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Abstract: This paper presents energy and exergy analysis results of whole gas turbine set and all its components. From the energy viewpoint, 

combustion chamber has the lowest energy loss (21.31 MW) and the highest energy efficiency (97.20%) of all gas turbine set components. 

Exergy analysis shows totally opposite trend in comparison to the energy analysis. From the exergy viewpoint, turbocompressor and turbine 

have low exergy destruction (both around 12 MW) and very high exergy efficiencies (92.43% for turbocompressor and 96.12% for turbine) 

at the base ambient state. Simultaneously, at the base ambient state combustion chamber has an exergy destruction of 159 MW and low 

exergy efficiency of 73.29% only. The combustion chamber is the most sensitive to the ambient temperature change of all components from 

the gas turbine set – the ambient temperature change of 10 °C will result with combustion chamber exergy efficiency change of 

approximately 0.67%. Whole gas turbine set (plant) has an energy efficiency of 34.40% and exergy efficiency of 33.08%. 
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1. Introduction 
 

    Gas turbine sets are nowadays widely used in various aspects of 

human life. They can be used as mechanical power producers in 

many power plants [1, 2], they have application in marine power 

systems [3, 4] and they are the dominant propulsors of various 

passenger airplanes [5]. Internal combustion engines today 

dominantly uses turbocharging processes and in that process 

turbochargers are actually special variant of a gas turbine set [6, 7]. 

    Gas turbine set can be an open cycle and closed cycle [8]. In open 

cycle gas turbine set, turbocompressor and turbine have a direct 

connection to the environment (air is taken from the environment 

and combustion gas is released to the environment) [9]. In closed 

cycle gas turbine set, there is no any connection to the environment 

(inside closed cycle gas turbine set circulate always the same gas 

which did not have any connection to the environment) [10]. 

    Base gas turbine set consists of one turbocompressor, combustion 

chambers and one gas turbine. However, in practical exploitation 

can be found various complex gas turbine sets with many 

improvements and modifications [11, 12]. 

    In this paper is analyzed industrial base gas turbine set (and all its 

components) from the energy and exergy viewpoint. It was 

interesting to observe which differences in the dominant 

conclusions offer both types of the analyses, because applied energy 

and exergy analyses consider a different kind of losses. Exergy 

analysis of all gas turbine set components is performed at the base 

ambient state and during the ambient temperature change, so it is 

investigated and presented which component is the most sensitive to 

the ambient temperature change. 
 

2. Description of the analyzed gas turbine set 
 

    General and simplified scheme of the analyzed gas turbine set 

along with operating points required for the energy and exergy 

analyses is presented in Fig. 1. Gas turbine set presented in Fig. 1 is 

a constituent component of the combined cycle power plant [13]. In 

this paper, gas turbine set will be observed independently of all 

other components and systems from the combined cycle power 

plant. 

    Observed gas turbine set consists of three components: air 

turbocompressor, combustion chamber and gas turbine. 

    Air turbocompressor takes air from the environment (operating 

point 1, Fig. 1), increases its pressure (and simultaneously increases 

its temperature) and delivers compressed air to the combustion 

chamber (operating point 2, Fig. 1). In the combustion chamber air 

from the turbocompressor is mixed with fuel (used fuel is natural 

gas, operating point 3, Fig. 1), fuel and air mixture burns and 

combustion gas obtained at the combustion chamber outlet is 

delivered to the gas turbine (operating point 4, Fig. 1). It should be 

highlighted that analyzed gas turbine set has several combustion 

chambers – in Fig. 1 is presented only one due to simplicity, while 

the operating parameters related to the combustion chambers and 

used in the calculations are taken for all combustion chambers 

because each combustion chamber operates with the same mass 

flow rates, pressures and temperatures. Produced combustion gas in 

the combustion chamber is delivered to the gas turbine through 

which it expands. After expansion in the turbine, remaining 

combustion gas is delivered to the environment through turbine 

exhaust (operating point 5, Fig. 1). 

    The first function of the gas turbine in any gas turbine set is to 

produce sufficient mechanical power and deliver it through the shaft 

for the turbocompressor drive, while remaining mechanical power 

produced in the gas turbine (useful mechanical power) which is not 

used for the turbocompressor drive, is used for the drive of any 

other mechanical power consumer [14]. In the analyzed gas turbine 

set, useful mechanical power is applied for the electric generator 

drive. 

    Gas turbine set analyzed in this paper is very similar to many 

other industrial gas turbine sets [15]. 
 

 
 

Fig. 1. General scheme of the analyzed gas turbine set along with 

marked operating points required for the energy and exergy 

analyses 
 

    Observing all components from the analyzed gas turbine set (gas 

turbine set is considered as the entire plant), it should be explained 

how the energy and exergy analyses are performed. 

    Exergy analysis of each component (turbocompressor, 

combustion chamber and turbine) is performed by using operating 

parameters from real exploitation process which are found in the 

literature [13]. Therefore, in the exergy analysis are considered real 

(polytropic) air compression process in the turbocompressor and 

real (polytropic) combustion gas expansion process in the turbine. 

Actually, exergy analysis of the whole gas turbine set and each its 

component consider fluid operating parameters from the real 

exploitation conditions only. 

    Energy analysis of each component from the observed gas 

turbine set is performed by using some simplifications. For the 

combustion chamber, energy analysis is performed in the standard 

way (combustion chamber is considered as mixing heat exchanger). 

    For the turbocompressor and turbine, isentropic analysis is 

considered as energy analysis. For both turbocompressor and 

turbine energy (isentropic) analysis is performed by comparison of 
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the real (polytropic) and ideal (isentropic) air compression and 

combustion gas expansion processes, Fig. 2. 

    Real (polytropic) air pressure increase process in 

turbocompressor (process between operating points 1 and 2, Fig. 2 

(a)) is characterized by the increase in air specific entropy. Increase 

in the air specific entropy represents losses which occur in the 

turbocompressor stages. Ideal (isentropic) air pressure increase 

process in turbocompressor (process between operating points 1 and 

2s, Fig. 2 (a)) did not consider any losses in turbocompressor, so air 

specific entropy remains the same during the ideal pressure increase 

process. In both turbocompressor processes (ideal and real) inlet 

and outlet air pressures are the same. Turbocompressor is 

mechanical power consumer, so in the ideal (isentropic) air pressure 

increase process, turbocompressor will consume the lowest possible 

mechanical power, while in the real (polytropic) air pressure 

increase process turbocompressor will consume higher mechanical 

power in comparison to the ideal process (due to losses 

consideration). 

    Real (polytropic) combustion gas expansion process in turbine 

(process between operating points 4 and 5, Fig. 2 (b)) is 

characterized by the increase in combustion gas specific entropy. 

Increase in the combustion gas specific entropy represents losses 

which occur in the turbine stages. Ideal (isentropic) combustion gas 

expansion process (process between operating points 4 and 5s, Fig. 

2 (b)) did not consider any losses in the turbine, so combustion gas 

specific entropy remains the same during the ideal expansion 

process. In both turbine processes (ideal and real) inlet and outlet 

combustion gas pressures are the same. Turbine is a mechanical 

power producer, so in the ideal (isentropic) expansion process, 

turbine will produce the highest possible mechanical power, while 

in the real (polytropic) expansion process turbine will produce 

lower mechanical power in comparison to the ideal process (due to 

losses). 

    Operating points of the turbocompressor and turbine presented in 

both Fig. 2 parts are consistent with operating points from Fig. 1. 
 

 
 

Fig. 2. Ideal (isentropic) and real (polytropic) compression 

processes of air turbocompressor (a) and expansion process of gas 

turbine (b) required for the energy analysis 
 

3. Energy and exergy analyses equations  
 

    The main difference between energy (isentropic) and exergy 

analyses is that energy (isentropic) analysis did not consider the 

parameters of the ambient (ambient pressure and temperature) 

inside which observed component or system operates [16], while 

exergy analysis considers that ambient parameters [17]. This means 

that variation of the ambient parameters (especially variation of the 

ambient temperature) can have a notable influence on the exergy 

analysis results of any system or component [18]. 

    Both energy (isentropic) and exergy analyses are “black box” 

methods because they did not consider the inner structure of neither 

one observed component [19]. Energy (isentropic) and exergy 

analyses equations of the components and whole gas turbine set are 

defined according to the literature [10, 14] and by using operating 

points presented in Fig. 1 and Fig. 2. 

 

 
 

3.1. Energy analysis equations of the components and whole 

gas turbine set 
 

Turbocompressor energy loss and energy efficiency: 
 

EnLoss,TC = Pre,TC − Pid,TC = m 1∙ h2-h1 − m 1∙ h2s-h1  , (1) 
 

𝜂En ,TC =
Pid,TC

 Pre,TC

 , (2) 

 

    where P is mechanical power, re is an index of real (polytropic) 

process, id is an index of ideal (isentropic) process, m  is fluid mass 

flow rate, h is fluid specific enthalpy, 𝜂 is efficiency, En is marking 

for the energy analysis and  TC is an abbreviation of 

turbocompressor. These markings remain the same also in other 

equations which follow below. 
 

Combustion chamber energy loss and energy efficiency: 
 

EnLoss,CC =m 2∙h2+m 3∙LHV − m 4∙h4 , (3) 
 

𝜂En ,CC =
m 4∙h4

m 2∙h2+m 3∙LHV
 , (4) 

 

    where LHV is used fuel (natural gas) Lower Heating Value and 

CC is an abbreviation of combustion chamber. 
 

Turbine energy loss and energy efficiency: 
 

EnLoss,TUR = Pid,TUR − Pre,TUR = m 4∙ h4-h5s − m 4∙ h4-h5  , (5) 
 

𝜂En ,TUR =
Pre,TUR

 Pid,TUR
 , (6) 

 

    where TUR is an abbreviation of turbine. Whole gas turbine set 

(plant) energy efficiency is: 
 

𝜂En ,Plant =
Pre,TUR− Pre,TC

m 3∙LHV
 . (7) 

 

3.2. Exergy analysis equations of the components and whole 

gas turbine set 
 

Turbocompressor exergy destruction and exergy efficiency: 
 

ExDes,TC =m 1∙ε1 + Pre,TC − m 2∙ε2  , (8) 
 

𝜂Ex ,TC =
m 2∙ε2−m 1∙ε1

 Pre,TC

 , (9) 

 

    where ε is fluid specific exergy and Ex is marking for the exergy 

analysis. These markings remain the same also in other equations 

which follow below. 
 

Combustion chamber exergy destruction and exergy efficiency: 
 

ExDes,CC =m 2∙ε2+m 3∙LHV∙EC − m 4∙ε4 , (10) 
 

𝜂Ex ,CC =
m 4∙ε4

m 2∙ε2+m 3∙LHV∙EC
 , (11) 

 

    where EC is an exergy coefficient, which is equal to 1.04 for 

natural gas [20] based on the lower heating value. 
 

Turbine exergy destruction and exergy efficiency: 
 

ExDes,TUR =m 4∙ε4 − m 5∙ε5 − Pre,TUR , (12) 
 

𝜂Ex ,TUR =
Pre,TUR

m 4∙ε4 −m 5∙ε5
 . (13) 

 

    Whole gas turbine set (plant) exergy efficiency is: 
 

𝜂Ex ,Plant =
Pre,TUR− Pre,TC

m 3∙LHV∙EC
 . (14) 

 

4. Air and combustion gas operating parameters 

required in the energy (isentropic) and exergy 

analyses 
 

    Operating parameters of air and combustion gas for the real 

(polytropic) process are found in [13] and presented in Table 1. 

These operating parameters are fluid temperature, pressure and 

mass flow rate. Other fluid operating parameters presented in Table 

1 are calculated by using NIST-REFPROP 9.0 software [21]. 
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Combustion chamber of the analyzed gas turbine set uses natural 

gas as a fuel (natural gas LHV is presented in Table 1). 

    Ideal (isentropic) compression and expansion processes assume 

always the same fluid specific entropy, while retaining the same 

pressures and mass flow rates as in the real (polytropic) processes. 

Isentropic specific enthalpies for ideal compression and expansion 

processes are presented in Table 2. 

    Exergy analysis of any system or component requires definition 

of the base ambient state [22]. In this paper, the base ambient state 

is defined by the ambient temperature of 25 °C and ambient 

pressure of 1 bar. 
 

Table 1. Air and combustion gas operating parameters for the real 

(polytropic) process 

O. P.* 
Temp. 

(°C) 

Pressure 

(bar) 

Mass flow 

rate (kg/s) 

Specific 

enthalpy 

(kJ/kg) 

Specific 

entropy 

(kJ/kg∙K) 

1 25.0 1.01 402.4 424.44 3.8826 

2 402.6 13.25 402.4 813.83 3.9815 

3 - - 9.1 47574.00** - 

4 1254.0 12.59 411.5 1796.10 4.9289 

5 621.5 1.01 411.5 1053.40 5.0295 

    * O. P. = Operating Point (in accordance to Fig. 1 and Fig. 2) 

    ** Fuel LHV (Lower Heating Value) 
 

Table 2. Air and combustion gas operating parameters for the ideal 

(isentropic) process 

O. P.* 
Pressure 

(bar) 

Mass flow 

rate (kg/s) 

Specific 

entropy 

(kJ/kg∙K) 

Isentropic 

specific 

enthalpy 

(kJ/kg) 

1 1.01 402.4 3.8826 424.44 

2 13.25 402.4 3.8826 750.01 

3 - 9.1 - - 

4 12.59 411.5 4.9289 1796.10 

5 1.01 411.5 4.9289 967.31 

    * O. P. = Operating Point (in accordance to Fig. 1 and Fig. 2) 
 

5. Results and discussion 
 

    The results of energy (isentropic) analysis of all components and 

whole gas turbine set (plant) are presented in Fig. 3. 

    From the energy viewpoint, combustion chamber has the lowest 

energy loss of all components (21.31 MW), lower than 

turbocompressor and turbine, while the turbine has the highest 

energy loss (35.43 MW). Observing energy efficiency, the highest 

one is obtained for the combustion chamber (97.20%) of all 

components, what led to conclusion that the combustion chamber is 

almost ideal from the energy viewpoint. Turbine has higher energy 

efficiency in comparison to turbocompressor (89.61% in 

comparison to 83.61%), regardless of the higher energy loss. 

Finally, observing all the components in the gas turbine set, it can 

be concluded that all of them are highly efficient, while the 

combustion chamber is close to the ideal from the energy 

viewpoint. 

    Whole gas turbine set (plant) has an energy efficiency of 34.40%, 

what is in the range of similar comparable gas turbine sets from the 

available literature [23]. In addition, useful mechanical power 

produced by the gas turbine set, which is used for the electric 

generator drive is equal to 148.93 MW. 
 

 
 

Fig. 3. Energy (isentropic) analysis results of all components and 

gas turbine set (plant) 
 

    Exergy analysis results of all components and whole gas turbine 

set (plant) at the base ambient state show some notably different 

conclusions and trends in comparison to the energy analysis results, 

Fig. 4. 

    From the exergy viewpoint, turbocompressor and turbine have 

low exergy destruction (both around 12 MW) and very high exergy 

efficiencies (turbocompressor exergy efficiency is 92.43% and 

turbine exergy efficiency is 96.12%). Simultaneously, combustion 

chamber is the component which shows the worst performance 

from the exergy viewpoint of all gas turbine set components. 

Combustion chamber has an exergy destruction of 159 MW what is 

notably higher in comparison to both turbocompressor and turbine 

as well as notably lower exergy efficiency than turbocompressor 

and turbine (combustion chamber exergy efficiency is 73.29% 

only), Fig. 4. The same conclusions obtained in this analysis can be 

found in the literature – from the exergy viewpoint, combustion 

chamber is the holder of the highest exergy destruction and the 

lowest exergy efficiency in the entire gas turbine set [23]. 

Therefore, regardless of extraordinary energy performance, 

combustion chamber shows the worst performance in the entire gas 

turbine set when the parameters of the ambient are taken in the 

consideration. 

    Whole gas turbine set (plant) has exergy efficiency of 33.08% at 

the base ambient state, what is also in range of other comparable 

gas turbine sets from the literature [23]. Moreover, it can be clearly 

seen through a comparison of Fig. 3 and Fig. 4 that due to the 

additional losses, exergy efficiency of the whole gas turbine set 

(plant) is lower in comparison to plant energy efficiency.  
 

 
 

Fig. 4. Exergy analysis results of all components and gas turbine 

set (plant) at the base ambient state 
 

    This analysis also involves observation of the gas turbine set 

components during the ambient temperature change. Components 

are observed in the ambient temperature range from 5 °C up to 45 

°C in steps of 10 °C, Fig. 5, while the ambient pressure remains the 

same as at the base state at any ambient temperature. In real gas 

turbine set exploitation, the ambient pressure change is small and it 

did not have a notable influence on any component exergy 

parameters. 

    It should be highlighted that the ambient temperature increase 

simultaneously increases exergy destruction and decreases exergy 

efficiency of all components from the analyzed gas turbine set. 

From the ambient temperature viewpoint, for all gas turbine set 

components will be the most beneficial to operate at the lowest 

possible ambient temperature.  

    Observing exergy efficiencies of all gas turbine set components, 

Fig. 5, it can be concluded that the combustion chamber is the most 

sensitive to the ambient temperature change – ambient temperature 

change of 10 °C will result with combustion chamber exergy 

efficiency change of approximately 0.67%. Simultaneously, turbine 

is the component from the observed gas turbine set which exergy 

efficiency is the lowest influenced by the ambient temperature 

change – ambient temperature change of 10 °C will result with 

turbine exergy efficiency change of approximately 0.12%. 
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Fig. 5. Exergy analysis results of gas turbine set components during 

the ambient temperature change 
 

    Further research related to the gas turbine set and all its 

components will be based on the usage of various artificial 

intelligence methods and processes which have many interesting 

applications in the energy sector [24-26]. 
 

6. Conclusions 
 

    This paper presents energy and exergy analyses of gas turbine set 

and all its components. Exergy analysis is performed at the base 

ambient state and during the ambient temperature variation. As 

energy and exergy analyses consider a different kind of losses, in 

each analysis are obtained different conclusions about the observed 

components. The most important highlights of the performed 

research are: 

- From the energy viewpoint, combustion chamber has the lowest 

energy loss (21.31 MW) and the highest energy efficiency (97.20%) 

of all gas turbine set components.  

- Observing all the components in the gas turbine set, it can be 

concluded that all of them are highly efficient, while the 

combustion chamber is close to the ideal from the energy 

viewpoint. 

- From the exergy viewpoint, turbocompressor and turbine have low 

exergy destruction (both around 12 MW) and very high exergy 

efficiencies (turbocompressor exergy efficiency is 92.43% and 

turbine exergy efficiency is 96.12%) at the base ambient state. 

- Combustion chamber has an exergy destruction of 159 MW as 

well as notably lower exergy efficiency than turbocompressor and 

turbine (combustion chamber exergy efficiency is 73.29% only) at 

the base ambient state. From the exergy viewpoint, combustion 

chamber is the holder of the highest exergy destruction and the 

lowest exergy efficiency in the entire gas turbine set. 

- The combustion chamber is the most sensitive to the ambient 

temperature change of all components from the gas turbine set – the 

ambient temperature change of 10 °C will result with combustion 

chamber exergy efficiency change of approximately 0.67%. 

Simultaneously, turbine is the component from the observed gas 

turbine set which exergy efficiency is the lowest influenced by the 

ambient temperature change – ambient temperature change of 10 °C 

will result with turbine exergy efficiency change of approximately 

0.12%. 

- Whole gas turbine set (plant) has an energy efficiency of 34.40% 

and exergy efficiency of 33.08%, what is in the range of similar 

comparable gas turbine sets from the literature. 
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