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Abstract
The implementation of inlet air cooling in combined cycle gas turbine (CCGT) plant is imperative to mitigate the adverse 
consequences, such as reduced performance, caused by high ambient temperatures. Therefore, this paper presents a novel 
idea of integration of the CCGT plant and a double-effect water-LiBr vapor absorption refrigeration system for inlet air 
cooling. The absorption system utilizes the waste heat of CCGT exhaust gas to cool the ambient air at the compressor’s inlet. 
The objective of this paper is to compare the energy, exergy, and sustainability factors of an integrated system to that of the 
standalone CCGT plant. This novel approach has improved the thermodynamic performance and environmental sustain-
ability of the integrated system. Subsequently, the energy analysis reveals that maximum improvements in work output and 
thermal efficiency of 5.04% and 1.64%, respectively, have been reported. Furthermore, the results show that as the ambient 
temperature rises, the work output of the standalone CCGT system decreases faster than that of the integrated CCGT system. 
Also, the integrated plant is more exergetically efficient. The maximum yield in exergetic efficiency and total work output is 
observed at the degrees of cooling of 8 K and 18 K, respectively. Therefore, this system can be operated suitably within this 
range of degrees of cooling. Besides, the exergy-based sustainability indicators are found to be improved. The environmental 
sustainability index has increased by up to 3.52%, showing improved fuel utilization. This also indicates that, for the same 
amount of emissions, the integrated CCGT plant generates more power.

Keywords Combined cycle · Inlet air cooling · Exergy analysis · Vapor absorption · Sustainability indicators

List of symbols
m  Mass flow rate (kg/s)
h  Specific enthalpy (kJ/kg)
v  Specific volume  (m3/kg)
s  Specific entropy(kJ/kg k)
T  Temperature (K)
P  Pressure (bar)
E  Exergy
C  Specific heat (kJ/kg k)
W  Work (kW)
Q  Heat (kW)
X  Concentration (%)

Subscripts
a  Air
f  Fuel
m  Mechanical
s  Steam
g  Gas
AC  Air compressor
CC  Combustion chamber
GT  Gas turbine
hp  High pressure
lp  Low pressure
isen  Isentropic
sh  Superheated
dea  Deaerator
cond  Condenser
cw  Cooling water
in/i  Entry
out/ex  Exit
cv  Control volume
ph  Physical
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ch  Chemical
ss  Strong solution
ws  Weak solution
ms  Medium solution
evap  Evaporator
de  Double effect
ex  Exergy
fw  Feed water
0  Dead state
D  Destruction

Abbreviations
CCGT   Combined cycle gas turbine
CCGTV  Combined cycle gas turbine with double-effect 

vapor absorption system
CIT  Compressor inlet temperature
GTC   Gas turbine cycle
STC  Steam turbine cycle
HRSG  Heat recovery steam generator
IAC  Inlet air cooling
TIT  Turbine inlet temperature
VARS  Vapor absorption refrigeration system
HPG  High-pressure generator
LPG  Low-pressure generator
COP  Coefficient of performance
HPST  High-pressure steam turbine
LPST   Low-pressure steam turbine
HPD  High-pressure drum
LPD  Low-pressure drum
RH  Relative humidity
LHV  Lower heating value
BFP  Boiler feed pump
CEP  Condensate extraction pump
SP  Solution pump

Greek symbols
η  Efficiency
γ  Ratio of specific heats
φ  Fuel depletion ratio
ω  Specific humidity
Δ   Difference
γ  Specific heat ratio

1 Introduction

The ever-increasing demand for energy and the constant 
depletion of resources are driving a shift toward more 
efficient power generation. Combined cycle gas turbine 
(CCGT) power plants enhance the performance of simple 
gas turbine plants that utilize the fuel energy in an efficient 
way [5]. The efficiency of CCGT plants has been achieved 
by up to 64% [44]. Higher efficiency encompasses cheaper 
generation and fewer emissions. CCGT power plants are 

designed to run on specific operating conditions to fetch 
maximum efficiency. Ambient temperature is one of those 
significant operating conditions [6]. Environmental condi-
tions, on the other hand, are not always advantageous. As 
the ambient air temperature rises, the performance of gas 
turbine power plants decreases [2]. It is essential to miti-
gate the adverse effects of high ambient air temperature by 
cooling it before intake to the air compressor [24]. Several 
researchers performed studies to observe the impact of 
ambient temperature on the performance of CCGT.

Erdem and Sevilgen [13] examined the electricity gen-
eration rate of a gas turbine (GT) power plant based on 
varying ambient temperatures corresponding to seven 
different climate conditions. The electricity generation 
rate is reduced by 2.87–0.71% in hot regions. The same 
is improved by 0.27–10.28% when the temperature of the 
inlet air is decreased to 10 °C. Along with the ambient 
temperature, the performance in terms of entropy genera-
tion rate and power output is also affected by the turbine 
inlet temperature (TIT) and pressure ratio. Choudhary and 
Sanjay [7] analyzed an integrated GT with a solid oxide 
fuel cell on the basis of these parameters (TIT and pressure 
ratio). And, when analyzing only the gas turbine compo-
nent, the minimum entropy generation occurred at TIT of 
1650 K and pressure ratio of 20. Rai et al. [34] investigated 
the impact of increasing ambient temperature on the power 
output of a CCGT plant consisting of two gas turbines 
and a steam turbine. The study revealed a decline in the 
overall and individual turbine power outputs. De Sa and 
Al Zubaidy [8] endorsed an empirical relationship for GT 
power production capacity when ambient temperature dif-
fers from ISO conditions (1.01 bar, 15 °C, and RH = 60%) 
[6]. For every 1 K above ISO that the ambient tempera-
ture went up, the GT lost 0.1% of its thermal efficiency 
and 1.47 MW of gross power output. Ehyaei et al. [10] 
modeled a CCGT thermodynamically and investigated 
the effect of inlet fogging. By performing optimization 
simultaneously, net power output, 1st law, and 2nd law 
efficiencies were reported to be increased by 17.24, 3.6, 
and 3.5%, respectively, for three months (June to August) 
of warm weather.

Mohapatra and Sanjay [30] compared two techniques of 
inlet air cooling (IAC), i.e., evaporative cooling and vapor 
compression cooling. In comparison with evaporative IAC, 
vapor compression IAC increased GT plant-specific work 
and thermal efficiency by 18.4 and 4.18%, respectively, 
while evaporative IAC increased these factors by 10.48 and 
4.18%, respectively. Baakeem et al. [4] performed a com-
parative study of various IAC technologies coupled with a 
GT power plant in Riyadh. The optimized cooling capacity 
and air temperature were found to be 36 kW/m3s−1 and 8 °C, 
respectively. This study proposed a wet-cooled condenser 
coupled to a sub-cooling multistage compressor refrigeration 
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system and a single-effect water-LiBr vapor absorption 
refrigeration system (VARS).

Since compressors utilize electricity from power plants 
as input, VARS is a well-known alternative to vapor com-
pression refrigeration systems [35]. Researchers suggested 
an extensive range of inexpensive heat sources to drive a 
VARS, including Geothermal and solar energy. Kadam et al. 
[19] analyzed and compared thermo-economically the vapor 
compression refrigeration (VCR) system, VARS, and their 
hybrids for district cooling applications. It was discovered 
that VARS has the highest exergetic efficiency among all 
configurations. In addition, the integration of VARS with 
renewable energy resources was found to reduce both the 
environmental impact and the total cost. Matjanov [26] 
analyzed three heat source schemes for VARS: gas turbine 
exhaust, HRSG waste gases, and solar energy. The utiliza-
tion of gas turbine waste heat in the absorption chiller was 
not preferable owing to the reduction in CHP efficiency. The 
most effective scheme was operating an absorption chiller 
on HRSG waste gases if the temperature of HRSG exhaust 
increased beyond 120 °C.

Singh [38] investigated a CCGT power plant integrated 
with an ammonia-water VARS. The study revealed that for 
the same fuel consumption, the total work output, 1st law 
efficiency, and exergy efficiency improved by 2.8, 1.193, 
and 1.133%, respectively. Mohapatra and Sanjay [31] ana-
lyzed a 3-pressure level HRSG integrated CCGT power plant 
equipped with an aqua ammonia VARS. At higher ambient 
temperatures, the total exergy destruction of the combined 
cycle was noticed to be higher. Also, the effect of ambient 
relative humidity was reported to be negligible on the per-
formance of several components of the CCGT power plant. 
Meraj et al. [27] investigated the effect of increasing ambient 
temperatures on the single-effect water-LiBr VARS. It was 
reported that as ambient temperature rises, the coefficient of 
performance (COP) decreases. Elberry et al. [12] examined 
a dual-pressure HRSG combined cycle power plant incor-
porated with a single-effect water-LiBr absorption chiller. 
This study suggested that the HRSG exhaust gas temperature 
lower than 122 °C is the best scenario to employ a single 
effect VARS. However, Kaushik and Arora [20] reported 
the COP of a double-effect water absorption chiller is 1.6 to 
1.7 times that of a single-effect absorption chiller. Further, 
Talukdar and Gogoi [42] compared a vapor power cycle 
equipped with single-effect and double-effect water-LiBr 
VARS for HPG temperatures ranging from 120 to 150 °C. 
The double-effect VARS had a superior COP (i.e., 1.411) 
than the single-effect system, which had a COP of 0.809. 
Similarly, the combined system’s exergetic efficiency was 
reported to be 35.23% for double-effect integration versus 
35.19% for single-effect integration.

However, numerous works of literature discuss the study 
of CCGT performance improvement via inlet air cooling; 

several gaps have been identified but have not yet been 
addressed. In order to address these gaps, the present analy-
sis aims to undertake a unique approach, hence showcasing 
its novelty. The gaps and attempts to address them are listed 
below:

(1) The prevailing approach in previous studies by Singh 
[38] and Mohapatra and Sanjay [31] has predominantly 
involved the utilization of an Ammonia-water based 
VARS for cooling the inlet air. Despite the fact that 
water-LiBr VARS exhibits greater suitability from a 
performance standpoint. Hence, this analysis employs 
a water-LiBr-based absorption system.

(2) Even though the HRSG exhaust temperature typically 
ranges between 120 and 160 °C [18], most studies have 
focused on single-effect VARS (water-LiBr or ammo-
nia-water). None of the researchers have utilized water-
LiBr double-effect VARS, despite the fact that it has a 
higher COP than a single-effect system and can exploit 
the HRSG exhaust energy more efficiently. Therefore, 
double-effect type VARS has been considered in the 
present analysis.

(3) Moreover, the dual-pressure HRSG-based CCGT plant 
has been analyzed with the incorporation of double-
effect water-LiBr VARS. Thus, the apprehended ther-
modynamic system is novel.

(4) The integrated CCGT system itself has not yet been 
analyzed. In addition to analyzing this system thermo-
dynamically, a comparison of exergy-based sustainabil-
ity is made to calculate the improvement of the new 
system in comparison with the standalone CCGT plant.

In this study, a thorough 1st law analysis is performed, 
followed by a 2nd law analysis of the CCGT both with and 
without inlet air cooling. Moreover, the performance of these 
two scenarios has been compared to analyze the effects of 
ambient air temperature. Furthermore, several exergy-based 
sustainability indicators are computed, and their effects have 
been discussed.

2  System description

The system considered for analysis is a CCGT power plant, 
i.e., a conjunction of a gas turbine cycle (GTC) and a steam 
turbine cycle (STC). GTC comprises an air compressor, 
a combustion chamber, and a gas turbine. The air is com-
pressed and then directed to the combustor section, where it 
is mixed with fuel (i.e., natural gas). The hot gas that results 
from the combustion chamber is guided toward the gas tur-
bine, where it gets expanded. After expansion in the gas 
turbine, the exhaust flue gas from the gas turbine is further 
directed to STC. The STC includes a dual-pressure HRSG, 
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a high-pressure steam turbine (HPST), a low-pressure steam 
turbine (LPST), a steam condenser, a deaerator, and feed 
water pumps. In the HRSG, heat exchange between the gas 
stream and the water stream is accomplished at two pres-
sure levels. The economizer, evaporator, and superheater are 
intrinsic components of each pressure level. Steam from the 
high-pressure section expands in HPST up to lower pres-
sure, and then it is mixed with low-pressure steam to further 
expand in LPST, as shown in Fig. 1. Wet steam at the outlet 
of LPST is condensed in the steam condenser. The conden-
sate is then fed to a deaerator with the help of a condensate 
extraction pump (CEP).

In conjunction with CCGT, a double-effect water–LiBr 
VARS is employed to cool the compressor inlet air. It con-
sists of an evaporator, absorber, condenser, high-pressure 
generator (HPG), and low-pressure generator (LPG). Two 

solution heat exchangers transfer heat from a hot solution 
to a cold solution. A compressor’s intake air is cooled by 
an inlet air cooler. As depicted in Fig. 1, the HRSG exhaust 
is utilized as a heat input in the HPG vapor absorption sys-
tem via a heat exchanger.

In this study, the following assumptions are taken into 
account:

 (i) The kinetic and potential energies of each stream are 
neglected.

 (ii) Except for the combustion chamber, chemical exergy 
is neglected.

 (iii) The effectiveness of the condenser, absorber, and 
evaporator in VARS is assumed to be 100%.

 (iv) The gas leaving the HPG of VARS is maintained at 
a minimum temperature of 393 K.

Fig. 1  Schematic diagram of CCGT with double-effect water-LiBr Absorption refrigeration system
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2.1  Energy analysis

2.1.1  Air compressor 

Air is fed to the compressor at a pressure, P1 and tempera-
ture, T1 . The exit temperature, T2 is a function of the poly-
tropic efficiency of the compressor 

(
�
AC

)
 , pressure ratio 

(
rp
)
 

and specific heat ratio of air 
(
�
comp

)
 as follows:

where �AC is isentropic efficiency of air compressors as given 
below [22]:

The required work rate for the compressor is defined as 
the function of the air mass flow rate 

(
ṁa

)
 , the specific heat (

Cp,comp

)
 , temperature difference, and mechanical efficiency 

of the compressor 
(
�m

)
.

Here, Cp,comp [41] and �comp are determined as follows. 
Hence,

(1)T2 = T1 ×

(
1 +

1

�AC

(
r

�comp−1

�comp

p − 1

))

(2)�AC = 0.91 −
rp − 1

300

(3)ẆC =

ṁaCp,comp

(
T2 − T1

)
𝜂m

(4)
Cpa =1.04841 −

(3.3871T
104

)

+
(

9.4537T2

107

)

−
(

5.49031T3

1010

)

+
(

7.9298T4

1014

)

(5)Cva = Cpa − 0.287

(6)
Cp,vap =1.8778 −

(5.112T
104

)

+
(

1.9157T2

106

)

−
(

1.367T3

109

)

+
(

3.723T4

1014

)

(7)Cv,vap = Cp,vap − 0.4614

(8)Cp,comp = Cpa + �a,iCp,vap

(9)Cv,comp = Cva + �a,iCv,vap

(10)�comp =

Cp,comp

Cv,comp

where Cp,vap and Cv,vap represent the specific heat of water 
vapor at constant pressure and constant volume, respectively. 
�a,i represents the specific humidity of air at the compres-
sor’s inlet.

2.1.2  Combustion chamber

The flue gas properties from the exit of the combustion cham-
ber are a function of the lower heating value (LHV) of fuel, 
airflow rate, and efficiency of the combustor 

(
�
CC

)
 . The fol-

lowing equation exhibits the energy balance in the combustion 
chamber:

The exit pressure is estimated by taking the pressure drop (
ΔPCC

)
 into account across the combustion chamber, repre-

sented as:

Moreover, the properties of combustion products are evalu-
ated via chemical and thermodynamic equilibrium. The chemi-
cal reaction of hydrocarbon fuel is considered, according to 
Ahmadi et al. [1], followed by its chemical equilibrium. Spe-
cific heat of combustion products is obtained from the standard 
theory of mixture by taking the specific heat of all constituents 
individually for different temperatures [43] as follows:

where i = 1,2,3…represents the constituents and yi =
mi

m
fh is known as the humidity correction factor [31] and 

represented as

where � is relative humidity at the exit of the inlet air cooler.

2.1.3  Gas turbine

Similar to the compressor, the outlet temperature from the 
gas turbine is a function of the polytropic efficiency of the 
gas turbine 

(
ηGT

)
 , pressure ratio 

(
P3

P4

)
 across the gas turbine, 

and the specific heat ratio of the gas 
(
γg

)
.

A correlation for isentropic efficiency of the gas turbine 
as a function of 

(
P3

P4

)
 can be given as [22]:

(11)ṁaCpaT2 + ṁf 𝜂CC.LHV =
(
ṁa + ṁf

)
CpgT3

(12)P3 = P2

(
1 − ΔPCC

)

(13)Cpg = fh ∗
[
y1.Cp,1 + y2.Cp,2 + y3.Cp,3 …… yn.Cp,n

]

(14)fh = 1 + 0.05�

(15)T4 = T3 ×

⎛⎜⎜⎝
1 − �GT

⎛⎜⎜⎝
1 −

�
P3

P4

� 1−�g

�g
⎞⎟⎟⎠

⎞⎟⎟⎠
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The expansion work rate from the gas turbine is estimated 
by considering the flue gas flow rate 

(
ṁg

)
 , gas-specific heat (

Cpg

)
 , the temperature difference between entry and exit, and 

mechanical efficiency 
(
�m

)
.

2.1.4  Heat recovery steam generator

Each component of the dual pressure HRSG maintains 
energy balance for the gas and water streams. The equations 
are listed in Table 1.

2.1.5  Steam turbines

The work generation rate from HPST is obtained by the 
expansion of steam coming from the high-pressure sec-
tion of HRSG up to lower pressure. This steam is adiabati-
cally mixed with low-pressure steam coming from the low-
pressure section of HRSG. Likewise, the mixed steam is 
expanded in LPST to produce further work. The energy 
equations of both steam turbines are as follows:

Here, ṁs is the total mass flow rate of steam that is to be 
expanded in LPST.

(16)
�GT = 0.90 −

(
P3

P4

)
− 1

250

(17)ẆGT = ṁgCpg

(
T3 − T4

)
. 𝜂m

(18)ẆHPST = 𝜂m.𝜂isen,hpst.ṁs,hp

(
hhp,sh, ex − hlp,sh, ex

)

(19)ṁs,lp + ṁs,hp = ṁs

(20)
ẆLPST = �m.�isen,lpst.

(

ṁs
(

hlp,sh, ex − hlpst, dea,pres
)

+
(

ṁs − ṁs,dea
)(

hlpst, dea,pres − hlpst, ex
))

2.1.6  Steam condenser

The exiting steam from LPST is condensed in the steam 
condenser. The energy balance between the steam and cool-
ing water is depicted as follows:

2.1.7  Deaerator

The deaerator removes dissolved gases such as  O2 and  CO2 
from the condensate by using steam bled from the LPST; as a 
result, feed water is obtained at deaerator pressure. Deaerator 
pressure is calculated using the deaerator temperature ratio for 
the optimum heat recovery from the exhaust [23]:

The mass flow rate of steam bled for deaeration is calcu-
lated with the help of energy balance as follows:

2.1.8  Condensate extraction pump

The work input rate in CEP is given as:

2.1.9  Boiler feed pumps

The required work input rate for low- and high-pressure boiler 
feed pumps (BFP), respectively, is written as:

The total work output of standalone CCGT is given as:

The efficiency of standalone CCGT is established as

(21)

(
ṁs − ṁs,dea

)(
hlpst, ex − hcond, ex

)
= ṁcwCp,cw

(
tcw,in − tcw,out

)

(22)�dea =
Tfw,dea,ex − Tcond

Tfw,sat,hp − Tcond

(23)ṁs,dea

(
hs,dea,in − hcep,ex

)
= ṁs

(
hfw − hcep,ex

)

(24)Ẇcep =

(
ṁs − ṁs,dea

)(
hcep,ex − hcond, ex

)
𝜂m,cep

(25)ẆBFP,lp =

ṁs,lp

(
hhrsg,lp − hfw

)
𝜂m,BFP,lp

(26)ẆBFP,hp =

ṁs,hp

(
hhrsg,hp − hfw

)
𝜂m,BFP,hp

(27)
ẆCCGT = ẆGT − ẆC + ẆHPST + ẆLPST − ẆBFP,lp − ẆBFP,hp − Ẇcep

(28)𝜂CCGT =
ẆCCGT

𝜂CC.ṁfLHV

Table 1  Energy balance equations in HRSG components

HRSG component Equations

HP superheater ṁgCpg

(
T4 − T4a

)
= ṁ

s,hp

(
h
hp,sh,ex − h

hp,sh,in

)
HP evaporator ṁgCpg

(
T4a − T4b

)
= ṁ

s,hp

(
h
hp,evap,ex − h

hp,evap,in

)
HP economizer ṁgCpg

(
T4b − T4c

)
= ṁ

s,hp

(
h
hp,eco,ex − h

hp,eco,in

)
LP superheater ṁgCpg

(
T4d − T4e

)
= ṁ

s,lp

(
h
lp,sh,ex − h

lp,sh,in

)
LP evaporator ṁgCpg

(
T4e − T4f

)
= ṁ

s,lp

(
h
lp,evap,ex − h

lp,evap,in

)
LP economizer ṁgCpg

(
T4f − T5

)
= ṁ

s,lp

(
h
lp,eco,ex − h

lp,eco,in

)
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2.1.10  Double‑effect water‑LiBr VARS

The working fluid for series flow double-effect VARS 
comprises a refrigerant (Water) and an absorbent (LiBr) 
[37]. It is modeled using the approach and assumptions of 
Gomri and Hakimi [17]. The thermodynamic properties 
(enthalpy and entropy) of water-LiBr solution at different 
points are calculated using the correlations suggested by 
Pátek and Klomfar [33].

The concentrations of strong solution (function of the 
absorber and evaporator temperature) and weak solution 
(function of VARS condenser and LPG temperature) are 
calculated as follows [25]:

The concentration of the medium solution 
(
Xms

)
 lies 

between Xws and Xss . Xms is calculated using an iterative 
method unless the energy balance in LPG reaches up to 
 10−4 kW [17]. Hence, the mass flow rate of weak, strong, 
and medium solutions is calculated using the concentration 
values. The energy balance in LPG is given as follows:

The concentration value should be less than the critical 
concentration to eliminate crystallization at any point in 
the system. The critical concentration as a function of tem-
perature (in °C) was developed by a dynamic simulation 
model for double-effect VARS [15]. It can be expressed as:

The heat load in HPG and evaporator is given by:

The energy balance in the condenser and absorber is 
written as follows:

The overall performance of VARS is estimated by eval-
uating its COP, represented as:

(29)Xss =
49.04 + 1.125ta − te

134.65 + 0.47ta

(30)Xws =
49.04 + 1.125tLPG − tc

134.65 + 0.47tLPG

(31)QLPG = m9h9 + m19h19 = m20h20 + m22h22 + m23h23

(32)XC = 0.0809 × t + 61.341

(33)
QHPG = mg,HPGCpg

(
T5 − T6

)
= m9h9 + m17h17 − m16h16

(34)Qevap = ma,evapCpa

(
T0 − T1

)
= m12h12 − m11h11

(35)
Qcond = mw,condCpw

(
ΔTw,cond

)
= m21h21 + m22h22 − m10h10

(36)
Qabs = mw,absCpw

(
ΔTw,abs

)
= m12h12 + m25h25 − m13h13

where ẆSP is work input rate to the solution pump and 
expressed as:

Now, the total work output of an inlet air cooling integrated 
system (i.e., CCGTV) is calculated as

2.2  Exergy analysis

Exergy analysis is the thermodynamic analysis that rationally 
evaluates a system using the first and second laws of thermo-
dynamics. It enables the evaluation and comparison of pro-
cesses and scope for improvement by eliminating component-
wise irreversibility [1]. In a control volume, the exergy balance 
is written as:

If the rate of energy exchange across the control volume is 
zero, the equation will be obtained as [21]:

where e is exergy and ĖxD is exergy destruction rate in kW.

(37)COP =

Qevap

QHPG + ẆSP

(38)ẆSP = m13

(
PHPG − Pabs.

)
nsp𝜌13

(39)ẆCCGTV = ẆCCGT − ẆSP

(40)𝜂CCGTV =
ẆCCGTV

𝜂CC.ṁfLHV

(41)

dECV

dtj
=Σ

(

1 −
T0
Ti

)

Q̇i −
(

Ẇ − P0
dVCV

dt

)

+
∑

i
ṁiei −

∑

e
ṁeee − ĖxD

(42)ĖxQ +

∑
i

ṁiei =
∑
e

ṁeee + ĖxW + ĖxD

(43)ĖxD = T0Ṡgen

(44)ĖxQ =

(
1 −

T0

Ti

)
Q̇i

(45)ĖxW = Ẇ − P0

dVCV

dt

(46)eph =
(
h − h0

)
− T0

(
s − s0

)
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2.2.1  Plant fuel exergy

The exergy assessment of combustion is calculated by con-
sidering the physical exergies of flowing streams and the 
chemical exergy of fuel [14]. The total exergy component 
of fluid is written as:

The physical exergy of fuel is calculated using the ideal 
model of gas [32].

The mean specific heat for calculating enthalpy and 
entropy is depicted as:

The chemical exergy fuel 
(
exch

f

)
 is calculated using the 

following relation [3]:

the value of ξ is close to unity for common gaseous fuels [9]. 
The value ξ is taken as 1.06 for methane.

(47)Ėxtotal = Ėxph + Ėxch

(48)Ėxph = ṁf C
h
p

(
T − T0

)
− ṁf T0

[
Cs
p
ln

T

T0
− R ln

P

P0

]

(49)Ch
p
=

1

T − T
0

T

∫
T
0

CpdT

(50)Cs
p
=

1

ln
T

T
0

T

∫
T
0

CpdT

(51)� =

exch
f

LHV

An experimental correlation is useful to calculate the 
value of ξ for any gaseous fuel with a composition CxHy 
[14]:

The expressions for exergy destruction rate and energetic 
efficiency for each component of CCGT are represented in 
Table 2.

2.3  Exergy‑based sustainability indicators

Exergy analysis is an attractive method to assess the sus-
tainability level of several energy systems. Sustainability 
is described as a policy of supplying energy resources at a 
reasonable cost and with little or no environmental impact 
[28]. Several sustainability indicators have been examined 
for the CCGT system based on the theoretical foundation for 
exergy analysis. Moreover, the effect of inlet air cooling on 
these parameters has been discussed.

The following exergy-based sustainability indicators [40] 
considered for this study are:

 (i) Fuel depletion ratio
 (ii) Exergetic improvement potential
 (iii) Environmental effect factor
 (iv) Environmental sustainability index

2.3.1  Fuel depletion ratio

The fuel depletion ratio is the ratio of the exergy destruction 
rate in a component to the fuel exergy. A lower fuel deple-
tion ratio is preferred because it indicates that the system has 

(52)ξ = 1.033 + 0.0169
y

x
−

0.0698

x

Table 2  Equations for 
exergy destruction rate and 
exergetic efficiency for various 
components

Component Exergy destruction rate Exergetic efficiency

Air compressor Ėx
D,AC = Ėx1 − Ėx2 + Ẇ

AC 𝜂
ex,AC =

Ėx2−Ėx1

Ẇ
AC

Combustion chamber ĖxD,CC = Ėx2 − Ėx3 + Ėxf 𝜂
ex,CC =

Ėx3

Ėx2+Ėxf

Gas turbine ĖxD,GT = Ėx3 − Ėx4 − Ẇ
GT 𝜂

ex,GT =
ẆGT

Ėx3−Ėx4

HRSG ĖxD,HRSG =
∑

i,HRSG Ėx −
∑

o,HRSG Ėx 𝜂
ex,HRSG =

∑
i,water Ėx−

∑
i,steam Ėx

Ėx4−Ėx5

HPST ĖxD,HPST = Ėxi,HPST − Ėxo,HPST − Ẇ
HPST 𝜂

ex,HPST =
Ẇ

HPST

Ėxi,HPST−Ėxo,HPST

LPST ĖxD,LPST = Ėxi,LPST − Ėxo,LPST − Ẇ
LPST 𝜂

ex,LPST =
Ẇ

LPST

Ėxi,LPST−Ėxo.LPST

Condenser ĖxD,Cond =
∑

i,Cond Ėx −
∑

o,Cond Ėx 𝜂
ex,Cond = 1 −

ĖxD,Cond∑
i,Cond Ėx

Boiler feed pump ĖxD,BFP = Ėxi,BFP − Ėxo,BFP + Ẇ
BFP 𝜂

ex,BFP =
Ėxo,p−Ėxi,p

Ẇ
BFP
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destroyed less exergy corresponding to fuel exergy. Conse-
quently, more exergy is available at the output [40].

2.3.2  Environmental effect factor

Environmental effect factor 
(
reef

)
 is a crucial sustainability 

factor that is defined as the ratio between waste exergy 
ratio (WER) and exergetic efficiency. It specifies the sever-
ity of environmental damage because of exergy destruc-
tion. As a result, reef is preferred to have low value.

2.3.3  Environmental sustainability index

It is another vital parameter to assess the sustainability 
level of the system. As a definition, it is represented by 
the reciprocal of reef . This index has a value between 0 
and 1. A higher exergetic efficiency indicates less waste 
exergy and a lesser environmental impact, resulting in an 
increased environmental sustainability index (ESI) of the 
system. Therefore, an ESI close to 1 indicates a more envi-
ronmentally sustainable system [39].

2.3.4  Exergetic improvement potential rate

The exergetic improvement potential is associated with 
the combined effect of exergetic efficiency and the exergy 
destruction rate. A higher improvement potential advo-
cates that the system requires improvement over time [40]. 
Hence, a low exergetic improvement potential is preferred.

Figure 2 presents a flowchart that outlines the sequential 
steps of the thermodynamic simulation process in a logical 
manner. The flowchart ultimately leads to a comparison 
of performance parameters and sustainability indicators 

(53)Fuel depletion ratio =

ĖxD,componet

Ėxfuel

(54)WER =
Total exergy waste

Total exergy input

(55)reef =
WER

�ex

(56)ESI =
1

reef

(57)
Exergetic improvementpotential rate =

(
1 − 𝜂ex

)
× ĖxD

under different situations, specifically with and without 
inlet air cooling.

3  Model validation

Validation of the numerical model established for this sys-
tem is a necessary step to remove ambiguities and build 
confidence in the accuracy of the results. The results of 
this study are validated with previously published papers 
on related topics. The model of water-LiBr double-effect 
VARS has been validated by an experimental study of the 
micro-scale absorption chiller by Yin et al. [45]. The input 
parameters of Yin et al. [45] are used for generating results 
from the program made in MATLAB. Table 3 shows the 
comparison of results obtained from the present model and 
experimental results of Yin et al. [45] for validation. The 
simulated results exhibit a maximum deviation of 5.34% 
from the experimental data. Moreover, the gas cycle-spe-
cific work and thermal efficiency of the present study are 
compared with those substantiated by Mohapatra and San-
jay [29] at ambient conditions of 303 K and RH = 20%, as 
shown in Fig. 3. Both parameters are in good agreement 
with each other, within 4% of the variation. The COP of 
the water-LiBr vapor absorption system decreases with an 
increase in ambient temperature, as compared to the trend 
with Ren et al. [36]. The variation of r

eef
 and ESI against the 

exergetic efficiency of the system shows a similar trend to 
those reported by Eke et al. [11].

4  Results and discussion

The performance of the standalone CCGT system along with 
its integration with a double-effect vapor absorption system 
is investigated with realistic input data. The input parameters 
for the analysis are presented in Table 4. Utilizing govern-
ing equations, a MATLAB program was developed for the 
analysis, and input data were used to obtain the results.

4.1  Effect of ambient temperature and IAC 
on energy parameters

Based on the thermodynamic equations mentioned in 
Sect. 2.1, energy analysis is the primary criterion for the 
assessment of the CCGT and CCGTV. Energy performance 
encapsulates the total work output and thermal efficiency 
as the key performance parameters for the comparison of 
both cases.

The plant-specific work output as a function of ambient 
temperature is depicted in Fig. 4. The compressor’s inlet 
temperature rises as the ambient temperature rises, resulting 
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Fig. 2  A mathematical framework and flow-chart of the thermodynamic simulation process
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in more compression work. As a result, the specific work 
output rate in CCGT decreases. When the compressor inlet 
temperature (CIT) is fixed at 288 K via inlet air cooling, 
the CCGTV specific work increases by 2.07 to 5.04% when 
the ambient temperature rises from 290 to 306 K. On the 
contrary, CCGTV-specific work decreases across the range 
because, in order to keep CIT at 288 K, VARS must fetch 
more heat from the HRSG as the ambient temperature 
rises. As shown in Fig. 4, increased temperature exhaust is 
required at the HRSG exit. It eventually leads to less STC-
specific work. The COP of VARS as a function of ambient 
temperature is also shown in Fig. 5. When the ambient tem-
perature rises from 290 to 306 K, the COP falls to 0.83 from 
1.44. The reason for this is that as the ambient temperature 
rises, the evaporator must absorb more heat from the sur-
rounding air in order to maintain CIT at 288 K. To increase 
the heat intake from the evaporator, the VARS must generate 
more refrigerant, which ultimately increases the heat sup-
plied by the HRSG exhaust at the HPG. However, as the 
ambient temperature rises, the heat input in HPG rises faster 
than the heat intake in the evaporator, resulting in a decrease 
in the COP of VARS.

Similarly, in Fig. 6, the thermal efficiency is shown as 
a function of ambient temperature. The thermal efficiency 
of CCGTV is found to be higher than CCGT, which also 
indicates lesser fuel consumption per unit of work output. 
At 290 K, an improvement of 1.58% is observed, which 
increases to 1.64% at 296 K and then decreases to 1.23% 
at 306 K. Thus, when the temperature difference between 
cooled air and ambient air (i.e., the degree of cooling) is 
8K, the greatest increase in thermal efficiency is observed.

4.2  Effect of ambient temperature and IAC 
on exergetic performance

The exergetic performance summarizes the exergy destruc-
tion rate and exergetic efficiency of each component and 
the complete system. Figure 7 depicts the exergetic effi-
ciency of the system as a function of ambient temperature. 
As the ambient temperature rises, the exergetic efficiency 
decreases. Since the high CIT decreases the useful exergy 
(net work output) in CCGT, the resulting exergetic effi-
ciency decreases. After maintaining the CIT at 288 K with 
the help of inlet air cooling, exergetic efficiency is found 
to be improved. CCGTV is 1.23 to 1.64% more exergeti-
cally efficient than CCGT over the specified ambient tem-
perature range. However, the specific exergy destruction 
in CCGTV is 0.91% lower than in CCGT at 290 K, and the 
same becomes 1.46% higher at 306 K. This increase is due 
to an increased fuel supply in the combustion chamber and 
the addition of the VARS to the existing CCGT. Table 5 
shows the component-wise specific exergy destruction in 
each component. Among all components, the combus-
tion chamber is shown to be the largest exergy destroyer. 
In both cases, the contribution of the exergy destruction 
in the combustion chamber is greater than 60.32% of the 
total  specific exergy destruction. These outcomes are 
owing to the enormous irreversibilities associated with 

Table 3  Model validation of Water-LiBr double-effect VARS

Input parameters Value

Chilled water inlet temperature 13.9 °C
Cooling water temperature 30.78 °C
Cooling water mass flow rate 1.546 kg/s
Chilled water mass flow rate 0.5616 kg/s

Output value Simulation results Experimental results [45] Difference between simula-
tion and experimental results 
(%)

Chilled water outlet temperature 7.05 °C 7 °C 0.71
Cooling effect 17.19 kW 16.63 kW 3.36
COP 1.0851 1.03 5.34

Fig. 3  Comparison of gas cycle specific work and efficiency results 
from the present study with Mohapatra and Sanjay [29]
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Table 4  Input data for the 
simulation [16, 31, 37]

Component Parameter Unit

Compressor Compression ratio ( Pr) = 20–24 –
Mechanical efficiency 

(
�
m,comp

)
 = 98.5% –

Combustion chamber Combustion efficiency 
(
�
cc

)
 = 99.5% –

LHV of fuel = 47,200 kJ/kg
Fuel composition  CH4 = 100% –
Air composition (by volume) = 21%  O2, 79%  N2 –
Pressure drop = 3% of entry pressure –

Gas turbine Turbine inlet temperature ( T3) = 1500–1750 K
Flue gas exhaust pressure = 1.093 bar
Mechanical efficiency 

(
�
m,GT

)
 = 98.5% –

HRSG HP steam pressure = 95 bar
LP steam pressure = 5 bar
HP steam temperature = 843 K
LP steam temperature = 475 K

Stack Stack exhaust temperature ≥ 393 K
Steam turbine Mechanical efficiency 

(
�
m,ST

)
 = 98.5% –

Isentropic efficiency 
(
�
isen,LPST

)
 = 92% –

Isentropic efficiency 
(
�
isen,HPST

)
 = 88% –

Steam quality at LPST exit = 0.88 –
Steam condenser Condenser pressure = 0.05 bar
Deaerator Deaerator pressure = 1.293 bar

Deaerator temperature ratio = 0.27 –
BFP Efficiencies of Boiler feed pumps = 80%
CEP Condensate extraction pump pressure = 1.293 bar
VARS Effectiveness of HPG = 0.96 –

Evaporator temperature 
(
T
evap

)
 = 278 K

HRSG exhaust temperature ≤ 423 K
SHE effectiveness = 70% –
Mechanical efficiency of the solution pump 

(
�
m,SP

)
 = 95% –

Fig. 4  Effect of ambient tem-
perature on specific work output
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chemical reactions and heat transfer across substantial 
temperature differences between compressed air and fuel.

4.3  Effect of other influential parameters 
on the performance

In addition to ambient temperature, the thermodynamic 
performance of CCGT and CCGTV, as well as the effect 
of other influential parameters including gas turbine inlet 
temperature (TIT) and pressure ratios, has been investi-
gated. Figure 8 depicts the variations in specific work out-
put and exergetic efficiency of CCGT and CCGTV. The 
specific work output and exergetic efficiency both decrease 

as the ambient temperature rises, which is also validated 
by previous results. However, increasing the pressure ratio 
from 20 to 23 marginally reduces the total work output. 
The reason being as the compressor work increases, the 
net work production decreases. Also, as a result of the 
increased pressure ratio, the temperature of compressor 
exhaust air rises, and the fuel intake would decrease to 
achieve a TIT of 1750 K. The effect of inlet air cooling has 
also been shown in the results. Additionally, the reduction 
in TIT from 1750 to 1600 K has a considerable impact on 
both performance factors. The decline in gas turbine work 
production and fuel supply is attributed to the fact that the 
former diminishes at faster rates than the latter. Along with 

Fig. 5  Effect of ambient tem-
perature on the COP of VARS 
and HRSG exhaust temperature

Fig. 6  Effect of ambient tem-
perature on the overall thermal 
efficiency
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that, it is noteworthy that for the same pressure ratio, TIT, 
and the same increase in ambient temperature, the rate of 
change (i.e., decrease) in both parameters, whether CCGT 
or CCGTV, is nearly identical.

As a result of inlet air cooling, it is necessary to analyze 
the variation in several performance factors. This analysis 
may suggest points in the working range at which multiple 
parameters are favorable. As the ambient temperature ranges 
from 290 to 306 K, it is intriguing to learn how each operat-
ing and performance parameter increases or decreases when 
CCGT is replaced by CCGTV with a CIT of 288 K.

Figure 9 depicts the percentage change in those param-
eters over the degree of cooling ranges from 2 to 18 K. The 
rate of fuel intake into the combustion chamber increases as 
the air cools before the compressor. With it, the rate of incre-
ment of total work also increases. Since total work consists 
of GTC and STC-specific works, as the degree of cooling 
increases, the increase in gas turbine work increases, while 
the increase in steam turbine work decreases. The increase in 
gas turbine efficiency is correlated with the constant reduc-
tion of compressor work caused by cooled air. The increase 
in STC-specific work is a result of the increased flue gas rate 
in the GTC, followed by the HRSG as a result of cooling. 

Fig. 7  Effect of ambient tem-
perature on exergetic efficiency

Fig. 8  Effect of TIT, pressure 
ratio, and inlet air cooling on 
the specific work output and 
exergetic efficiency
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However, as the degree of cooling increases, STC-specific 
work decreases because VARS requires more energy from 
HRSG exhaust, thereby reducing the steam production rate. 
And as the cooling approaches a higher degree, the effect of 
decreasing increment in STC-specific work becomes pre-
dominant. As a result, the rate of increase in total work has 
been observed to decrease as the degree of cooling increases. 
After 18 K of inlet air cooling, the total work curve could 
begin to flatten or decrease. In contrast, the increase in the 
exergetic efficiency of the entire system continues up until 
8 K of air inlet cooling. After that, it decreases until the 
degree of cooling reaches 18 K.

This result suggests that the optimal degree of cooling 
for CCGTV, in terms of total work output and exergetic effi-
ciency, is between 8 and 18 K. CCGTV can operate with 
a cooling degree of 18 K to generate maximum work and 

with a cooling degree of 8 K to maximize yield in exergetic 
efficiency. If the price per unit of electricity is high, it may 
be economically advantageous to operate the CCGTV with 
18 K of cooling; if the price per unit of fuel increases, the 
degree of cooling could approach 8 K in order to balance 
overall operational costs.

4.4  Effect of IAC on exergy sustainability indicators

The range of fuel depletion ratios for all major components 
with and without inlet air cooling is shown in Table 6. The 
total fuel depletion ratio is shown to be 1.38 to 1.26% lower 
after using inlet air cooling. It suggests that CCGT with inlet 
air cooling (i.e., CCGTV) ends up destroying less exergy 
per unit of fuel than standalone CCGT. Therefore, CCGTV 
turns out to be more exergetically superior to standalone 
CCGT. The fuel depletion ratio in both the major exergy 

Table 5  Specific exergy destruction in various components

Component Specific exergy destruction (kJ/kg)

CCGT CCGTV

Compressor 36.45–44.70 44.94–45.93
Combustion chamber 476.55–502.38 478.31–507.94
Gas turbine 58.52–61.40 58.46–60.89
HRSG 106.17–111.58 102.51–110.57
HPST 20.28–20.70 21.13–21.27
LPST 34.81–36.01 36.51–36.76
Steam condenser 20.35–47.27 21.08–50.32
VARS – 2.14–2.45
Stack 17.33–23.77 13.13–14.41

Fig. 9  Effect of degree of 
cooling on variation in several 
parameters of CCGTV

Table 6  Comparison of fuel depletion ratios

Component Fuel depletion ratio*100 (%)

CCGT CCGTV

Compressor 3.27–3.87 3.88–4.06
Combustion Chamber 41.35–45.12 41.30–43.92
Gas turbine 5.07–5.51 5.04–5.27
HRSG 9.21–10.02 8.85–9.57
HPST 1.76–1.85 1.82–1.83
LPST 3.02–3.23 3.15–3.18
Steam condenser 1.82–4.11 1.82–4.29
Total 68.85–70.74 67.60–69.22
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destroyers, i.e., the combustion chamber and HRSG, is found 
to be decreased in CCGTV. Figure 10 shows the exergetic 
improvement potential as a function of ambient temperature. 
CCGTV has shown lower overall exergetic improvement 
potential than CCGT. However, the increase in improvement 
potential in CCGTV is rapid with the increase in ambient 
temperature. At 290 K, the difference in exergetic improve-
ment potential is 3.07%, which decreases to 0.37% at 306 K. 
The combustion chamber in CCGTV is found to have mar-
ginally increased improvement potential by 0.60 to 1.70%, 
while HRSG has shown a decline of 2.89 to 8.97% in the 
same.

Figure 11 demonstrates the effect of increased ambient 
temperature on the environmental effect factor ( r

eef
 ) and 

environmental sustainability index (ESI). The r
eef

 varies 
between 1.285 and 1.331 for CCGT while for CCGTV, it 
varies between 1.247 and 1.285, showing a reduction of 2.92 
to 3.40% over the specified range. On the other hand, ESI 
varies from 0.777 to 0.751 for CCGT, and 0.803 to 0.778 for 
CCGTV, showing an improvement of 3.01–3.52%. Thus, a 
reduction in r

eef
 shows less damage to the environment after 

cooling the inlet air. Also, the increase in ESI implies that 
there is a reduction in waste exergy, as decreasing the CIT 
is an effective way. Figure 12 shows the variation of r

eef
 

Fig. 10  Effect of ambient tem-
perature on exergetic improve-
ment potential

Fig. 11  Effect of ambient 
temperature on Environmental 
effect factor and ESI
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with exergetic efficiency. As exergetic efficiency increases, 
the r

eef
 decreases. Also, the range of r

eef
 shifted even lower 

after the integration of inlet air cooling. It implies that the 
CCGTV is more exergetically efficient because it releases 
fewer emissions into the atmosphere. Since ESI is reciprocal 
to r

eef
 , ESI increases with an increase in exergetic efficiency. 

Therefore, CCGTV has witnessed greater sustainability due 
to reduced irreversible losses and, hence, efficient utilization 
of resources.

5  Conclusion

The CCGT plant has undergone an analysis involving the 
implementation of inlet air cooling. This process is achieved 
through the integration of a water-LiBr-based double-effect 
VARS. The analysis of the system has been conducted using 
energy, exergy, and exergy-based sustainability indicators. 
The conclusions that can be inferred from this study are 
summarized as follows:

(1) The integration of a double-effect vapor absorp-
tion refrigeration system with the CCGT enables an 
increase in specific work output and thermal efficiency 
by a maximum of 5.04 and 1.64%, respectively. Table 7 
compares the performance improvement of the current 
system to that of the single-effect Ammonia-water-
based VARS inlet air cooling investigated by Singh 
[38].

(2) To keep CIT at 288 K, the VARS absorbs more heat 
from the HRSG’s exit, as the COP of the VARS reduces 
with the rise in ambient temperature. Consequently, 
a reduction in the steam generation rate has been 
observed in the bottoming cycle.

(3) The combustion chamber is the dominant contributor 
to irreversibility, accounting for ≥ 60.32% of total irre-
versibility. The CCGT system with inlet air cooling 
is 1.23–1.64% more exergetically efficient than a stan-
dalone CCGT plant.

(4) After using inlet air cooling, the fuel depletion ratio 
and exergetic improvement potential are found to be 
reduced by a maximum of 1.38% and 3.07%, respec-
tively.

(5) The environmental effect factor for VARS-integrated 
CCGT has been observed to decrease by 2.92 to 3.40%. 
Thus, the environmental sustainability index is found 
to be enhanced.

(6) In order to maximize the exergetic efficiency and total 
work output of CCGTV, the suitable degree of inlet air 
cooling ranges from 8 to 18 K.

(7) Improved exergetic efficiency reduces the adverse envi-
ronmental effect and promotes the system’s sustainabil-
ity as a result of efficient utilization of fuel.

Fig. 12  Variation of exergetic 
efficiency with Environmental 
effect factor

Table 7  Improvement in performance by inlet air cooling in the pre-
sent analysis as compared to the same in Singh [38]

Performance parameters Singh [38] (%) Present 
analysis 
(%)

Increase in work output 2.8 5.04
Increase in thermal efficiency 1.193 1.64
Increase in energetic efficiency 1.133 1.64
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Furthermore, effective fuel utilization would help reduce 
emissions per unit of power generation. This would reduce 
the cost of post-combustion carbon capture, ultimately accel-
erating the achievement of decarbonization goals.

The current work can be viewed as an initial effort toward 
adopting a thermodynamic approach to analyze the reliabil-
ity of absorption-based inlet air cooling for CCGT power 
plants. Additionally, it is suggested that future research in 
this topic should explore the economic aspect using the 
exergy costing method. This approach should be combined 
with a multi-objective optimization framework that aims to 
maximize exergetic efficiency while simultaneously mini-
mizing overall cost. However, based on the study’s findings, 
several technical recommendations (also from the indus-
trial and research and development perspectives) can be 
made. These recommendations are listed below:

(1) To enhance the performance of a CCGT plant, warm 
ambient air should be cooled to the ISO temperature for 
gas turbines.

(2) Utilize a waste heat-powered double-effect absorption 
refrigeration system instead of a mechanical refrigera-
tion system and single effect absorption systems to cool 
the warm ambient air.

(3) Put emphasis on minimizing exergy destruction in 
the combustion chamber as it is the largest exergy 
destroyer.

(4) For the intended enhancement of power output and 
exergetic efficiency, the recommended ambient tem-
perature range for operating the presented system is 
between 296 and 306 K.
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