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By using exhaust gas as heating source, a combined cycle power plant with inlet 
fuel heating is investigated experimentally. Energy analysis and exergy analysis 
are carried out under different power load and ambient temperature. The results 
reveal that the thermal efficiency of the power plant system increases as power 
load increases. The thermal efficiency and power output at 5 ℃ are 54.15% and 
412 MW, respectively, while when the ambient temperature is 35 ℃, the thermal 
efficiency and power output are 52.3% and 330 MW, respectively. Under the same 
conditions, the combustion chamber has the highest irreversibility rate, while 
the air compressor has the lowest. The irreversibility rate of the power plant sys-
tem increases in line with power load. The second-law efficiency increases from  
37.0-50.12% when the power load changes from 30-100%.
Key words: combined cycle power plant, power load, efficiency, exergy

Introduction 

According to a survey of the International Energy Agency in 2019, the global energy 
demand is predicted to rise by 30% in 2040, and over 20% of electricity generation fueled by 
natural gas [1]. A combined cycle power plant (CCPP) can utilize waste heat of exhaust from 
gas turbine to generate steam. The steam enters into steam turbine to produce extra work The 
efficiency of the CCPP system is much higher than that of gas turbine cycle or the Rankine 
cycle [2]. Hence the CCPP systems have been developed rapidly [3-6]. 

Performance investigation on the normal CCPP systems have been carried out active-
ly [7, 8]. Aliyu et al. [9] presented the thermodynamic analysis of a CCPP system using design 
data. They revealed that the exergy efficiency of the turbine is the highest in the steam turbine 
cycle while the exergy efficiency of the condenser is the lowest one. Sen et al. [10] studied the 
effect of ambient temperature on electric power generation in a CCPP system using natural gas 
as fuel. The results showed that the efficiency of the components in the CCPP system decreased 
with increasing ambient temperature. The electricity generation at ambient temperature of 8 
℃ was 227.7 MW, which is 30.4 MW higher than that of 23 ℃. And similar results have been 
reported in many studies that the power output of CCPP system decreases considerably with 
increasing ambient temperature [11-15]. 
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A lot of effort has been done to improve the performance of gas-fired power plants, 
since most gas-fired power plants are large-scaled, and even a small improvement in effi-
ciency can lead to a huge amount of power gain [16]. Ibrahim et al. [17] investigated the 
performance of a gas turbine-based power plant under different air supply temperature. They 
revealed that the overall system efficiency can be significantly increased by reducing the inlet 
air temperature. Mahapatra and Sanjay [18] investigated a CCPP system with inlet air cooling 
using Second-law thermodynamics. They revealed that the overall exergy of the system can 
be increased by using inlet air cooling system. Kotowicz et al. [19] investigated the ther-
modynamic and economic characteristics of a CCPP with gas turbine steam cooling. They 
found that the utilization of heat from the compressed air in gas turbine was effective, and 
the use of steam as a coolant in the gas turbine improved its efficiency. Besides, Kotowicz 
and Brzeczek [20] also investigated the thermodynamic performance of various gas turbine 
improvements in CCPP system under different air-cooled cooling modes. The results showed 
that the efficiency of the CCPP system can be improved by using air-cooled cooling in the 
gas turbine and used its heat in the steam cycle. Kwon et al. [21] numerically analyzed the 
performance improvement of a CCPP system by dual cooling of the inlet air and turbine cool-
ant. A LiBr-water absorption chiller was integrated with the gas turbine. The results revealed 
that the power generation of the integration system was estimated to be 8.2% higher than the 
ordinary CCPP system. 

The main contributions of the present study are:
 – Firstly, a CCPP system with inlet fuel heating (CCPP-IFH) is experimentally investigated. 

The natural gas is heated in a heater before it enters the combustion chamber, and the heat-
ing source of the heater is the flue gas.

 – Secondly, the CCPP-IFH system is tested under different part-load conditions and ambient 
temperatures. The experimental results can provide reference for further numerical investi-
gation on CCPP system.

 – Thirdly, the energy and exergy analysis on the whole system and each component are performed 
on the basis of the actual operating data from the Banshan power plant in Hangzhou, China.

System description

In this study, a CCPP system with IFH is established and tested. The experimental 
data are collected under different power load and weather conditions. This CCPP-IFH system 
is located in Hangzhou city (120 °E, 29 °N), China. The CCPP system consists of a PG9351FA 
turbine that produced by General Electric, a triple pressure heat recovery steam generator 
(HRSG), a D10 steam turbine, and a 390H Hydrogen-cooled generator. The schematic of the 
CCPP is shown in fig. 1. Solid particles of dust and impurities in the ambient air are filtered 
through an air filter, and then enters the compressor. The natural gas that heated in the heater 
meets the compressed air in the combustion chamber, where fuel combustion takes place. Then 
combustion gases are expanded in the turbine to generate work. Part of the generated driving 
force is used to run the air compressor, and the left is used to generate electric power. The inter-
nal energy contained in the flue gas is recovered to run steam turbines.

The data are collected through a plant information system, which is integrated in the 
power plant system. The ambient temperature and pressure measurement uncertainty is ±0.05 
K and ±0.13%. The uncertainties of the temperature, pressure and power output measurement 
in the system are ±2 K, 0.5%, and ±1%, respectively. The uncertainties of the calculated value 
are calculated by using the engineering equation solver (EES) program. Some measured data 
are displayed in tab. 1.



Chen, T., et al.: Energy and Exergy Analyses of a Combined Cycle Power ... 
THERMAL SCIENCE: Year 2022, Vol. 26, No. 5A, pp. 3677-3687 3679

Table 1. Raw data from the Banshan CCPP

Parameter Value
Air mass-flow rate [103 kg per hour] 2410 2360 2303 2270 2210 2135 2110 1968
Inlet air temperature [℃] 5 10 15 17.5 20 25 30 35
Fuel mass-flow rate [103 kg per hour] 53 51 50.8 50.1 49.2 47.8 45.7 44.2
Flue gas mass-flow rate [kg per hour] 2479 2407 2364 2330 2303 2177 2100 2088

Flue gas outlet temperature [℃] 81.8 82.9 84.1 83.8 84.2 84.6 85.2 85.6

Turbine outlet temperature [℃] 590.9 600.7 604.8 607.1 613.5 618 620 623
Turbine outlet temperature [kPa] 105.9 105.2 104.7 104.4 104 102.9 102.8 100.8

Analysis method

Energy analysis

The calculation of the CCPP system is performed by using EES program. The calcu-
lation is conducted according to the following two assumptions: 
 – the natural gas burns completely in the combustion chamber, 
 – no energy loss to the surroundings, 

Figure 1. Schematic diagram of the CCPP with IFH system: 1 – filter,  
2 – air compressor, 3 – combustion chamber, 4 – turbine, 5 – high pressure gas 
turbine, 6 – intermediate pressure gas turbine, 7 – low pressure gas turbine,  
8 – condenser, 9, 25, 26, 27 – recirculation pump, 10 – heater,  
11, 14, 17, 18 – superheater, 12, 13 – reheater, 15, 20, 23 – evaporator,  
16, 19, 21, 22, 24 – economizer, and 28, 29 – desuperheater
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 – kinetic and potential energies are negligible, and 
 – kinetic and potential exergies are negligible.
 – Gas turbine

The gas turbine consists of an air compressor, a combustion chamber and a turbine. The 
clean filtered ambient air enters the air compressor. The compressor outlet temperature was calculated:
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The specific heat at constant pressure was calculated [22]:
2 3 4
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The specific heat at constant volume was calculated by using EES program.
The power balance in the compressor:
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where ηAC is the mechanical efficiency of the air compressor, ṁa, cp, and T are the mass-flow 
rate, specific heat, and temperature of the air, respectively. 

The outlet pressure is calculated:

3 2 ACP P r= (5)
where rAC is the pressure ratio.

The combustion process in the combustion chamber can be described:

a ,3 3 CC NG NG NG ,5 5 f 6p pm c T m LHV m c T m hη+ + =    (6)

a NG fm m m+ =   (7)
The specific heat of the combustion gas can be calculated [23]:

2 3 4

p, 4 7 10 14
1.4159 1.916 1.24 3.0671.0888

10 10 10 10t
T T T Tc = − + − + (8)

The high pressure exhaust gas enters the turbine to produce power. The power pro-
duced by the turbine:

( )TB f 6 7 TBW m h h η= −

 (9)
Part of the power generated by the gas turbine is used to drive the air compressor, then 

the net power produced from the gas turbine:

net TB ACW W W= −   (10)

– The HRSG

The triple pressure HRSG system is used to improve the energy utilization efficiency 
by recover the waste heat. The exhaust gas is used to heat feed water into steam with pressure of 
9.563 MPa, 2.146 MPa, and 0.366 MPa, respectively. Another steam line of the HRSG is con-
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nected to the heater, and the natural gas is heated to 185 ℃. The energy balance of the HRSG 
can be expressed:

7 7 9 9 30 30 8 8 10 10 34 34 26 26 32 32 0m h m h m h m h m h m h m h m h+ + − − − − − =        (11)

– Steam turbine

The energy balance of steam turbine can be calculated:

 8 8 10 10 12 12 9 9 11 11 13 13STW m h m h m h m h m h m h= + + − − −

      (12)
 – Condenser and natural gas heater

The e energy balance of the condenser and the natural gas heater can be expressed:

13 13 29 29 30 30m h m h m h+ =   (13)

( ) ( )4 5 4 26 26 29m h h m h h− = −  (14)
 – Thermal efficiency

 The thermal efficiency is defined as the ratio of the output to the input. The thermal 
efficiency of the gas turbine, HRSG, and the overall CCPP system is calculated:
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Exergy analysis

Exergy is defined as the useful work potential of a given amount of energy at some 
specified state. For this study, the work potential of the energy contained in the components of 
the CCPP system is investigated under normal operating conditions. The amount of potential 
and kinetic exergy in CCPP system are too small, so they are neglected in the following analysis 
[24]. For any component of the system, the exergy conservation is expressed:

in out sysI X X X= − −    (18)
The irreversibility rate I⋅, which is equivalent to the exergy destroyed, represents the 

energy that could have been converted to output but was not. The Ẋl and Ẋo are input and output 
exergy flow rate. The exergy flow rate is defined as the exergy in the rate form. As mentioned 
previously, the kinetic and potential exergies are negligible, the exergy flow rates at different 
nodes is expressed:
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where R is the gas constant and the subscript 0 indicates the dead point. For different gases, the 
gas constant was determined:

uR
R

M
= (20)

where Ru is the universal gas constant and M is the molar mass of the gas.
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The thermal efficiency is defined on the basis of the First law of the thermodynamics. 
However, it makes no reference to the maximum possible performance. To overcome this defi-
ciency, we need to analyze the second-law efficiency, which is expressed:

II
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1 I
X

η = −




(21)

The irreversibility rate and the Second-law efficiency in the components of the system 
can be expressed as bellows.
 – Air compressor:

AC 2 AC 3I X W X= + −    (22)

AC
II,AC

AC 2
1

I
W X

η = −
+



 

(23)

 – Combustion chamber:
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where Ẋ5 can be calculated:

5 NGX m LHVξ=

 (26)
where ξ is 1.06 [25]. 

Since the air compressor is connected to the turbine by a shaft, it is drove by the work 
that produced by the turbine. In the study of Wang et al. [26], the energy consumed by the air 
compressor is neglected, however, according to the practical experience of CCPP system, the 
energy consumed by the air compressor may account for up to 30% of the total mechanical 
energy that generated by the turbine. Then the irreversibility rate and second-law efficiency of 
the turbine is expressed:
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 – The HRSG:
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 – Steam turbine:

ST 8 10 12 9 11 13 GTI X X X X X X W= + + − − − −        (31)
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 – Condenser:

cond 29 13 30I X X X= + −    (33)
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The overall irreversibility rate and the Second-law efficiency of the CCPP system:
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Uncertainty analysis of the calculated value can be conducted according to eq. (37):
22 2f f ff x y z
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δ δ δ δ
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Results and discussion

Energy analysis results

 In this section, the energy analysis results are displayed. By using the previously 
introduced uncertainty analysis equation, the errors of the thermal efficiencies are within ±1%. 
Figures 2 and 3 show the thermal efficiency variations with power load and ambient tempera-
ture. The thermal efficiency of the HRSG changes slightly with power load conditions. The gas 
turbine thermal efficiency and the CCPP-IFH system thermal efficiency increase linearly with 
power load conditions. The gas turbine thermal efficiency increases by 85.1%, while CCPP-
IFH increases by 35.2% when power load increases from 30-100%. The reason is that when 
the system is operated under partial power load, the air and fuel mass flow rates are reduced, 
then the work produced by the turbine is reduced, but the rotation speed of the air compressor is 
independent with the power load, which means that the work consumed by the air compressor 
is almost constant.

     
Figure 2. Thermal efficiency with power load Figure 3. Thermal efficiency with  

ambient temperature

The thermal efficiency of HRSG almost maintains stable with changing ambient tem-
perature. When the ambient temperature changes from 5-35 ℃, the gas turbine thermal efficien-
cy decreases from 36.3% to 34%. Thermal efficiencies of the CCPP-IFH system at 5 ℃ and 
35 ℃ are 54.15%, and 52.3%, respectively. The reason is that the density of air is decreased 
with the increase in ambient temperature. Therefore, the mass flow rate of air that enters the air 
compressor decreases with increasing inlet air temperature. 
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Exergy analysis results

 By using the previously introduced uncertainty analysis equation, the errors of the ir-
reversibility rates and Second-low efficiencies are within ±1%. Figure 4 shows the irreversibil-
ity rate of the main components with power load. The irreversibility rate that generated in the 

air compressor is the lowest, and the combustion 
chamber contributes the highest irreversibility 
rate. At the power load of 100%, the irrevers-
ibility rate in the combustion chamber is 176.38 
MW, it is 54.6% higher than that in the turbine, 
2.3 times of that in the HRSG, and almost 30 
times of that in the air compressor. It is clear that 
the increase in irreversibility rates for combus-
tion chamber, turbine, and HRSG are caused by 
the increase in air and fuel mass flow rates. For 
the air compressor, the increases in mass flow 
rates of air and fuel are almost entirely convert-
ed to reversible work.

The irreversibility rates of the main components at different ambient temperatures are 
presented in fig. 5. The irreversibility rate in the air compressor is the lowest, while the highest 
is in the combustion chamber. The irreversibility rates in the air compressor, turbine, and the 
HRSG change slightly under different ambient temperatures. However, it decreases considerably 
in combustion chamber when the ambient temperature is changed 5-35 ℃. More specifically, 
it decreases by 17.2%. The reason for this decrease is that higher ambient temperature leads to 
higher temperature at combustion chamber inlet, and this is helpful for the combustion process.

The Second-law efficiency variations of the main components with power load are 
shown in fig. 6. The air compressor has the highest Second-law efficiency with 97%, and it almost 
kept constant with the variation of the power load. The HRSG has the lowest Second-law effi-
ciency, it increases slightly with the increasing power load. When the power load increases from  
30-100%, the Second-law efficiency of the HRSG increases from 65.15-67.6%. The Sec-
ond-law efficiency of the combustion chamber also increases with the power load, it increases 
from 71.54-73.97%.

      
Figure 5. Irreversibility rate of the main 
components with ambient temperature

Figure 6. Second-law efficiency of the  
main components with power load

Figure 7 shows the Second-law efficiency variation with ambient temperatures. The 
results show that the Second-law efficiency for each component changes slightly with ambient 

Figure 4. Irreversibility rate of the main 
components with power load
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temperatures. The Second-law efficiency of the 
air compressor, turbine, and HRSG reach their 
highest values when the ambient temperature is 
35 ℃. However, the Second-law efficiency of 
combustion chamber reaches the highest value 
when the ambient temperature is 20 ℃. 

Figures 8 and 9 show the Second-law 
efficiency and irreversibility rate of the CCPP-
IFH system under different power load and 
ambient temperatures. The irreversibility rate 
of the system changes in line with power load. 
The Second-law efficiency of the whole system 
increases from 37.08-50.12% when the power 
load changes from 30-100%. The irreversibility 
rates at 5 ℃ and 35 ℃ are 393.59 MW and 353.03 MW, respectively. The main reason is that 
the entropy increment, which accounts for part of the irreversibility rate, increases as ambient 
temperature increases. Since the total exergy output under low ambient temperature is higher 
compared to that under high ambient temperature, the second-law efficiency increases slightly. 

      
Figure 8. Second-law efficiency and  
total irreversibility of the CCPP-IFH  
system with power load

Figure 9. Second-law efficiency and total 
irreversibility of the CCPP-IFH system  
with ambient temperature

Conclusions

In this study, a CCPP with IFH system is proposed and studied experimentally. The 
intake natural gas is heated by the recovered energy in the HRSG to increase the system perfor-
mance. The energy analysis and exergy analysis are proceeded under different power load and 
ambient temperatures. According to the results obtained from the performance analysis of the 
system, conclusions are summarized:

 y The thermal efficiency of the CCPP-IFH system increases as power load increases since the 
work consumed by the air compressor is almost constant. The ambient temperature has a 
considerable impact on the thermal efficiency of the system. The main reason is that the air 
and fuel inputs are reduced with increasing ambient temperature. 

 y Under the same ambient temperature and power load condition, combustion chamber has 
the highest irreversibility rate, while air compressor has the lowest. The irreversibility rate 
of the CCPP-IFH system can be considerably improved if the combustion chamber is well 
modified.

Figure 7. Second-law efficiency of the main 
components with ambient temperature
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 y Under the same ambient temperature and power load condition, air compressor has the high-
est second-law efficiency, while HRSG has the lowest. The second-law efficiency of each 
component changes slightly with power load and ambient temperatures.

 y The irreversibility rate of the CCPP-IFH system increases linearly with power load. The 
irreversibility rate of the CCPP-IFH system reaches the highest value when the ambient 
temperature is 5 ℃, and the second-law efficiency increases slightly when the ambient tem-
perature change from 5-35 ℃. 
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Nomenclature
cp – specific heat at constant  

pressure, [kJkg–1K–1]
cv – specific heat at constant volume,  

[kJkg–1K–1]
h – specific enthalpy, [kJkg–1]
I⋅ – irreversibility rate, [MW]
LHV – lower heating value, [kJkg–1]
ṁ – mass-flow rate, [kgs–1]
n – ratio of specific heat, [–]
P – power output, [MW]
r – pressure ratio, [–]
T – temperature, [℃]
Ẇ – work/power output, [MW]
Ẋ – exergy flow rate, [MW]

Greek symbols

η – efficiency, [%]
ηI – thermal efficiency, [%]
ηII – second-law efficiency, [%]
ξ – the coefficient of fuel exergy, [–]

Superscripts and subscripts

a – air
AC – air compressor
CC – combustion chamber
cond – condenser
f – flue gas
GT – gas turbine
in – inlet
N – node number
NG – natural gas
out – outlet
ST – steam turbine
sys – system
TB – turbine

Acronyms

CCPP – combined cycle power plant
EES  – engineering equation softver
HRSG – heat recovery steam generator
IFH – inlet fuel heating
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