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Abstract 
This paper presents the performance improvement study of gas turbine pow-
er plant in Nigeria by exergy analysis method using Geregu 1 gas turbine 
power plant as a case study. The study analyzed the system’s components 
separately in order to identify the sites where the largest exergy losses occur 
and to quantify the amount. Results of the component efficiencies based on 
their thermodynamic models of energy and exergy analyses at design and op-
erating years of the power plant revealed that the maximumexergy destruc-
tion efficiency occurred in the combustion chamber. Improvement approaches 
made on the performance of the combustion chamber included: 1) Increasing 
turbine inlet temperature at constant pressure ratio; 2) Increasing combus-
tion chamber pressure ratio at constant turbine inlet temperature; and 3) In-
creasing both turbine inlet temperature and pressure ratio. Results of im-
provement conditions show that the first condition produced progressive de-
crease in exergy efficiency for the design and operating years when tempera-
ture was increased from 1060˚C - 1080˚C at 11 bar pressure. Second condi-
tion resulted to increase in exergy efficiency when pressure increased from 11 
bar to 15 bar. Similarly, increasing turbine inlet temperature and pressure by 
20˚C and 4 bar respectively increased the exergy efficiency by 0.22% on de-
sign condition. In addition the exergy efficiency of the operating years in-
creased with increase in both temperature and pressure at the amount. 
Hence, pressure variation affects exergy efficiency of combustion chamber. 
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1. Introduction 

Even though there is high demand for energy (electricity) generation from 
cleaner sources such as solar, wind and hydro, the renewable energy resources 
alone cannot meet the current global electricity generation demand capacity 
with the present infrastructure. Hence, fossil fuels will continue to play key roles 
in electricity generation industry. Owing to this, there is need to improve the 
performance of the existing fossil energy transformation technologies, even if 
the construction of new facilities is discouraged, which will not only reduce the 
cost of electricity generation but also reduce the total energy input for cleaner 
environment, increase generation capacity and enhance reliability and sustain-
ability. Counties that have sufficient electricity generation, through improved 
power plant performance, contribute immensely to the global reduction in the 
number of persons migrating in search of better living conditions. 

Electricity generation in Nigeria, has been facing many challenges such as in-
sufficient gas supply to thermal plants, poor transmission and distribution facili-
ties and low performance of existing facilities. Where and when gas supply is 
available, many gas turbine plants perform below technical expectation due to 
lack of sufficient understanding of the thermodynamic performance improve-
ment techniques that could be adopted. 

The most commonly used method for evaluating the performance efficiency 
of an energy conversion process is the First law analysis. However, there is in-
creasing interest in combined utilization of the First and Second laws of ther-
modynamics using concepts of exergy, entropy generation and exergy destruc-
tion in order to evaluate the efficiency with which the available energy is con-
sumed. Both laws have been commended appropriate tools for the analysis of 
energy and exergy of power conversion systems [1]. 

Exergy analysis allows thermodynamic evaluation of energy conservation be-
cause it provides the tool for a clear distinction between energy losses to the en-
vironment and internal irreversibilities in the process. The second law of ther-
modynamics uses an exergy balance for the analysis of thermal systems. Thus, it 
can play an important role in developing strategies and in providing guidelines 
for more effective use of energy in the existing power plants. A thermal power 
plant is a good example of the utilization of exergy analysis [2]. Another impor-
tant issue is to improve the performance of existing system through exergy and 
identify the component in which highest exergy destruction takes place. The 
majority of the causes of thermodynamic imperfection of thermal and chemical 
processes in thermal power plants cannot be detected by means of an energy 
analysis. For example, irreversible and heat transfer processes, throttling, and 
adiabatic combustion are not associated with an energy loss, but they lead to de-
crease in quality, reduce its ability to be transformed into other kinds of energy, 
and, therefore, increases the operation cost [3]. These effects can only be de-
tected and evaluated by second law of thermodynamics. The efficacy of the 
energy-exergy analysis concept in power plants improvements can be attested by 
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the continued interests and research on it by scholars such as [1] [4] [5] [6] [7]. 
Moran and Shapiro [8] provided a brief survey of exergy principles and analy-

sis along with emphasis on areas of application. They concluded that the exergy 
balance can be used to determine the location, type and true magnitude of the 
waste of energy resources, and thus can play an important part in developing 
strategies for more effective fuel use. Sciubba and Wall [9] presented a brief crit-
ical and analytical account of the development of the concept of exergy and its 
applications. Ameri et al. [10] carried out exergy analysis of a combined cycle 
power plant and showed that the combustion chamber, the gas turbine, duct 
burner and the heat recovery steam generator are the main sources of irreversi-
bility in the plant which if the components are optimized the power plant im-
provement can be enhanced. Aljundil [5] presented the energy and exergy anal-
ysis of Al-Hussein power plant in Jordan. The work analyzed the system com-
ponents separately, identified and quantified the sites having the largest energy 
and exergy losses. In addition, the effect of varying the reference environment 
state on this analysis was presented. Kaushik et al. [6] reviewed some studies on 
energy and exergy analyses of thermal plants and showed that most gas turbines 
combustion chambers are most vulnerable to exergy destruction (irreversibili-
ties). The study also showed that exergy methods are useful in assessing which 
improvements are worthwhile in a thermal power plant, and in addition be used 
alongside other information for efficiency improvement. Furthermore, Ameri 
and Enadi [11] also showed by exergy analysis that the gas turbine combustion 
chamber of a thermal power plant in Iran was the most exergy destructive com-
ponent in the plant. Dincer and Rosen [12] demonstrated that, although energy 
and exergy values are dependent on the intensive properties of the dead state, 
the main results of energy and exergy analyses are usually not significantly sensi-
tive to reasonable variations in these properties as observed in [13]. Most studies 
on thermal power plants in Nigeria have concentrated on evaluation of the per-
formance of the system [14] [15], performance improvement by inlet air cooling 
[16] [17] and management and training of operational personnel [18]. There are 
few studies on the energy and exergy analyses of thermal plants in Nigeria which 
include the thermodynamic assessment of grid-based gas turbine power plants 
by Abam et al. [19] and the thermodynamic simulation of GT performance. In 
the face of the present low electricity generation capacity of the country, there is 
need for more studies on the energetic and exergetic performance of GT power 
plants in the country with a view to improving their performance. Comprehen-
sive study of the thermal plants will ensure optimal performance of the existing 
plants and also form a benchmark for the installation of new facilities. The ob-
jective of this paper is to carry out a complete thermodynamic evaluation of one 
of the major GTs located at Geregu through energy and exergy analysis. 

2. Methodology 

In order to analyze the energetic and exergetic performance of the power plant, 
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thermodynamic models are applied to investigate each component of the power 
plant. Geregu 1 thermal power station Ajaokuta, Nigeria, is an open cycle gas 
turbine plant that runs on natural gas. It consists of three independent units, 
each rated at 138 MW giving a total installed capacity of 414 MW. The design 
parameters and the composition of the natural gas used are shown in Table 1 
and Table 2 respectively while the operating process is shown schematically in 
Figure 1. The model equations were analyzed using high performance software, 
SCILAB code. 

As an open cycle GT, air enters the compressor at a pressure of 1bar and at 
temperature of 15˚C and is compressed to a pressure and temperature of 11bar 
and 350˚C respectively. Heat addition takes place in the combustion chamber at 
constant pressure and temperature of 1060˚C by the combustion of the fuel. The 
exhaust gas exits to the atmosphere after useful work is done in the turbine. The 
combustion products are discharged to the atmosphere at a pressure of 1 bar and 
temperature 540˚C respectively. The component wise energy and exergy analys-
es of the system are presented in this section with the aid of Figure 1. 

 
Table 1. Geregu gas turbine design conditions.  

Parameter Value Unit 

Compressor inlet pressure 1 bar 

Compressor outlet pressure 11 bar 

Compressor inlet temperature 15 ˚C 

Compressor outlet temperature 350 ˚C 

Compressor mass flow rate 500 kg/s 

Fuel mass flow rate to the combustion chamber 9 kg/s 

Combustion inlet temperature 350 ˚C 

Combustion chamber outlet temperature 1060 ˚C 

Combustion chamber pressure 11 bar 

Turbine inlet temperature 1060 ˚C 

Turbine outlet temperature 540 ˚C 

Turbine inlet pressure 11 bar 

Turbine outlet pressure 1 bar 

Turbine mass flow rate 509 kg/s 

Exhaust temperature 530 ˚C 

Exhaust pressure 1 bar 

Power output 138 MW 

Relative humidity 51.5 % 

Compressor stages 10 - 

Turbine stages 4 - 

Power turbine speed 3600 rpm 
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Table 2. Composition of natural gas supply to Geregu gas turbine plant. 

Component Molecular Formula Percentage by mole 

Carbon dioxide 
Nitrogen 
Methane 
Ethane 

Propane 
I-butane 
N-butane 

Neo-Pentane 
I-pentane 
N-pentane 
Hexanes 

M C pentane 
Cyclo hexane 

Heptanes 
M C hexane 

Toluene 
Octane 

MP Xylene 
Nonanes 
Decanes 

Gas density 
Whole sample mole weight 
Fuel Lower calorific Value 

CO2 
N2 

CH4 

C2H6 
C3H8 
C4H10 
C4H10 

C5H12 

C5H12 

C5H12 
C6H14 

C6H12 
C6H12 

C7H16 

C7H14 

C7H8 

C8H18 

C8H10 

C9H20 

C10H22 

 
 
 

0.61 
1.19 

93.56 
4.03 
0.11 
0.12 
0.01 
0.02 
0.08 
0.01 
0.08 
0.02 
0.02 
0.03 
0.02 
0.03 
0.01 
0.02 
0.02 
0.01 

0.7335 kg/m3 

17.28 
47,976.5 KJ/kg 

 

 
Figure 1. Schematic diagram of Geregu gas turbine power plant. 

2.1. Mass and Combustion Equations 

At several locations on the boundary through which mass enters and exits the 
plants, the mass balance at steady state is given by 

i em m=∑ ∑                              (1) 

where i and e represent inlet and exit respectively. 

2.2. Energy Analysis of the Gas Turbine Plant Components 

In an open flow system there are three types of energy transfer across the control 

Air

1
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Turbine
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Combustion Chamber
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volume namely work transfer, heat transfer, and energy associated with mass 
transfer in and out of the system. The first law of thermodynamics or energy 
balance for the steady flow process is 

2 2

2 2
i e

cv i i i cv e e ei e

v v
Q m h gz W m h gz

   
+ + + = + + +   

   
∑ ∑            (2) 

To analyze the possible realistic performance, detailed energy analysis of the 
thermal power plant system has been carried out by ignoring the kinetic and po-
tential energy changes. Here, we will apply all the fundamental principles re-
quired for the thermodynamic analysis of power generating systems (such as 
conservation of mass and conservation of energy principle and thermodynamic 
data) to individual plant component such as the compressor, the combustion 
chamber and the turbines to get their individual contribution to the overall 
power plant.  

The energy or the first law efficiency 1η  of a system and/or system compo-
nent is defined as the ratio of energy output to the energy input to a sys-
tem/component. 

1
Desired Output energy

Input energy
η =

                       (3)
 

2.2.1. Energy Analysis of Compressor Sub-System  
All the components shown in Figure 1 are analyzed individually. For the com-
pressor, there is no heat transfer, 0cvQ = , then the energy balance for the work 
intake by the air compressor subsystem is given by Equation (4) 

( )2 1c s
C

mc c

m h h
W

η η
−

=


                            (4) 

The energy or first law efficiency of the compressor sub-system is calculated 
from Equation (5) 

( )2 1
1,

.

c s
C

mc Comp

m h h
W

η
η

−
=


                           (5) 

2.2.2. Energy Analysis of Combustion Chamber Sub-System 
At the combustion chamber, there is no work interaction in the system, the heat 
input into the system is given by Equation (6), 

cv fQ m LCV= ∗ ;                           (6) 

LCV is the Lower Calorific Value of the fuel.   
The energy or first law efficiency of the combustion chamber is 

( )3 2
1,

t
cc

f

m h h
m LCV

η
−

=
∗





                         (7)  

2.2.3. Energy Analysis of Turbine Sub-System 
For the turbine, the work developed by the sub-system is given by Equation (8) 

( )3 4T t mt sW m h hη= −                          (8) 
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The first law efficiency of the turbine sub-system is calculated from Equation (9) 

( )1,
3 4

T
T

t mt s

W
m h h

η
η

=
−

                         (9) 

2.2.4. Gas Turbine Cycle Thermal Efficiency 
The network Wnet of the gas turbine plant is given by the equation 

net T CW W W= −                            (10) 

The thermal efficiency of the gas turbine cycle is determined using the equation, 

Cycle thermal efficiency net

cc f

W
m LCVη

=


                 (11) 

The overall gas turbine power plant efficiency is thus 

overall power plant efficiency g net

cc f

W
n m LCV
η

=


               (12) 

2.3. Exergy Analysis of Gas Turbine Plant 

Exergy is the maximum theoretical work or reversible work obtained as a system 
interacts with an equilibrium state. It is generally not conserved as energy but 
destroyed in the system. Exergy destruction is the measure of irreversibility 
which is the source of performance loss. Therefore an exergy analysis in assess-
ing the magnitude of exergy destruction identifies location, magnitude and the 
source of thermodynamic inefficiencies in thermal systems [20]. 

The exergy efficiency or second law efficiency is defined as 

2
Exergy Output
Exergy Input

η =                          (13) 

Formulation of Exergy Balance Equation: 
The general exergy balance equation comprising both chemical exergy and 

thermo-mechanical exergy is given by the equation [21]. 

{ } { }

0
0

W CH T T P P
in out in outin out in out

cv
in outin out

E E E E E E

Q
T S S

T

= + − + −

 
+ − + 

 

∑ ∑ ∑ ∑

∑ ∑
         (14) 

where, 
WE  = Exergy or the maximum theoretical work developed by the system. 
CHE  = Chemical exergy of the system. 
T T
in outE E−  = Change in thermal component of exergy as stream enters and ex-

its the plant. 
P P
in outE E−  = Change in mechanical component of exergy as stream enters and 

exits the plant. 

in outin outS S−∑ ∑  is the change in entropy as the stream enters and exits the 
plant.  

Qcv is the heat transfer between the plant and the environment. 
The thermo-mechanical stream can be separated into thermal and mechanical 
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components. The thermal and mechanical components of the thermo-mechanical 
exergy stream for an ideal gas with constant specific heat is written as [22]  

( )0 0
0

lnT
p

TE mc T T T
T

  
= − −  

   
                    (15) 

0
0

lnP PE RT
P

 
=  

 
                        (16) 

The thermo-mechanical exergy stream of the ideal gas equation is given by 
Equation (17) 

( )0 0
0 0

ln lnM T P
p p

T pE E E mc T T T mc R
T P

    
= + = − − −    

     
          (17) 

The pc  in Equation (17) can be obtained in a polynomial form as 

2 3p
pc a bT cT

C
dT

M
= = + + +                    (18) 

where a, b, c, and d, are constants characteristics of gas obtained from selected 
ideal gas tables. 

Chemical exergy for a mixture of ideal gas as written in Equation (19). 

( )0 lnCH ch
i i i ii iE m y e RT y y= +∑ ∑                 (19) 

The component wise exergy balance of gas turbine thermal power plant sys-
tem is given as follows sections. 

2.3.1. Exergy Analysis of Compressor Sub-System 
The exergy balance for the air compressor system is given by 

( )1 2 0C aW m e e T σ− = − −                        (20) 

The process irreversibility in the compressor is given by 

( )0 0 2 1processI T T m s sσ= = −                       (21) 

where the entropy generated at each state in the compressor is given as in Equa-
tion (22) 

2 2
2 1

1 1

ln ln
ap a

T Ps s C R
T P

   
− = −   

   
                  (22) 

The total irreversibility or exergy destruction in the compressor consists of 
two components, the mechanical irreversibility and process irreversibility [23]. 

, 2 1 .
.

1 1M C comp
mc

I E
η −

 
= − 
 

                      (23) 

where 

2 1 .compE −  = Internal power requirement of the compressor, 

( )2 1 . 2 1comp airE m h h− = −                       (24) 

.mcη  = compressor mechanical efficiency ≈ 0.99 
The exergy destruction in the compressor   
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, , ,D C M C P CE I I= +                         (25) 

The second law efficiency of the compressor is 

( ), 2 1
2, . 1 D C a

C
C C

E m e e
W W

η
−

= − =




                  (26) 

2.3.2. Exergy Analysis of the Combustion Chamber Sub-System 
The exergy balance for the combustion chamber sub system is given by the equ-
ation 

( ) ( ) 00 j f a pme me T σ
+

 = − − ∑                    (27) 

where 

f am +  is the sum of the mass of fuel and air, e is the specific exergy and pm  
is that of combustion products. 

The irreversibility in the combustion chamber is given as 

( ) ( )0 3 2P RT S Sσ = −                       (28) 

and the entropy production rate is 

( ) ( )3 2P Rm s sσ  = −    

where ( ) ( ) ( )2 2 0R A FS S S= +  and the subscripts P, R, A and F represents prod-
ucts, reactants, air and fuel respectively [24]. Combustion in the combustion 
chamber is assumed to take place at constant pressure. The irreversibility in the 
combustion chamber is 

( ) ( ) ( ) ( ) ( ) ( ) ( ){ }, 0 3 0 0 2 0 0 0D cc P P P A A F AE T S S S S S S S= − + − − + +        

where ( ) ( ) ( )0 0 0 0P F AS S S S ∆ = − +   

3 3 2 2
, 0 0

0 0 0 0

ln ln ln ln
g aD cc g p g g a p a a

T P T PE T m c m R m c m R S
T P T P

   = − − − + ∆  
   
     (29) 

The second law efficiency of the Combustion Chamber is 

( )
( )
( )

,
2, 1 pD CC

CC
f a f a

meE
me me

η
+ +

= − =


 

                   (30) 

2.3.3. Exergy Analysis of Turbine Sub-System 
The exergy balance for the work developed by the gas turbine sub-system is giv-
en by the equation  

( )3 4 0T pW m e e T σ= − −                      (33) 

where ( )4pm e  is exergy out of the turbine subsystem and ( )3pm e  is exergy in 
into the turbine subsystem.   

The process irreversibility in the turbine is given by 

( ), 0 0 3 4P T pI T T m s sσ  = = −                    (34) 

The entropy changes at different states in the turbine is given by the Equation 
(35) 
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3 3
3 4

4 4

ln ln
gp g

T P
s s C R

T P
   

− = −   
   

                    (35) 

The internal power generated in the turbine is determined using the equation 

( )3 4T pP m h h= −                            (36) 

The mechanical irreversibility in the turbine is given by the equation 

( ), 1M T mt TI Pη= −                           (37) 

Exergy out from the turbine sub system can be evaluated using Equation (38) 

( ) ( ) ( ) ( ){ }4 3 3 4 0 3 4p pm e m e h h T s s = − − − −                (38) 

Exergy destruction in the turbine is given by the equation 

, , ,D T M T P TE I I= +                          (39) 

The second law efficiency of the turbine sub system is given by the equation 

( ) ( )
,

2,
3 4 3 4

1 D T T
T

p p

E W
m e e m e e

η = − =
− − 

                  (40) 

2.3.4. The Gas Turbine Cycle Exergy Efficiency 
The cycle second law or exegetic efficiency is given by 

2,
net

cycle
fuel

W
Ex

η =                           (41) 

The overall power plant second law or exegetic efficiency is evaluated using 
the equation 

( )2
g net

overall
fuel

W
Ex
η

η =                          (42) 

The thermochemical and standard chemical exergy of the natural gas supply 
to the power plant which are used in the exergy analysis are presented in Table 3. 
 
Table 3. Thermochemical and standard chemical exergy of natural gas supplied to Gere-
gu power plant. 

Component 
Mole  

fraction, y 
Heat of formation 

0
fh  (KJ/kmol) 

Gibbs function 
(KJ/kmol) 

Standard chemical 
exergy (KJ/kmol) 

Carbon dioxide 0.006 −393,520 −394,380 19,870 

Nitrogen 0.0119 0 0 720 

Methane 0.9356 −74,850 −50,790 831,680 

Ethane 0.0403 −84,680 −32,890 1,495,955 

Propane 0.0011 −103,850 −23,490 2,131,880 

I-butane 0.0012 −134,300 −20,760 2,800,835 

N-butane 0.001 −126,150 −15,710 2,805,885 

Neo-Pentane 0.0002 −167,800 −14,050 3,453,920 

I-Pentane 0.0008 −154,400 −14,050 3,453,920 
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Continued 

N-Pentane 0.0001 −146,440 −8200 3,459,770 

Hexanes 0.0008 −166,920 150 4,114,495 

MC Pentane 0.0002 −106,700 −8200 −3,459,770 

Cyclo hexane 0.0002 −123,141 31,800 3,910,050 

Heptanes 0.0003 −187,780 8165 4,768,855 

M C hexane 0.0002 −154,700 27,480 4,141,825 

Toluene 0.0003 50,170 122,050 3,938,390 

Octane 0.0001 −208,450 17,320 5,424,451 

MP Xylene 0.0002 17,300 118,760 4,581,425 

Nonanes 0.0002 −229,300 11,900 6,065,370 

Decanes 0.0001 −249,400 17,400 6,717,245 

3. Results and Discussion 

The 138 MW Geregu 1 gas turbine power plant was analyzed in terms of energy 
and exergy. For exergy analysis, the environment reference temperature and 
pressure of 25˚C and 1 bar respectively were considered. The thermodynamic 
properties of the input and output of the unit of Geregu gas turbine plant for 
both design and operating conditions were determined using Engineering Equa-
tion Solver (EES) software package. With the help of these properties, energy 
and exergy analyses of the gas turbine plant were performed based on the first 
and second laws of thermodynamics [25]. The components energy and exergy 
efficiencies, the gas turbine cycle efficiency and the second law efficiency were 
obtained. Also, the exergy destruction efficiencies of the system components was 
noted as a result of performing the analysis. The needed thermodynamic proper-
ties of the power plant both for design and operating conditions were fed into 
the formulated energy and exergy model equations for the components and 
analyzed using SCILAB software code [26]. The energy efficiency of the com-
pressor sub-system at the design condition was 84.00%, whereas for the actual 
operating years, it ranges from 92.35% to 93.20%. Similarly, the exergy efficiency 
of the compressor at the design condition was 89.05%, and ranges from 92.83% 
to 93.19% for the operating years. The combustion chamber has energy efficien-
cy of 96.96% at design and in the range of 98.60% to 99.50% for actual operating 
years. The exergy efficiency of the combustion chamber at design condition was 
74.29%, and its efficiency ranges from 73.52% to 73.70% for the operating years. 
Also, the turbine sub-system energy efficiency at design condition was 87.49% 
and in the range of 87.02% to 87.61% for operating years. For the turbine, the 
exergy efficiency at the design condition was 93.60%. Its exergy efficiency for the 
operating years were in the range of 93.40% to 93.65%. The profile of energy and 
exergy efficiencies of the components of the power plant is illustrated in the bar 
chart shown in Figure 2 and Figure 3. 

The exergy destruction efficiency of the compressor at design was 10.94%, and  
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Figure 2. Energy efficiency of components at design and operating years. 

 

 
Figure 3. Exergy efficiency of components at design and operating years. 

 
the efficiency at operating years ranges from 6.80% to 7.17%. Similarly, the ex-
ergy destruction efficiency of combustor chamber sub-system at design condi-
tion was 25.71%, while it ranges from 26.30% to 26.48% for actual operating 
years. The turbine exergy destruction efficiency was 6.40% at design and it was 
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in the range of 6.35% to 6.60% for actual operating years. The thermal efficiency 
and the second law efficiency of the power plant at design condition were 
31.36% and 29.13% respectively. For the actual operating years, it ranges from 
32.60% to 33.04%, and 30.28% to 30.68%. The overall power plant thermal effi-
ciency and the second law efficiency are also shown in Table 4.   

A comparison of exergy destruction of power plant components as illustrated 
in Figure 4, shows that the highest exergy destruction occur in the combustion 
chamber with exergy destruction efficiency in the range of 25.71% to 26.48% for 
the years under study. The exergy loss in the combustion chamber is due to com-
bustion reaction and large temperature difference during heat transfer between the  
 

Table 4. Result of component efficiencies at design and operating years. 

Component Design 2007 2008 2009 2010 2011 

Compressor 
Work input 

Isentropic work input (kW) 
Internal power consumed 
Energy efficiency, η1 (%) 
Exergy efficiency, η2 (%) 

Exergy destruction efficiency, δc (%) 
Exergy destruction (kW) 

Exergy input (kW) 
Exergy output (kW) 

 
176,767.68 
148,484.85 

175,000 
84.00 
89.06 
10.94 

19,340.74 
176,767.68 
157,426.94 

 
172,147.84 
159,924.32 

1,740,426.36 
92.90 
93.20 
6.80 

11,706.09 
172,147.84 
160,441.75 

 
171,468.94 
158,823.74 
169,754.25 

92.63 
92.98 
7.02 

12,033.49 
171,468.94 
159,435.44 

 
171,964.44 

1,558,814.22 
170,244.8 

92.35 
92.83 
7.17 

12,322.83 
171,964.44 
159,641.61 

 
171,017.76 
159,380.45 
169,307.58 

93.20 
93.15 
6.85 

11,716.72 
171,017.76 
159,301.04 

 
170,847.05 
159,221.36 
169,138.58 

93.20 
93.17 
6.83 

11,666.99 
170,847.05 
159,180.05 

Combustion Chamber 
Heat input 

Energy efficiency, η1 (%) 
Exergy efficiency, η2 (%) 

 
Exergy destruction efficiency, δCC (%) 

Exergy destruction (kW) 
Exergy input (kW) 

Exergy output (kW) 

 
431,788.5 

96.60 
74.29 

 
25.71 

160,023.61 
622,310.00 
462,286.39 

 
421,233.67 

99.53 
73.52 

 
26.48 

162,598.81 
613,961.00 
451,362.19 

 
421,713.44 

98.60 
73.69 

 
26.31 

161,425.72 
613,471.23 
452,045.51 

 
421,233.67 

98.65 
73.70 

 
26.30 

161,274.82 
613,160.87 
451,886.04 

 
421,713.43 

98.66 
73.66 

 
26.34 

161,523.62 
613,336.83 
451,813.21 

 
420,274.14 

98.70 
73.66 

 
26.34 

161,105.95 
611,652.8 
450,546.85 

Turbine 
Work output 

Isentropic work (kW) 
Internal power generated (kW) 

Energy efficiency, η1 (%) 
Exergy efficiency, η2 (%) 

 
Exergy destruction efficiency δTurb (%) 

Exergy destruction, δTurb (kW) 
Exergy input (kW) 

Exergy output (kW) 

 
308,053.28 
352,107.62 
311,164.93 

87.48 
93.60 

 
6.40 

21,061.70 
329,114.98 
308,053.28 

 
308,817.97 
354,874.67 
311,937.35 

87.02 
93.39 

 
6.61 

21,825.04 
330,643.01 
308,817.97 

 
308,842.17 
352,453.5 

311,961.79 
87.62 
93.65 

 
6.35 

20,932.31 
329,774.48 
308,842.17 

 
308,144.04 
352,453.5 

311,256.61 
87.43 
93.58 

 
6.42 

21,150.09 
329,294.13 
308,144.04 

 
307,317.36 
352,591.85 
310,421.57 

87.16 
93.48 

 
6.52 

21,441.97 
328,759.32 
307,317.36 

 
306,108.60 
351,740.29 
309,200.61 

87.03 
93.40 

 
6.60 

21,645.88 
327,754.48 
306,108.60 

GT cycle 
Net work (kW) 

Power generated (kW) 
Energy efficiency, η1 (%) 
Exergy efficiency, η2 (%) 

 
131,285.61 
128,659.90 

31.36 
29.13 

 
136,670.13 
133,936.73 

32.60 
30.28 

 
137,373.23 
134,625.77 

33.04 
30.68 

 
136,179.6 

133,456.00 
32.77 
30.44 

 
136,299.6 

133,573.61 
32.76 
30.43 

 
135,261.55 
132,556.32 

32.61 
30.29 

Overall GT Plant 
Energy efficiency, η1 (%) 
Exergy efficiency, η2 (%) 

 
30.73 
28.54 

 
31.95 
29.67 

 
32.38 
30.07 

 
32.11 
29.83 

 
32.10 
29.82 

 
31.95 
29.68 
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Figure 4. Exergy destruction efficiency of components at design and operating years. 

 
combustion gases and air/fuel mixture. Other factors that may contribute to the 
high amount of irreversiblity are defective burners and fuel quality.  

Improvement Potential of the Combustion Chamber of the Gas  
Turbine Plant 

In the plant, the combustion chamber has the largest exergy destruction efficiency 
from the study accounting for the range of 25.71% to 26.48% of the breakdown ex-
ergy of the plant components. This, of course, has the largest improvement po-
tentials. The chemical reaction between the air and fuel in the combustion 
process is the main source of exergy destruction in the combustion chamber. An 
improvement approach was investigated to determine its effect on the exergy ef-
ficiency of the components. The improvement performance approach consi-
dered was increasing turbine inlet temperature at constant pressure ratio. In the 
simulation, the turbine inlet temperature was increased from 1060˚C to 1080˚C 
with an interval of 5˚C. For each temperature, the pressure ratio remained con-
stant at 11 bar. The result of the effect of increase in turbine inlet temperature at 
constant combustion chamber pressure ratio on the exergy and exergy destruc-
tion efficiencies are shown in Table 5. It shows a progressive exergy efficiency 
reduction as temperature increases while the exergy destruction increased pro-
portionately with temperature. Similarly, for a given temperature and pressure 
evaluation, the shift in exergy efficiency from design to operating years was posi-
tive continually which imply that age produced negative effect on the operation 
of the plant. This is possible because of deterioration of parts as years advanced. 
This performance effect on the exergy is further illustrated in Figure 5 where the  
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Table 5. Effect of turbine inlet temperature increase at constant pressure ratio (P = 11 
bar) on exergy efficiency of the combustion chamber. 

TIT (˚C) Parameter Year 

  Design 2007 2008 2009 2010 2011 

1060 
Exergy Efficiency (%) 74.29 73.52 73.69 73.70 73.66 73.66 

Exergy Destruction Efficiency, γ (%) 25.71 26.48 26.31 26.30 26.34 26.34 

1065 
Exergy Efficiency (%) 74.17 73.40 73.57 73.58 73.55 73.54 

Exergy Destruction Efficiency, γ (%) 25.83 26.44 26.43 26.42 26.45 26.46 

1070 
Exergy Efficiency (%) 74.06 73.29 73.46 73.47 73.43 73.43 

Exergy Destruction Efficiency, γ (%) 25.94 26.71 26.54 26.53 26.43 26.57 

1075 
Exergy Efficiency (%) 73.95 73.18 73.35 73.36 73.32 73.32 

Exergy Destruction Efficiency, γ (%) 26.05 26.82 26.65 26.64 26.68 26.68 

1080 
Exergy Efficiency (%) 73.92 73.11 73.28 73.29 73.26 73.24 

Exergy Destruction Efficiency, γ (%) 25.08 26.89 26.72 26.71 26.74 26.76 

 

 
Figure 5. Effect of increase in turbine inlet temperature (K) at constant pressure ratio on 
exergy efficiency. 
 
increase in TIT resulted to constant exergy efficiency decrement irrespective of 
the year of operation. That is the change in exergy efficiency from the reference 
state (P = 11 bar, T = 1060˚C) to subsequent states maintained constant value 
each year of operation as well as the design year. Similarly, the exergy destruc-
tion efficiency was also in the increase as temperature increased (Table 5).   
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The second improvement performance approach considered was increasing 
combustion chamber pressure ratio at constant turbine inlet temperature (TIT). 
The combustion chamber pressure ratio was increased from 11 bar to 15 bar at 
an interval of 1 bar while the temperature remained constant at 1060˚C. The re-
sult is shown in Table 6. It shows that increasing pressure ratio enhances the 
exergy of the system as the efficiency maintained a constant increase from the 
reference temperature and pressure.  

Figure 6 shows the effect of increasing pressure ratio on the exergy efficiency  
 
Table 6. Effect of pressure ratio increase on exergy efficiency of combustion chamber at 
constant turbine inlet temperature of 1060˚C. 

Pressure 
(bar) 

Parameter Year 

  Design 2007 2008 2009 2010 2011 

11 
Exergy Efficiency (%) 74.29 73.52 73.69 73.70 73.66 73.66 

Exergy Destruction Efficiency, γ (%) 25.71 26.48 26.31 26.30 26.34 26.34 

12 
Exergy Efficiency (%) 74.46 73.70 73.87 73.88 73.85 73.84 

Exergy Destruction Efficiency, γ (%) 25.54 26.30 26.13 26.12 26.15 26.16 

13 
Exergy Efficiency (%) 74.66 73.91 74.08 74.09 74.05 74.05 

Exergy Destruction Efficiency, γ (%) 25.34 26.09 26.92 26.91 25.95 25.95 

14 
Exergy Efficiency (%) 74.78 74.04 74.22 74.21 74.18 74.16 

Exergy Destruction Efficiency, γ (%) 25.22 25.96 25.78 25.79 25.82 25.84 

15 
Exergy Efficiency (%) 74.90 74.16 74.34 74.34 74.31 74.30 

Exergy Destruction Efficiency, γ (%) 25.10 25.84 25.66 25.66 25.69 25.70 

 

 
Figure 6. Effect of pressure ratio change on exergy efficiency of the combustion chamber 
at constant inlet temperature. 
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Table 7. Effect of changes in turbine inlet temperature and pressure on exergy efficiency 
of the combustion chamber.  

Pressure (bar)/ 
TIT (˚C) 

Parameter Year  

  Design 2007 2008 2009 2010 2011 

11/1060 
Exergy Efficiency (%) 74.29 73.52 73.69 73.70 73.66 73.66 

Exergy Destruction Efficiency, γ (%) 25.71 26.48 26.31 26.30 26.34 26.34 

12/1065 
Exergy Efficiency (%) 74.35 73.59 73.76 73.77 73.73 73.72 

Exergy Destruction Efficiency, γ (%) 25.65 26.41 26.24 26.23 26.27 26.28 

13/1070 
Exergy Efficiency (%) 74.41 73.64 73.81 73.82 73.79 73.78 

Exergy Destruction Efficiency, γ (%) 25.59 26.36 26.19 26.18 26.21 26.22 

14/1075 
Exergy Efficiency (%) 74.48 73.69 73.88 73.91 73.85 73.83 

Exergy Destruction Efficiency, γ (%) 25.52 26.31 26.12 26.09 26.15 26.17 

15/1080 
Exergy Efficiency (%) 74.51 73.76 73.93 73.94 73.91 73.90 

Exergy Destruction Efficiency, γ (%) 25.49 26.24 26.07 26.06 26.09 26.10 

 
of the combustion chamber indicating positive exergy efficiency gradient. This 
implies that whereas temperature increase reduces the exergy efficiency, the 
pressure enhances it. On the other hand, the exergy destruction efficiency re-
duced in the same range for both design and operating conditions. 

The resultant effects of increasing both turbine inlet temperature and pressure 
ratio from 1060˚C to 1080˚C and 11 bar to 15 bar respectively, on the exergy ef-
ficiency of the combustion chamber is presented in Table 7. Exergy efficiency 
improvement range of 0.22% to 0.25% was recorded for the power plants turbine 
combustion chamber. It also resulted to the reduction in exergy destruction of 
the component in the same range for both design and operating conditions. The 
determining parameter in the improvement of the system as both inlet tempera-
ture and pressure increased, is the combustion chamber pressure ratio. Increase 
in pressure ratio has more effect than increase in turbine inlet temperature. 

4. Conclusion 

In this study, the performance improvement of Geregu 1 gas turbine power 
plant in Nigeria was performed by exergy analysis. The primary objective of this 
study was to analyze the system components separately and to identify the sites 
having the largest exergy losses and to quantify the amount of losses. Specific 
data at design and operating conditions from Geregu1 gas turbine plant in Nige-
ria was used. The maximum exergy destruction efficiency was found in the 
combustion chamber to be in the range of 25.71 to 26.48 percent for the design 
and operating years under review. This is because of chemical reaction and heat 
transfer processes in the combustion chamber. Improvement on the perfor-
mance of the combustion chamber made included 1) Increasing turbine inlet 
temperature at constant pressure ratio. In this, the turbine inlet temperature was 
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increased from 1060˚C to 1080˚C with an interval of 5˚C in temperature and the 
pressure ratio remained constant at 11 bar. There is decrease in exergy efficiency 
in the range of 0.37 percent to 0.45 percent for both design and operating condi-
tions. 2) Increasing combustion chamber pressure ratio at constant turbine inlet 
temperature (TIT). In the simulation, the combustion chamber pressure ratio 
was increased from 11 bar to 15 bar with an interval of 1 bar pressure increase 
and the turbine inlet temperature remained constant at 1060˚C. The improve-
ment analysis indicates increase in exergy efficiency in the range 0.61 percent to 
0.65 percent. On the other hand, the exergy destruction efficiency reduced in the 
same range for both design and operating conditions. 3) Increasing both turbine 
inlet temperature and pressure ratio. Improvement on the performance of the 
combustion chamber with both increase in turbine inlet temperature (TIT) from 
1060˚C to 1080˚C at 5˚C interval, and pressure increase from 11bar to 15bar at 
interval of 1 bar showed exergy destruction efficiency reduction in the range of 
0.22 percent to 0.25 percent. This efficiency reduction in exergy destruction re-
sulted to combustion chamber exergy efficiency increase of 74.29 percent to 
74.51 percent from initial design pressure and temperature of 11 bar and 1060˚C 
to 15 bar and 1080˚C respectively. This also resulted in performance improve-
ment in exergy efficiency in the range of 73.76 percent to 73.93 percent from the 
range of 73.52 percent to 73.70 percent for the operating years after the im-
provement. The performance improvement was made by taking note of the 
temperature limit of 1700K (1427C), (Moran and Shapiro, 2006) imposed by the 
metallurgical considerations on the maximum permissible temperature at the 
TIT. The cycle thermal and exergy efficiency of the plant at design were 31.36 
percent and 29.13 percent respectively, while it ranges from 32.60 percent to 
33.04 percent for the operating years. The overall energy and exergy efficiency of 
the plant at design were 30.78 percent and 28.54 percent and the overall energy 
and exergy efficiencies ranges from 30.28 percent to 30.68 percent for the oper-
ating years. In conclusion, energetic and exergetic analysis and results obtained 
from this study will guide engineers and researchers on the area to focus on the 
plant performance improvement 

Conflicts of Interest 

The authors declare no conflicts of interest regarding the publication of this pa-
per. 

References 
[1] Ahmadi, G.R. and Toghraie, D. (2016) Energy and Exergy Analysis of Montazeri 

Steam Power Plant in Iran. Renewable and Sustainable Energy Reviews, 56, 454-463.  
https://doi.org/10.1016/j.rser.2015.11.074 

[2] Amir, V. (2012) Improving Steam Power Plant Efficiency through Exergy Analysis: 
Ambient Temperature. 2nd International conference on Mechanical, Production 
and Automobile Engineering (ICM PAE 2012), Singapore, 28-29 April 2012, 209-212. 

[3] Kaushik, S.C., Chandra, H. and Khaliq, A. (2005) Thermal Optimization for an Ir-

https://doi.org/10.4236/oalib.1106617
https://doi.org/10.1016/j.rser.2015.11.074


M. N. Eke et al. 
 

 

DOI: 10.4236/oalib.1106617 19 Open Access Library Journal 
 

reversible Cogeneration Power Plant. International Journal of Energy, 2, 260-273. 

[4] Ameri, M., Ahmadi, P. and Hamidi, A (2009) Energy, Exergy and Exergoeconomic 
Analysis of a Steam Power Plant (A Case Study). International Journal Energy Re-
search, 33, 499-512. https://doi.org/10.1002/er.1495 

[5] Aljundi, I.H. (2009) Energy and Exergy Analysis of a Steam Power Plant in Jordan. 
Applied Thermal Engineering, 29, 324-328. 
https://doi.org/10.1016/j.applthermaleng.2008.02.029 

[6] Kaushik, S.C., Reddy, V.S. and Tyagi, S.K (2011) Energy and Exergy Analyses of 
Thermal Power Plants. A Review. Renewable and Sustainable Energy Reviews, 15, 
1857-1852. https://doi.org/10.1016/j.rser.2010.12.007 

[7] Regulgadda, P., Nater, G.F. and Dincer, I. (2010) Exergy Analysis of a Thermal 
Power Plant with Measured Boiler and Turbine Losses. Applied Thermal Engineer-
ing, 30, 970-976. https://doi.org/10.1016/j.applthermaleng.2010.01.008 

[8] Moran, M.J. and Shapiro, H. (2006) Fundamental of Engineering Thermodynamics. 
5th Edition, John Wiley & Sons Inc., New York. 

[9] Sciubba, E. and Wall, G. (2007) A Brief Commented History of Exergy from the Be-
ginnings to 2004. International Journal of Thermodynamics, 10, 1-26. 

[10] Ameri, M., Ahmadi, P. and Khanmohammadi, S. (2008) Exergy Analysis of a 
420MW Combined Cycle Power Plant. International Journal of Energy Resources, 
32, 175-183. https://doi.org/10.1002/er.1351 

[11] Ameri, M. and Enadi, N. (2012) Thermodynamic Modeling and Second Law Based 
Performance Analysis of a Gas Turbine Power Plant (Exergy and Exergoeceonomic 
Analysis). Journal Power Technology, 92, 183-191. 

[12] Dincer, I. and Rosen, M.A. (2004) Effect of Varying Dead-State Properties on 
Energy and Exergy Analyses of Thermal Systems. International Journal Thermal 
Science, 43, 121-133. https://doi.org/10.1016/j.ijthermalsci.2003.05.004 

[13] Ganguly, R., Ray, T.K., Datta, A. and Gupta, A. (2010) Exergy-Based Performance 
Analysis for Proper O&M Decision in a Steam Power Plant. Energy Conversion 
Management, 51, 1333-1344. https://doi.org/10.1016/j.enconman.2010.01.012 

[14] Obodeh, O. and Isaac, F.O. (2001) Performance Analysis for Sapele Thermal Power 
Station: Case Study of Nigeria. Journal of Emerging Trends in Engineering and Ap-
plied Sciences, 2, 166-171. 

[15] Lebele-Alawa, B.T. and Jo-Appah, V. (2015) Thermodynamic Performance Analysis 
of a Gas Turbine in an Equatorial Rain Forest Environment. Journal Power and 
Energy Engineering, 3, 11-23. https://doi.org/10.4236/jpee.2015.31002 

[16] Oyedepo, S.O. and Kilanko, O. (2014) Thermodynamic Analysis of a Gas Turbine 
Power Plant Modelled with an Evaporative Cooler. International Journal of Ther-
modynamics, 17, 14-20. https://doi.org/10.5541/ijot.76988 

[17] Carmona, J. (2015) Gas Turbine Evaporative Cooling Evaluation for Lagos-Nigeria. 
Applied Thermal Engineering, 89, 262-269. 
https://doi.org/10.1016/j.applthermaleng.2015.06.018 

[18] Oyedepo, S.O. Fagbenle, R.O., Adefila, S.S and Adavbiele, S.A. (2014) Performance 
Evaluation and Economic Analysis of a Gas Turbine Power Plant in Nigeria. Energy 
Conversion and Management, 79, 431-440. 
https://doi.org/10.1016/j.enconman.2013.12.034 

[19] Abam, F.I., Ugot, I.U. and Igbong, D.I. (2011) Thermodynamic Assessment of 
Grid-Based Gas Turbine Power Plants in Nigeria. Journal of Emerging Trends in 
Engineering and Applied Science, 2, 1026-1033. 

https://doi.org/10.4236/oalib.1106617
https://doi.org/10.1002/er.1495
https://doi.org/10.1016/j.applthermaleng.2008.02.029
https://doi.org/10.1016/j.rser.2010.12.007
https://doi.org/10.1016/j.applthermaleng.2010.01.008
https://doi.org/10.1002/er.1351
https://doi.org/10.1016/j.ijthermalsci.2003.05.004
https://doi.org/10.1016/j.enconman.2010.01.012
https://doi.org/10.4236/jpee.2015.31002
https://doi.org/10.5541/ijot.76988
https://doi.org/10.1016/j.applthermaleng.2015.06.018
https://doi.org/10.1016/j.enconman.2013.12.034


M. N. Eke et al. 
 

 

DOI: 10.4236/oalib.1106617 20 Open Access Library Journal 
 

[20] Song, T.W., Kim, J.L., Kim, T.S. and Ro, S.T. (2002) Exergy-Based Performance 
Analysis of the Heavy-Duty Gas Turbine in Part Load Operating Conditions. Exer-
gy, 2, 105-112. https://doi.org/10.1016/S1164-0235(01)00050-4 

[21] Oh, S., Pang, H., Kim, S. and Kwak, H. (1996) Exergy Analysis for a Gas-Turbine 
Cogeneration System. Journal Engineering and Gas Turbine Power, 118, 782-791. 
https://doi.org/10.1115/1.2816994 

[22] Kotas, T.J. (1995) The Exergy Method in Thermal Plant Analysis. Krieger Publish-
ers, Malabar, FL, 328. 

[23] Utgikar, P.S., Dubey, S.P. and PrasadaRoa, P.J. (1995) Thermoeconomic Analysis of 
Gas Turbine Cogeneration Plant—A Case Study. Proceedings of the Institution of 
Mechanical Engineers, Part A: Journal of Power and Energy, 209, 45-54.  

[24] Nag, P.K. (2001) Power Plant Engineering. 2nd Edition, McGraw-Hill, New Delhi. 

[25] Boattuk, A., Coskun, A. and Geredelioglu, C. (2015) Thermodynamic and Exergoe-
conomics Analysis of Cayirhan Thermal Power Plant. Energy Conversion Manage-
ment, 101, 371-378. https://doi.org/10.1016/j.enconman.2015.05.072 

[26] Baudin, M. (2010) Introduction to Scilab.  
https://mars.uta.edu/mae3183/simulation/introscilab_baudin.pdf 

 

https://doi.org/10.4236/oalib.1106617
https://doi.org/10.1016/S1164-0235(01)00050-4
https://doi.org/10.1115/1.2816994
https://doi.org/10.1016/j.enconman.2015.05.072
https://mars.uta.edu/mae3183/simulation/introscilab_baudin.pdf

	Performance Improvement of a Gas Turbine Power Plant in Nigeria by Exergy Analysis: A Case of Geregu 1
	Abstract
	Subject Areas
	Keywords
	1. Introduction
	2. Methodology
	2.1. Mass and Combustion Equations
	2.2. Energy Analysis of the Gas Turbine Plant Components
	2.2.1. Energy Analysis of Compressor Sub-System 
	2.2.2. Energy Analysis of Combustion Chamber Sub-System
	2.2.3. Energy Analysis of Turbine Sub-System
	2.2.4. Gas Turbine Cycle Thermal Efficiency

	2.3. Exergy Analysis of Gas Turbine Plant
	2.3.1. Exergy Analysis of Compressor Sub-System
	2.3.2. Exergy Analysis of the Combustion Chamber Sub-System
	2.3.3. Exergy Analysis of Turbine Sub-System
	2.3.4. The Gas Turbine Cycle Exergy Efficiency


	3. Results and Discussion
	Improvement Potential of the Combustion Chamber of the Gas Turbine Plant

	4. Conclusion
	Conflicts of Interest
	References

