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Abstract:  
 

In this article, different compressor pressure and different excess air rates for a gas turbine 

based combine cycle power plant with steam Rankine cycle as bottoming cycle were 

analyzed by using 1. and 2. laws of thermodynamics and exergy analyses methods to 

obtain the best performances of the cycle. Exergy efficiency of the cycle, net powers of 

the gas and steam turbines and the overall cycle, exergy loss of the components, the 

efficiencies of the components are obtained, compared and discussed. It was found that, 

increasing the compressor pressure increases exergy efficiency of cycle, gas turbine and 

total plant power, and the combustion chamber, the HRSG and the compressor 

efficiencies. However, increasing compression rates decreases steam turbine power, 

combustion chamber, steam turbine, and HRSG exergy losses and the gas turbine 

efficiency. Also, it is found that, increases in excess air ratios gives an optimum or a 

maximum exergy efficiency, at 2.5 excess air rate of the cycle. 

 

1. Introduction 
 

The environmental concerns regarding carbon 

emissions, rise in electricity demand with the rapid 

development of emerging economies and finite 

fossil fuel reserves have made the increased 

efficiency in energy conversions, the renewable 

energy sources and the recovery of previously 

unused energies very important [1, 2, 3]. To identify 

alternative sources of energy that can be used for 

power generation with minimal harmful effects to 

the environment is necessary. Today’s 

environmental concerns are about the recovery and 

using of low-grade temperatures heat sources. Also, 

previously termed ‘waste heat’ in various industrial 

processes is now taken as a potential source for 

electricity generation. The CCPP technology 

includes two or more power cycles, to obtain high 

efficiency and to provide a decrease in pollutant 

emissions [4, 5, 6]. In power generation, gas turbine 

combined cycles have been used extensively. Also, 

combined cycles have the advantages low 

investment, operation and maintenance costs, 

suitability for plant operations and flexibility to 

fluctuations in demand. [7, 8].   

Combined cycles include a topping cycle and a 

bottoming cycle. For the low temperatures, 

bottoming Organic Rankine Cycles (ORC) are 

another alternative, those have shown good 

performance. The organic working fluids for 

Rankine cycles has been proposed for different 

applications: for renewable energy, for heat recovery 

and they are commercially available [9, 10].  

The Organic Rankine Cycle is a widely investigated 

for the using of low temperatures energy sources like 

geothermal, industrial waste heat, biomass, and solar 

which is reduced the capital and operation costs [10]. 

They have the advantages of the simplicity of 

construction and operation, smaller equipment sizes, 

and high modularity [10]. In literature, studies on the 

increasing efficiency of CCPP are about the increase 

of the efficiencies of gas turbines, steam turbines, 

and both cycles (topping and bottoming) [11], and 

the increase of the organic fluids impact on 

efficiency [10]. 

By applying reheat and by reducing the 

irreversibilities in HRSG, the efficiency of the 

Rankine cycle can be increased. Also, different 

factors may change the ORC performance such as 

the configuration of the system, thermophysical 

properties of working fluids, the temperature of the 

external source, the components efficiency, etc. The 

efficiency of the CCPPs can be improved by 

modifying the performance of the components. 

While Organic Rankine Cycles (ORC) are used to 

gain heat energy from different sources to generate 
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power, the steam Rankine Cycles (SRC) are used to 

recover high temperature heat to generate power. 

Investigations for alternative, harmless, low 

emissions fuels to use in CCPPs can be found in 

literature [12, 13, 14]. 

In this study, gas turbine combined cycle with steam 

Rankine cycle was analyzed by using the 1., the 2. 

laws of thermodynamics and exergy analyses 

methods to obtain the best performances of the cycle 

by changing compression ratio and excess air rates.  

2. Material and Methods 
 

Gas turbine-based combine cycle power plant with 

steam Rankine cycle can be seen at Figure 1. Figure 

1 shows that, the air is compressed to higher 

pressure, then it is combusted by fuel to obtain the 

combustion gas at 3. The gases at 3 are expanded to 

low pressure at 4. Gases at 4 enters the heat recovery 

steam generator to transfer heat to the steam. Steam 

at the outlet of HRSG at 8, is expanded in the steam-

turbine at 9. Saturated water at the exit of the 

condenser at 10 is pumped to at 7.  

 

 

Figure 1. Gas turbine based combine cycle power plant 

with steam Rankine cycle as bottoming cycle. 

These assumptions were made for the analyses; the 

components are taken as a steady-state steady-flow 

systems, pressure drop is negligibly small, in kinetic 

and potential energies changes are negligible [11]. 

The energy equation; 

�̇�𝐶𝑉 − �̇�𝐶𝑉 + ∑ �̇�𝑖𝑛𝑖𝑛 (ℎ𝑖𝑛 +
𝑉𝑖𝑛

2

2
+ 𝑔𝑧𝑖𝑛) −

∑ �̇�𝑜𝑢𝑡𝑜𝑢𝑡 (ℎ𝑜𝑢𝑡 +
𝑉𝑜𝑢𝑡

2

2
+ 𝑔𝑧𝑜𝑢𝑡) = 0             (1) 

The conservation mass law for steady state; 

 ∑ �̇�𝑖𝑛 = ∑ �̇�𝑜𝑢𝑡                                                (2)                                                                                                               

Efficiency of the system; 

𝜂 =
𝑊+𝑄𝑠𝑡𝑒𝑎𝑚.

𝑄𝐹𝑢𝑒𝑙,𝑖𝑛𝑙𝑒𝑡.
                                                      (3)                                                                         

Electrical efficiency of the system;  

𝜂𝑒𝑙 =
𝑊

𝑄𝐹𝑢𝑒𝑙,𝑖𝑛𝑙𝑒𝑡
                                                     (4)                                                                  

For the calculations, the combustion was 

taken as ideally and completely [11]. The 

combustion is;  

ʎ𝐶𝐻4 + (0.7748𝑁2 + 0.2059𝑂2 +

0.0003𝐶𝑂2 + 0.019𝐻2𝑂 → (1 + ʎ)(𝑋𝑁2𝑁2 +
𝑋𝑂2𝑂2 + 𝑋𝐶𝑂2𝐶𝑂2 + 𝑋𝐻2𝑂𝐻2𝑂)                                                                                                                                               

Physical exergy is; 

𝑒𝑝ℎ𝑦𝑖𝑐𝑎𝑙 = (ℎ −  ℎ0)𝑚𝑖𝑥𝑡𝑢𝑟𝑒 − 𝑇0. (𝑠 −

 𝑠0)𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = ∑ 𝑥𝑗 [∫  𝑐𝑝0𝑗(𝑇)𝑑𝑇 −
𝑇

𝑇0
𝑗

𝑇0. (∫  
𝑐𝑝0𝑗(𝑇)

𝑇
𝑑𝑇 − 𝑅 𝑙𝑛

𝑃𝑗

𝑃0

𝑇

𝑇0
)]                            (5)                                      

The chemical exergy is as [11];  

�̄�𝑐ℎ𝑒𝑚,𝑚𝑖𝑥𝑡 = ∑ 𝑥𝑖𝑒𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙,𝑖𝑖 + 𝑅𝑇0 ∑ 𝑥𝑖 𝑙𝑛 𝑥𝑖𝑖  (6)                                                                       

The total exergy are; 

𝐸 = 𝐸𝑝ℎ𝑦 + 𝐸𝑐ℎ𝑒𝑚                                              (7)                                                                                                      

 
Table 1: Equations of energies, mass, entropies of the 

components of gas turbine based combine cycle power 

plant with steam Rankine cycle [11]. 
Components Mass 

Equation 

Energy 

Equation 

Entropy 

Equation 

Compressor �̇�1 = �̇�2 �̇�1. ℎ1 + �̇�𝐶

= �̇�2. ℎ2 

�̇�1. 𝑠1 − �̇�1.𝑠2

+ �̇�𝑔𝑒𝑛,𝐶 = 0 

Gas Turbine �̇�3 = �̇�4 �̇�3ℎ3

= �̇�𝐺𝑇 + �̇�𝐶

+ �̇�4ℎ4 

�̇�3𝑠3 − �̇�4𝑠4

+ �̇�𝑔𝑒𝑛,𝐺𝑇 = 0 

HRSG �̇�4 = �̇�5 

�̇�7 = �̇�8 

�̇�4ℎ4 + �̇�7ℎ7

= �̇�5ℎ5

+ �̇�8ℎ8 

�̇�4𝑠4 + �̇�7𝑠7

− �̇�5𝑠5 − �̇�8𝑠8

+ �̇�𝑔𝑒𝑛,𝐻𝑅𝑆𝐺 = 0 

Steam 

Turbine 

�̇�8 = �̇�9 
 

�̇�8ℎ8

= �̇�𝑆𝑇 + �̇�𝑃 + 𝑚̇
9ℎ9 

 

�̇�8𝑠8 − �̇�9𝑠9

+ �̇�𝑔𝑒𝑛,𝑆𝑇 = 0 

Combustion 

Chamber 

�̇�2 + �̇�6

= �̇�3 

�̇�2ℎ2 + �̇�6ℎ6

= �̇�3ℎ3

+ 0.02�̇�6𝐿𝐻𝑉 

�̇�2𝑠2 + �̇�6𝑠6

− �̇�3𝑠3

+ �̇�𝑔𝑒𝑛,𝐶𝐶 = 0 

Pump �̇�10

= �̇�7 

�̇�10ℎ10

= �̇�7ℎ7 + �̇�𝑃 

�̇�10𝑠10 − �̇�7𝑠7

+ �̇�𝑔𝑒𝑛,𝑃 = 0 

Condenser �̇�10

= �̇�9 

�̇�9ℎ9 =
�̇�10ℎ10+�̇�𝑐 

�̇�9𝑠9 − �̇�10𝑠10

+ �̇�𝑔𝑒𝑛,𝑃 = 0 

 

 

Overall 

Cycle 

ℎ̅𝑖 = 𝑓(𝑇𝑖) 

𝑠�̅� = 𝑓(𝑇𝑖 , 𝑃𝑖) 

�̇�𝑎𝑖𝑟ℎ𝑎𝑖𝑟 + �̇�𝑓𝑢𝑒𝑙𝐿𝐻𝑉𝐶𝐻4 − �̇�𝐿𝑜𝑠𝑠,𝐶𝐶

− �̇�𝑒𝑔.,𝑜𝑢𝑡ℎ𝑒𝑔.,𝑜𝑢𝑡 − �̇�𝐺𝑇

− �̇�𝑆𝑇 − �̇�𝐿𝑜𝑠𝑠,𝑐 = 0 

�̇�𝐿𝑜𝑠𝑠,𝐶𝐶 = 0.02�̇�𝑓𝑢𝑒𝑙𝐿𝐻𝑉𝐶𝐻4 

                                                                               

For open systems exergy equation; 

∑ �̇�𝑖. ℎ𝑖 − ∑ 𝑇0.𝑆𝑖𝑖 −𝑖 ∑ �̇�𝑗. ℎ𝑗 + ∑ 𝑇0.𝑆𝑗𝑗 +𝑗

∑ �̇�𝑘 − ∑ �̇�𝑘 .
𝑇0

𝑇𝑘
− �̇� = �̇�𝑙𝑜𝑠𝑠                                      (8) 

In Table 1 equations of energy, mass, entropy of 

components of gas turbine based combine cycle 

power plant with steam Rankine cycle are given. In 

Table 2 the equations of exergies, exergy 

efficiencies, and performance criteria of components 

of gas turbine based combine cycle power plant with 

steam Rankine cycle are shown. 
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Table 2: The equations of exergies, exergy efficiencies, 

and performance criteria of components of gas turbine 

based combine cycle power plant with steam Rankine 

cycle [11]. 
Components Exergy Equation Exergy Efficiency 

Compressor �̇�𝐷,𝐶

=  �̇�1 + �̇�𝐶 − �̇�2 
𝜂𝑒𝑥,𝐶 =

�̇�𝑜𝑢𝑡,𝐶 − �̇�𝑖𝑛,𝐶

�̇�𝐶

 

Turbine �̇�𝐷,𝑇

= �̇�3 − �̇�4 − �̇�𝐶

− �̇�𝐺𝑇 

𝜂𝑒𝑥,𝐺𝑇 =
�̇�𝑛𝑒𝑡,𝐺𝑇 + �̇�𝐶

�̇�𝑖𝑛,𝑇 − �̇�𝑜𝑢𝑡,𝑇

 

HRSG  �̇�𝐷,𝐻𝑅𝑆𝐺

= �̇�4 − �̇�5 + �̇�7

− �̇�8 

𝜂𝑒𝑥,𝐻𝑅𝑆𝐺

=
�̇�𝑠𝑡𝑒𝑎𝑚,𝐻𝑅𝑆𝐺 − �̇�𝑤𝑎𝑡𝑒𝑟,𝐻𝑅𝑆𝐺

�̇�𝑖𝑛,𝑒𝑥ℎ𝑎𝑢𝑠𝑡,𝐻𝑅𝑆𝐺 − �̇�𝑜𝑢𝑡,𝑒𝑥ℎ𝑎𝑢𝑠𝑡,𝐻𝑅𝑆𝐺

 

Steam 

Turbine 
�̇�𝐷,𝑇

= �̇�8 − �̇�9 − �̇�𝑃

− �̇�𝑆𝑇 

𝜂𝑒𝑥,𝑆𝑇 =
�̇�𝑛𝑒𝑡,𝑆𝑇 + �̇�𝑃

�̇�𝑖𝑛,𝑆𝑇 − �̇�𝑜𝑢𝑡,𝑆𝑇

 

Combustion 

Chamber 
�̇�𝐷,𝐶𝐶

= �̇�2 + �̇�6 − �̇�3 
𝜂𝑒𝑥,𝐶𝐶 =

�̇�𝑜𝑢𝑡,𝐶𝐶

�̇�𝑖𝑛,𝐶𝐶 + �̇�𝑓𝑢𝑒𝑙

 

Pump �̇�𝐷,𝑃

= �̇�10 + �̇�𝑃 − �̇�7 
𝜂𝑒𝑥,𝑃 =

�̇�𝑜𝑢𝑡,𝑃 − �̇�𝑖𝑛,𝑃

�̇�𝑃

 

Condenser �̇�𝐷,𝑐 = �̇�9 − �̇�10 
𝜂𝑒𝑥,𝑐 =

�̇�𝑖𝑛,𝑐

�̇�𝑜𝑢𝑡,𝑐

 

Overall 

Cycle 

Exergy efficiency �̇� = �̇�𝑝ℎ + �̇�𝑐ℎ 

�̇�𝑝ℎ

= �̇�(ℎ − ℎ0

− 𝑇0(𝑠 − 𝑠0)) 

�̇�𝑐ℎ

=
�̇�

𝑀
{∑ 𝑥𝑘�̅�𝑘

𝑐ℎ

+ �̅�𝑇0 ∑ 𝑥𝑘 𝑙𝑛𝑥𝑘} 

𝜂𝑒𝑥 =
�̇�𝑛𝑒𝑡,𝐺𝑇 + �̇�𝑛𝑒𝑡,𝑆𝑇

�̇�𝑓𝑢𝑒𝑙

 

 

 

3. Results and Discussions 
 

The ambient conditions were taken as P0=101.3 kPa 

and T0=25 0C, in this article. Compressor air flow is 

mair=91.3 kg/sec, and fuel flow is mfuel=1.64 kg/sec. 

The isentropic efficiency of the steam, gas turbines 

and compressor were taken as ηizST=ηizC=ηizGT=0.86. 

The compressor ratio is 10, temperature of steam 

Tsteam=485.57 K. HRSG outlet temperature is taken 

as Texh=426 K [11]. 

 

Figure 2. Variation of the exergy efficiency with 

compression ratios of CCPPs. 

 

Figure 3. Variation of the power with compression 

ratios of CCPPs. 

 

In figure 2, variation of the exergy efficiency with 

pressure ratios of CCPPs is given. That is shown 

that, increasing pressure ratios from 6 to 16 increases 

exergy efficiency, about % 11 of the gas turbine 

based combine cycle power plant with steam 

Rankine cycle.  

In figure 3, variation of the power with pressure 

ratios of CCPPs is given. Increasing compression 

rates, increases gas turbine and the total plant power, 

but decreases the steam turbine power. Increasing 

compression rates from 6 to 16 increases gas turbine, 

total plant power about % 15 and % 11. But 

decreases the steam turbine power about % 8. 

 

Figure 4. Variation of the exergy losses of the 

components with compression rates for CCPPs. 

In figure 4, variation of the exergy losses of 

components with compression rates for CCPPs are 

given. Increasing compression rates increases gas 

turbine and compressor exergy loss about % 76 and 

% 29, respectively. However, increasing 

compression rates decrease combustion chamber, 

steam turbine, and HRSG exergy losses about, % 12, 

% 8, % 16, respectively. In figure 5, variation of 

efficiencies of components with pressure ratios of 

CCPPs are given. That is seen, increasing 

compression rates increases the combustion, the 

HRSG and the compressor 
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Figure 5. Variation of efficiencies of the components 

with pressure rates for CCPPs. 

efficiencies about % 11, % 2 and % 2, respectively. 

However, increasing compression rates decreases 

the gas turbine efficiency, about % 7, while the 

steam turbine, and the pump efficiencies stay 

constant. 

 

 

Figure 6. Variation of the exergy efficiency with excess 

air ratios of CCPPs 

In figure 6, variation of the exergy efficiency with 

excess air ratios of CCPPs is given. It can be seen, 

increasing excess air rates gives an optimum or 

maximum exergy efficiency, at 2.5 excess air ratio 

of the turbine based combine cycle power plant with 

steam Rankine cycle.  

 

Figure 7. Variation of the net power of the turbines with 

excess air ratios of CCPPs. 

In figure 7, variation of net power with excess air 

ratios of the CCPPs is shown. That is seen, 

increasing excess air rates gives a maximum power 

point for gas turbine and total plant power at 2.9 and 

2.5 excess air rates, respectively. But decreases the 

steam turbine power about % 34. 

 

Figure 8. Variation of exergy loss of components with 

excess air ratios of CCPPs. 

In figure 8, variation of exergy loss of components 

with excess air ratios of CCPPs is given. An increase 

in excess air ratios increases gas turbine, combustion 

chamber and compressor exergy loss about % 161, 

% 34 and % 170, respectively. Also, increasing 

excess air rates decrease steam turbine, and HRSG 

exergy losses about, % 34, % 71, respectively. 

 

Figure 9. Variation of efficiencies of devices with excess 

air ratios of CCPPs. 

In figure 9, variation of efficiencies of devices with 

excess air ratios of CCPPs can be seen. An increase 

in excess air ratios increases gas turbine, and HRSG 

efficiencies % 13 and % 34, respectively. However, 

increasing excess air ratio has an affect to decrease 

combustion chamber efficiency, about % 3, while 

compressor, the steam turbine, and the pump 

efficiencies stay constant. 

 

4. Conclusions 

 
In this article, different compressor pressures and 

excess air ratios for a gas turbine based combine 

cycle power plant with steam Rankine cycle as 

bottoming cycle are analyzed by using 1. and 2. laws 

of thermodynamics and exergy analyses methods to 

obtain the best performances of the cycle. Exergy 

efficiency of the cycle, net powers of gas turbine, 

steam turbine and the cycle, exergy loss of the 

components, the efficiencies of the components are 
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obtained, compared and discussed. That is found, an 

increase in compression rate increase exergy 

efficiency of this cycle, gas turbine and the total 

plant power, and the combustion chamber, the 

HRSG and the compressor efficiencies. However, 

increasing compression rates decreases the steam 

turbine power, combustion chamber, steam turbine, 

and the HRSG exergy losses and the gas turbine 

efficiency. Also, that is found, increasing excess air 

ratios from 1.3 to 3.5 gives an optimum or a 

maximum exergy efficiency, at 2.5 excess air ratio 

of the cycle. Increasing excess air ratios, increases 

gas turbine, combustion chamber and compressor 

exergy losses, but decreases steam turbine, and 

HRSG exergy losses. 
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