the contradicting objectives. 147 

 148 
Fig. 1. Working principle of fuzzy optimisation 149 

 150 
Asides from this, this works also consider the partial load performance of the equipment in the biomass CHP system. This 151 

is because the variation of energy demand might cause equipment operating at partial load conditions (Karakurt and Güneş, 152 
2017) and the performance of the equipment under partial load conditions might not be the same as the full load conditions. 153 
Some of the equipment performances are affected by the percentage of load capacity. For example, studies shown that the 154 
performance of a gas turbine is more sensitive to changes in load percentage compared to other equipment (Ebrahimi and 155 
Keshavarz, 2015a). Another study from Sarbu and Sebarchievici (2016) showed that the equipment efficiency is often lower 156 
when operates at lower loads than its rated capacity. Hence, the consideration of equipment partial load performance is 157 
important to measure realistic system performance when meeting energy demand variations.  158 

This paper is divided into five sections. Section 1 is the introduction, Section 2 provides the methodology of the multi-159 
objective optimisation approach developed in this work. Section 3 presents a case study conducted to demonstrate the model 160 
performance. Section 4 presents and discusses the result of the case study. Last, Section 5 draws on the conclusions of this 161 
work and some suggestions and recommendations on the directions for future work. 162 

2. Methodology  163 

As described previously, the aim of this work is to develop a mathematical optimisation model to design a biomass CHP 164 
system with high system flexibility, reliability, and low total cost. A generic superstructure of the biomass CHP is shown in 165 
Fig. 2. Several types of biomass fuels i ∈ I is converted to products p ∈ P through different process technologies j ∈ J. The 166 
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products p ∈ P will be further converted into energies e ∈ E using various energy generation technologies j’ ∈ J’. Some examples 167 
of the energies e produced are thermal energy (heat) and electrical energy (electricity).  168 

 169 
Fig. 2. Generic superstructure for biomass CHP system 170 

 171 
After the development of the biomass CHP superstructure, the next step is to formulate the mathematical equation. In this 172 

work, the mathematical equations can be classified into five different types. Starting from the mass and energy flow, cost, 173 
flexibility, reliability, and fuzzy optimisation. Each of the mathematical model formulation will be explained in detail in the 174 
following subsection. Note that there are two types of mathematical notations. Italic represents the variable determined by the 175 
model. Meanwhile, non-italic represents the fixed value defined in the model. 176 

 177 

2.1 Mass Balance and Energy Conversion  178 

There are many types of biomass fuel and technology options in a biomass CHP system. Different types of fuel may have 179 
different forms and compositions. For example, there are solid and liquid types of biomass fuel. Each type of fuel can be 180 
converted into different types of products depending on the technology selected. Meanwhile, each type of technology have their 181 
own respective performance, conversion, capacity limit, and specification.  182 

The available biomass fuel flow Fi can be distributed to any process technologies j. Fij is the flow of biomass fuel i to process 183 
technology j. However, not all of the available biomass fuel will be utilised, Fij will be determined by the model. Eq. (1) 184 
represents the distribution flow of biomass fuels i to process technologies j. 185 

 

1

F
J

i ij
j

F
=

≥∑  i∀  (1) 

Each technology has operating capacity limits (i.e., maximum and minimum capacity limits). The flow of biomass fuel i to 186 
process technology j, Fij must be larger than the minimum capacity Fj

MIN and lower than maximum capacity Fj
MAX. These 187 

constraints are shown in Eq. (2). Binary variable Ij represents the operational state (On = 1, Off =0) of technology j. It is 188 
introduced to ensure that Eq. (2) still valid when there is no flow to technology j. 189 

 

1

F  F
I

MIN MAX
j j ij j j

i

I F I
=

≤ ≤∑   j∀  (2) 

In each process technology j, biomass fuel i is converted into product p. There are two types of conversion equations: Fixed 190 
efficiency performance and partial load performance equation. The classification of the conversion equation is based on the 191 
equipment performance. The fixed efficiency performance equation represents the conversion rate of equipment with a fixed 192 
efficiency. The performance of this type of equipment is only affected by the input flow. The fixed efficiency performance 193 

equation is shown in Eq. (3). ηFIX
ijp is the fixed conversion value of technology j and Fjp is the output flow of product p from 194 

process technology j. 195 
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1

η
I

FIX
jp ij ijp

i

F F
=

=∑  j p∀ ∀  (3) 

The second type of conversion equation is the partial load performance equation. As mentioned previously in the introduction 196 
section, the performance of some equipment is affected by its load percentage. For example, study from Karakurt and Güneş 197 
(2017) shown that the performance of a steam turbine reduced when operating at half of its maximum load. In this respect, the 198 

changes in equipment performance or efficiency based on load percentage is represented in Eq. (4).  ηPARTIAL LOAD
ijp  is the partial 199 

load conversion value. PLj is the partial load constant of process technology j and is often a negative value. PLj is introduced 200 
to compensate for the changes in equipment performance due to operation under partial load conditions. Binary variable Ij is 201 
introduced in this equation to ensure that the partial load constant PLj is only valid when process technology j is operating. 202 

  
j

1

η PL
I

PARTIAL LOAD
jp ij ijp j

i

F F I
=

= +∑  j p∀ ∀  (4) 

There are many different types of products p. Some examples include biogas, syngas, steam, etc. The flow of the product 203 
under the same category will be collected and combined. Eq. (5) represents the flow combination of products p. Fp is the final 204 
combined flow of product p under the same category. 205 

 

1

J

p jp
j

F F
=

=∑  p∀  (5) 

The combined flow of product p will then be distributed to different types of energy generation technologies j’ shown in Eq. 206 
(6). Unlike the biomass fuel i, all the product converted will be distributed. Fpj’ is the flow of product p to energy generation 207 
technology j’. 208 

 '

'
' 1

J

p pj
j

F F
=

=∑  p∀  (6) 

Similar to process technology j, each of the energy generation technology j’ also have operating capacity limits. Eq. (7) 209 
presents the flow constraints or operating limits of energy generation technology j’. Fj’

MIN is minimum capacity and Fj’
MAX is 210 

maximum capacity of energy generation technology j’. The binary variable Ij’ represents the operational state (On = 1, Off =0) 211 
of the energy generation technology j’.  212 

 
' ' ' ' '

1

F  F
P

MIN MAX
j j pj j j

p

I F I
=

≤ ≤∑  'j∀  (7) 

Energy generation technologies j’ also have two different types of conversion equations. The fixed efficiency equation shown 213 

in Eq. (8) and partial load performance equation shown in Eq. (9). 'ηFIX
pj e  is the fixed conversion value of energy generation 214 
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technology j’,  
'ηPARTIAL LOAD

pj e  is the partial load conversion value of energy generation technology j’, and PLj’ is the partial load 215 

constant of energy generation technology j’. Fj’e represents the flow of energy generated from energy generation technology j’. 216 
Binary variable Ij’ is introduced to ensure that the partial load constant PLj’ only valid when energy generation technology j’ is 217 
operating. 218 

 
' ' '

1

η
P

FIX
j e pj pj e

p

F F
=

=∑    'j e∀ ∀  (8) 

  
' ' ' ' '

1

η PL
P

PARTIAL LOAD
j e pj pj e j j

p

F F I
=

= +∑  'j e∀ ∀  (9) 

The energy generated can be in many forms (e.g., heat energy, electricity energy, etc). The flow of same type of energy will 219 
be combined and the flow combination equation is shown in Eq. (10). Fe is the flow of the energy e from the entire system. 220 

 '

'
' 1

J

e j e
j

F F
=

=∑  e∀  (10) 

 221 

2.2 Cost  222 

Cost is one of the objectives considered in this work. The total cost includes the capital expenditure (CAPEX) and the 223 
operational expenditure (OPEX) of process technologies j and energy generation technologies j’. The cost the biomass fuel is 224 
not considered in this work. This is because most of the biomass fuels are waste or residue from various industries. For example, 225 
animal manure, wood waste, crop waste, etc. The CAPEX can be further divided into two types of costs, the variable cost and 226 
fixed cost. The variable cost is the cost of the equipment that varies based on the equipment capacity or size. On the other hand, 227 
the fixed cost is the cost of installing the equipment. The fixed cost is not affected by the equipment capacity and it is activated 228 
upon purchase of the equipment (i.e, when Ij = 1). Eq. (11) presents the capital expenditure of process technology j. Cj

CAPEX is 229 
the total CAPEX of process technology j. CFj

VAR,CAPEX and CFj
FIX,CAPEX represent the variable cost and fixed cost of process 230 

technology j CAPEX respectively. The binary variable Ij is introduced to ensure the fixed cost only valid when the process 231 
technology j is operating (Ij = 1). 232 

Eq. (12) presents the capital expenditure of energy generation technology j’. Cj’
CAPEX is the total CAPEX of energy generation 233 

technology j’. CFj’
VAR,CAPEX and CFj’

FIX,CAPEX represent the variable cost and fixed cost of energy generation technology j’ 234 
CAPEX respectively. The binary variable Ij’ is introduced to ensure the fixed cost only valid when the energy generation 235 
technology j’ is operating (Ij’ = 1). 236 

 
, ,

1

CF CF
I

CAPEX VAR CAPEX FIX CAPEX
j ij j j j

i

C F I
=

= +∑  j∀  (11) 
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Eq. (13) shows the total CAPEX equation. CCAPEX is the summation of all the technologies CAPEX times annualising factor 237 
AF. Annualising factor AF is introduced to annualise total CAPEX. By doing so, the annual capital cost can be obtained. The 238 
calculation of annualising factor AF is shown in Eq. (14). R is the rate of return for payment period and the n is the number of 239 
payment periods. 240 

 '

'
1 ' 1

AF
J J

CAPEX CAPEX CAPEX
j j

j j

C C C
= =

 
 = +
 
 
∑ ∑   (13) 

 R(1+R)
AF = 

(1+R) -1

n

n

 
 
 
 

  (14) 

Similar to the CAPEX, OPEX is also divided into two types of costs: The variable cost and fixed cost. The variable cost is 241 
the operational cost that varies based on the equipment flowrate. On the other hand, the fixed cost is the labour cost to operate 242 
the equipment. It is activated only when the equipment is operating (i.e., when Ij = 1). Eq. (15) shows the OPEX of process 243 
technology j. Cj

OPEX is the total OPEX of process technology j. Cj
VAR,OPEX and Cj

FIX,OPEX represent the variable cost and fixed 244 
cost of process technology j OPEX respectively. The binary variable Ij is introduced to ensure the fixed cost is only valid when 245 
process technology j is operating (Ij = 1). 246 
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Eq. (16) shows the OPEX of energy generation technology j’. Cj’
OPEX is the total OPEX of energy generation technology j’. 247 

Cj’
VAR,OPEX and Cj’

FIX,OPEX represent the variable and fixed cost of energy generation technology j OPEX respectively. The binary 248 
variable Ij’ is introduced to ensure the fixed cost is only valid when energy generation technology j’ is operating (Ij’ = 1). 249 
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The total OPEX of the plant COPEX is the summation of all the technologies OPEX shown in Eq. (17).  250 
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The total cost of the system CTOTAL is the addition of total CAPEX CCAPEX and total OPEX COPEX shown in Eq. (18). 251 
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 TOTAL CAPEX OPEXC C C= +   (18) 

2.3 Flexibility 252 

Following total cost, another objective considered in this work is the system flexibility. Flexibility index FI variable is 253 
introduced to measure the flexibility of the CHP system towards the changes in energy demand. The flexibility index FI must 254 
lies within the range of 0 - 1 (shown in Eq. (19)). If FI equal to 1, it indicates that the system is flexible towards the changes in 255 
energy demand. Meanwhile, If FI equal to 0, It indicates that the system is not flexible and do not have the ability to adapt to 256 
the changes in energy demand. The third scenario is where FI lies in between 0 and 1, this indicates that the system is partially 257 
flexible towards the changes in energy demand (Swaney and Grossmann, 1985). Eq. (20) shows how flexibility index FI is 258 
determined. Fe,BASE is the baseline output of the energy e, whereas Fe,CHANGE is the changes of energy e from baseline output. 259 
Essentially, This would imply that the summation of Fe,BASE and Fe,CHANGE would be the total output of energy e from the system. 260 
For instance, consider that the intended power output of a CHP system is 10 MW. If the given system needs to be designed 261 
from scratch, then the Fe,BASE would be set to zero since there is no prior baseline output for a system that has not be implemented 262 
yet. Meanwhile, the Fe,CHANGE would be set to 10 MW. This will allow the decision-maker to determine if the system could be 263 
designed to achieve 10 MW via optimisation of FI. In this respect, if FI is found to be equal 1, then the system designed is 264 
highly flexible to achieve 10 MW. Anything less than 1, would indicate partial flexibility to 10 MW.    265 

 0 1FI≤ ≤   (19) 

 , ,F Fe e BASE e CHANGEF FI= +  e∀  (20) 
 

2.4 Reliability  266 

Along with cost and flexibility, system reliability was also considered in this work. The common practice in optimising the 267 
system reliability is through expressions that are non-linear as shown in Eq. (21). The non-linear reliability expressions calculate 268 
the system reliability based on the combination of series-parallel components. The series-parallel combination concept entails 269 
that reliabilities for all technologies in series to be consolidated to one value Rjj’ for each pathway. The consolidated Rjj’ value 270 
for each pathway is then used in Eq. (21) and is assessed as a parallel system. Ijj’ is the binary variable of respective technology 271 
jj’, and RSYS is the system reliability. 272 

 '

' '
' 1

1 (1 )
JJ

SYS jj jj
jj

R R I
=

= − −∏  { }'   ,   where ' = , 'jj jj j j∀  (21) 

 In general, non-linear expressions of system reliability offer great accuracy, but it is more complex compared to linear 273 
expressions. Thus, it requires a large amount of time and effort to generate results (Silvia et al., 2016). Even though non-linear 274 
expressions have good performance, but it may not be suitable in a situation where a quick and less accurate result is required. 275 
For example, during the preliminary stage and to assist the decision making in synthesising the design of a plant. Thus, a linear 276 
approach is proposed as an alternative to the non-linear approach. The proposed linear approach was inspired by the reliability 277 
importance concept, which measures the effect of the change in reliability of each component compared to the system reliability 278 
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(Amrutkar and Kamalja, 2017). In this work, a variable essentially introduced to express relative reliability RR. The relative 279 
reliability RR variable is a normalised value, where the individual equipment reliability is compared to the minimum system 280 
reliability. A high equipment relative reliability RR indicates that the equipment reliability is higher and vice versa. 281 

The relative reliability of process technology j is shown in Eq. (22). Rj is process technology j reliability, RRj is the relative 282 
reliability of process technology j, and RMIN,SYSTEM is the system minimum reliability. 283 

 
,

R
RR

R
j

j MIN SYSTEM=  j∀  (22) 

Eq. (23) presents the relative reliability of energy generation technology j’. Rj’ is the energy generation technology j’ 284 
reliability and RRj’ is the relative reliability of energy generation technology j’. 285 
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The total relative reliability TOTALRR  is calculated as shown in Eq. (24).  286 
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The total relative reliability RRTOTAL is the summation of all the equipment relative reliability RR. It is used to represent the 287 
total system reliability. This is based on the theory of the higher amount of equipment operating the higher the system reliability. 288 
In reality however, this might not be the case, as system reliability can also be affected by the arrangement of the equipment in 289 
series/parallel. The linear approach of system reliability calculation would generate a less accurate result than the conventional 290 
non-linear reliability, but it is less complicated. The system reliability will be calculated manually after the optimal design of 291 
the biomass CHP is synthesised at the end.  292 

 293 

2.5 Fuzzy Optimisation 294 

As mentioned previously, fuzzy optimisation is used to solve the contradicting objectives in this work. Each of the 295 
contradicting objectives has its of respective degree of satisfaction. All the contradicting objectives are integrated into one 296 
degree of satisfaction λ and by optimising the degree of satisfaction λ, fuzzy optimisation can achieve a partial satisfaction of 297 
all the objectives. This is because fuzzy optimisation is based on a max-min aggregation rule, where the worst performance 298 
objective is maximised (Zimmermann, 1983,1978).  299 

The trade-off between the contradicting objectives is achieved using equations from Eqs. (25) - (29). 300 

 UPPER UPPER LOWERC / C CTOTAL COSTC λ− − =   (25) 

 LOWER UPPER LOWERFI / FI FI FLEXFI λ− − =   (26) 

 LOWER UPPER LOWERRR / RR RRTOTAL RELIABILITYRR λ− − =   (27) 
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CUPPER, FIUPPER, and RRUPPER are the upper limits for cost, flexibility index, and relative reliability respectively. Meanwhile, 301 
CLOWER, FILOWER, and RRLOWER are the lower limits. The upper and lower limits of all the objectives are obtained by solving 302 
each objective individually. The lower limits of the flexibility index, relative reliability, and total cost can be obtained by 303 
minimising the total cost, CTOTAL. The upper limits of the flexibility index and cost can be obtained by maximising the flexibility 304 

index, FI. The upper limit of the relative reliability can be obtained by maximising the total relative reliability, RRTOTAL. COSTλ305 

, FLEXλ , and RELIABILITYλ are the degree of satisfaction for cost, flexibility, and reliability respectively. These degrees of 306 

satisfaction are illustrated in Fig. 3a-3c. The integration of contradicting objectives into a trade-off degree of satisfactionλ  is 307 

shown in Eq. (28) and illustrated in Fig. 3d. Meanwhile, the trade-off λ  is the maximised as shown in Eq. (29). By doing so, 308 

the optimal biomass CHP system design can be determined based on costs, flexibility and reliability.   309 
The following section details the case study considered in this work. The case study was solved as a means of demonstrating 310 

the proposed methodology in Section 2. 311 

 312 

Fig. 3. Types of degree of satisfaction (a = Cost, b = Flexibility, c = Reliability, and d = Trade-off) 313 

3. Case Study 314 

The objective of this case study is to demonstrate the proposed model by synthesising an optimal biomass CHP design based 315 
on different power demands, considering the trade-off between flexibility, reliability and cost. The types of biomass fuels 316 
considered in this case study are wastes from palm oil and wood mills.  Table 1 presents the information of each fuel considered 317 
for this case study. The information includes the moisture content, available amount, calorific value, and the average size. In 318 
general, the biomass feed can be differentiated into two types: Solid and liquid types of biomass. In this case study, solid 319 
biomass fuel includes the palm kernel shell (PKS), palm mesocarp fiber (PMF), empty fruit bunch (EFB), and wood. On the 320 
other hand, palm oil mill effluent (POME) is classified under the liquid biomass fuel. 321 

Table 1. Fuel information 322 
 323 

In addition to Table 1, information on fuel compatibility is required. This is to assist in the development of the superstructure, 324 
whereby each type of fuel is connected to their respective compatible technologies. A list of various technologies considered 325 
in the biomass CHP system are shown in Table 2. There are different types of equipment considered under each technology. 326 
For example, a dryer is considered a technology. However, there are several types of dryers (i.e., rotary dryer, flash dryer, and 327 
superheated steam dryer) considered for drying purpose. Meanwhile, Table 3 presents the compatibilities of each fuel with their 328 
respective technologies. 329 

Table 2. List of technologies considered 330 
 331 

Table 3. Biomass fuel and technology compatibilities 332 

 , ,COST FLEX RELIABILITYλ λ λ λ≥   (28) 

 Maximise λ   (29) 
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 333 

Each type of biomass will require different types of pre-treatment processes. Biomass will then be converted into different 334 
types of intermediate products before being fed into the energy generation technology. In energy generation technology, power 335 
and heat will be produced depending on the types of technologies selected. Table 4 presents the process and energy generation 336 
technologies considered for selection in this case study, as well as the (intermediate) products and energies generated from 337 
different type of biomass fuels.  338 

Table 4. Possible technologies, products and energies for different type biomass fuels 339 
 340 

The process technologies shown in Table 4 includes pre-treatment. The pre-treatment process of the solid biomass fuel 341 
involves shredding and drying processes. After pre-treatment of solid biomass, there are two types of technologies used to 342 
convert the solid biomass: Boilers and Gasifiers. Boilers are used to convert solid biomass fuel to steam and gasifiers are used 343 
to convert solid biomass fuel to syngas. The liquid biomass fuel POME can be converted into the biogas. The pre-treatment 344 
process of the biogas in this case is the separation of impurities in the biogas (carbon dioxide, carbon monoxide, etc). There are 345 
five different options for the separation of gas impurities (refer to Table 2). Aside from this, there are three different possible 346 
intermediate products converted from solid and liquid biomass fuels. These intermediate products include steam, syngas and 347 
biogas. Produced steam is only compatible with specific types of energy generation technologies like steam turbines and stirling 348 
engines. Meanwhile, syngas and biogas can be fed into either a gas turbine integrated with a heat recovery steam generator, gas 349 
engine, or micro-turbine engine. The properties of intermediate products and steam considered for this case study is shown in 350 
Table 5. 351 

 352 

Table 5. Intermediate Products and steam properties 353 

 354 

Combining all the information of the biomass fuels and their respective technological compatibilities of fuels and 355 
technologies, a superstructure is developed as shown in Fig. 4. Following the development of the superstructure, a mixed-356 
integer linear programming (MILP) model is developed using Eqs. (1) – (29) shown previously in Section 2. Next, the 357 
information on each technology is collected. Table 6 presents the data of the specifications of each technology. Note that the 358 
reliability data included in Table 6 represent the values for Rj used in Eqs. (22) – (23) to define the relative reliability.  359 

The model developed in this case study, is then solved in four scenarios. Each scenario contains a different power demand 360 
(i.e., 5 MW, 10 MW, 15 MW, and 20 MW). However, these four scenarios (i.e., Scenarios 1-4) all have a constant heat demand 361 
(i.e., 1 MW). The purpose of this is to analyse the implications of different power demands on the trade-off between cost, 362 
reliability and flexibility. In addition to that, these four scenarios focused on the grassroots design of the biomass CHP system. 363 
Therefore, the Fe,BASE of all scenarios are set to be zero and the Fe,CHANGE of each scenario are their respective power demands 364 
(5 MW, 10 MW, 15 MW, and 20 MW). The MILP model was developed using LINGO v18.0 (ASUS A45V laptop with Intel 365 
Core i7 (2.40 GHz) processor and 12.0 GB RAM). The model consists of total 513 variables, 43 integer variables, and 521 366 
constraints. The duration used to solve the model is within 3 seconds. An additional scenario (i.e., Scenario 5) was solved, but 367 
this time with a non-linear model. The non-linear model was built using typical non-linear expressions for system reliability 368 



 15  
 

(Refer to Eq. (21)) was also developed. The performance of the proposed linear model will be compared to the non-linear 369 
model. This is shown in the fifth scenario of the case study.  370 

 371 

 372 

Fig. 4. Case study biomass CHP superstructure 373 
 374 
 375 

Abbreviations for Superstructure 376 
 377 

 378 
 379 

Table 6. Technology specification data 380 

4. Results and Discussion 381 

In this section, the results for all five scenarios considered in the case study are presented and discussed. In each scenario, 382 
fuzzy optimisation was used to determine the optimal design based on a trade-off between cost, flexibility and reliability. To 383 
solve the fuzzy optimisation model, upper and lower limits for each objective are required. These limits were obtained using 384 
the steps mentioned in Section 2. A summary of the upper and lower limits can be found in Table 7. As mentioned, Scenarios 385 
1-4 employed the linear expressions shown in Eq. (22)-(24) for system reliability. The values obtained via Eqs. (22)-(24) were 386 
then translated into system reliability using conventional reliability expression shown in Eq. (21). Meanwhile, the system 387 
reliability in Scenario 5 was generated directly from the non-linear model. Lastly, the commonly selected technologies among 388 
all scenarios are identified and these technologies are classified under different categories based on the number of appearances. 389 

To solve a fuzzy optimisation model, the upper and lower limits of each objective are required. This was shown in Eqs. (25)-390 
(27) where the upper and lower limits obtained are used to calculate the degree of satisfaction of each objective. Table 7 presents 391 
the upper and lower limits obtained for each objective in all the five scenarios.  392 

 393 
Table 7. Upper and lower limits of objectives 394 

 395 

4.1 Scenario 1 : Power Demand of 5 MW 396 

In Scenario 1, a power demand of 5 MW was considered. Fig. 5 presents the optimal biomass CHP system design to produce 397 
5 MW, taking into consideration of the total cost, flexibility and reliability. The results showed that all the available feed was 398 
not completely utilised in the optimal biomass CHP design. Instead, only a certain portion of each type of fuel was utilised.  399 

 400 

Fig. 5. Scenario 1 optimal biomass CHP design 401 
 402 

For instance, palm kernel shell (PKS) is not selected in Scenario 1. When compared to other types of fuel, PKS has the 403 
lowest available amount of biomass fuel. Reducing the type of biomass fuel would also lead to a reduction in the variety of 404 
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technologies selected. This would also result in a lower total cost. Meanwhile, all three types of dryers were chosen. By doing 405 
so, the system reliability is greatly increased, but for the technology used to convert the biomass fuel to the product, only boilers 406 
technologies were selected. This is because of the cost and the size of technology demand. The gasifiers have higher efficiency 407 
but also higher capital and operational cost. Moreover, the energy generation technologies compatible with gasifiers (refer to 408 
Table 3) are more suitable for large scale operation. These types of energy generation technologies also have a minimum 409 
operating capacity. With a relatively low power demand in Scenario 1 (5 MW), these types of energy generation technologies 410 
were not feasible.  411 

Meanwhile, in the liquid biomass fuel process, pressure swing adsorption (PSA) and membrane separator (MS) were selected 412 
for the purification process of the produced biogas. Compared to other types of technology, PSA and MS units have relatively 413 
good efficiency and very high reliability. In addition, MS unit is more suitable for smaller-scale operation because of its low 414 
operating capacity. Moreover, all three of the energy generation technologies were selected (i.e., gas turbine (GT2), gas engine 415 
(GE2), and micro-turbine engine (MT2)). Conventionally, only one technology would be required to generate that small amount 416 
of power demand. However, by increasing the number of technologies operating in parallel, this would increase the system 417 
reliability. 418 

The total power produced in the system is around 4.94 MW. The system did not achieve the power target completely but 419 
was able to meet most of it. This means that a considerably high system flexibility of 0.99 was achieved. The system reliability 420 
reached 0.986, thus, both system flexibility and reliability attained were very high. However, the degree of satisfaction of the 421 
system was just 0.65. This can be concluded that cost is the least satisfied objective out of the three in Scenario 1. 422 

 423 

4.2 Scenario 2 : Power Demand of 10 MW 424 

For Scenario 2, the optimal biomass CHP design for the power demand of 10 MW is shown in Fig. 6. Unlike Scenario 1, in 425 
Scenario 2 all biomass fuels were chosen. However, all biomass fuels were partially utilised in this scenario except for PKS. In 426 
the solid biomass process route, two types of dryers were selected. Superheated steam dryer (SSD) was not chosen because of 427 
its high capital and operational costs. The reliability of the SSD unit is also lower compared to the other two types of dryers. 428 
Meanwhile, two different boilers types (i.e., stoker boiler (SB) and fluidised bed boiler (FBB)) and the fluidized bed gasifier 429 
(FBG) were selected. The addition of the FBG unit from Scenario 1 is caused by the increase of power demand and biomass 430 
fuel flow. FBG unit is selected rather than the fixed bed gasifier (FXBG) because the FBG unit has a higher efficiency and 431 
reliability. Similar to Scenario 1, steam turbines (i.e. high pressure steam turbine (HPST) and medium pressure steam turbine 432 
(MPST)) and stirling engine (SE) were selected as the energy generation technologies to produce steam. For the syngas product, 433 
GE1 and MT1 units were selected. The GT1 unit has a much higher minimum capacity compared to GE1 and MT1 units. 434 
Although the GT1 unit has a higher efficiency compared to GE1, but its reliability is lower than GE1 unit.  435 

 436 
Fig. 6. Scenario 2 optimal biomass CHP design 437 

 438 

For the liquid biomass fuel, the amount of flow required is the same as Scenario 1. However, the technologies chosen in 439 
Scenario 2 were different to Scenario 1. Water scrubber (WS) and MS units were selected instead. This is because the addition 440 
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of other types of technologies in the solid biomass fuel processes had already increased the system reliability to the desired 441 
value. Hence, WS unit which has higher efficiency, lower cost, and lower reliability is chosen instead of PSA unit. 442 

In Scenario 2 , the system reliability was increased to 0.991 and the system flexibility decreased to 0.89 compared Scenario 443 
1. Meanwhile, even though the power demand in Scenario 2 is higher than Scenario 1, the total cost of the system generated in 444 
Scenario 2 was slightly lower than in Scenario 1. Thus, it can be concluded that the total cost objective in Scenario 2 was the 445 
most satisfied objective compared to the other two objectives. The result also showed that the degree of satisfaction in Scenario 446 
2 is higher compared to Scenario 1.  447 

 448 

4.3 Scenario 3 : Power Demand of 15 MW 449 

Fig. 7 presents the optimal biomass CHP design for Scenario 3 with the power demand of 15 MW. In Scenario 3, the increase 450 
of power demand led to the increase of biomass fuel flow. All the biomass fuel except empty fruit bunch (EFB) were utilised 451 
to their maximum available feed flow. This is because EFB has a lower calorific value compared to PKS and palm mesocarp 452 
fiber (PMF). Even though the calorific value of EFB is higher than wood fuel, the available amount of wood is lower than EFB. 453 
However, the available amount of EFB is not enough to supply the remaining required solid biomass fuel after utilising the 454 
PKS and PMF fuels. Hence, wood fuel was fully utilised first and the remaining amount was supplied with EFB. The solid 455 
biomass fuel pathway in Scenario 3 was the same as Scenario 2.  456 

 457 
Fig. 7. Scenario 3 optimal biomass CHP design 458 

 459 
In the liquid biomass pathway, the PSA unit was chosen over the MS unit. This is because of the increase of the liquid 460 

biomass feed flow to the system. As mentioned previously in Scenario 1, MS unit is suitable only for smaller scale operation. 461 
Thus, the increase of the feed flow led to choosing the PSA unit instead. The efficiency of the PSA unit is lower and it cost 462 
more compared to MS unit. However, the reliability of the PSA unit is much higher compared to the MS unit. In fact, its 463 
operating capacity is much larger than the MS unit. Hence, a combination of PSA and WS units was selected for larger scale 464 
operation of biogas.  465 

The system reliability in Scenario 3 is higher than in Scenario 1 and 2, but the flexibility decreased slightly from Scenario 466 
2, even though Scenario 3 and Scenario 2 share an almost identical technologies arrangement. This is because of the distribution 467 
of syngas to the gas engine (GE2). Flexibility was also affected by the total heat generated. The heat demand of every case 468 
study is 1 MW and the only source of heat generation in Scenario 3 is through the heat recovery steam generator (HRSG2) that 469 
is integrated with gas turbine (GT2). Compared to Scenario 1 and 2, the distribution of syngas to GT2 and HRSG2 units in 470 
Scenario 3 is lower than to GE2 unit. Because of this, the total heat generated in Scenario 3 is lower than in Scenarios 1 – 2. 471 
As a result, the system flexibility was reduced in this scenario. The total cost in Scenario 3 is higher than Scenario 2. This is 472 
valid because the capital cost of the equipment increases as the size or capacity of the operation. In Scenario 3, all three 473 
objectives have equal trade off. However, the trade-off degree of satisfaction decreases compared to Scenario 2.  474 

4.4 Scenario 4 : Power Demand of 20 MW 475 

In Scenario 4, the power demand is 20 MW. Fig. 8 presents the optimal design of biomass CHP for Scenario 4. The 476 
configuration in Scenario 4 is relatively similar to Scenario 3. The only difference is that the PSA unit is replaced with the 477 
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addition of MS and cryogenic separator (CRYS) units. By doing so, the system reliability in Scenario 4 is slightly higher 478 
compared to Scenario 3. In Scenario 4, the power generated from the system is only 14.11 MW. There is still a big gap compared 479 
to the desired power demand of 20 MW. Even though the power demand was not achieved, there is still a small fraction of EFB 480 
fuel that is not utilised. This is because by increasing the feed flow, it will increase the total capacity in the solid biomass 481 
process line. A slight increase in the feed flow would lead to the addition of a new type of technology. In this respect, it is not 482 
feasible to add on an additional technology for a slight increase of feed flow. Hence, a balance between the equipment cost and 483 
the amount of energy generated had to be determined.  484 

Results from Scenario 4 showed the limitation of the energy generation due to the available amount and type of biomass in 485 
this case study. The highest power energy that can be generated with the available amount of biomass fuel in this case study is 486 
between 14 to 15 MW. By increasing the power demand beyond this limit would lead to a significant decrease in the trade-off 487 
degree of satisfaction. This is because the system is not able to achieve the power demand, hence the flexibility of the system 488 
decreases significantly. 489 

Fig. 8. Scenario 4 optimal biomass CHP design 490 

Table 8 presents the summary of the result for Scenarios 1-4. The changes of the degree of satisfactions for four different 491 

scenarios is plotted and shown in Fig. 9. In Scenario 1, FLEXλ was fully maximised (more than 0.95) while, COSTλ   and 492 
RELIABILITYλ were partially satisfied at 0.65. Results from Scenarios 1-3 showed a trade-off was achieved without completely 493 

neglecting other objectives.  494 
Table 8. Result summary of Scenarios 1-4 495 

 496 
Fig. 9. Degree of satisfaction comparison for four scenarios (a = Cost, b = Flexibility, c = Reliability, and d = Trade-off) 497 
 498 

Theλ  of the system in Scenario 4 reduced significantly compared to Scenarios 1-3. This is because of the power requirement 499 

exceeding the maximum capacity limit of the CHP design. In this sense, the model returned an optimum result where all three 500 

objectives were partially satisfied. Fig. 9 showed that as the power demand increases, λ  will starts to decrease. On the other 501 

hand,λ  increased incrementally when the power demand increased from Scenarios 1-2. The power generation capability of 502 

the biomass CHP system in this case study is around 0-14 MW. The highestλ  was achieved when the biomass CHP design 503 

under 10 MW power requirement.  504 
 505 

4.5 Scenario 5 : Power Demand of 5 MW using Non-Linear Model 506 

In Scenario 5, a mixed-integer non-linear programming (MINLP) model was developed to compare its performance with 507 
the linear model used in Scenarios 1-4. The difference between the two models is that the MINLP model utilised the 508 
conventional non-linear expression (shown in Eq. (21)) in optimising the system reliability instead of the linear approach 509 
proposed (Eqs. (22) – (24)). The MINLP model consists of total 527 variables, 43 integers, 56 non-linear variables, 535 510 
constraints, and 15 non-linear constraints. This non-linear model was solved within 3 minutes.  511 

In Scenario 5, the same data, information, and superstructure developed in Section 3 are used. The optimal design of a 5 512 
MW power demand biomass CHP system was generated using the MINLP model. Fig. 10 presents the optimal CHP biomass 513 
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design in Scenario 5. Compared to the design generated using the MILP model (Scenario 1), the number of technologies selected 514 
using the MINLP model is way lesser. This is because of the different in system reliability approach, instead of using a new 515 
variable relative reliability to represent the system reliability, MINLP formulates the system reliability as one of the objectives. 516 
Even though the reliability of the system generated through MINLP model is 0.98, but the solid biomass process line employed 517 
a series system arrangement. This would mean that failure of either drying or gasifier technology would cause the shutdown of 518 
the entire solid biomass process line. Such vulnerability may require a high frequency of unscheduled maintenance in this 519 
biomass CHP design. Concurrently, only PKS and PMF were selected for the solid biomass process. PKS and PMF were 520 
selected because of their high calorific value compared to other types of solid biomass feed. Because of PKS and PMF have a 521 
relatively small size (Refer to Table 2 in Section 3), a shredder is not required in the design of this system. Meanwhile, for the 522 
drying process only flash dryer (FD) technology was selected. This is because FD unit has the highest reliability compared to 523 
other types of dryers. Out of all the technologies options to convert solid biomass fuel to product, only FBG unit is selected. 524 
This is because compared to boilers, gasifiers have higher efficiency and among the gasifiers technologies considered, FBG 525 
has the highest reliability and conversion rate. Meanwhile, the configuration for the liquid biomass process is exactly the same 526 
as the one generated using MILP model, there are two different gas impurities separation technologies (i.e., PSA and MS) and 527 
three different energy generation technologies (i.e., GT2, GE2, and MT2). Because of the number of technologies is greatly 528 
reduced in the solid biomass process, the model increases the system reliability through the configuration of liquid biomass 529 
technologies. The cost of the system is greatly reduced compared to the application of MILP model (Scenario 1). This is because 530 
of the reduction in number of technologies. However, the drawback to this is that the system reliability is lower. Especially in 531 
the solid biomass production line. There is only one type of dryer and one type of gasifier is selected in the configuration. This 532 
also means that failure of either FD or FBG units would lead to the shutdown of the entire solid biomass operation. The system 533 
reliability remains high (0.98) because of the configuration in liquid biomass process.  534 

The comparison of MILP model and MINLP model based on the results from Scenario 1 and 5 are presented in Table 9. 535 
 536 

Fig. 10. Optimal biomass CHP design in Scenario 5 537 

 538 

Table 9. Comparison of MILP (Scenario 1) and MINLP model (Scenario 5) 539 
 540 

Results from Table 9 showed that the MINLP model has higher degrees of satisfaction compared to the MILP model, but it 541 
requires a longer time to solve the model. Even though the result of MINLP model shows better performance, but the resultant 542 
reliability computed using MINLP model for the solid biomass is considered low (with only one type of dryer and gasifier 543 
unit). Meanwhile, the result from MILP model showed that the system reliability for the solid biomass process is over 544 
maximised (three types of dryers and two types of boilers were selected). It is important to note that solutions from both the 545 
MILP and MINLP models are not “better” than one another. Based on the core principles behind multi-objective optimisation, 546 
multi-objective problems contain a set of optimal solutions rather than just a single “best” solution. This set of optimal solutions 547 
is otherwise known as the Pareto set. From the Pareto set, it is typical of the decision-maker to choose a suitable solution from 548 
based on preference. A solution is considered part of the Pareto set if no improvement is possible in one objective without 549 
losing in other objectives (Andiappan, 2017). This can clearly be seen when comparing the solutions obtained from Scenario 1 550 
and Scenario 5. When compared to the solution in Scenario 5, the solution from Scenario 1 may be weaker in terms of cost but 551 
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performs better in terms of system reliability and flexibility. This evident indicates that both solutions belong to a Pareto set of 552 
optimal solutions. Thus, it is up to the decision-maker to determine a suitable solution based on individual preference when 553 
designing the system. If cost can be sacrificed, the result from MILP model would be preferred. On the other hand, the result 554 
from MINLP model would be preferred if the decision maker is willing to compromise on both system reliability and to make 555 
additional contingencies available for unscheduled maintenances due to failure of equipment. This also means that both MILP 556 
and MINLP models can be used to assist in the decision making for the design of a biomass CHP system. This also justified 557 
that the MILP model can be used as an alternative to the normal MINLP model in assisting the synthesis of the optimal biomass 558 
CHP design. 559 

4.6 Further Analysis of Technology Selection 560 

By combining the result from all the scenarios presented (1 to 5), technologies that were frequently selected are identified. 561 
Based on the number of selections for each technology in five scenarios, the technologies can be classified into three classes: 562 
“Must have”, “optional”, and “must avoid”.  The “must-have” technologies are the ones that were selected in all five scenarios. 563 
The “optional” technologies are the ones that were selected at least once in all the five scenarios. Whereas the “must avoid” 564 
technologies are the ones that were not selected at all in all five scenarios.  Table 10 presents the technologies under the three 565 
different classes. 566 

Table 10. Classification of technologies based on the number of selections.  567 
 568 

In the pre-treatment process, FD and DIG units were heavily favoured. FD unit has the highest reliability compared to other 569 
types of dryers. The operational cost of this type of dryer is also the lowest within the three types of dryers. SDD unit is the 570 
least favoured drying technology. This is because SSD unit has the lowest reliability and highest cost within the three different 571 
technologies. DIG unit is used to convert the liquid biomass fuel (i.e., POME) to biogas. As long as there is a supply of POME 572 
to the system, the DIG unit would be required. On the other hand, Shredder is only required if the solid biomass fuel is in larger 573 
size (> 10 cm). In Scenario 5, PKS and PMF which are smaller size (< 10 cm) of biomass fuel did not require shredding process. 574 
Both boilers and gasifiers technologies are generally favoured in the application to convert solid biomass into products (syngas 575 
or steam). SB, FBB, and FBG units are selected four times in the total five scenarios. This is because boilers and FBG units 576 
have high reliability (≥ 0.9). Steam turbines (HPST and MPST) and stirling engine, SE units are connected to boilers 577 
technologies. The selection of boilers units would equal to the selection of either steam turbines (HPST and MPST) or SE units. 578 
Among the energy generation technologies for syngas, only GE1 and MT1 units were selected in some of the scenarios. This 579 
is because GT1 unit is equipped with the heat recovery steam generator, HRSG1 unit. The selection of GT1 unit in the 580 
conversion of syngas to energy would require an additional unit HRSG1. Chemical scrubber (CS) is the least favoured gas 581 
impurities separation technology for biogas. Compared to other types of technologies, CS has the lowest reliability with only 582 
0.57.  583 

5. Conclusion and future recommendation 584 

This work had presented a fuzzy optimisation model to synthesise an optimal design of a biomass CHP system considering 585 
total cost, flexibility, and reliability simultaneously. The model was developed using linear expressions for system reliability 586 
instead of the conventional non-linear expressions. A case study is conducted to illustrate the proposed approach. In the case 587 
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study, the biomass fuels selected are the waste from palm oil and wood mills. Four scenarios with different power demands (5, 588 
10, 15, and 20 MW) were solved in this case study. Following this, the proposed linear model was compared to a non-linear 589 
model that used the conventional non-linear expressions for system reliability. Results from the comparison showed that the 590 
proposed linear model can be used as an alternative to the non-linear model in assisting the decision making of synthesising an 591 
optimal biomass CHP design. Further analysis in the case study has also identified a list of essential, optional, and unnecessary 592 
types of technologies. Future work may consider alternative technologies and other renewable energy sources. Factors like 593 
emissions, availability and others can be incorporated as one of the objectives in synthesising the design. Biomass CHP is 594 
considered as an energy-efficient system. Thus, by taking into consideration the emissions in synthesising the design of the 595 
system, a great amount of emission could be further reduced. As an extension to the current biomass CHP system, the 596 
uncertainty or inconsistency of the biomass supply and properties may be considered. Biomass properties vary depending on 597 
the sources, and such changes would affect calorific value and the selection of the technologies and fuels. Another consideration 598 
for future work is the integration of surrogate models. Surrogate models closely mimic the behaviour of a technology using 599 
large statistical data. This is suitable to predict technology performances more accurately.  600 
 601 
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