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Abstract: The operating cost for optimal performance of 100MW Delta IV gas turbine unit of Ughelli power plant was 
determined using optimum operating parameters and exergoeconomics. The optimizatioon tool is an evolutionary algorithm 
known as Genetic Algorithm (GA). The computer application used in this work is written in Matlab (Version 2011b) 
programming language. Eight optimal operating parameters of the plant were involved; compressor inlet temperature (T1), 
compressor pressure ratio (rp), compressor isentropic efficiency (ηic), turbine isentropic efficiency (ηit), turbine exhaust 
temperature (T4), air mass flow rate (ma), fuel mass flow rate (mf) and fuel supply temperature (Tf). Eight decision variables 
were optimally adjusted by the Genetic Algorithm (GA) to minimize the objective function. An objective function representing 
the total operating cost of the plant was defined in terms of N per hour as sum of operating cost (relating to the fuel 
consumption), rate of capital cost (relating to capital investment and maintenance expenses), and rate of exergy destruction 
cost. The optimal values of the decision variables (constraints) were obtained by minimizing the objective function. The GA 
optimal results obtained were ma= 530kg/s, mf= 7.00g/s. The GA operating cost and the component GA optimum results for 
exergy destruction cost rate and capital investment cost rate required to sustain optimum performance were obtained. The 
operating cost (Ċf), cost of exergy destruction rate (ĊD) and capital investment cost rate (ZK) for the compressor, combustion 
chamber and turbine are: (Ċf) = N244.72 per hour giving a variation of -0.57%, ĊDc = N87,728.32 per hour giving a variation 
of +13.59%, (Ż�) = N936,016.00 per hour giving a variation of -37.6% , (ĊDCC) = N470,288 per hour, a variation of -88.73%, ŻCC = N93,160.8 per hour, a variation of +305.6%, ĊDt = N144,278.4 per hour, a variation of -84.31%, Żt = N1,428,252.8 per 
hour a variation of +160.1%. These variations were in relation to base results. 
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1. Introduction 

There is a need to ensure that a given engineering system 
is performing at the optimal level. This is necessary in many 
engineering applications since efficiency means cost saved 
and performance maximized. This is the preferred operating 
condition for any system and also an important criterion to be 
considered at the design level of any engineering system 
nowadays [1] 

This research uses exergy analysis, a method that uses the 
conservation of mass and conservation of energy principles 
together with the second law of thermodynamics for the 
design and analysis of thermal systems [2]. Genetic 

Algorithm was used to minimize the exergy destruction by 
optimally adjusting the operating parameters. Genetic 
Algorithm as an optimization tool works based on Charles 
Darwins theory of evolution (survival of the fittest). Genetic 
algorithm was originally designed as simulator but has 
proven to be a robust optimization technique [3], [4] 

Genetic algorithm uses two operators to generate new 
solutions from existing ones: crossover and mutation. The 
crossover operator is the most important operator of GA. In 
crossover, two chromosomes called parents are combined to 
form new chromosomes, called off-springs. The parents are 
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selected among the existing chromosomes in the population 
with preference to fitness. This enables the off-springs to 
inherit good genes making them better than their parents. By 
iteratively applying the crossover operator, genes of good 
chromosomes are expected to appear more frequently in the 
population, eventually leading to convergence to an overall 
good solution. The mutation operator introduces random 
changes into the characteristics of the chromosomes. The aim 
of mutation is to introduce new genetic material into existing 
individual; that is, to add diversity to the genetic 
characteristics of the population. The population which is 
created randomly at the onset is called initial population. The 
size of this population may vary from several tens of 
chromosomes (strings) to several thousands. The criterion 
applied in determining an upper bound for the size of 
population, that is further increase does not result in 
improvement of near-optimal solution. The upper bound for 
each problem is determined after some test runs. For most 
applications, the best population size lies within the limits of 
100 – 1000 strings [3] [4]. On the basis of the optimality 
(measure of goodness) value, an objective function value or 
fitness value is assigned to each string. This fitness usually 
set as the amount of optimality of each string in the 
population divided by the average population optimality. 
Effort is always made to ensure that the fitness value is a 
positive number [3]. It is possible that a certain string does 
not reflect an allowable condition. For such a case, the fitness 
of the string is penalized with a very low value, indicting in 
such a way to the GA that it is not a good string. Similarly, 
other constraints may be implemented in the GA. The 
“operators”, which are kinds of population transformation 
devises, are applied to the population. As a result of these 
operators, a new population is created, that will hopefully 
consist most optimal strings. The old population is replaced 
by new one. A predefined stopping criterion, usually 
maximum number of generation s to be performed by the GA 
is checked. If the criterion is not satisfied, a new generation 
is started, otherwise, the GA terminates. 

The objective this study is to evaluate the operating cost 
for optimal performance of 100MW Gas Turbine Power Plant 
using GA to minimize the exergy destruction cost rate by 
optimally adjusting the operating parameters. 

2. Materials and Method 

The data used for this analysis are real time values 
recorded in the station’s operational log book for the period 
of January 2005 – December 2014[5] for 100MW Delta IV 
gas turbine at various state points. These recorded values of 
the parameters were taken in the station every one hour 
interval for twenty four hours (i.e. daily). Then, the daily, 
monthly and yearly average values of the parameters were 
calculated using the EXCEL statistical tool. This exercise is 
carried out for ten consecutive years. The analysis was 
carried out with GA tool box in Matlab (Version 2011b). 
Figure 1 shows the schematic diagram of the power plant 
demonstrating all its relevant components. 

In analysis of the plant, the optimum operating parameters 
of the plant [6] as shown in table 1 below and 
exergoeconomic principles were used. 

 

Figure 1. Schematic diagram of the plant. 

Table 1. Optimum Operating Parameters of Delta iv power plant 

Property Value 

Ambient Temperature, T1 300K 
Compressor outlet temperature, T2 590K 
Temperature of the fuel Tf 298.15K 
Turbine inlet temperature, T3 1481.8K 
Turbine outlet temperature, T4 1000K 
Compressor inlet pressure, P1 1.013bar 
Compressor outlet pressure, P2 9.89bar 

Compressor pressure ratio, 
pr i.e. 2

1

p

p
 9.76 

Compressor isentropic efficiency, 
icη  86% 

Turbine isentropic efficiency, 
itη  89% 

Mass flow rate of fuel, 
fmɺ  7.00 kg/s

 

Inlet mass flow rate of air, 
amɺ  530 kg/s 

Power output, 
netWɺ  107.48MW 

2.1. Exergoeconomic Principles 

The capital investment cost rates for the components were 
determined based on the modeling expression recommended 
by [7]. Using the capital recovery factor (CRF (i, n)) and 
present worth factor (PWF (i, n)), the annual levelized cost 
may be written as: 

Ċ = ��� − 	
����	�, �����	�, ��                (1) 

Where 
� = 0.1���, ���	�, �� 	= �/�1 − 	1 +�����, ��	�, �� = 	1 + ����, 
And PEC is the purchased-equipment cost. Equations for 

calculating the purchased-equipment costs for the 
components of the gas turbine power plant [10] are: 

For the Compressor, we have 

����� = � !.!"#
$.%�&'() �

*+
*,) -� �*+*,)                  (2) 

For the Combustion Chamber, we have 

����� = ./0.$1"#
$.%%2�343+

5 �1 + exp	0.018:; − 26.4��       (3) 

For the Turbine, we have 
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���?@ = �/ %.;/"A
$.%B�&'C ) -� �

*4
*D) �1 + exp	0.036:; − 54.4��(4) 

Dividing the levelized cost by 8000 annual operating hours 
(about one month in a year the power plant will be off for 
maintenance) [8], we obtain the capital cost rate for the kth 
component of the plant: 

ŻG = �∅IĊI1$$$)                                   (5) 

The maintenance cost is taken into consideration through 
the factor φk = 1.06 for each plant component whose 
expected life is assumed to be 15 years and the interest rates 
is 14% [9]. The number of hours of plant operating per year 
and the maintenance factor utilized in this study are the 
typical numbers employed in standard exergoeconomic 
analysis [10] 

The formulations of cost balance for each component and 
the required auxiliary equations are: 

For the compressor, we have 

ĊB = Ċ! + ĊJ� + Ż�                          (6) 

where the subscripts wc denotes the power input to the 
compressor. 

For the Combustion Chamber, we have 

Ċ; = ĊB + ĊK + Ż��                         (7) 

For the Turbine, we have 

Ċ/ + ĊJ� + ĊJ@ = Ċ; + Ż@                     (8) 

Ċ4
Ė4 =

ĊMCJC                                      (9) 

Where 	@ denotes the net power generated by the turbine. 
Auxiliary equation (9) is written assuming the same unit cost 
of incoming fuel and outgoing exergy streams. A zero unit 
cost is assumed for air entering the compressor (i.e. Ċ1 = 0). 
Additional auxiliary equation is formulated assuming the 
same unit cost of exergy for the net power output of the 
system and power input to the compressor: 

ĊMCJC 	= 	 ĊMN
JN                                    (10) 

The information of the cost streams help in 
exergoeconomic evaluation of the system. In 
exergoeconomic evaluation of thermal systems, certain 
quantities, known as exergoeconomic variables, play an 
important role. These are the average unit cost of fuel (cF,k), 
average unit cost of product (cP,k), the cost rate of exergy 
destruction (ĊD,k), and the exergoeconomic factor (fk). 

Mathematically, these are expressed [11] as: 

OP.G = ĊQ.I
ĖQ.I                                      (11) 

O*.G = Ċ3.I
Ė3.I                                      (12) 

ĊR.S = OP.S	ĖR.S                            (13) 

TG = ŻI
ŻIUĊV.I                               (14) 

Exergy costing balances (exergoeconomic balances) were 
carried out for each component. The exergy cost balance 
consists of operating cost rate (fuel cost rate), capital cost 
rate and product cost rate. 

The cost balance equation is given as; 

ŻS +∑ĊP,S = ∑Ċ*,S                        (18) 

2.2. Economic Constraints 

For a component receiving a heat transfer and generating 
power, cost balance equation may be written as [12]: 

∑ ĊX,S + ĊJ,S = ĊY,SX + ∑ ĊZ,SZ + ŻS           (15) 

where Ċ denotes a cost rate associated with an exergy stream 
and the variable Ż represents non-exergetic costs. 

2.3. The Objective Function 

The objective function expresses total cost rate of the plant 
in terms of naira per unit time. 

i. e. \� = Ċ*@]@�^ = ĊK_K`a� + ∑ŻS + ∑ĊR,S   (16) 

The thermal system requires two conflicting objectives; 
one being increase in exergetic and energy efficiencies and 
the other is decrease in product cost to be satisfied 
simultaneously. The maximization of exergetic efficiency 
means minimization of exergy destruction cost. Thus, the 
objective fucntion becomes a minimization problem. The 
objective function for this problem is defined as to minimize 
a total cost function Ċ*@]@�^ which is modelled as: 

Ċ*@]@�^ = ĊP@]@�^ + ∑ŻS                          (17) 

In this optimization, compressor pressure ratio 	b*�, 
compressor isentropic efficiency 	cZ�� , turbine isentropic 
efficiency 	cZ@� , combustion product temperature 	:;� , air 
mass flow rate 	_��, fuel mass flow rate d_Ke, temperature 

of the fuel d:Ke are taken as decision variables. 

The stopping conditions used for solving the optimization 
problem are the maximum number of generations and 
cumulative function tolerance, which are shown in Table 3. 

Table 3. Stop criteria for the optimization algorithm. 

Stop criterion Value 

Number of generation 300  

Function tolerance 71 10−×  

2.4. Genetic Algorithm Optimization 

The optimization is done using Non-Dominated Sorting 
Genetic Algorithm (NSGA) proposed by [13]. The algorithm 
eliminates higher computational complexity, lack of elitism 
and the requirement for specifying sharing parameter. The 
developed GA code selects the decision variables in such a 
way to decrease the objective function. The flowchart of the 
algorithm is shown in Figure 2. The optimization code was 
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written in MATLAB programming language. The optimal 
values of the decision variables (constraints) were obtained 

by minimizing the objective function. 

 

Source[6] 

Figure 2. Flowchart for GA optimization. 

3. Results and Discussion 

In this study, both optimization and exergoeconomic 
analysis of Delta IV Ughelli power plant were performed. 

The objective function which is given to evolutionary 
algorithm (i.e. Genetic Algorithm) is considered here. The 
objective function is a summation of three important parts; 
operational cost rate, capital investment cost rate and exergy 
destruction cost rate. 

Table 4. Comparison of the base (measured) data with the optimum result. 

Property Base data GA Optimum Variation (%) 

Compressor pressure ratio, pr  10.47 9.76 -6.8 

Compressor isentropic efficiency, icη (%) 88 86.4 -1.6 

Turbine isentropic efficiency, itη (%) 89 89.12 +0.13 

Turbine inlet temperature, 3T ( K ) 1,238.5
 

1,481.8
 

+10.97 

Mass flow rate of air, amɺ ( skg / ) 427.00 530 +24.12 

Mass flow rate of fuel, fmɺ ( skg / ) 7.04 7.00 -0.57 

Table 5 shows that the exergy destruction cost rate for the components for the base and GA optimum. The exergy destruction 
cost rate increases slightly from N77,231.20 per hour for measured to N87,728.32 per hour for optimum result in the 
compressor, a variation of 13.59%. The increase in exergy destruction cost rate is due to increase in exergy destruction rate for 
optimum results. 
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Table 5. Comparison of the measured(base) exergy destruction cost rate with the optimum result. 

Exergy destruction cost rate Base (₦/hr) GA Optimum (₦/hr) Variation (%) 

Exergy destruction cost rate in the compressor 77,231.20 87,728.32 +13.59 

Exergy destruction cost rate in the combustion chamber 4,171,488 470,288.00 -88.73 

Exergy destruction cost rate in the turbine 226,878.24 144,278.4 -36.41 

Total exergy destruction cost rate in the plant system 4,475,597.44
 

702,294.72
 

-84.31 

 
In the combustion chamber, the exergy destruction cost 

rate decreases from N4,171,488 per hour for measured to 
N470,288.00 for optimum results. This gives a variation of -
88.73%. This is due to large decrease in exergy destruction 
for optimum results in the combustion chamber. The total 
exergy destruction in the plant decreases from N4,475,597.44 
for measured to N702,294.72 for optimum results, resulting 
to a variation of -84.31% for the total cost of exergy 

destruction. This is due to minimization of total exergy 
destruction by increasing the fraction of capital investment 
cost for repair, refurbishment and replacement of parts of 
components 

Table 6 shows capital investment cost rate of the 
components which means initial purchase cost less 
depreciation cost plus cost of maintenance for measured 
(base) and GA optimum results. 

Table 6. Comparison of the measured (base) capital investment cost rate with the optimum result. 

capital investment cost rate Base (₦/hr) GA Optimum (₦/hr) Variation (%) 

Capital investment cost rate in the compressor 1,500,057.6 936,016.00 -37.6 

Capital investment cost rate in the combustion chamber 22,964.16 93,160.8 +305.6 

Capital investment cost rate in the turbine 548,872.00 1,428,252.8 +160.1 

Total capital investment cost rate for the plant 2,071,893.76 2,457,429.6 +18.6 

 
The results invariably show that the fraction of capital 

investment cost meant for repair, refurbishment and 
replacement of bearings and seals, compressor blades and the 
exhaust system of the compressor decrease from N90,003.46 
per hour for measured to N56,160.96 per hour for optimum 
results, a variation of –37.6%. Six percent (6%) of capital 
investment cost is used as maintenance cost in this study 
which is employed in standard exergoeconomic analysis [7]. 
The reduction in the fraction of capital investment is due to 
slight increase in exergy destruction as shown in table of 
results. The increase in exergy destruction results to decrease 
in the value of T2 from 632K for measured to 590K for 
optimum results and consequent reduction in pressure ratio 
and isentropic efficiency. The drop in T2 reduces thermal 
tension in the component parts thereby reducing fraction of 
capital investment cost for maintenance. 

Table 6 also shows an increase in the fraction of capital 
investment cost for the combustion chamber meant for repair, 
refurbishment and parts replacement of transition pieces, 
combustion liners, end caps, fuel nozzle assemblies, cross fire 
tubes[14] from N1,377.85 per hour for measured to N5,589.65 
per hour for optimum result, leading to a variation of 305.6%. 
The fraction of capital investment cost for maintenance 
increase in the combustion chamber is due to large exergy 
destruction rate caused by process irreversibilities. 

It is also observed in Table 6 that the fraction of capital 
investment cost for the turbine meant for repair, refurbishment 
and parts replacement; turbine nozzles, turbine stationary 
shrouds and turbine buckets in the turbine [14] increases from 
N32,932.32 per hour for measured to N85,695.17 per hour for 
optimum result, a variation 160.1%. The high investment cost 
is to reduce exergy destruction rate caused by irreversibilities. 

4. Conclusion 

Exergoeconomic optimization and analysis of operating 

parameters have been performed on Delta IV Ughelli Power 
Plant using Genetic Algorithm. Two objective functions were 
involved in the optimization process; thermodynamic (e.g. 
maximum efficiency or minimum fuel consumption) and 
economic (e.g. minimum cost per unit of time). 

Optimized values revealed that component’s cost rate of 
exergy destruction in the combustion chamber decreased by a 
variation of -88.73% while that of the turbine decreased by a 
variation of -36.41%. However, that for the compressor 
increased by a variation of 13.59%. The component’s capital 
investment cost rate in the combustion chamber increases by 
a variation of 305.6% and that of the turbine increased by a 
variation of 160.1%. Anyway, that of the compressor 
decreased by a variation of -37.6%. These are the financial 
implications of sustaining the optimum performance of the 
various components via routine maintenance, refurbishment 
and spare parts replacement. 

The results above show that the fuel consumption 
decreased from measured (base) result to GA optimum result 
by a variation of - .57%. The total capital investment cost rate 
increased from the base result to GA optimum result by a 
variation of 18.61%. The total exergy destruction cost rate 
decreased from the measured (base) result to GA optimum 
result by a variation of -84.31%. 

Notations 

Cf= Cost of fuel per unit energy (N/MJ) 
Qv = Lower Heating Value (kJ/kg) 
Ċf= Fuel cost rate (N/hr) 
ŻK= Annual levelized cost rate of components (N/hr) 
ĊK = Annual levelized cost rate of components (N/hr) 
φ = Maintenance factor. 
N = Annual number of operating hours (hrs) 
Cj = Flow cost rate (N/hr) 
Cj = Unit cost of exergy (N/MJ) 
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rP = Pressure ratio. 
ηic = Isentropic efficiency of the compressor (%) 
ηit = Isentropic efficiency of the gas turbine (%) 
S. V = Salvage value. 
N = Naira. 
T1 = Compressor input temperature (K) 
T2 = Compressor output temperature (K) 
T3 = Combustion chamber output temperature (K) 
ma = Air mass flow rate (kg/s) 
mf = Fuel mass flow rate (kg/s) 
PWF = Present worth factor. 
CRF = Capital recovery factor. 
PEC = Purchased equipment cost. 
To = Tref = Standard reference temperature (K) 
Pref = Standard reference pressure (bar) 
Tf = Temperature of fuel supplied (K) 
Wt = Rate of work output from the turbine (MW). 
Wc = Rate of work input to the compressor (MW). 
cwt = Unit cost of turbine work (N/GJ). 
cwc = Unit cost of compressor work (N/GJ). 
Ċwt = Total cost rate of turbine work output (N/hr). 
Ċwc = Total cost rate of compressor work (N/hr). 
$/N = Exchange rate @ November, 2016 = 304 
Ċ = Exergy cost rate (N/hr). 
c = Unit cost of exergy (N/GJ or N/kWh). 
f = Exergoeconomic factor. 
ĊT = Total cost of running the plant per hour (N/hr). 
GA = Genetic algorithm 
OF = Objective function. 
Ċptotal = Total cost rate of the plant. 
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