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Abstract  

Gas turbine performance is extremely sensitive to the ambient air conditions, particularly in hot climates as the 

high ambient temperature negatively affects gas turbine performance. This work aims to determine the effect of 

many parameters like the temperature at the compressor inlet, relative humidity, pressure ratios, and polytropic 

efficiency on each component of gas turbine performance (compressor, combustion chamber, and turbine). A 

new combined air-cooling system is designed using chilling system before the fogging cooling system to 

downsize the chilling system size and to improve the gas turbine performance. A theoretical model was created 

using Engineering Equation Solver (EES) software to calculate exergy destruction, net power, and all 

efficiencies (1
st
 law and 2

nd
 efficiency). After that, the validation of the theoretical model was performed using 

the actual performance data from the gas turbine power plant 25 MW model, (GE GT-TM) made by GE, the 

Heliopolis power plant - Egypt as a case study. This work concerns also a comparative for costs analysis of the 

new cooling system to determine the payback time. The results show the comparative performance of the overall 

gas turbine with and without the usage of a multi-stage cooling system. It is worth mentioning that the 

maximum power output increase is about 14.3% at the maximum ambient temperature (313
o
K). While the 

change of the 1
st
 low efficiency and the 2

nd
 low efficiency are so small, and it could be neglected. The present 

multi-stage cooling system reduces the back-period cost if it uses a chiller system. This means low initial capital 

investment costs and low total annual costs. In addition, the multi-stage cooling system capital cost will be 

cashback during the first year regarding recovered power price. 
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1. Introduction 

Gas turbines are machines with a constant volumetric flow rate and the capacity of its compressor is a function 

of its mass flow rate, which is usually controlled by the temperature of the input air. The rise in the air inlet air 

temperature is especially noticeable in the summer, and it has a significant impact on the compressor 

performance, especially in high summer temperature countries like Egypt. Furthermore, the output power of gas 

turbines is decreasing due to the reduction in both air density and mass flow rate. The influence of the ambient 

temperature and compression ratio are significantly affecting the performance of the combined cycle gas turbine 

power plant for different gas turbine configurations. Moreover, the Engineering Equation Solver (EES) software 

is used to perform detailed analyses of energy and exergy for the axial compressor. The energy-exergy analysis 

shows that, by increasing the compressor pressure ratio, the energy destruction of high-pressure compressors 

constantly increases and the exergy destruction of the recuperator, in contrast, decreases continuously, [1]. It 

will be noted that the higher values of pressure ratios can decrease the operating range of the compressor, and it 

will be much more vulnerable to failures that could be caused by surges, dust, and sedimentations on the blades. 

Hence, the values for the pressure ratio should be optimized according to the application used [2]. Besides, the 

main exergy parameters of the engine components were introduced, while the exergy destruction rates within 

the engine components are split into endogenous /exogenous and avoidable/unavoidable parts. The system has 

low-performance enhancement due to the unavoidable exergy destruction rate is 90 %. The relationships 

between the components are relatively weak since the endogenous exergy destruction is 73 %, [3]. In addition, 

some studies show reductions in the performance, due to each 1° ambient air temperature (Ta) growth, to be 

about 0.6%. On the other hand, demand for electric power, and the value of electricity are greatest at those times 

of high ambient air temperature, when air conditioning loads are maximized, [4]. Therefore, when the air 

temperature is cooled by about 15°, the air density increases by about10 percent, increasing the power output by 

about 10 percent, on another hand, [5]. The most famous types of inlet air cooling systems are vaporizing 

coolers (evaporative and fogging systems) and mechanical chilling. Those are suitable to be presented by power 

planet owners to increase the performance of the gas turbine output, [6]. The evaporative methods are the most 

common ways of cooling inlet air because of their simplicity, low installation, and O&M costs, but most 

effective only for dry-hot climates, [1]. Therefore, the Egyptian electricity holding company (EEHC) used the 

gas turbine inlet air cooling system to improve the gas turbine performance, [7]. On the other hand, fogging is 

slightly more effective than conventional direct evaporative cooling. However, some gas turbine manufacturers 

do not allow fogging due to compressor degradation and failures associated with fogging. The economic 

analysis shows that the cashback period for 2 years and the rate of return is 60%. Besides that, the ambient 

relative humidity plays an important role in the efficiency of fogging systems, [8]. While many studies 

examined the overall performance of the Benghazi CCPP throughout the year at different loads and different 

ambient conditions. The simulation results indicate that installing an absorption chiller to the existing power 

plant is thermodynamically possible and has the possibility of improving the overall efficiency. The plant is 

operating at 100% load and without absorption chillers and at ISO condition, for every 5ºK increase in ambient 

temperature the efficiency drop by 0.27%, although the absorption chiller improves the efficiency by 0.04%, [9]. 

Moreover, absorption chiller cooling in hot countries with ambient air temperatures above 40
o
C has been 

studied and be concluded that absorption chillers can decrease inlet air temperatures to 10
o
C. then the power 
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increases about 20% for simple cycle, [10].  In addition, the analysis for the influence of various forms of inlet 

air heating, cooling, and supercharging on a 40 MW General Electric LM6000 gas turbine has been studied. It is 

concluded that the decrease by 28oC of the inlet temperature would raise the power by 30% and reduce the heat 

rate by 4.5%., [11]. In order, the chiller inlet air-cooling system is preferred technical than wetted evaporative 

media, but the wetted evaporative media is economically preferred than chiller system inlet air-cooling because 

the chiller system is more expensive than others inlet air cooling system by about 4-5 times. Payback periods 

were, 0.6, 0.4, and 2.2 years for fogging, wetted media, and refrigeration cooling, respectively, [12]. Moreover, 

Chiller cooling and evaporative cooling for a 264 MW gas turbine plant located at Kurimat, Upper Egypt. The 

results show that the annual power added by chiller cooling is 117,027 MWh, and the net cash flow is 

$3,787,537 while the annual power added by evaporative cooling is 86,118 MW, and the net cash flow is 

4,503,548 $, [13-17]. This work aims to study the effect of ambient conditions, pressure ratio, and polytropic 

efficiency on the performance of gas turbine GT using the thermodynamics and economic concepts. Moreover, 

the design of a new inlet air cooling system is performed to analyze the influence of inlet air temperature on GT 

under full load which is critical in hot seasons. The newly designed system should have a combination of the 

advantages of conventional systems as low initial and operation cost like evaporative and fogging systems and 

not affected by humidity like a chiller system. On the other hand, this system avoids the drawbacks of 

conventional systems which can be summarized as the following: High initial and operation costs like chiller 

system, and the effect of relative humidity. 

2. Design of the Multi-Stages Inlet Air Cooling System  

The used multi-stage inlet air cooling system is consists of two stages as the following:  

 The 1
st
 stage which used an absorption chiller cooling system  

 The 2
nd

 stage which used fogging cooling system. 

 This combination is designed to avoid the disadvantages of each system being used as an inlet air cooling 

system alone. During this design, it is considered that the maximum ambient temperature is Ta = 40
o
C and the 

minimum relative humidity ratio is rh = 20% where this is the worst case around the case study. The absorption 

chiller decreases the air temperature by about 5
o
C using the GT gas exhaust energy. During this cooling process, 

condensate water is collocated into fogging water tank to reduce the fogging water consumption. Then, using 

the fogging system to get rh = 100% the air temperature becomes the wet-bulb temperature, as shown in 

Figure.1.  



International Journal of Sciences: Basic and Applied Research (IJSBAR) (2022) Volume 62, No  1, pp 79-95 

82 

 

Figure 1: Schematic diagram of GT equipped with the newly designed combined cooling air system. 

3. Case Study (Heliopolis power plant – Egypt) 

The mobile GT unit at Heliopolis power plant has a capacity of 25 M.W which is in Cairo, EGYPT; it is 

selected as a real case study. This case study will concentrate on studying the effect of ambient conditions as the 

validity of the EES code to study the performance of GT. The GT case study model is (GE GT-TM) made by 

GE. For ISO conditions, the inlet air mass flow rate for a gas turbine is about 65 kg/h.  

4. Simulation Model 

The EES program is run with a specifically designed code to simulate all processes of design and operation for 

each component of GT.   

4.1. Compressor Model  

The isentropic efficiency studies only the start and end states of the compression process without focusing on 

the actual paths the compression process takes. Since the work is not a thermodynamic property and depends on 

the actual path, the polytropic analysis endeavors to get the actual path taken during the compression process in 

determining the actual work. In a polytropic process, the compression process takes place in small stages 

(infinitesimally small steps). Calculating the power for the polytropic process involves the summation of the 

power for each stage. Each stage is considered a small compressor. 

The relation between polytropic and isentropic efficiency is obtained by using equation No. (1), [14]. 
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𝜂𝑝 =
[
𝛾 − 1

𝛾
] ⋅ 𝑙𝑛(𝜋𝑠)

𝑙𝑛 [1 +
1

𝜂𝑖𝑠
⋅ (π𝑠

{
𝛾−1

𝛾
}

− 1)]

 (1) 

Where 𝞹s is the stage pressure ratio and obtained by using equation No. (2), as Nc is the number of stages and 𝞹 

is the compressor pressure ratio. 

π𝑠𝑐 = (π)
1

N𝑐 (2) 

The first low efficiency of each stage ηIs is a function in inlet air enthalpy hi, outlet air isentropic enthalpy hos, 

and real outlet air enthalpy of each stage and get by using equation No. (3). 

ηIs =
(h𝑜𝑠 − hi)

(h𝑜 − hi)
 

 

(3) 

The exergy destruction is energy lost regarding the exergy difference between the inlet and outlet of each stage 

or compressor as shown in equation No. (4). 

Edesc =ma* Ta*(So-Si) (4) 

The power consumption for each stage or overall compressor was obtained by using equation No. (5). 

Pc= ma*(ho-hi) (5) 

The reversible power was obtained by using equation No. (3.6). 

Prevc= Pc-Edesc (6) 

and second low efficiency obtained by using equation No. (7). 

ηIIc =
(P𝑟𝑒𝑣𝑐)

(P𝑐)
 (7) 

The exergy destruction ratio of each stage EdRcs is the ratio between exergy destruction of each stage Edescs to 

overall compressor exergy destruction Edesc could be obtained by using equation (8). 

https://www.sciencedirect.com/topics/engineering/isentropic
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EdRcs=
(Edescs)

(Edesc)  
(8) 

Since axial compressors are positive displacement compressors, the volume of compressed air is constant. 

Moreover, the air mass flow rate depends on the density of the air as shown in equation (9). 

Ma= ρair * V (9) 

Since the design operating condition is considered an ISO state, the ambient state of the design operating 

conditions is Ta = 288 k and rh = 0.6. Therefore, if the ambient condition changes from that design condition, it 

will affect the performance of the machine. The air mass flow rate ratio (mairR) is the ratio between air mass flow 

rate at operation condition (mair) at ISO condition (mISO) as the state in equation No. (10). 

mairR=
m𝑎

m𝐼𝑆𝑂
 (10) 

The overall power consumption rat ratio (PcR) is the ratio between the power consumption at operation condition 

(Pc) to at ISO condition (PcISO) as the state in equation No. (11). 

PcR =
𝑃𝑐

𝑃𝑐𝐼𝑆𝑂
 (11) 

 

 

4.2. The Combustor Model  

During combustor design assumed that the exit hot gas temperature constant is about T3=1350 K, the fuel 

pressure about 28 bar, and the fuel temperature (Tf= 298k) with low heating value LHV =50000 kJ/kg. Since to 

obtain the inlet heat energy Qin by using equation No. (12). 

Qin= mf * LHV (12) 

While the fuel mass flow rate (mf) be get using equation No. (13). 

mf = 
((mair+mf)∗h[3])−(mair∗h[2])

LHV
 (13) 

So, the hot gas flow rate (mg) be get using equation No. (14). 

mg= mf + ma (14) 

The heat energy destruction Qdes get by using equation No. (15). 
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Qdes=T0*((mg*S3) -(mair*S2)-(mf*Sf)) (15) 

Moreover, the reversable heat energy (Qrev) gets by using equation No. (16). 

Qrev=Qin-Qdes (16) 

So, the 2
nd

 low combustor ηIIcc efficiency gets by using equation No. (17). 

ηIIcc = 
𝑄𝑐𝑟𝑒𝑣

𝑄𝑖𝑛
 (17) 

4.3. The Turbine Model  

Assume the pressure ratio of expansion throw the turbine like the compressor pressure ratio 𝞹 but the number of 

turbine stage is Nt and the pressure ratio of each stage 𝞹sT get by using equation No. (18). 

π𝑠𝑇 = (π)
1

N𝑡 (18) 

The first low efficiency of each stage ηIst is a function in inlet air enthalpy hi, outlet air isentropic enthalpy hos 

and real outlet air enthalpy of each stage and get by using equation (19).  

ηIst =
(h𝑖 − hos)

(h𝑖 − hos)
 (19) 

The exergy destruction is energy which lost regarding exergy difference between the inlet and outlet of each 

stage or compressor as shown in equation (20).  

Edest =ma* Ta*(Si-So) (20) 

The power generated from each stage or over all turbine obtained by using equation (21). 

Pt= ma*(hi-ho) (21) 

The reversible power obtained by using equation (22)  

and second low efficiency obtained by using (23). 

Prevt= Pt-Edest (22) 

ηIIt =
(P𝑟𝑒𝑣𝑡)

(P𝑡)
 (23) 

https://www.sciencedirect.com/topics/engineering/isentropic
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4.4. The overall Gas Turbine Model  

For the overall gas turbine performance. The out but power is the net power and obtained by using equation 

(24).  

Pnet =Pt- Pc (24) 

Moreover, the 1
st
 low efficiency by using equation (25). 

ηI =
(P𝑛𝑒𝑡)

(Q𝑖𝑛)
 (25) 

The exergy destruction can be written as shown in equation No. (26). 

Edes = T0 ∗ ((m𝑎 ∗ S4) − (m𝑔 ∗ S1)) (26) 

Where s1 is the air entropy at gas turbine inlet. While s4 is the gas entropy at gas turbine outlet. The exergy 

destruction ratio is the ratio between the exergy destruction at ambient condition to the exergy destruction at 

ISO condition (EdesISO) and can be written as shown in equation No. (27). 

EdesR=
(Edes)

(EdesISO)
 (27) 

The same as air flow rate ratio could be get by equations No. (28)  

m𝑎𝑅 =
m𝑎

m𝑎𝐼𝑆𝑂

 (28) 

and gas ratio as could be gotten by equation No. (29). 

m𝑔𝑅 =
m𝑔

m𝑔𝐼𝑆𝑂

 
(29) 

The overall reversible power could be obtained by using equation No. (30). 

P rev= Pnet-Edes (30) 

second low efficiency could be obtained by using equation No. (31). 
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ηII =
(P𝑟𝑒𝑣)

(P𝑛𝑒𝑡)
 (31) 

The 1
st
 low efficiency ratio referring to ISO condition is the same as exergy destruction ratio too and could be 

obtained by using equation No. (32). 

ηIR =
ηI

ηIiso

 (32) 

and 2
nd

 low efficiency ratio referring to ISO condition could be obtained by using equation No. (33). 

ηIIR =
ηII

ηIIiso

 (33) 

4.5. The Inlet Air Cooling System Model  

Chiller load energy Qch obtained by using equation No. (34). 

Qch =
maa ∗ ha– ma0 ∗ h0

𝝴
 (34) 

The condensate water mass flow rate mcw is obtained by using equation No. (35) 

mcw=(𝟂a*maa) -(𝟂0*ma0) (35) 

Where 𝞮 is the effectiveness of inlet air cooling heat exchanger, maa is the air mass flow rate at ambient 

condition, ha is the air enthalpy at ambient condition, ma0 is the air mass flow rate at the exit of inlet air cooling 

heat exchanger, h0 is the air enthalpy at the exit of inlet air cooling heat exchanger and 𝟂 is the humidity ratio. 

For fogging system, the fog mass flow rate is obtained by using equation No. (36).  

mfog=(𝟂1*ma1) -(𝟂0*ma0) (36) 

But the required makeup water for fogging water tank is obtained by using equation No. (37). 

mRw=mfog-mcw (37) 

is the ratio of is obtained by using equation No. (38). 

The output Ratio =
P𝑛𝑒𝑡

P𝑛𝑒𝑡𝐼𝑆𝑂
 (38) 

Where Pnet is the output power at Ta and PnetIso is the output power at ISO condition  
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5. Results and Discussion  

5.1. Validation of the simulation model 

To validate the theoretical thermodynamic model, the model results were compared with the data measured 

regarding to the case study as mentioned previously. The operating conditions of the case study are, =12 and 

rh=0.6 with different ambient temperatures To. By applying the EES code as a simulator for studying the GT 

performance and comparing its results with the real results of the case study performance test, it found that the 

simulator results are almost like the case study results as shown in Figure.2 with maximum error equal to 1%. 

 

Figure 2: Comparison between the results of the present model and those of real GT performance results. 

 

5.2. The Effect of the Inlet Air Temperature 

Figure.6 shows the effect of increasing inlet air temperature T0, as that leads to a decrease both of net 

output power Pnet, and ηI, in order ηII increases. 

5.3. The effect of pressure ratio    

Increasing the pressure ratio  leads to an increase ηI and Pnet tell  =12, over than  =12 the Pnet decreases but ηI 

still increases. In order, both ηII and Edes decrease as shown in Figures.6 and 7. 

5.4. The effect of ηp 

The increasing polytropic efficiency ηp leads to increase ηII and Edes decrease ηI and Pnet as shown in Figures.3 

and 4. In addition, the increases in T0 lead to decrease exergy destruction E des as shown in Figure.4. 
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Figure 3: The effect of effective parameter on the GT Pnet ηI and ηII. 

 

Figure 4: effective parameter on the GT Pnet and Edes. 

So, the maximum power (Pnet) was 30 MWh in January 2020 without using any inlet air cooling system. While, 

the minimum power was 26.65 MWh in June 2021, as shown in Figure.5.  

 

Figure 5: Expected performance of the entire GT (2021) without inlet air cooling system. 
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In addition, the effect of ambient condition effect may be neglected on ηI, ηIc, ηIIc, ηIIcc, ηIt, and ηIIt.  But during 

the hot months, they decrease, while, ηII increases, as shown in Figure.6. 

 

Figure 6: Expected ηI, ηI of the GT and each of its components within one year (2021) without inlet air cooling 

system. 

5.5. Inlet air cooling system effect  

This section discusses the effect of using a multi-stage cooling system on the performance of each GT 

component. So, every parameter ratio is the ratio between this parameter without using the cooling system to 

with cooling multi-stage inlet air cooling system. 

5.5.1. The Effect on Inlet Air Temperature 

There are many types of GT inlet air cooling systems. The effect of rh is clear when using an inlet air fogging 

system (Tf) and using an inlet air multi-stage cooling system (Tcomb) too. However, there is no effect of rh 

using chiller cooling system (Tch). In addition, for using Tf or T comb systems, there is a relation between Ta and 

T1 as by increasing Ta the T1 increases, but by using Tch system T1 is constant even if Ta changed, as shown in 

Figure.7.  

 

Figure 7: The effect of different inlet air cooling system at variable Ta and relative humidity rh on inlet air 

temperature T1 
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So, regarding using Tcomb system the maximum decrease of the inlet air gas turbine is about 14.7
o
 as shown in 

Figure.8. 

 

Figure 8: The effect of using the multi-stage inlet air cooling system. 

5.5.2. The effect on the overall GT performance.  

The results indicated the effect of using a multi-stage inlet air cooling system on the overall gas turbine 

performance as shown in Figure 9, Figure 10, as the curves shown clarify that at low Ta the curves are closer 

than at higher Ta, that indicated to the effect of rh on the used inlet air cooling system effective is clearer at high 

Ta. In addition, Figure.9, indicated to the increase of rh leads to a decrease PnetR. Moreover, the used inlet air 

cooling system leads to an increase of recovered power ratio (PnetR) with increasing Ta. Also, in Figure.10, an 

increase of Ta leads to an increase ηIR and, decrease ηIIR as shown in Figure 13, this effect on the 1
st
 and 2

nd
 low 

efficiency of the gas turbine is very small and could be ignored.  

 

Figure 9: The effect of multi-stage cooling system on the PnetR 
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Figure 10: The effect of the multi-stage cooling system on the ηIIR and ηIR 

The maximum expected additional power capacity of GT when using a multi-stage inlet air cooling system for 

one year (2020) is about 2.7 MWh in June as shown in Figure.11, and Figure.12, where PnetR= (Pnet with 

cooling)/ (Pnet without cooling) 

 

Figure 11: The expected additional power capacity of GT when using a multi-stage inlet air cooling system for 

one year (2021). 

 

Figure 12: Expected performance of the GT and each of its components within one year (2021) with multi-stage 

inlet air cooling system. 
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6. Multi-stage cooling system cost analysis 

Cost analysis is one of the most important indicators which helps in choosing the optimum design for the inlet 

air cooling system. 

6.1. The Capital Cost 

The multi-stage cooling system total capital cost and price including pipes, control, and measurement system, 

pumping station with accessories, installation, pipe installation, and mechanical works, tanks, Absorption chiller 

cooling system, and fogging cooling system on average 310,000$. With the straight-line method of depreciation, 

the annual depreciation is 12,400$/year with an average lifetime of 25 years. 

6.2. The Operation Cost 

The operation cost included the pumping station electrical power consummation, and the electricity price of the 

Gas Turbine cycle power plant is 0.097 $/kW, So the recovered power price is about 1,774,001 $/year. Also, 

maintenance costs include spare parts, and workers each year in about 10,000 $/year. Therefore, the multi-stage 

cooling system operation total cost is 443,891.61 $/year.  

6.3. The final cost analysis 

The net gained = economically recovered – (operation total cost + the annual depreciation). 

The net gained = 1,774,001 – (443,891.61 + 12,400) = 1,317,709 $/year 

The above equation results mean that, the system will cashback during the first year. 

7. Conclusions  

The analyses of the gas turbine performance through the effect of varying ambient conditions and the use of 

different cooling systems to improve the gas turbine performance is performed. The following are the 

conclusions of the most important issues from this study: - 

1. The effect of increasing inlet air temperature To, as that leads to a decrease both of net output power Pnet, and 

ηi, in order ηii increases. 

2. The increases in To leads to decrease the exergy destruction Edes. 

3. Increasing the pressure ratio  leads to an increase ηI, while Pnet increases up to a certain pressure ratio, over 

than this value the Pnet decreases again. In order, both ηii and Edes decrease. 

4. Increasing the polytropic efficiency ηp leads to improve ηII and Edes. In order, has a bad effect on ηI and Pnet. 

5. Using the inlet air cooling system leads to It is worth mentioning that the maximum power output Pnet increase 

is about 14.3% at the maximum ambient temperature (313
o
K), with very small effect on 1

st
 and 2

nd
 law 

efficiencies of the overall gas turbine and could be ignored. 
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6. The multi-stage cooling system has the advantages of fogging cooling and absorption cooling and avoids their 

disadvantages. 

Nomenclature  email Air mass ratio 

Edes Exergy destruction (KWh)  Acronyms 

hi Inlet air enthalpy  (KJ) CCPP Combined Cycle Power Plant 

h0s  Outlet air isentropic enthalpy  (KJ) EES Engineering Equation Solver 

h0 Real outlet air enthalpy (KJ) GT Gas Turbine 

ma Air mass flow rate at ISO condition (kg/hr) ISO International Organization 

for Standardization  

m ISO Air mass flow rate at ISO condition (kg/hr) Abbreviations 

T0 Inlet Air Temperature  (K) 𝞹 Pressure ratio  

Ta Ambient Temperature  (K) ps Stage pressure ratio 

S Entropy (KJ/Kg. K) η Efficiency % 

Pc Compressor Consumption Power  (KWh) ηIs isentropic efficiency  

Prevc Reversible power (KWh) ηp  and polytropic efficiency 

PcISO Compressor Consumption Power at 

ISO condition 

(KWh) Ɣ Specific heat ratio (Cp/CV) 

PcR Compressor Consumption Power 

ratio 

  

Pt Turbine power generated (KWh) 

PtISO Turbine power generated at ISO 

condition 

 

Prevt Reversible power (KWh) 

Pnet Gas turbine net output power (KWh) 

ρ Density  (kg/m
3
) 

V Compressor volume (m
3
) 

mg Hot gas flow rate (kg/hr) 

LHV Low heating value (kJ/kg) 

Q Heat energy (KWh) 

Qch Chiller load energy (KWh) 
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