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Abstract- In this study, a multi-objective optimization scheme is developed and applied for a proposed integrated biomass 
trigeneration system producing electricity, heating and cooling to find solutions that satisfy exergetic, economic and 
environmental objectives. For performing the task, a multi-objective optimization model using evolutionary algorithms is 
developed. The developed model is mainly used for any conceptual design and sizing optimization, where the system 
configuration is optimized based on the exergetic, economic and environmental targets. The Pareto optimal set of efficient 
solutions from multi-objective optimization which clearly shows the impact of any trade-off and its effect on the plant 
performance is used for the decision making process. An example of decision-making is presented and the final optimal 
solution is introduced. The analysis shows that optimization process leads to 22.8% increasing in the exergetic efficiency and 
7.8% decreasing in the unit cost of products. Also, economic model results indicate that the rate of fuel cost and cost rate 
relating to the exergy destruction decrease 24.15% and 36.95% in the optimization procedure, respectively. 
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I. INTRODUCTION 
 
In the state of increasing the share of renewable 
energies to mitigate global warming and with respect 
to the global issue of sustainable energy development, 
biomass by-product increasingly focused on as a 
potential source of renewable energy. There is a wide 
range of biomass resources potentially available to 
electricity or other products. This includes 
biodegradable fraction of products, waste and 
residues from agriculture (including vegetable and 
animal substances), forestry and related industries, as 
well as the biodegradable fraction of industrial and 
municipal waste. Presently, there is a diverse array of 
technologies to convert biomass resources into 
higher-value products such as liquid and gaseous 
fuels or chemical products via thermochemical, 
biochemical or chemical means [1]. However, most 
of these technologies, although feasible, are not yet 
cost competitive [2]. Currently, biomass resources are 
mainly used in the production of heat and electricity 
[3]. Direct combustion and co-combustion of biomass 
by-products with coal is the most common method of 
conversion and it has shown the greatest potential for 
large scale utilization of biomass by-products energy 
in the near term [4]. However, increasing need for 
more efficient systems that are both economically 
attractive and environment friendly is to develop new 
criteria and to new design rules. Simulation and 
modeling of cogeneration technologies based on 
renewable sources of energy such as biomass by-
products are reviewed in [5]. Exergy is a suitable 
thermodynamic property for allocating cost because it 
accounts for quality of energy which is often 
neglected [6]. Exergetic efficiency compares an 
actual process to an ideal (reversible) process. Since 
all actual processes are irreversible, exergy must be 

destroyed. Irreversibility of the processes thus relate 
to the lost of resources which involves an economic 
cost. Al-Sulaiman et al. [7] studied exergy 
assessments of an integrated organic rankine cycle 
with a biomass combustor for combined cooling, 
heating and power production through a simulation. 
Economic analysis, energy savings and emission 
reduction can be formulated by using indices that 
compare the benefits of trigeneration with energy 
systems by conventional means. It is clear that the 
design of such a system is associated with the above 
conflicting objectives. The use of a single-objective 
function, which is usually a weighted combination of 
several objectives, does not facilitate the judgment of 
the decision maker as it is often difficult to interrelate 
several objectives of different natures properly [8]. 
Moreover, it is not often correct to claim that there is 
only one optimal solution because the trade offs 
between the conflicting objectives are important. 
Without trade off so, certain optimal solution may be 
lost since they may never be explored. On the 
contrary, with the use of multi-objective techniques a 
set of several non-dominated optimal solutions will 
be obtained which known as Pareto optimal set. As a 
result, the solution is not a single mathematically 
figure but a set of efficient solutions that can be 
examined using a judgment of the trade-offs 
involved, giving the decision-maker more flexibility 
[9]. A single objective optimal design of trigeneration 
plants and effect of various operation parameters on 
the investment cost is also studied in [10]. 
Exergoeconomic analysis is a useful tool for 
analyzing the production process in terms of 
economic profitability and thermodynamic efficiency 
with respect to energy resource consumption [11]. 
But researchers have paid less attention in the 
literature on the exergoeconomic simulations and 
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synthesis of biomass by-products technologies for 
trigeneration plants. To sum up, energy systems 
analyses are broadly studied by many researchers. 
However a systematic procedure including process 
design and energy integration techniques with 
consideration of multi-objective facets for energy 
system designs is still missing. The purpose of 
modeling in this paper is optimization of an 
integrated biomass trigeneration plant involving an 
economic, an exergetic objective function based on 
exergoeconomic approach. In order to perform such 
analysis, a multi-objective optimization model with 
evolutionary algorithms is developed. The full sets of 
efficient optimal solutions are evaluated and the 

effects of optimal design variables on the 
characteristics of the system are presented. 
II. SYSTEM DESCRIPTION  
 
One of the renewable energy resources is biomass by-
products, such as pine sawdust. Biomass by-products 
can be used as a fuel for a biomass combustor. One of 
the most common waste wood products is pine 
sawdust. Pine trees grow widely throughout the world 
and, thus, they are widely used for wood-based 
products. Pine sawdust is produced as a result of pine 
wood processing. This wasted sawdust is commonly 
used for biomass combustion. 

 

 
Fig. 1. Schematic diagram of the proposed integrated biomass trigeneration system 

 
The proposed trigeneration system consists of a biomass combustor, a combined cycle (gas and steam cycles) 
for electrical power production, a single-effect absorption chiller for cooling, and a heat exchanger for heating 
as shown in Fig. 1. The heat produced from the biomass combustor is used as a heat input to boil preheated 
water of economizer in heat recovery steam generator. In turn, the waste heat from the combined cycle is 
utilized to produce steam in the heating process using the heat exchanger and to produce cooling using the 
single-effect absorption chiller. 
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III. SYSTEM MODELING 
 
In this study, numerical results are based on site 
design condition with ambient temperature of 25 °C. 
The biomass fuel selected for the trigeneration system 
is pine sawdust. The chemical compound of a 
biomass fuel is CZCHZHOZOSZS. The elements C, H, 
O, and S refer to carbon, hydrogen, oxygen, and 
sulphur, respectively. The subscripts of these 
components represent the percentage of these 
elements in the fuel compound. The percentages 
value of C, H, O, and S in the fuel compound for the 
considered pine sawdust, fixed thermodynamic and 
economic input data for trigeneration system are 
listed in Table 1. The chemical equation of the 
biomass combustion with air assuming complete 
combustion is: 

 
Where   is the moisture content in the biomass fuel 
which can be shown to be equal to: 

(2)
1

2

M MC CHO
M MC H O

 


 
The molar flow rate of the biomass by-products is 
defined as 

(3)
mbiomassnCHO MCHO






 
Trigeneration   
system 

Total power  (MW) 600 

Biomass 
subsystem 

ZC 50.54 
ZH 7.08 
ZO 41.11 
ZS 0.57 

Cooling  
cycle 

Effectiveness of 
solution heat  exchanger 

0.7 

Evaporate 
temperature (0C) 

6.8 

Condenser 
temperature (0C) 

30.2 

Generator 
temperature (0C) 

95 

Trigeneration   
    system 

Maintenance factor (
 ) 

1.06 

Interest rate (in),% 10 
Rate of inflation 

(ri),% 
8 

Amortization factor 
(k), year 

25 

Operation period (H), 
hour 

2000 

Construction period 
(CP), year 

3 

Fuel cost ($/MWh) 120 
Table 1: Thermodynamic and economic input data to 

optimization of the biomass trigeneration system 

In this model, the variables selected for the 
optimization are: 
1) Biomass share percent in trigeneration system 

30 31(% )
H H

Biomassshare
Wtot




 


 

2)  Ratios of produced electricity to heating 

( )/
Wtotrel h Qh





 

3)  Ratios of produced electricity to cooling 

/( )tot
el c

c

Wr
Q




  

4)  Isentropic efficiency of the compressor ( )AC   

5)  Compressor pressure ratio 
2

1

( )r
P

P
P

  

6)  Temperature of the combustion in the gas turbine 

and biomass by-products subsystem  ( 3 29,T T ) 
7)  Isentropic efficiency of gas and steam turbine 
 ( ,GT ST  ) 
8)  Temperature and pressure of the steams leaving 
the heat recovery steam generator  ( 24 24 18, ,T P P )  

9)  Moisture content in biomass by-products ( % ) 
 
The present model with the specification given in the 
Table 1 treated as a base case and the following 
nominal values of the decision variables are selected 
for the optimization based on the operation program 
of the system. 
% 20Biomass share     / 4el hr                                 

 / 5el cr                               18 9P bar   

14003 29T T T KC   
  24 780.15T K                   

24 84P bar                       % 10            
0.85T GT ST         

0.75AC 
 

11rP   
 
In this study, the total power of proposed 
trigeneration system is 600 MW and is fed with 
natural gas and biomass (pine sawdust). The heat and 
cold produced are about 100 and 80 MW and it can 
be used for district heating and cooling, heat and cold 
storage systems, etc. It should be noted that in the 
base case design of proposed trigeneration system, 
20% of total power (Biomass share) is supplied by 
biomass and the rest of power (electricity, heat and 
cool) is generated by natural gas (streams 52 and 59). 
Moreover, a portion of 20% power is provided by 
natural gas too (stream 59) to maintain constant 
combustion temperature in 1400 K. Therefore for 
such huge power plants, necessary studies should be 
considered to provide the required biomass. 



International Journal of Mechanical And Production Engineering, ISSN: 2320-2092,      Volume- 5, Issue-10, Oct.-2017 
http://iraj.in 

Multi-objective Optimization of a Biomass Trigeneration System using Exergoeconomic Analysis 
 

57 

Exergoeconomic analysis is a powerful scheme that 
combines exergy analysis with economic studies. 
This method provides a technique to evaluate the cost 
of inefficiencies or cost of individual process streams, 
including intermediate and final products of any 
system. Exergy costing involves cost balances 
formulated for each system component separately. A 
cost balance applied to the kth component shows that 
the sum of cost rates associated with all exiting 
exergy streams equals the sum of cost rates of all 
entering exergy streams plus the appropriate charges 
(cost rate) due to capital investment and operating 
and maintenance expenses [12]. The sum of the last 
two terms is denoted by Z . Accordingly, for a kth 
component: 

( ) ( ) (4), , ,
N N

c E c W c E c E Ze e w k k q k q k i i ke k i k
        

In the above equation k
k

fI
Z

H


 , where f  and kI  

are the annuity factor and investment cost which are 
calculated from those given in [13].   is 
maintenance factor and H  is operation period. In 
general, if there are eN  exergy streams exiting the 
component being considered, we have eN  unknowns 
and only one equation, the cost balance. Therefore, 
we need to formulate 1eN   auxiliary equations. 
This is accomplished with the aid of the F and P 
principles in the SPECO approach [14]. The system 
proposed in Fig. 1 consists of 23 components and has 
59 streams (53 for mass and 6 for work). Therefore 
36 boundary conditions and auxiliary equations are 
necessary. By solving the system of 59 equations and 
59 unknowns, the cost of unknown streams of the 
system will be obtained. More details of the cost 
balance equations and exergoeconomic analysis are 
completely discussed in references [9], [15]. 
 
IV. MULTI-OBJECTIVE EXERGO ECONOMIC 
OPTIMIZATION 
 
The objective functions of the multi-criteria 
optimization for this study are exergetic efficiency of 
the trigeneration system (to be maximized), the unit 
cost of products (to be minimized) and trigeneration 
CO2 emissions cost (to be minimized). It should be 
noted that we express the environmental impact as the 
total cost rate of pollution damage ($/hour) due to 
CO2 emissions and is determined by multiplying their 
respective flow rates by their corresponding unit 
damage costs. The unit damage costs due to CO2 
emission (CCO2) is equal to 0.024 $/kg [9], [15]. The 
mathematical formulation of objective functions is as 
following:  

0 0(1 ) (1 )

(5),
,

T T
W Q Qcnet h T Tch

ex tri Ex f tot


   



 


 

(6)c c c ctotal electricity heating cooling  
 

(7)
2 2 2

C m cCO CO CO   

 
V. RESULTS AND DISCUSSION 
 
The state properties and exergy rates of each line of 
the base case integrated biomass trigeneration system 
according to Fig. 1 are determined with 
thermodynamic analysis and given in Table 2. In 
optimization procedure, although the decision 
variables may be varied, but each decision variable is 
normally required to be within a given practical range 
of operation as follow [16]:  

%10 60Biomass share 
 

2480 100P bar   

2 10/el hr   24723.15 823.15T K 

 
2 10/el cr   187 10P bar   

10 60%   0.7 0.85AC   

10 15rP   0.75 0.9T ST GT       

3 291200 1500CT T T K   

 
 

 
The structure of the multi objective evolutionary 
algorithm (MOEA) used in the present work is 
illustrated in [17]. Also, the tuning of MOEA is 
performed according to the values indicated in [9].  
The Pareto approach to multi-objective optimization 
is the key concept to establish optimal set of design 
variables, since the concepts of Pareto dominance and 
optimality are straightforward tools for determining 
the best trade-off solutions among conflicting 
objectives [6], [9]. Fig. 2 presents the Pareto optimum 
solutions for the integrated biomass trigeneration 
system based on the multi- objective evolutionary 
algorithm with the objective function indicated in (5) 
and (6). As shown in this figure, the minimum unit 
cost of products in these trigeneration systems occurs 
at design point A as the exergy efficiency is the 
lowest at this point. Also, the maximum exergy 
efficiency exists at design point B as unit cost of 
products is the greatest at this point. Design point A 
is the optimal situation when unit cost of products is 
the only objective function, while design point B is 
the optimum condition when exergy efficiency of 
trigeneration systems is the sole objective function. In 
multi-objective optimization, a process of decision-
making for selection of the final optimal solution 
from the available solutions is required. The process 
of decision-making is usually performed with the aid 
of a hypothetical point in Fig. 3 named as equilibrium 
point that both objectives have their optimal values 
independent to the other objective. It is clear that it is 
impossible to have both objectives at their optimum 
point, simultaneously and as shown in Fig. 3, the 
equilibrium point is not a solution located on the 
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Pareto frontier. The closest point of Pareto frontier to 
the equilibrium point might be considered as a 
desirable final solution. In selection of the final 
optimum point, it is desired to achieve the better 
magnitude for each objective than its initial value of 
the base case problem. A final optimum solution with 
60.3% exergetic efficiency and unit cost of product 
equal to 69.2 cent/kWh as indicated in Fig. 3 is 
selected. 

 

 
Fig. 2.  Pareto optimal solutions and selecting two limited 

optimum points for integrated biomass trigeneration system 
according to the objective functions (exergetic efficiency and 

unit cost) 

 
Fig. 3. Pareto Frontier: best trade-off values for the objective 

functions (total exergetic efficiency and unit cost) and selecting 
the optimal solution from Pareto Frontier 

 
It should be noted that the selection of an optimum 
solution depends on the preferences and criteria of 
each decision-maker. Therefore, each decision-maker 
may select a different point as optimum solution to 
better suits with his/her desires. The related values of 
decision variables in the optimum case are given in 
Table 2. These new parameters obtained in the 
optimized cases will help the designer to select 
components, i.e. turbines, compressor, as close to the 
optimum configuration. The comparative results of 
the base case and the optimum case are presented in 
Table 3. This table indicates that the multi-objective 
optimization process leads to 22.8% increase in the 
exergetic efficiency and 7.8% decrease for unit cost 
of products. Therefore, improvement for all 
objectives has been achieved using optimization 

process. According to this table; optimization process 
improves the total performance of the system in a 
way that the rate of fuel cost is decreased by 24.15% 
in the optimum case. Moreover exergy destructions is 
reduced about 26.49% and the related cost of the 
system inefficiencies is decreased about 36.95%, 
although the total owning and operation cost in the 
optimum cases is increased 34.29%.  

Decision variables Base 
case 

Optimum 
case 

Biomass share (%) 20 48.89 
Ratio of electricity to 
heating 4 4.42 

Ratio of electricity to 
cooling 5 2.23 

Compressor isentropic 
efficiency (%) 75 81.9 

Compressor pressure 
ratio 11 11.84 

Combustion temperature 
(K) 1400 1348.1 

Turbines isentropic 
efficiency (%) 85 88 

Inlet pressure to HP 
steam turbine (bar) 84 94.08 

Inlet temperature to HP 
steam turbine (K) 780.1 789 

Inlet pressure to  LP 
steam turbine (bar) 9 11.68 

Water content (%) 10 25.17 
Table 2: Comparison of decision variables in the biomass 
trigeneration system shown in Fig. 1 for the base case and 

optimum case 
 

Multi-objective optimization 
results 

Ba
se 

cas
e 

Opt 
case 

Variati
on 
% 

Objectiv
e 
function
s 

Unit cost of 
products  
(celectricity+cheating+cc

ooling) (cent/kWh) 

75.1
2 69.2  -7.8 

 exergy efficiency 
(%) 

49.0
9 

  
60.3  +22.8 

Exergo-
economi
c 
paramet
ers 

Fuel exergy 
(MW) 

886.
99 

673.
14   -24.1 

Exergy 
destruction (MW) 

443.
55 

326.
04 -26.49 

Fuel cost ($/h) 1070
00 

811
53 -24.15 

Exergy 
destruction cost 
($/h) 

9491
4 

598
39 -36.95 

Capital 
investment cost 
($/h) 

1057
4 

142
00 

+34.2
9 

CO2 emission 
(kg/MWh) 

639.
29 

571.
3 -10.63 

CO2 emission cost 
($/h) 

9163
.8 

695
4.5 -24.1 

Table 3: Comparative results of the base case and optimum 
case in the biomass trigeneration system shown in Fig. 1 
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CONCLUSIONS 
 
In this research, a methodology, based on the second 
law of exergy, to evaluate the exergoeconomic 
potential of a proposed trigeneration plant employing 
biomass by-products as a part of its energy source is 
presented. Also, this study demonstrates the 
application of multi-objective exergoeconomic 
optimization for a trigeneration plant. In the multi-
objective optimization, an example of decision-
making process for selection of the final optimal 
solution from the Pareto frontier which better suits 
with desires of decision maker is presented. The final 
optimum solution is compared with the base case 
design and differences are discussed. The following 
remarks can be extracted from this study:  
 
1. Multi-objective optimization leads to 22.8% 

increase in the exergetic efficiency and 7.8% 
decrease of the unit cost of products. 

2. Optimization process leads to the 24.1% 
reduction on the fuel exergy, 26.49% reduction 
in the total exergy destruction and also 24.15% 
and 36.95% reductions in the rate of fuel cost 
and cost rate relating to the exergy destruction, 
respectively. 

3. A sensitivity analysis is performed to examine 
the impact of the obtained Pareto solutions and 
trigeneration unit cost to the fuel cost, 
construction period, system operation period and 
interest rate.  

4. The present algorithm can easily be used for 
energy, exergy, exergoeconomic analysis and 
optimization of trigeneration systems with the 
other renewable resources such as an integrated 
solar trigeneration power plant. 

5. The analysis presented in this paper demonstrates 
the strong potential of exergoeconomic analysis 
to increase thermal performance and decrease the 
unit costs of products. Such simulation will help 
to possibility of enhancing the use of biomass in 
the new future power plants. 
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