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Abstract 

This paper presents the thermodynamic, economic and environmental impact assessment of an existing combined cycle power 

plant to be retrofitted with a waste heat driven aqua lithium bromide absorption refrigerator for cooling the inlet air streams to 

the compressor and air cooled steam condenser. The power plant is located in the hot and humid tropical region of Nigeria, 

latitude 4°45′N and longitude 7°00′E. Using the operating data of the plant, the results of the analysis showed that by cooling 

the inlet air to the compressors to 15°C, the net power output of the gas turbine cycles increased by 48.3MW, and by cooling 

the inlet air streams to the air cooled steam condenser to 29°C, the net power output of the steam turbine cycle increased by 

1.4MW. The overall thermal efficiency of the plant increased by 8.1% while the specific fuel consumption decreased by 7.0%. 

The stack flue gas exit temperature reduced from 126°C to 84°C in the absorption refrigerator, thus reducing the exhaust heat 

discharge rate to the atmosphere. The total capital cost, life cycle cost, annual sales revenue and net present value increased by 

3.3%, 2.3%, 7.7% and 17%, respectively while the levelized cost of energy production in the plant and the break-even point of 

the investment reduced by 4.8% and 5.6%, respectively. Environmental impact analysis revealed that the emission rates of 

NOx and CO2 emissions per MWh decreased by 65% and 7.3% respectively while the rate of CO emission increased with inlet 

air cooling by 12.1%. Thus inlet air cooling offers improved thermodynamic output, increased return on investment and greater 

environmental sustainability. 
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1. Introduction 

Sustainable power generation requires continuous power 

plant efficiency improvement. The combined cycle power 

plant technology has become very attractive for electric 

power production (fossil fuel-to-electric energy conversion) 

due to its comparatively high efficiency and lower 

environmental impact than the single cycle power plant [1]–

[3]. However, in a CCPP the power capability is significantly 

affected by the ambient temperature [4]. For a combined 

cycle power plant operating with air cooled condenser, the 

ambient air conditions have direct impact on the performance 

of both the gas- and steam-turbine cycles, respectively [5]. 

The gas turbine is designed to operate with a constant air 

volume flow in the compressor and normally at inlet air 

temperature of 15°C ISO condition [6]. When the inlet 

ambient air temperature increases, its specific volume 

increases, so that the mass flow rate entering the turbine is 

accordingly decreased, leading to decrease in the power 



 International Journal of Energy and Sustainable Development Vol. 3, No. 1, 2018, pp. 8-28 9 
 

output of the gas turbine [7]. Thus, the power output is 

dependent on the mass flow rate of the air in the plant. For 

each degree Celsius increase of the air temperature, the 

power outputs of the gas turbine and the combined cycles are 

reduced by 0.5–0.9% and 0.27%, respectively [8]. 

The performance and power output of the gas turbine power 

plant strongly depend on the compressor inlet air temperature 

[11,12]. Different inlet air cooling technologies are available 

for improving gas turbine cycle power output. They can be 

classified into two main categories: water evaporation 

systems and heat transfer systems. In water evaporation 

systems, a certain amount of demineralized water is sprayed 

in to the inlet air stream which evaporates thus decreasing the 

air temperature. These include evaporative cooling, inlet 

fogging/air washing, and over-spray systems. According to 

Ehyaei et al. [11], the minimum achievable temperature with 

these systems, is limited to the ambient wet bulb temperature. 

In heat transfer systems, the coolant and the air stream do not 

come into contact; the inlet air cooling involves the use of 

mechanical chillers, absorption chillers or cold thermal 

storage systems. Lower air temperatures and therefore larger 

power outputs can be attained by the heat transfer systems 

based on refrigeration systems [12]. 

Barigozzi et al [13] conducted techno-economic analysis of 

gas turbine inlet air cooling of combined cycle power plants 

operating in three different climatic conditions. The system is 

based on cold water thermal storage charged by mechanical 

chillers. Their results show that the best techno-economic 

performance of the inlet air cooling application is obtained 

from sites with high ambient temperatures and low relative 

humidity characterized by high net present values and low 

pay back time on investment, while wet climates required 

larger cold storage thus increasing the investment costs. 

Relative humidity is shown to have a strong influence on the 

sizing of the cold storage tank. 

Najjar and Abubaker [14] performed a thermo-economic 

analysis of a new form of gas turbine inlet air cooling system, 

called the indirect evaporative cooling system (IECS). This 

system is a combination of an air humidifier with a vapor 

compression mechanical chiller or absorption chiller for 

cooling part of the total air. Their results show that with 

combined IECS and mechanical chiller, the power output and 

thermal efficiency of the gas turbine plant increased by 4% 

and 2%, respectively in hot and humid weather, while with 

combined IECS and absorption chiller, the power output and 

thermal efficiency of the gas turbine plant increased by 

11.9% and 9.8%, respectively in hot and humid weather. The 

thermo economic evaluation show that although the capital 

cost for the combined IECS and absorption chiller system is 

the highest, it has the lowest recovery period of 1 year, while 

the recovery period for the combined IECS and mechanical 

chiller is 8 years. 

Cooling the turbine inlet air can increase the power output 

substantially. This is because the specific volume of cooled 

air is smaller, giving the turbine a higher mass flow rate and 

resulting in increased turbine power output and cycle 

efficiency [10]. A review by Al-ibrahim and Varnham [6] 

shows that there are three main inlet air cooling methods: 

evaporative cooling using evaporative media or water 

spraying to the inlet air (fogging); cooling by the use of 

thermal energy storage, chilled water storage or ice 

harvesting; and cooling the inlet air by the use of 

refrigeration plant (vapor compression or absorption 

refrigeration). These techniques have been studied 

extensively, and are being applied to gas turbine plants 

around the world. 

Dawoud et al. [12] compared these technologies with respect 

to their effectiveness in power boosting of small-size gas-

turbine power plants used in two locations at Marmul and 

Fahud in Oman. Their findings show that compressor inlet air 

cooling by fogging generated 11.4% more electric power in 

comparison to evaporative cooling in both locations. The 

aqua-lithium bromide absorption cooling produced 40% and 

55% more electric power than cooling by fogging at Fahud 

and Marmul, respectively. 

Alhazmy and Najjar [15] compared the use of two different 

types of air coolers, namely, water spraying system and 

cooling coil, to improve the performance of gas turbine 

power plants. Their results show that the water spray 

(evaporative) coolers operate efficiently in hot and dry 

climatic conditions, while the cooler coils (typical 

refrigeration systems) are better suited for use in humid 

climates. According to Boonnasa et al. [16] the addition of 

absorption chiller to a CCPP for compressor inlet air cooling 

could increase the power output of a gas turbine (GT) by 

about 10.6% and the combined cycle power plant by around 

6.24% annually. The result of their economic analysis 

showed that the payback period will be about 3.81 years, 

internal rate of return 40%, and net present value 19.44 

MUS$. Mohapatra [17] compared the impacts of integrating 

vapor compression and vapor absorption cooling system to a 

combined cycle plant for inlet air cooling. Their study show 

that the vapor compression inlet air cooling improves the 

CCPP specific power output by 9.02% compared to 6.09% 

obtained with the vapor absorption cooling. However, to 

operate the vapor compression system, power is extracted 

from the gas turbine output. 

Due to the increasing focus on water conservation and the 

environmental effects of both once- through and evaporative 

cooling, the use of air cooled condensers for rejecting heat in 

combined cycle power plant is increasing [18]. In combined 
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cycle power plants (CCPP) with air cooled condensers, heat 

is rejected directly or indirectly to the ambient air during the 

condensation process. A drawback of the air cooled 

condensers is that their performance can decline as ambient 

temperatures increase and result in decrease in the steam 

turbine power output. Increased ambient temperature reduces 

the heat transfer (heat rejection) rate during steam 

condensation leading to rise in turbine back pressure. As the 

turbine back pressure increases, the output of the steam 

turbine decreases [19]. Since air cooled condensers operate 

with the ambient dry bulb temperature as the theoretical 

minimum attainable temperature, their efficiency can drop by 

about 10% when ambient temperatures rise [20, 21]. 

Chuang and Sue [4] presented the results of a field 

performance test conducted on an active CCPP with air-

cooled condenser operating in Taiwan. The results show that 

the CCPP can produce more power output when operating at 

a lower ambient temperature (or lower condenser pressure) 

and for each 1°C drop in ambient temperature, the power 

output of the CCPP increased by 0.6% and efficiency 

improved by 0.1%. 

Some approaches have been used or proposed to maintain air 

cooled condenser performance under higher ambient 

temperatures. The first approach (the most popular) is to 

increase the turbine exhaust pressure whereby the condensing 

temperature is increased. This results in a reduction in net 

power output of the steam turbine. The second approach is to 

increase the air flow through the air cooled condenser during 

the hot period. This approach entails additional energy 

consumption and over sizing of the fans. The third approach 

that has been proposed is to cool the air cooled condenser 

intake air by spraying water. This system requires makeup 

water and hence, no longer qualifies as a “true” dry cooled 

system. Incomplete evaporation of water droplets may 

increase the risk of corrosion, scaling, and environmental 

discharge violations [20, 21]. 

In the fourth approach, as proposed by Gadhamshetty and 

others [20] and Nirmalakhandan and others [21], a sensible 

heat, low temperature thermal energy storage (TES) system is 

used to pre-cool the ambient air supply to the air compressor 

(AC) and the air cooled condenser. The TES system is 

maintained at the specified temperature by a LiBr-H2O 

absorption refrigeration system (ARS) driven by waste heat 

from the stack gases of the CCPP. A major concern with the 

TES is the large volume of the storage tank, which is a 

function of plant capacity as well as the design inlet air 

temperature to the air cooled condenser. However, both 

research based their studies on energy analysis of combined 

cycle plants operating in the arid regions and not in the hot 

and humid regions 

In wet cooling systems, the effectiveness of the evaporative 

cooling process, is influenced by the relative humidity of the 

ambient air at the specific location, the higher the relative 

humidity, the lower the rate of cooling by evaporation [22]. 

Thus, in hot and humid regions such as Southern Nigeria, 

latitude 4°45′N and longitude 7°00′E, where the annual 

average relative humidity is about 80% [23], power plants 

with air cooled condensers are increasing in number. 

Singh [9] performed exergy and energy analysis of an active 

combined cycle power plant using exhaust heat operated 

ammonia-water absorption refrigeration system for inlet air 

cooling. Based on the Indian climatic conditions, the results 

show that the power output, energy and exergy efficiencies of 

the plant increased by 9440kW, 1.193% and 1.133% 

respectively, during the summer season, while the power 

output increased by 400kW during the winter season. 

However, this study did not consider the effect of cooling the 

steam condenser. 

Environmental concerns such as air pollution and global 

warming have amplified the need for environmental impact 

assessment of thermal power plants. Oyedepo et al.[24] 

conducted thermo-economic and environmental analysis of 11 

gas turbine power plants (GT) in Nigeria. The environmental 

analysis show that the rate of CO2 emissions for the GT power 

plants, varied between 100.18 and 408.78 kgCO2/MWh, while 

the cost rate of environmental impact varied from 40.18$/h to 

276.97$/h. Parametric analysis show that CO2 emissions and 

cost of environmental impact decrease with increasing gas 

turbine inlet temperature. Memon et al. [25] carried out similar 

study on simple and regenerative gas turbine power plants. 

Their results show that the rate of CO2 emission decrease as 

the compressor inlet air temperature decreased and the gas 

turbine inlet temperature increase. A related study by Ahmadi 

et al. [26] shows that rate of CO2 emission in a combined cycle 

power plant can be reduced by using a low fuel injection rate 

into the combustion chamber. 

Therefore, the main aim of this paper is to present 

thermodynamic, economic and environmental performance 

assessment of an existing combined cycle power plant 

(CCPP) retrofitted with a waste heat driven aqua lithium 

bromide absorption refrigerator for cooling inlet air streams 

to the compressor and air-cooled steam condenser. The active 

CCPP operates in the tropical rain forest region of Southern 

Nigeria at latitude 4°45′N and longitude 7°00′E. The 

assessment is based on thermodynamic, environmental and 

economic indications such as the power output, specific fuel 

consumption, compressor inlet air temperature, flue gas stack 

exit temperature, thermal efficiency, carbon monoxide (CO), 

oxide of nitrogen (NOx) and carbon dioxide (CO2) 

emissions, annual revenue, net present value, break-even 

point, and levelized cost of energy, among others 
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Parametric variations were considered to determine the 

impact of ambient conditions on the performance of the 

combined cycle power plant. A chilled water circulation 

arrangement to reduce the volume requirement of the chilled 

water is considered. It is expected that the results of this 

study will encourage owners of combined cycle power plants 

in hot and humid regions such as Nigeria, to make 

appropriate modifications to their plants for improved 

performance, economic and environmental benefits. The 

results and simulations were generated using the MATLAB 

and Engineering Equation (EES) software. 

2. Problem Formulation and 
Solution Methods 

The system diagrams, principles of operation and the 

thermodynamic modeling of the existing power plant and 

absorption refrigeration system are presented in this section. 

2.1. System Description 

The proposed system is made up of the gas-turbine cycle unit 

(GTC), the steam-turbine cycle unit (STC), and the 

absorption refrigeration cycle unit (ARC). The first two units 

are the existing combined (gas- and steam-) cycle thermal 

power plant (CCPP), which is to be retrofitted to include a 

waste-heat-driven H2O-LiBr absorption refrigerator to 

provide all the cooling load required by the power plant, 

Figure 1. 

The CCPP consists of: three natural gas fired gas turbine 

(GT) units; three dual pressure, forced circulation heat 

recovery steam generators (HRSG); a dual pressure steam 

turbine (ST) unit with one high pressure and two low 

pressure double and phase diagrams of the CCPP are shown 

in Figures 1 and 2. In the combined cycle power plant, inlet 

air at the ambient temperature (state 1) is compressed by the 

air compressor (AC) to state 2 before entering the 

combustion chamber (CC) where it mixes and reacts with the 

natural gas from the fuel supply system to produce hot flue 

gases, which exit the CC and enter the gas turbine (GT). The 

flue gases expand in the GT from state 3 to state 4, producing 

power for driving the air compressor (AC) and for 

conversion into electricity in the electric generator (el.Gen1). 

 
Figure 1. Plant diagram of the proposed combined cycle power and refrigeration plant. 

 

The exhaust flue gases at state 4 pass through the heat 
recovery steam generator (HRSG) where high- and low-

pressure (HP and LP) feed water streams are heated to states 
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7 and 9, respectively, as the flue gases exit the HPHRSG and 

LPHRSG at states 5 and 6, respectively. The superheated 

steam from the HPHRSG at state 7 expands in the high 

pressure turbine (HPST) to state 8, and mixes with the 

superheated steam from the LPHRSG at state 9 to form a 

homogenous steam mixture at state 10 before expanding in 

the low pressure steam turbine (LPST) to state 11. The 

mechanical power from the steam turbines is converted into 

electrical power in the electrical generator 2 (el. Gen 2). The 

exit wet steam is condensed in the air cooled steam 

condenser (SC) to saturated liquid water at state 12 before 

being pumped by the low pressure feed water pump 

(LPFWP) to state 13. One part of this low pressure feed 

water (αṁ) is fed into the LPHRSG, while the remaining part 

((1-α)ṁ) is pumped by the high pressure water pump 

(HPFWP) to state 14 and fed into the HPRSG for the dual-

pressure steam turbine cyclic process to continue repeating. 

 
Figure 2. T-s diagram of the combined power cycle showing the relevant thermodynamic processes in the gas- and steam-turbine cycles. 

At state 6, the exhaust flue gases exiting the HRSG units are 

used to power the LiBr-H2O absorption refrigeration unit 

(ARC) and then discharged at state 15 into the atmosphere. 

The ARC consists of a generator, regenerator, absorber, 

condenser, evaporator, solution feed pump and two expansion 

valves. Dilute LiBr-H2O solution in the absorber is pumped 

from state 21 through the regenerator to the generator at 23. 

In the refrigerant generator, the diluted solution is heated 

directly by the exhaust gases. A large portion of water in the 

LiBr-H2O solution is evaporated. The generated pure water 

vapor enters the refrigerant condenser, while the concentrated 

LiBr–H2O solution at state 24 returns to the absorber through 

the regenerator (state 25) and throttle valve (state 26). The 

evaporated refrigerant (water) vapor at state 17 is condensed 

as it passes through the condenser to state 18, throttled to low 

pressure and temperature to state 19, before entering the 

evaporator, where it is evaporated by the heat from the 

circulating water from the air cooling coils to state 20. The 

saturated refrigerant vapor from the evaporator at state 20 

enters the absorber, where it is absorbed by the concentrated 

solution from the generator at state 26. The resulting diluted 

solution at state 20 is pumped to the generator through the 

regenerator to complete the absorption refrigeration cycle. 

Chilled water pump circulates chilled water at 5°C from the 

evaporator (state 29) through an air cooler / heat exchanger 

(HX1) to cool the inlet air (state 1) to the air compressors 

(AC). During this heat exchange process the temperature of 

chilled water increases to 10°C. The same volume of chilled 
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water (now at 10°C) flows from state 31 through another air 

cooler (HX2) to cool the inlet air (ain) to the air cooled steam 

condenser (ACC); gaining more heat to reach 15°C. Finally 

the chilled water returns to the evaporator where it is cooled 

to 5°C by the ARC and the cycle continues repeating. 

As the inlet air stream is cooled from the given ambient 

conditions at the plant location, the air temperature drops 

while the relative humidity gradually rises, as shown Figure 3. 

 
Figure 3. Psychrometric chart of the compressor and steam condenser inlet air cooling processes. 

2.2. Thermodynamic Analysis of the 
Combined Cycle Power Plant 

The thermodynamic assessment of the active combined cycle 

power plant is here conducted with actual operating data. The 

major units of the combined cycle power plant undergo 

different thermodynamic processes as represented on the T – 

s diagram shown in Figure 2. The assumptions made doing 

the analysis includes: 

a. Mass and energy flow through the plant is in steady state. 

b. Changes in kinetic and potential forms of energy are 

negligibly small. 

c. All gases (air and flue gases) behave like ideal gases. 

d. Heat losses and mechanical losses were neglected. 

e. Air and water enter the system at ambient temperature and 

pressure 

f. The thermodynamic equations are derived for the major 

thermodynamic devices by treating them as control 

volumes 

g. The mass flow rates and thermodynamic characteristics of 

the three gas turbine units are identical, so that only one is 

analyzed and the extensive outputs are multiplied by a 

factor of 3. 

2.2.1. The Gas Turbine (Brayton) Cycle 

The conventional gas turbine plant runs on the Brayton cycle 

where both the compression and expansion processes take 

place in rotating machinery. Using Figure 2, the 

thermodynamic models for the major units are derived as 

follows [7], [15], [27]–[32] 

(i) Air Compressor 

The power required to drive the compressor is given as 

��
�,�� � �� 	
�	 � �� � �� ����
�	 � ��             (1) 

where �� � (kg/s) is the mass flow rate of the air through the 

compressor; ��
�,�� (kW) is the ideal compression power; 

���
kJ kg.⁄ K) is the isobaric specific heat capacity of the air; 

h1, h2 (kJ/kg) are the specific enthalpies at entry and exit of 

the compressor, respectively; T1, T2 (K) are the temperatures 

of air at entry and exit of compressor, respectively. 

The actual compressor power is given as 

��
�,�� �

�� �,��

��,��
                              (2) 

where the isentropic efficiency of the compressor, ��,�� 	
��is 
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given as 

��,�� = 1 − "0.04 + 
&' &(⁄ �)
*+ ,                   (3) 

where -,	-		  ( .-/�	 are the compressor inlet and exit air 

pressures, respectively. 

The specific heat capacity of the air is given as [1] 

��� 	 = 1.0189134 ∗ 104	- 1.3783636*10-1 � +1.9843397*10-4 �		+4.2399242* 10-7 �4	– 3.7632*10-10 �5                (4) 

(ii) Combustion Chamber 

The rate of heat addition in the combustion chamber is given as [7] 

6�77 = 	�� 8[�77 	:;< + =;8] = 	�� 8	[�77 	:;< + ��8	
�8 − ���]                                                (5) 

where �� 8  (kg/s) is the fuel mass flow rate; �77 	
−�  is the 

combustion efficiency and accounts for the incomplete 

combustion and heat losses in the combustion chamber; LHV 

(kJ/kg) is the lower heating value of the fuel gas at the initial 

temperature; =;8	
kJ/kg�	is the increase in sensible enthalpy 

of the fuel gas due to preheating before entry to combustion 

chamber; 	��  (K) is the fuel gas initial temperature before 

preheating; Tf (K) is the temperature of gas after preheating 

/entry to combustion chamber and ��8  (kJ/kg. K) is the 

specific heat capacity of the fuel (natural gas): 

��8 = 	 ∑ 	yBC�D	 ��8� 	/	E�                          (6) 

where 	yB , E�
kg/	kmol. K�  and ��8�	
kJ/	kmol. K�  are the 

mass fraction, the molar mass and the isobaric specific heat 

capacity of the ith gas component, respectively. 

This can be determined from the natural gas composition 

analysis as follows: 

��8� 	= a + b ��,J + c ��,J	 + d ��,J4                 (7) 

where a, b, c, d are coefficients which can be obtained from 

standard tables given in [33]. 

��,J = KLMK�	  (K) is the average temperature of the natural gas 

The specific heat capacity of the flue gases,��N	
OP
ON . Q�  is 

given as 

��N = 0.991615 + 6.99703 × 10)*�	 + 2.7129 × 10)W	�	 	− 	1.22442 × 10)+	�4                             (8) 

(iii) The Gas Turbine 

The ideal and actual turbine powers are given respectively, as 

�� �,XK = �� N
ℎ4 − ℎ5� = �� N��N
�4 − �5�             (9) 

and 

�� �,XK = 	 �� �,XK 	��,XK                        (10) 

The turbine isentropic efficiency, ��,XK (-) is given as [15] 

��,XK 	 = 1 − "0.03 + 
&' &(⁄ �)
Y+ ,                 (11) 

T4, T3 are turbine inlet and exit flue gas temperatures 

respectively. 

The rate of heat transfer associated with the turbine exit flue 

gas is given as 

6�XK,Z[�\ = �� N��N
�5 − �� = 
1 − �],XK��6�77        (12) 

The integral characteristics of the gas turbine power plant 

The gas turbine net power output, �� CZ\,XK�,  and cycle 

thermal efficiency (�],XK) are respectively, given as 

�� CZ\,XK�	 = �� �,XK − �� �,��                      (13) 

and 

�],XK� = 	 �� ^_`,ab�,	c�dd                           (14) 

Specific fuel consumption, 

=efN\ = 4g++	h� L�� ^_`,ab�	 (kg/ kWh)                 (15) 

2.2.2. The Steam Turbine (Rankine Cycle) 

Power Plant 

The steam turbine power plant operates on the Rankine cycle. 

The major thermodynamic devices of the steam turbine plant 

are, the HRSGs, the steam turbine, the condenser and the 

feed water pumps. Following Figure 2, thermodynamic 

models for the major devices are given as follows: 

(i). Heat Recovery Steam Generators 

(HRSGs) 

The dual pressure steam cycle has high and low pressure 

HRSGs (HPHRSG and LPHRSG), the individual and total 

heat transfer rates are given respectively as 

6�i&ijkX = 
1 − l��� 
ℎW − ℎ5� = 	 �� N��N
�5 − �*�	   (16) 

6�m&ijkX = l�� 
ℎn − ℎ4� = 	 �� N��N
�* − �g�        (17) 
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and 

6�ijkX = 6�i&ijkX + 6�m&ijkX = �� N��N
�5 − �g� = �� [
1 − l�
ℎW − ℎ5� + l
ℎn − ℎ4�]               (18) 

where 6�ijkX (kW) is the heat transfer rate in the HRSG from 

the gas turbine exit flue gases to the feed water streams; 6�i&ijkX
.��  is the heat transfer rate in the 

HPHRSG; 	�� i& = 
1 − l���  is the mass flow rate of high 

pressure feed water flowing through the HPHRSG; 6�m&ijkX is 

the heat transfer rate in the LPHRSG, �� m& = l�� 	is the mass 

flow rate of water flowing through the LPHRSG; l	(-) is the 

mass fraction of steam circulating in the low pressure circuit. 

l = 	 h� oph� = h� oph� opM	h� qp                          (19) 

(ii). Steam Turbine 

The total power output from the low and high pressure steam 

turbines is given by: 

�� �\ = ��,kK[
1 − l��� 
ℎW − ℎY� + �� 	
ℎ+ − ℎ�]     (20) 

rℎsts	��,kK
−� is the steam turbine isentropic efficiency. 

(iii). Air Cooled Condenser 

Following the work of Donovan and Grimes [34] the air 

cooled condenser analysis is performed. The analysis is based 

upon the assumption that only isothermal heat rejection 

occurs during condensation, the amount of heat rejected to 

condense steam to liquid water is totally absorbed by the 

cooling air, with sensible heat rejection (sub cooling) 

neglected. The energy balance across the ACC: 

6��uCv 	=	�� 
ℎ − ℎ	� = �� �77	���	
��,uw\ − ��,�C�     (21) 

�� �77	, ���	, ��,�C , ��,uw\ 	are the mass flow rate of the ambient 

air inlet to ACC, specific heat of the air, inlet air temperature 

and the air exit temperature from the ACC respectively. The 

air exit temperature can be determined as 

��,uw\ = 	 h� 
x(()x('�	M	h� ydd	�zy	Ky,�^h� ydd	�zy                 (22) 

The effectiveness of a cross-flow air-cooled heat exchanger 

is defined by; 

ℰ = 	 Ky,|}`	)Ky,�^K((	)	Ky,�^                                (23) 

�	
Q�	is the steam temperature at the condensing pressure 

(turbine back pressure) 

�	=	Ky,|}`	)Ky,�^ℰ 	+	��,�C                            (24) 

The quality of the turbine exhaust steam in to the condenser 

is given as 

~ = 	 	x(()	x('	x((�)	x('	                                     (25) 

ℎN (kJ/kg) is the specific enthalpy of saturated vapor at the 

condensing pressure 

(iv). Feed Water Pumps 

The power consumption of the high and low feed water 

pumps is given as: 

�� ��& = h� 	[
x(�)x('�M	
)��	
x(�)x(��]
��,��p 	 ≈ 	h� 	J('[
&(�)&('M
)��
&(�)&(��]

��,��p                                       (26) 

rℎsts	��,��& 	
−�  is the high and low feed water pump 

isentropic efficiency. 

(v). The Integral Characteristics of the 

Steam Turbine Power Plant 

The net power output of the dual pressure steam turbine 

cycle, �� CZ\,kK� 	
.�� becomes 

�� CZ\,kK� = �� CZ\,kK - �� ��&                       (27) 

The thermal efficiency of the steam turbine cycle is given as: 

�],kK� 	=	�� ^_`,�b�,	c� q��a                               (28) 

2.2.3. Thermodynamic Modeling of the LiBr 

– H2O Absorption Refrigeration Cycle 

Following the works of Dincer et al [35], Dincer and 

Ratlamwala [36], Popli et al. [37], Touaibi et al. [38], 

Kaushik and Arora [39] and Muhsin and Kaynakli [40], the 

ARC is analyzed based on Figures 1 and 2 as presented 

below. The following assumptions were made in conducting 

the energy analysis of the LiBr – H2O absorption 

refrigeration cycle: 

a. Mass and energy flow through the system is in steady 

state. 

b. Solution leaving the absorber and the generator are 

assumed to be saturated and in equilibrium conditions at 

their operating temperatures and concentrations. 

c. The refrigerant states leaving the condenser and 

evaporator are also assumed to be saturated 

(i). Refrigerant Generator 

Energy balance across the generator is given as 
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6�NZC = �� �8ℎW + �� ��ℎ	5 − �� ��ℎ	4 = .�� N��N
�g − �*�   (29) 

where . is the number of turbines in the gas turbine power 

unit, in this case,. = 3;�� �8,�� ��, �� �� and �� N(kg/s) are the 

mass flow rates of the refrigerant (water vapor evaporated in 

the generator), weak solution, strong solution, and flue gases, 

respectively. 

(ii) Refrigerant Condenser 

The rate of heat rejected in the condenser where saturated 

water vapor (refrigerant) from the generator is cooled to 

saturated liquid at the generator pressure is given as: 

6�7uCv	 = �� �8	
ℎW − ℎY�                       (30) 

(iii) Throttle Valves 

The pressure of liquid refrigerant at generator pressure is 

reduced isenthalpically to the evaporator pressure, ℎY = ℎn 

and	ℎ	* = ℎ	g; 

(iv) Refrigerant Evaporator 

The liquid refrigerant at low pressure is evaporated by the 

circulating chilled water used for inlet air cooling in the air 

cooling coil (ACC), and becomes saturated vapor. The 

refrigeration (or cooling) load,	6��m (kW), is given as 

6��J�� = �� �8
ℎ	+ − ℎn� = 6��m                  (31) 

(v) Refrigerant Absorber 

In the absorber, the weak solution from the generator which 

has been throttled to the absorber pressure readily absorbs the 

saturated refrigerant vapor from the evaporator to become a 

strong solution. This exothermic process releases some heat, 

which is removed by the cooling fluid flowing through the 

absorber. The rate of heat rejection from the absorber is given 

as 

6���� = 
�� �8ℎ	+ + �� ��ℎ	g� − 
m� ��ℎ	�	=	�� ���
ℎ	W − ℎ	Y�  (32) 

where 	�� ��� (kg/s) is the mass flow rate of the cooling fluid 

in the absorber. 

(vi) Solution Pump 

The pump transfers the strong LiBr-H20 solution from the 

absorber to the generator, and its power consumption, which 

is usually negligibly small, is given as 

���� = �� ��
ℎ		 − ℎ	�                          (33) 

(vii) Regenerator 

The regenerator heats the strong solution from the absorber 

on its way to the generator and cools the weak solution 

returning from the generator to the absorber. The regenerator 

heat and exergy destruction rates are, respectively 

6��ZN = �� ��
ℎ	5 − ℎ	*� = �� ��
ℎ	4 − ℎ		�         (34) 

(viii) Coefficient of Performance of the 

Absorption Refrigeration Cycle 

f�- = c� ��yzc��_^M�� �z                                  (35) 

2.3. Inlet air Cooling Load Analysis 

The total cooling load comprises of the heat removed to 

reduce the ambient air temperature from its initial ambient 

condition to the desired cooled state, i.e. the sensible heat of 

air and the heat required to condense the moisture contained 

in the air (the latent heat). Thus, the total inlet air cooling 

load or the refrigerating capacity, Q� ��	
kW�,	 is the 

summation of both the sensible ( 6�� �  and the latent 
6m� �	cooling loads: 

6��m 	 = 	 6�� 	 + 	 6�m = 6��J��                    (36) 

The sensible cooling load can be determined as [12] 

6�� = ��yJy ���
�+ − ��                         (37) 

<�� (m3/s) is volume flow rate of air based on actual data 

acquired from the plant; �+(K) is the dry bulb temperature of 

the ambient air; and �	(K) is the cooled air temperature at 

state 1; ν�(m3/kg) is the specific volume of the humid air per 

kilogram of dry air. 

The specific volume of humid air per kilogram of dry air may 

be given as [12] 

�� = 
0.287 + 	�� 	0.462� K
&y`�               (38) 

where T (K) is the dry bulb temperature; Patm (kPa) is the 

atmospheric pressure; ��
.��J .�v�⁄ �  is the specific 

humidity of the air which is given by [33] [41] 

�� 	 = +.g			ji��&y`�	–	ji�� -�J                         (39) 

where	-�J  (kPa) is the saturation water vapor pressure at the 

given dry bulb temperature, T; ¤;�
−�	 is the relative 

humidity of the air. 

The latent cooling load, 6�m (kW), is given as 

6�m = ��yJy ¥�����J�� + ℎ8N� − �	
��J� + ℎ8N� 	 −	 
�� −
��	����¦                                 (40) 

where ��J	(kJ/kg. K) is the isobaric specific heat capacity of 

water vapor in the humid air; ℎ8N	(kJ/kg) is the air latent heat 

of evaporation of water at 0°C; 	�(kg/kg. da) is the specific 

humidity of the air at the desired compressor inlet 

temperature; and	���(kJ/kg. K) is the isobaric specific heat 
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capacity of liquid water. 

The mass flow rate of chilled water circulating from the 

evaporator through the air coolers, �� 7� (kg/s), is given as 

�� 7� = c� �o�z©	
K�'		–K'ª�	                         (41) 

where	�	n	is the chilled water supply temperature and �4		is 

the water return temperature. 

The pump power required for chilled water circulation 

(��7��� is given as: 

��7�� = 	 h� d©«	∆
®                            (42) 

¯ (kg/m3) is the density of water and ∆P	
kPa� is the pressure 

loss to be overcome by the pump. 

2.4. Overall Performance Characteristics of 

the CCPP with and without inlet air 
cooling to Compressor and Condenser 

The overall combined cycle power output and thermal 

efficiency are given respectively as: 

�� ��&&O = �� CZ\,XK� + �� CZ\,kK� − 	 ��7�� 	             (43) 

�],��&& = �� ��pp	
c�dd	 	                              (44) 

2.5. Economic Modelling 

The equations for conducting the economic performance 

assessment of the combined cycle power plant 

configurations, with and without inlet air cooling are 

presented in this section. The capital cost of each plant 

configuration is estimated by summing up the capital cost of 

each major component. 

The capital cost of combined power plant, 	fO	
±=$�,	 is 

determined from 

fO = 	 ∑ f³ 	�³³ 	                             (45) 

where f³ () is the unit cost per output of the plant component; �³  () is the net output or rated capacity of the plant 

component such as gross power output, ton refrigeration, 

thermal load or mass flow rate;	´ is the plant component such 

as CCPP, ARC, HX1, HX2 and chilled water pump; . is the 

particular plant configuration, with or without inlet air 

cooling. 

The annual operating and maintenance cost, �EO 	
±=$/µt�,	is given as 

�EO = ¥∑ �e�E³ + <�E³�	�³³ +	 f8wZ¶ 	¦�·¸      (46) 

where e�E³ and <�E³ are the fixed and variable operating 

and maintenance cost rates per output of the ´\x 	component 

of the plant, respectively;f8wZ¶ 	is the hourly cost rate of fuel 

and �·¸ is the total hours of operation per year 

The annual revenue from a plant, ¤O	
±=$/µt�,	is given as 

[42] 

¤O	 = 
fZ¶�� CZ\,O��·¸                         (47) 

where fZ¶  is the unit price per kWh (electricity tariff) of 

electricity ($/kWh);�� CZ\,O 	is the net total power output of the 

k
th plant (kW). 

The life cycle cost of the thermal plant 

configuration, :ffO	
±=$�, is given as [43] 

:ffO = fO + ¹�EO × 
M]«�º	)
]«	
M]«�º »               (48) 

rℎsts	¼	½¸	s�¾¿¾�½�	À½Ás	¾Á	Âℎs	·À/¿Â (Years) 

The annualized life cycle cost, Ã:ffO	
$/yr. �, is as [44] 

Ã:ffO 	 = :ffO × 	 Ä 

(ÅÆ«�º	Ç(Æ«	
(ÅÆ«�º

È                  (49) 

The levelized cost of energy production of each 

plant,	:f�ÉO 	
$/kWh�,	is given as [43], [45] 

:f�ÉO = �m��Ê�� ^_`,Ê	×	���                           (50) 

The break-even point of each plant configuration, ËÉ-O 	
µt�, 
is given as [44] 

ËÉ-O = m��ÊjÊ                                  (51) 

The net present value of each plant configuration, ¼-<O	
±=$�,	is given as [43], [46] 

¼-<O 	 = 	 −fO +	 ¹
¤O − �EO� × 	 
M]«�º	)
]«	
M]«�º »       (52) 

2.6. Environmental Modelling 

In order to properly assess the environmental impact of 

thermal power plants, the emissions of CO, CO2 and NOx are 

considered. The amount of CO and NOx produced in the 

combustion chamber due to the combustion reaction depends 

on various combustion characteristics including the adiabatic 

flame temperature. Following the works of Rizk and Mongia 

[47], Lazzaretto and Toffolo [48], Ahmadi and Dincer [49], 

Ehyaei and others [50] and Ganjehkaviri and others [51]; the 

rates of CO2, NOx, and CO emitted are determined as now 

described. 

The mass flow rate of CO2 emission, �� ��	 (.���	/¸),	and 

specific carbon dioxide emission (CO2) emitted per MWh of 

energy output), sCO2e 
.���	/E�ℎ� , are, respectively, 

given as 
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�� ��	 = E��	Ì7 Íh� LÎLÏ                         (53) 

and 

¸f�	s = 3600 "h� ��'�� ^_`	,	                       (54) 

where Ì7  (-) is the mole fraction of carbon in the fuel; �� 8	
.�/¸�  is the mass flow rate of the fuel; and E��	 =44.01  and E8 (kg/kmol) are the molar masses of CO2 and 

fuel, respectively. 

NOx and CO emissions rates,	�� Ð�[  and �� ��  (kg/s), due to 

combustion reaction are, respectively, given as 

�� Ð�[ = 	 +.*×+(Ñ	ÒÓ.ÔZ[�"ÇÕ((ÓÓbzÖ ,
&�Ó.ÓÔ"∆p�p� ,Ó.Ô 	 × h� L+++ 	[ON

� ]           (55) 

and 

�� �� = 	 +.Wn	×+Ñ	Z[�"Õ×ÓÓbzÖ ,
&�'Ò	"∆p�p� ,Ó.Ô 	 × h� L+++ 	[ON

� ]               (56) 

For the expressions above, Ø , is the residence time in the 

combustion zone (assumed constant and equal to 0.002s) 

[52]; -4	
kPa�	is the combustion chamber inlet pressure; and ∆-4/-4  is the non-dimensional pressure drop in the 

combustion chamber; ��Ù	
Q�  is the adiabatic flame 

temperature in the primary zone of the combustion chamber. 

The adiabatic flame temperature is given as [53] 

��Ù = Ã	σ� exp
 Ý
σ + Þ�	�ß[àáâÙ                (57) 

where 	ß = -4/-�Z8 	
−� is a dimensionless pressure; 	-�Z8  is 

the environmental reference pressure, -�Z8 =101.325 .-/ ; à = �	 ��Z8⁄ 
−�; is a dimensionless temperature; �	  (K) is 

the combustion inlet temperature; ��Z8  is the environmental 

reference pressure, ��Z8  =298 Q ; â  is the fuel 

hydrogen/carbon atom ratio, for methane, â  = 4 [48]; 

ã	 = 	ä , for ä	 ≤ 	1  and ã	 = 	ä	– 	0.7  for ä	 ≥ 1 (ä  is the 

fuel-air equivalence ratio of the combustion process); Ì, µ, ç 

are quadratic functions of	ã, given by the following system 

of simultaneous quadratic equations: 

Ì = / + èã	 +	 �ã	                         (58) 

µ = /	 + è	ã	 +	 �	ã	                         (59) 

ç = /4 + è4ã +	 �4ã	                          (60) 

Ã, l, Ý, Þ, /� , è� , �� are constants whose values were tabulated 

and presented in the works of Ahmadi et al. [53] and 

Ganjehkaviri et al. [52]. 

3. Results and Discussion 

Based on the models presented in section 2, the results 

obtained and sensitivity testing are presented and discussed 

in this section. 

3.1. Data Used for the Generation of the 

Results 

The operating log data of the active combined cycle power 

plant (CCPP) and other thermodynamic, economic and 

environmental specifications used in this study are presented 

in Table 1. 

Table 1. Input data for the analysis of the combined cycle power and refrigeration plant. 

Plant unit Parameter Symbol Units Value 

Operating data of the existing CCPP [54]  

Compressor Inlet temperature ��  oC 30 

 Relative humidity of air ¤;�  % 70 

 Inlet air pressure P1 kPa 99 

 Volume flow rate of air(x3) V1 m3/s 1287 

Combustion chamber Inlet air pressure P2 kPa 1380 

 Fuel inlet temperature Tf 
OC 60.2 

 Fuel inlet pressure Pf kPa 2650 

 Fuel mass flow rate(x3) �� 8  kg/s 25.83 

 Fuel lower heating value LHV kJ /kg 52580 

Gas turbine Outlet temperature of flue gases T4 
oC 531 

 Net power output(x3) �� CZ\,XK�   MW 447 

 Flue gas mass flow rate(x3) �� N  kg/s 1509.3 

HRSG Stack exhaust temperature T6 
oC 126 

Steam turbine Net power output �� CZ\,kK�   MW 202 

 Inlet steam high pressure (HP) P7 kPa 10020 

 Inlet steam low pressure (LP) P10 kPa 537 

 Mass flow rate of HP steam �� ki&  kg/s 175.2 

 Mass flow rate of LP steam �� km&  kg/s 54.7 

 Inlet temperature of HP steam T7 
oC 512 
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Plant unit Parameter Symbol Units Value 

 Inlet temperature of LP steam T10 
oC 257.2 

Air cooled condenser Inlet wet steam temperature T11 
oC 60.7 

 Inlet saturated water pressure P12 kPa 21 

 Air mass flow rate �� 7�  kg/s 160680 

Other thermodynamic specifications  

 Combustion efficiency [55] ���  −  0.98 

 Flue gas constant ¤N  kJ/kg. K  0.285 

 Steam turbine isentropic efficiency [28] ��,kK  - 0.82 

 Feed pump isentropic efficiency ��,��&  - 0.90 

 Desired compressor inlet air temp. [16] �  ℃  15 

 Air relative humidity at cooling coil exit ¤;  %  100 

 Density of chilled water ¯  .�/�4  1000 

 Pressure loss overcome by chilled water circulation pump ∆P  kPa  9.8 x 105 

 Chilled water supply temperature 	�	n  ℃  5 

 Chilled water return temperature 	�4	  ℃  15 

Economic specifications 

Combined cycle power plant -dry cooled (with air 
cooled condenser) [56], [57] 

Capital cost $/kW 1200 

Fixed O & M cost $/kW 13.2 

Variable O & M cost $/MWh 3.6 

Absorption Refrigeration system [50] [58] 
Capital cost $/ton 1000 

O & M costs $/yr. 4% of capital cost 

Air cooling coil (heat exchanger, HX) [13] 
Capital cost $/kW 195 

O&M Costs 
 

4% of Capital cost 

Water pump [59] Capital cost $ / kW 881��+.5 

Others [60]–[63] 

Annual hours of operation hours 8000 

Economic life years 20 

Interest rate in Nigeria (August, 2016) % 14 

Electricity tariff in Nigeria (August, 2016) $/kWh 0.0780 

Cost of natural gas $/kg 0.096 

3.2. Validation of Models for the Existing Combined Cycle Power Plant (CCPP) 

Using the fuel heat input rate of 1333MW, key performance characteristics of the existing combined cycle power plant were 

computed. These computed values were compared with their corresponding measured operating values of the active CCPP, 

Table 2. The error margins were within the acceptable range for power plant applications. 

Table 2. Comparison of measured and computed characteristics of the existing CCPP. 

Parameter Measured data Computed value Error (%) 

Gas turbine net power output (MW) 447.0 441.3 1.28 

Gas turbine exit temperature (°C) 531.3 527.5 0.72 

Gas turbine outlet mass flow (kg/s) 1509.3 1476.3 2.19 

Steam turbine power output (MW) 202.3 200.2 1.04 

HRSG exit flue gases temperature (°C) 126.0 123.9 1.67 

 

3.3. Thermodynamic Characteristics of the 

Combined Power Plant and Absorption 
Refrigeration System 

The computed key performance parameters of the gas turbine 

cycles, steam turbine cycle, and the combined power cycle 

plant, with and without inlet air cooling are tabulated in Table 

3. It clearly shows that by cooling the inlet air to the 

compressors to 15°C, the net power output of the gas turbine 

cycles increased by 48.3MW, and by cooling the inlet air 

streams to the air cooled steam condenser to 29°C, the net 

power output of the steam turbine cycle increased by 1.4MW. 

Cumulatively, the combined effect of compressor and 

condenser inlet air cooling increased the net power of the 

combined cycle power plant by 7.7%. This result is higher 

than that reported in previous studies [16] and [17] because 

these studies only considered compressor inlet air cooling but 

did not consider steam condenser cooling. 

Furthermore, the overall thermal efficiency of the CCPP 

increased by 8.1% while the specific fuel consumption 

decreased by 7.0%. The stack discharge temperature of the 

exhaust flue gases after passing through the absorption 

refrigeration unit was determined to be 84°C. 
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Table 3. Comparison of power plant performance parameters with and without inlet air cooling. 

Performance parameter Gas turbine cycles 
Steam turbine 

cycle 
Combined cycle 

Net change in the 

CCPP (%) 

Net power output (MW) 
    

(i) Without inlet air cooling 441.3 200.0 641.3 
 

(ii) With compressor and condenser inlet air cooling 489.6 201.4 691.0 7.7 
Thermal efficiency (%) 

    
(i) Without inlet air cooling 33.1 28.6 48.1 

 
(ii) With compressor and condenser inlet air cooling 37.1 28.8 52.0 8.1 
Specific fuel consumption (kg/MWh) 

    
(i) Without inlet air cooling 210.8 

 
48.3 

 
(ii) With compressor and condenser inlet air cooling 189.9 

 
44.9 -7.0 

 

The key input and computed parameters of the absorption 

refrigeration system are presented in Table 4. The low COP 

of the absorption refrigeration cycle under consideration is 

due to its high temperature difference between generator Tgen 

(K) and evaporator temperature, Te (K) as may readily be 

verified from the equivalent Carnot COP, 
�NZC −�Z�/[�NZC
�+ − �Z�]. 
Table 4. LiBr-H2O absorption refrigeration system parameters. 

Parameter Value 

Generator temperature, Tgen (
oC) 95.0 

Condenser temperature, Tcond (
oC) 46.0 

Absorber temperature, Tabs (
oC) 30.0 

Evaporator temperature, Te (
oC) 5.0 

Input thermal energy (MW) 74.6 
Total cooling load (MW) 44.4 
Coefficient of performance, COP (-) 0.60 

The results of the economic and environmental performance 

parameters of the combined cycle power plant with and 

without inlet air cooling of the compressor and air cooled 

condenser are presented in Table 5. It can be seen that by 

implementing inlet air cooling the total capital cost and total 

life cycle cost of the CCPP increased by 3.3% and 2.3%, 

respectively while total annual sales revenue and the net 

present value increased by 7.7% and 14%, respectively. 

Furthermore, the levelized cost of energy production in the 

plant and the break-even point of the investment reduced by 

4.8% and 5.6%, respectively. 

The environmental impact assessment revealed that the 

emission rates of carbon dioxide and oxides of nitrogen 

reduced drastically by 7.3% and 65%. This shows that the 

rate of CO2 emissions per MWh from gas fired thermal 

power plants could be reduced by lowering the compressor 

inlet air temperature, as previously reported by [25]. 

However, it is also observed that the rate of CO emission 

increased with inlet air cooling in the CCPP by 12.1%. This 

is because the humidity of the air stream into the compressor 

increases with cooling. The moisture content of air may 

cause combustion instability resulting in increase of CO 

emissions and reduction in NOx emissions [64]. 

Table 5. Economic and environmental performance characteristic of the combined cycle plant. 

Parameter 
CCPP without inlet air 

cooling 
CCPP with inlet air cooling 

Net change in the CCPP 

(%) 

Economic 
   

Total capital cost (MU$) 769,800,000 795,436,071 3.3 
Total life cycle cost (MUS$) 1,421,236,444 1,453,664,157 2.3 
Annual revenue (MUS$/yr.) 399,182,264 429,984,925 7.7 
Levelized cost of energy production ($/kWh) 0.042 0.040 -4.8 
Annualized life cycle cost (MUS$/yr.) 214,586,808 219,482,939 2.3 
Break-even point (yr.) 3.6 3.4 -5.6 
Net present value (MUS$) 1,222,599,803 1,394,178,161 14.0 
Environmental 

   
CO2 emission (kgCO2/MWh) 398 369 -7.3 
NOx emission rate (kg/s) 1.70E-09 5.93E-10 -65.2 
CO emission rate (kg/s) 1.99 2.23 12.1 

 

3.4. Sensitivity Tests of Some Key 

Parameters 

The influence of variations in ambient air conditions on 

combined cycle plant performance has been analyzed and 

performance curves generated by varying various parameters. 

Figures 4 and 5 highlight the effects of variations in ambient 

air temperature and relative humidity on gas turbine and 

combined plant performance. An increase in either 

temperature or relative humidity results in reduced power 

output within the power plant. As the density of air is 

inversely proportional to the temperature, the increase in air 

temperature results in decrease of the air density and thus 

lower air mass flow rate, since the volume flow rate is 
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constant. Consequently, the net power output decreases. 

These results are in agreement with previously published 

results [8], [17], [37]. 

 
Figure 4. Effect of compressor inlet air temperature on the gas turbine-and combined cycle net power outputs. 

As inlet air relative humidity increases (at constant fuel flow rate into the combustion chamber), the combustion temperature 

and the turbine inlet temperature decreases due to the presence of water vapor which absorbs some part of the heat of 

combustion [64], resulting in drop in turbine output as shown in Figure 5. 

 
Figure 5. Effects of varying ambient temperature and relative humidity on the CCPP power output. 

Figure 6 shows that, as compressor inlet air temperature increased, the thermal efficiency of the gas turbine cycle and 

combined cycle power plants dropped and the specific fuel consumptions increased. Similar trend was reported in reference 

[25]. 

 
Figure 6. Variations of the gas turbine cycle and combined cycle power plant efficiencies, and specific fuel consumption, SFC (kg/MWh), with ambient inlet 

air temperature, T1. 
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Figure 7 indicate that ambient air temperature has significant impact on the performance of an air cooled steam condenser and 

power output of the steam turbine cycle. As the condenser cooling air temperature increased, the steam turbine cycle power 

output dropped, consequently the energy efficiencies of the steam turbine cycle and combined cycle plants dropped 

respectively. Thus, the performances of steam turbine cycle and combined cycle power plants fitted with air cooled steam 

condensers, could be improved by lowering the temperature of the cooling air streams. This is in line with previous works [4], 

[20], [21]. 

 
Figure 7. Steam condenser cooling air temperature versus steam turbine, combined cycle plant power output and efficiency. 

The influence of some fiscal parameters such as interest rate and electricity tariff on the economic performance of combined 

cycle power plants, with and without inlet air cooling, was investigated. Figure 8 shows that as the interest rate in an economy 

is increased, the levelized cost of energy production and annualized life cycle cost of the combined cycle power plant increase. 

This is because the rise in interest rate affects the cost of operating and maintenance of the power plants which affects the unit 

cost of the plant power output. However, it can be seen that the combined cycle plant with internal cooling of inlet air streams 

to the compressor and steam condenser (CCPP w/cooling) has lower energy cost of production. 

 
Figure 8. Effects of varying interest rates on the levelized cost of energy production and annualized life cycle cost of combined cycle power plants. 
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Figure 9 shows that as interest rate increase, the total life cycle cost (LCC) of the CCPP reduces and consequently, the break –

even point (BEP) for the investment decrease accordingly. This is because BEP depends on LCC as can be seen from the 

model for computing BEP as given in reference [44]. The CCPP w/cooling has faster break-even point (return) on investment. 

 
Figure 9. Total life cycle cost and break-even point as functions of the interest rate for combined cycle power plant configurations. 

The impact of varying electricity tariff on the annual sales revenue from the CCPP is shown in Figure 10, it can be seen that as 

the electricity tariff is increased the annual revenue from the plants increased with CCPP w/cooling showing the highest annual 

revenue. This confirms that the electricity tariff in any location strongly affects the profitability of the power plant business. 

 
Figure 10. Dependence of the annual sales revenue on electricity tariff for combined cycle power plant configurations. 

The variations of fuel mass flow rate with CO2 emissions was also simulated for the gas turbine cycle, combined cycle plants, 

with and without inlet air cooling, Figure 11. The rate of CO2 emission per megawatt-hour increased with the rate of fuel flow 

in the thermal power plants. This implies that the rate of CO2 emissions could be reduced using lower fuel injection rates in the 

combustion chamber [26], following that the source of all carbon emissions, in fossil fuel fired power plants, is their fuels [51]. 

As noted earlier, it is can be observed that the combined cycle plant with inlet air cooling plant presented the lowest rate of 

CO2 emissions per MWh of energy generation. 
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Figure 11. CO2 emission as function of fuel mass flow rate. 

Figure 12 shows the effects of combustion inlet temperature on the rates of CO and NOx emissions. The rate of NOx emission 

increased while CO emission decreased as the combustion inlet air temperature is reduced. This is because the higher the 

combustion inlet air temperature, the higher the efficiency of the combustion process in a gas turbine plant [64]. 

 
Figure 12. Effect of combustion inlet temperature (T2) on the rates of CO and NOx emissions. 

4. Conclusion 

This study presents the thermodynamic, economic and 

environmental impact assessment of an existing combined 

cycle power plant retrofitted with a waste heat driven aqua 

lithium bromide absorption refrigerator for cooling the 

compressor and steam condenser inlet air streams. 

Ambient air conditions substantially affect the performance 

of combined gas- and steam- turbine power plants operating 

in hot and humid regions. Previous works focused on 

improving the performance of the combined gas- and steam- 

turbine power plant by inlet air cooling of the gas turbine 

cycle only. However, the performance of the steam turbine 

cycle fitted with air cooled condenser is equally affected by 

varying ambient conditions which consequently impacts the 

overall performance of the combined cycle plant. Hence, in 

this study, a comparative performance assessment of 

combined cycle power plant, with and without inlet air 

cooling was conducted. The thermodynamic assessment was 

the based on the comparison of net power output, cycle 

efficiency and specific fuel consumption. The economic 

comparison was based on the life cycle cost, annualized life 

cycle cost, annual sales return, levelized cost of electricity, 

breakeven point and the net positive value methods. The 

comparative environmental impact analysis was based on the 

computation of the rates of CO, NOx and CO2 emissions in 

kilogram per second and the rate of CO2 per megawatt hour 

of energy generation, for the different CCPP configurations. 

Using the operating data of an existing combined cycle 

power plant operating in the hot and humid tropical region of 

Nigeria, the results of the analysis showed that by cooling the 

inlet air to the compressors to 15°C, the net power output of 
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the gas turbine cycles increased by 48.3MW, and by cooling 

the inlet air streams to the air cooled steam condenser to 

29°C, the net power output of the steam turbine cycle 

increased by 1.4MW. Cumulatively, the combined effect of 

compressor and condenser inlet air cooling increased the 

overall thermal efficiency of the CCPP by 8.1% while the 

specific fuel consumption decreased by 7.0%. The stack flue 

gas exit temperature reduced from 126°C to 84°C in the 

absorption refrigerator, thus reducing the exhaust heat 

discharge rate in to the atmosphere. The results of the 

economic analysis show that by implementing inlet air 

cooling of the compressor and condenser, the total capital 

cost, total life cycle cost, total annual sales revenue and the 

net present value of the CCPP increased by 3.3%, 2.3%, 

7.7% and 14%, respectively while the levelized cost of 

energy production in the plant and the break-even point of 

the investment reduced by 4.8% and 5.6%, respectively. 

The environmental impact assessment revealed that the rate 

of CO2 emissions per MWh of power generation decreased 

by 7.3% and the emission of oxides of nitrogen (NOx) 

reduced drastically by 65%. However, it was also observed 

that the rate of CO emission increased with inlet air cooling 

in the CCPP by 12.1%. This is because the humidity of the 

air stream into the compressor increases with cooling. The 

moisture content of air may cause combustion instability 

resulting in increase of CO emissions and reduction in NOx 

emissions. However this effect can be overcome by installing 

a dehumidifier at the inlet to the combustion chamber. 

Parametric investigations revealed that the net power outputs 

and thermal efficiencies of the gas turbine cycle (GTC), steam 

turbine cycle (STC) and combined cycle plant (CCPP) increased 

with decreasing ambient inlet air temperature. It was shown that 

the profitability of the investments on the combined cycle power 

plants depend strongly on the prevailing interest rate and 

electricity sale tariff at the plant location. Also, the rate of CO 

emissions reduced with increase in combustion inlet air 

temperature, whereas the NOx emissions increased. 

The results of this study clearly shows, that cooling the inlet 

air streams to the compressor and condenser of the combined 

cycle power plants, operating in hot and humid locations, 

could lead to improved thermodynamic output and cycle 

efficiency, increased revenue and faster return on investment 

and greater environmental sustainability. It is hoped that the 

results will aid power plant operators in hot and humid 

regions seeking to make modifications for plant performance 

improvement. 

Nomenclature 

 Capital cost, $ 

h Specific enthalpy, kJ/kg 

ë�   Interest rate, % 

-�   Pumping power, kW 

¤O  Annual sales revenue, $ 

��   Power Output, MW 

�� P Pumping power, kW 

�CZ\  Net power output, kW 

��  
Specific heat capacity at constant pressure, 

kJ/kg.K 

��   Mass flow rate, kg/s 

R Gas constant, kJ/kg.K 

s Specific entropy, kJ/kg.K 

Ã:ff  Annualized life cycle cost, $/yr. 

ËÉ-  Breakeven point, year 

e�E  
Fixed operating and maintenance cost, 

$/kW 

:ff  Life cycle cost, $ 

:f�É  Levelized cost of electricity, $/kWh 

¼  Plant economic lifetime, year 

¼-<  Net present value, $ 

�E  
Annual operating and maintenance cost, 

$/yr. 

�-¸  Annual plant operating hours, hours 

-  Pressure, Pa 

�  Temperature, ℃ 

�  Temperature, ℃ or K 

�/t½ÁÁ  Unit price per kWh of electricity, $/kWh 

�·ç   Adiabatic flame temperature, K 

<�E  
Variable operating and maintenance cost, 

$/MWh 

Greek Letters  

Ý  Number of gas turbine units 

∆  Change between states 

�  Efficiency 

Γ   Specific heat ratio 

ω Specific humidity, kg/kg da 

í  
Concentration by mass of LiBr in 

LiBr_H2O solution C
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Subscripts and Superscripts 

/  Air 

/, �  Average 

�  Compressor 

cc Combustion chamber 

�¾¿î  Condenser 

�µ�Às  Thermodynamic cycle 

î/  Dry air 

Á  Fuel 

�  Flue gas 

�Â  Gas turbine 

½  Constituent or component 

·  Pump 

¸  Steam 

¸Â  Steam turbine 

Â  Turbine 

Â¾Â  Total 

r  Water 

r�  Water vapor 

Abbreviations 

el.Gen Electric generator 

AC Air compressor 

ACC Air cooling coil 

ARS Absorption refrigeration system 

CC Combustion chamber 

CCPP Combined cycle power plant 

COND Condenser 

GT Gas turbine 

HP High pressure 

HPFWP High pressure feed water pump 

HPST High pressure steam turbine 

HPHRSG 
High pressure heat recovery steam 

generator 

LHV Lower heating value 

LP Low pressure 

LPFWP Low pressure feed water pump 

LPHRSG 
Low pressure heat recovery steam 

generator 

LPST Low pressure steam turbine 

RH Relative humidity 

SC Steam condenser 

SH Sensible enthalpy (or heat) change 

=;8  Sensible heat gain of fuel 
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