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Abstract
Modifying a simple Brayton cycle by utilizing an intercooler/reheater during compression/expansion processes within the 
compressor/turbine is an enviro-economic feasible approach for a more efficient system with cleaner productions. A Brayton-
Rankine cycle performance is enhanced in this study by placing an ejector refrigerating cycle (ERC) to produce refrigerating 
load from wasted heat recovery for the intercooling process between the compression stages in the Brayton cycle. Analyses 
including energy, exergy, economics, and environmental are performed to investigate the proposed combination of the 
Brayton-Rankine cycle with the ERC and compare it with various typical types of the Brayton-Rankine cycles. Eventually, 
a robust parametric study and multi-criteria optimization model are developed based on the non-dominated sorting genetic 
algorithm II method to assess system performance and find its optimal operating point. Results showed that the intercooler 
with cooling fluid coming from the ERC reduces the fuel consumption, CO2 emission, and combined cycle's levelized cost of 
electricity (LCOE) significantly compared to common intercoolers with atmospheric air as the cooling fluid. The energy and 
exergy efficiencies of the proposed cycle are higher than the typical Brayton-Rankine cycles. The highest thermal and exergy 
efficiencies and the lowest fuel consumption, LCOE, and CO2 emissions are 62.79%, 60.11%, 114.7 kg/MWh, 27.61 $/MWh, 
316.83 kg/MWh, respectively, related to the combination of the ERC and the reheat Brayton-Rankine cycle. These values 
are obtained through stand-alone technical and economic analyses. Applying simultaneous effects of exergy and economic 
indices in multi-objective optimization resulted in the optimum exergy efficiency of 57.64% and LCOE of 29.93 $/MWh.
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List of symbols
A	� Area (m2)
CP	� Specific heat at constant pressure (kJ/kg K)

Ċ	� Cost rate ($)
CRF	� Capital recovery factor (−)
ex	� Specific exergy (kJ/kg)
Ėxdes	� Exergy destruction rate (kW)
Ėx	� Exergy rate (kW)
h	� Specific enthalpy (kJ/kg)
i
eff

	� Effective annual cost of interest rate (%)
LHV	� Lower heating value (kJ/kg)
LCOE	� Levelized cost of electricity ($/MWh)
ṁ	� Mass flow rate (kg/s)
N	� Number of the system operating years
P	� Pressure (kPa)
ΔP	� Pressure drop (bar)
Q̇	� Heat rate (kW)
RAC	� Air compressor pressure ratio (−)
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t	� Operating time in a year (s)
T 	� Temperature (K)
Tpz	� Primary zone combustion temperature
v	� Velocity (m/s)
Ẇ 	� Power rate (kW)
X	� Mole fraction
Z	� Purchase cost ($)
Ż	� Annual cost rate ($/y)

Subscripts
a	� Air
av	� Average
AC	� Air compressor
ch	� Chemical
cond	� Condenser
CC	� Combustion chamber
D	� Diffuser section of the ejector
DWH	� Domestic water heater
e	� Outlet
env	� Environment
eva	� Evaporator
f	� Fuel
FWP	� Feed water pump
g	� Exhaust gas
gen	� Generator
GT	� Gas turbine
HE	� Heat exchanger
HP	� High pressure
i	� Inlet
is	� Isentropic
LP	� Low pressure
MF	� Mixed flow
mixing	� Mixing section of the ejector
n	� Nozzle
ne	� Nozzle exit
net	� Net output
ni	� Nozzle inlet
ph	� Physical
Q	� Heat
RG	� Regenerator
SF	� Secondary flow
st	� Steam
ST	� Steam turbine
th	� Thermal
tot	� Total
W	� Work

Greek symbols
�	� Heat exchanger effectiveness (%)
η	� Efficiency (%)
γ	� Specific heat ratio (−)
φ	� Maintenance factor (−)
λ	� Fuel to air ratio (−)
µ	� Entrainment ratio (−)

�	� Residence time (s)
�	� Density (kg/m3)
�
CO

2

	� Levelized CO2 emission (kg/MWh)

Abbreviations
4E	� Energy-Exergy-Economic-Environmental
AC	� Air compressor
AP	� Approach point
ARC​	� Absorption refrigeration cycle
BC	� Brayton cycle
CC	� Combustion chamber
CCHP	� Combined cooling, heating, and power
CPER	� Combined power and ejector refrigeration
DWH	� Domestic water heater
ERC	� Ejector refrigeration cycle
GA	� Genetic algorithm
HRSG	� Heat recovery steam generator
NSGA-II	� Non-dominated sorting genetic algorithm II
ORC	� Organic Rankine cycle
PP	� Pinch point
RBC	� Regenerative Brayton cycle
FC	� Fuel consumption
ST	� Steam turbine
TIT	� Gas turbine inlet temperature

1  Introduction

The population and economic development are the most 
critical factors in the energy demand jump over the past dec-
ades. It leads the researchers to propose and design more 
efficient, sustainable, and eco-friendly power plants (Dang 
et al. 2023; Ge et al. 2022). While electricity generation is 
responsible for close to 40% of the global CO2 emissions 
produced by the energy sector, the other 60% is generated 
primarily through fossil fuels in industry, heating in build-
ings, and transport (IAEA, International Atomic Energy 
Agency). Accordingly, increasing the efficiency of fossil fuel 
power plants (especially the Brayton cycles: BCs) is one of 
the exciting topics in this context.

The combustion chamber, compressor, turbine, and 
electric generator are parts of a gas turbine's standard base 
cycle (Durmusoglu et al. 2017). The latter can be combined 
with other cycles, such as Rankine and Erickson, to increase 
efficiency (Seyfouri et  al. 2022). Adding regeneration, 
intercooler compression stages (Xu et al. 2022), and reheated 
expansion stage (Kilani et al. 2019) are other methods used 
to develop and increase the efficiency of the Brayton cycle 
(BC) (Farmani and Manjili 2022).

The gas turbine's high outlet temperature enables its base 
cycle efficiency to be increased by using such developed 
bottoming cycles as the combined cooling-heating-power 
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(CCHP) (Kialashaki 2018), combined heating-power (CHP) 
(Raghavendra et al. 2022), and combined cooling-power 
(CCP) and so on to absorb the output wasted heat from the 
exhaust (Schall and Hirzel 2012).

Since the “Carnot Cycle” is ideal for power generation, 
the effort is made to direct all other cycles towards it to have 
the highest thermal efficiency of power generation cycles 
(Sheykhi et al. 2020) through isothermal compression and 
expansion processes or intercooling in the compression and 
reheating in the expansion processes.

Saidi et al. (2000, 2002) showed that using intercoolers 
to increase the efficiency of power plant cycles up to at least 
200 MW is essential for most future systems. Mohammadi 
et al. (2019) concluded that increasing the number of further 
recoveries, intercooler, and reheating stages will reduce the 
specific CO2 emission, levelized electricity costs, and spe-
cific fuel consumption and increase the thermal efficiency in 
a hybrid solar tower BC (Golbaten Mofrad et al. 2020). In Gas 
Turbine Emissions (2013), the authors showed that using an 
intercooler between the low and high-pressure compressor 
sections in marine motors or gas turbines increased the whole 
cycle's thermal efficiency and gave Rolls Royce WR-21 LMS-
100 (in marine engines) and GE LM6000 SPRINT (in gas 
turbines; with an increase of up to 45%) as some examples.

Sanjay (2011) showed that adopting a multi-pressure-
reheat steam generator configuration would minimize the 
cycle's exergy degradation by studying the compressor 
pressure-to-turbine inlet temperature ratio variations on the 
combined gas-steam cycle efficiency. Studying the regen-
erative inter-cooled-reheat BC, Tyagi et al. (2006) showed 
that intercoolers increased the thermal efficiency of gas 
turbines' base cycles and reported the optimum pressure-
to-cycle inlet temperature ratio for its maximum value. 
Besides such important parameters as the performance, air 
temperature rise, freezing conditions due to severe winter, 
fan load factor, and heat load variations that have some-
times posed serious challenges for using air-cooled heat 
exchangers as intercoolers in the BC, the environmental 
effects of using such exchangers have also recently attracted 
attention (He et  al. 2013; Li et  al. 2018). Power plant 
cycles need compact, inexpensive intercoolers, whereas 
current types are usually conventional gas-to-liquid heat 
exchangers that are very bulky and expensive. Since the 
air resistance in their air side is generally predominant, the 
first step in designing and developing them is considering 
their thermal–hydraulic performance. The reheat cycle that 
includes two turbines with a combustion chamber before 
each and increases the shaft output power by about 35% 
(Wu et al. 1996) is another suitable method to increase the 
BC's efficiency (Gülen et al. 2020). Using a reheater in the 
new GT-9 gas turbine cycle, the ABB (Swiss factory) has 
expanded its efficiency from 32 to 40.5% (Schobeiri 2018). 
Cengel and Boles (2006) believed that since separate use 

of reheating and intercooling equipment reduced BC's ther-
mal efficiency, the simultaneous use of intercooling, reheat-
ing, and regenerating would also increase it. Ghadikolaei 
et al. (2023) developed a 4E parametric analysis to investi-
gate the improvement of an available BC-based combined 
power plant located in Neka city, Iran. The power plant 
was based on the combination of gas and steam cycles, 
and the authors proposed the exhaust recovery to run two 
water desalination units. They stated that applying this pro-
posal led 8.4% reduction in energy costs. Haloi and Gogoi 
(2022) assessed the impact of ionized combustion products 
of a magneto hydrodynamics BC on the performance of a 
combined energy system. They utilized the second law of 
thermodynamics for the system evaluation and found that 
the combustion chamber has the highest exergy destruction 
rate. Anvari et al. (2020) presented exergoeconomic and 
environmental models of a novel multi-generation energy 
system that can produce cold, heat, power, and freshwater. 
They developed a parametric study and concluded that the 
inlet temperature of the gas turbine has the highest impact 
on system performance. In another study, a new tri-gener-
ation waste-to-energy system was proposed and optimized 
by Ebrahimi-Moghadam and Farzaneh-Gord (2023). The 
system comprised a biomass-fired GTC and a double-effect 
absorption refrigeration cycle (ARC). To make their pro-
posal applicable, they assessed the construction feasibil-
ity of utilizing the system for a case study in Iran. Wang 
et al. (2018) introduced two modifications of the GTC and 
utilized its exhaust for running an absorption refrigeration 
cycle (ARC). Moghimi et al. (2018) introduced a hybrid 
energy plant to simultaneously produce cold, heat, and 
power in an integrated system. Their system was based on 
heat recovery from an RBC to run an ORC and an ejec-
tor refrigeration cycle (ERC). Mohammadi et al. (2017) 
applied thermodynamics laws and prepared a sensitivity 
analysis to evaluate a new CCHP system configuration. 
The system comprises a BC, an ORC, and an ARC, and 
their results showed that it could produce 30 kW, 8 kW, 
and 7.2 tons of power, cooling, and hot water, respectively. 
Xu et al. (2015) developed a mathematical formulation of 
the CCHP plant composed of supercritical CO2 gas turbine 
and ejector cycles. Comparing the outputs of their proposed 
modified model with the base one illustrated that the exergy 
efficiency was 22.5% higher in the modified model.

Surveying the available literature illustrates that those dif-
ferent kinds of hybrid energy systems could be found based 
on the recovery of exhaust gases of BCs. Also, additional 
changes have been applied to the primary BC to improve its 
performance.

Refrigeration cycles are commonly used in many 
hybrid power plants (CCP or CCHP systems) and simple 
cycles (Brayton or the Brayton-Rankine cycles) to 
generate cooling loads for air conditioning or cooling of 
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power plant equipment. Evaporative cooling, Fogging, 
Vapor-Compression Refrigeration Systems, Air-Standard 
Refrigeration Systems, Absorption – Refrigeration Systems 
(ARSs), and Multi-stage Refrigeration Cycles are among 
the refrigeration cycles used in the power generation 
cycle (Kakkirala and Velayudhan Parvathy 2022). The 
BC compressor usually consumes Two-thirds of the 
cycle's total input energy. Cooling (reduced temperature) 
of the compressor's compressed air in one or more stages 
minimizes the work required by the compression process. 
The compressor outlet's reduced temperature increases the 
inlet temperature of the gas turbine, and both increase the 
BC efficiency.

"Ejector" is another refrigeration cycle with advantages 
like low cost, lack of moving parts, resistance against 
corrosion and wear, and ease of construction. Studying 
solar-driven combined power and ejector refrigeration 
(CPER) systems, Ahmadzadeh et  al. (2017) concluded 
that using the genetic optimization algorithm can reduce 
the system's thermal and exergy efficiencies by 25.5 and 
21.27%, respectively. Liang et al. (2020) studied the heat 
recovery system in an internal combustion engine, launched 
a combined supercritical CO2 power and transcritical CO2 
refrigeration cycles, and increased the system efficiency.

Vutukuru et al. (2019) showed that if ejectors were used 
in the solar-assisted transcritical CO2-based tri-generation 
system, the COP of the whole system would be equal to 
0.8. Studying geothermal-driven tri-generation systems 
consisting of conventional RC and ERC, Takleh and Zare 
(2021) showed that their proposed system's levelized product 
cost was 28.51 $/GJ under summer conditions.

Ameri et al. (2010) studied a tri-generation system based on 
a micro-gas turbine with a steam ERC; they reported that using 
the CCHP system would cause 23% fuel savings in summer and 
33% in winter, compared to when electricity, heat, and refrig-
eration were produced separately. Zhang et al. (2021) showed 
that in the parallel type ORC and ejector heat pump combined 
cycle, the system's output power and exergy efficiencies were 
4.62 and 30.76% more than the base ORC, respectively.

Sun et al. (2014) studied the combined heat and power 
(CHP) based on ejector heat exchangers and absorption heat 
pumps and concluded that the new system's heating capac-
ity was 41% more than its base cycle. Many studies (e.g., 
Alexis 2007; Galindo et al. 2019) have used a combination 
of refrigeration cycles to improve the efficiency of power 
cycles. Despite all the studies on increasing the Brayton 
base cycle's efficiency, many scientists still try to provide 
efficient, inexpensive, nature-friendly methods for the same 
purpose, and the trend is expanding rapidly. Nowadays, as 
energy, exergy, environment, and economics are the four 
areas evaluated in most scientific reports on thermodynamic 
cycles (Wang et al. 2022c), this paper has also explored the 
Brayton-Rankine cycle configuration from these points of 

view. However, there is still a gap in utilizing modified BC 
versions in hybrid power plants because those used in most 
hybrid systems are simple types (Vazini Modabber and Kho-
shgoftar Manesh 2021).

All BCs typically use compact, air-cooled heat exchangers 
(so-called dry) or rarely wet types as intercoolers between 
the two compression stages. As mentioned before, in using 
compact air-cooled heat exchangers as BC intercoolers, the 
environmental effects of their use have also been recently 
attended to, besides challenges regarding their essential 
design parameters. In compact air-to-air and gas-to-liquid 
heat exchangers, there is usually a pressure drop in the 
air side and a temperature rise in the intercooler's outlet 
compared to the air inlet to the first compression stage, 
reducing the BC efficiency. Problems mentioned about 
using air-cooled heat exchangers as intercoolers in power 
plant cycles have caused a day-to-day expansion of studies 
on intercoolers' improvements to increase the efficiency of 
power plant cycles and reduce fuel consumption to lower 
the pollutants' entry into the atmosphere. To overcome the 
defects caused by the conventional intercooling processes 
utilized in the BC, this study proposes a new idea based 
on the waste heat recovery (WHR) approach. This study 
has used the gas turbine's recycled wasted heat to start an 
ERC (which is the supplier source of the refrigerant load 
required by the intercooler between two compression stages 
in the Brayton-Rankine power cycle's intercooler combined 
regenerated heat (ICRH)) to increase the system's energy 
and exergy efficiencies. Further, it has shown the difference 
between the studied and other conventional power plant 
cycles by reducing fuel consumption and environmental 
impacts and increasing the cycle efficiency. Although using 
the ERC (Mohammed et al. 2022) is quite common in CCHP 
and CCP systems to generate cooling load, this study has 
used this load to reduce the outlet temperature of the first 
stage of the BC density. In a nutshell, the application of this 
proposal is to improve the techno-economic performance of 
conventional gas-steam power plants by utilizing an ERC 
for the intercooling process of the BC. Considering the 
mentioned gaps in the state-of-the-art and also the described 
motivations, the following novelties and objectives are to be 
sought in the present paper:

•	 Designing a new intercooling technique between the 
compression stages of the Brayton cycle, based on the 
ejector refrigerating cycle (ERC) combined with the 
Brayton-Rankine cycle to recover the wasted heat and 
generate the required refrigerating load (as far as the 
authors know, previous studies investigated the capability 
of producing refrigerating loads by the ERC and Bray-
ton-Rankine power cycles combination just for external 
utilization such as air-conditioning, not reusing as an 
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intercooler for the compression process within the BC 
that has been proposed in this paper for the first time)

•	 Performing energy, exergy, economics,  and 
environmental analyses (4E analyses) of the proposed 
combination of the ERC with the Brayton-Rankine cycle 
and comparing them with the traditional air-intercooling 
Brayton-Rankine cycles

•	 Developing a robust technical assessment model by 
considering fluid flow and heat transfer phenomenon 
inside important system components (despite most 
research which treated the components as black boxes) 
and their combination with thermodynamics laws. 
Factual assumptions and detailed formulation are used to 
analyze the intercooler, ejector, and combustion chamber.

•	 Performing a multi-criteria optimization procedure 
based on the non-dominated sorting genetic algorithm II 
(NSGA-II) method.

To meet the mentioned goals, the rest of the paper 
is planned to be presented in four sections, including (a) 
Sect. 2 focuses on describing the system under study and its 
operating strategy, (b) Sect. 3 pays attention to developing 
the 4E parametric model, and the optimization method, (c) 
Sect. 4 presents the results and gives some discussion around 
them, (d) Sect. 5 summarizes the studied problem and the 
most important general findings.

2 � System Description

As mentioned in the present investigation, an innovative 
configuration of a hybrid energy system is proposed to solve 
the problems caused by the conventional intercooling pro-
cess in the BC. The schematic layouts of the conventional 
gas-steam combined power plant and the proposed system 
are depicted in Fig. 1a and b, respectively. These power sys-
tems include the modified BC and RC, which combine to 
form a hybrid power generation system. The BC includes an 
intercooler, reheater, and regenerator. The main difference 
in cycles 1-a and 1-b is in the cooling in the intercooler sec-
tion. An air-cooled type is used in the first cycle, while the 
second system uses an ERC as the intercooler. Heat return 
from HRSG and heat transfer with the generator in a com-
bined ejector system will reduce pump power consumption 
and increase efficiency in the intercooler section. Further 
explanations will be provided. The operation of the system 
can be described as follows.

The air is first sucked by compressor 1, and after an 
increase in pressure and temperature increases, it enters 
the intercooler. Then, passing through the intercooler, to 
maintain the compressor's efficiency and optimal working 
conditions, the air cools down and enters compressor 2. 
Afterward, the air enters the regenerator to receive the 

wasted heat of the gas turbine exhaust. It is then injected into 
the combustion chamber, and the air and fuel react and reach 
very high temperatures. As the temperature increases, the 
pressure also increases, and the output combustion products 
enter the first stage of the gas turbine and, after a reduction 
of pressure, are reheated to increase its pressure and then 
enter the second stage of the gas turbine. This intermediate 
heating increases the power output by the turbine for the 
same pressure ratio. Finally, the combustion products 
enter the HRSG after heat transfer in the regenerator. In 
HRSG, waste heat is given to water to generate steam. This 
superheated steam then enters the steam turbine, and after 
generating power by the turbine, a pressure drop occurs and 
enters the condenser in order to condense the fluid. It is then 
pumped back into the HRSG to complete the cycle.

The combustion gas enters the ERC in the second cycle 
after passing through HRSG. The liquid refrigerant is 
pumped to the generator operating pressure in the ERC. The 
refrigerant enters the generator, converts to vapor, and leaves 
the generator as a saturated vapor. The vapor from the gen-
erator enters the convergent-divergent nozzle of the ejector, 
and its velocity increases while the pressure decreases in the 
diffuser throat. This flow is known as primary flow. At the 
nozzle output, the immediate flow creates a low-pressure 
zone that causes the secondary flow to be sucked out of the 
intercooler. The primary and secondary flows are mixed, and 
the mixture pressure is increased by the diffuser and then 
fed into the condenser. The task of the ejector is to convert 
work (i.e., pressure) to kinetic energy (i.e., velocity). The 
schematic diagram of this process within the ejector is illus-
trated in Fig. 2. The ejector includes four sub-components: 
nozzle, mixing chamber, throat, and diffuser. A parameter is 
the mass entrainment ratio of the ejector ( � ) and is defined 
as the ratio of the mass flow rates of the secondary flow (SF) 
to the primary flow (PF).

By maintaining the pressure, the work of the pump is 
reduced. Some of this condensed liquid passes through the 
expansion valve. The pressure drops drastically as the dense 
liquid passes through the expansion valve. As the pressure 
drops, its temperature also drops drastically and enters the 
intercooler to cool the hot air. The rest is returned to the 
generator by the pump. Finally, the T-s diagram for different 
sub-cycles of the proposed system is drawn in Fig. 3.

3 � Governing Equations and Solution 
Procedure

3.1 � Energy Analysis

To evaluate the performance of an energy system, the mass 
and energy analyses of all system components must first 
be examined, which are written by the following equation, 
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regardless of the changes in kinetic and chemical energy 
under steady-state conditions (Musharavati et al. 2021).

(1)
(

∑

ṁ
in

)

−

(

∑

ṁ
out

)

= 0

(2)
(

∑

ṁ
in
h
in

)

−

(

∑

ṁ
out
h
out

)

+ Q̇ − Ẇ = 0

Ẇ, Q̇, z, g, v, h, and ṁ represent mechanical power, thermal 
power, altitude, gravity acceleration, velocity, enthalpy, and 
mass flow rate, respectively. Also, the ' in ' and ' out ' subtitles 
are related to the input and output currents to the control 
volume, respectively. The following is a detailed description 
of the modeling of each subsystem.

Fig. 1   Schematic sketch of the a system 1: combined regenerated inter-cooled reheat Brayton and Rankine power cycle, b system 2: proposed 
CCHP cycle configuration (the ERC is replaced with the air intercooler of the system 1)
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Fig. 2   A schematic view of an ejector and variation of pressure and 
velocity inside it

Fig. 3   T-s diagram of the regenerated inter-cooled reheat Brayton cycle

Table 1   Energy balance equations for components of the modified RBC

Component Governing equations Description

Air compressor 1
T2 = T1 ×

(

1 +
1

�AC

(

RAC

�a−1

�a − 1

))

ẆAC,1 = ṁa∫
T2
T1
CPa

dT

CPa
(T) = 1.048 −

(

1.83T

104

)

+

(

9.4T2

107

)

−

(

5.49T3

1010

)

+

(

7.92T4

1014

)

ṁa represents the air mass flow rate, �
AC

= 0.85 is 
isentropic efficiency, and CPa

 is the specific heat at 
constant pressure (Ahmadi et al. 2011; Valero et al. 
1994)

Air compressor 2
T4 = T3 ×

(

1 +
1

�
AC

(

R
AC

�a−1

�a − 1

))

Ẇ
AC,2 = ṁa∫

T4
T3
CPa

dT

CPa
(T) = 1.048 −

(

1.83T

104

)

+

(

9.4T2

107

)

−

(

5.49T3

1010

)

+

(

7.92T4

1014

)

Ahmadi et al. (2011), Valero et al. (1994)

Air intercooler Q̇
int

= ṁa(h2 − h3)

Regenerator ṁa(h5 − h4) = ṁg(h10 − h9)
P5

P4

=
(

1 − ΔP
RG

)

�
RG

=
T5−T4

T9−T4

�
RG

= 81% is the regenerator effectiveness, and ΔP
RG

 is 
considered 5%, representing the pressure drop and the 
regenerator (Valero et al. 1994)

Combustion chamber ṁah3 + ṁfLHVf = ṁgh4 + (1 − 𝜂
CC
)ṁfLHVf

P6

P5

=
(

1 − ΔP
CC

)

ṁf , 𝜂CC = 98% , and ΔP
CC

= 5%  are fuel mass flow 
rate, efficiency, and pressure drop within the combus-
tion chamber, respectively (Valero et al. 1994)

High-pressure gas turbine
T7 = T6

(

1 − �
GT

(

1 −
(

P6

P7

)

1−�g

�g

))

Ẇ
GT−H

= ṁg∫
T7
T6
CPg

dT

CPg
(T) = 0.991

(

6.99T

105

)

+

(

2.712T2

107

)

−

(

1.2244T3

1010

)

CPg
 is the specific heat a constant pressure of flue gas, 

which is given as a function of temperature (Ahmadi 
et al. 2011; Valero et al. 1994)

Low-pressure gas turbine
T9 = T8

(

1 − �
GT

(

1 −
(

P8

P9

)

1−�g

�g

))

ẆGT−L = ṁg∫
T9
T8
CPgdT

CPg
(T) = 0.991

(

6.99T
105

)

+
(

2.712T2

107

)

−
(

1.2244T3

1010

)

Ahmadi et al. (2011), Valero et al. (1994)
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3.1.1 � The Modified RBC

The BC is the main power generator in the combined 
power cycle and plays a significant role in generating 
power and heat. The wasted heat in the BC can gener-
ate high-pressure steam in the RC. The ERC also uses 
the wasted heat to produce a cooling load. To increase 
the efficiency of the BC, air compression and expansion 
are done by double-stage compressors and turbines with 
intermediate cooling and heating. The equations required 
to model this subsystem are presented in Table 1.

As noted before, the air intercooler unit is used in 
configuration No. 1. Unlike most previous research that 
modeled the air intercooler by simplifying assumptions, 
the thermodynamics and fluid flow principles are utilized 
in this study to develop an accurate model that considers 
the physical phenomenon inside it. The required equations 
are summarized in Table 2, and the T-s diagram of the 
cycle is depicted in Fig. 3.

3.1.2 � The RC

The RC is one of the most critical power generation systems 
combined with the BC to form a united power cycle. This 

system is connected to the BC by HRSG. The output of the 
gas turbine enters the HRSG, and high-pressure steam is 
generated and then sent to the steam turbine. By applying 
∆Pinch, defined as the temperature difference between the 
saturation state and the evaporator output gas, the tempera-
ture parameters of output gas can be obtained throughout 
the dual-pressure HRSG. Moreover, the approach refers to 
the temperature differences between the saturation state and 
economizer outlet water.

The modeling of the RC is presented in Table 3, and its 
T-s is depicted in Fig. 4.

3.1.3 � The ERC

The ERC operates with heat input energy. This system 
includes an ejector, generator, evaporator, condenser, pump, 
and expansion valve. The main component of this system is 
the ejector, which comprises four sub-components, including 
the primary nozzle, mixing chamber, throat, and diffuser, 
which acts as a compressor in this system and replaces it. 
In other words, the ejector converts the mechanical energy 
of the working fluid to kinetic energy without any rotat-
ing equipment. Hence, it is known as an economic refrig-
eration cycle with acceptable efficiency and, therefore, can 

Table 2   The required equations for modeling the air intercooler unit (Kays and London 1984)

Term Description Correlation

General 
pressure 
drop 
equation

ΔP is heat exchanger core pressure drop, Kc and 
Ke are respectively defined as entrance and 
exit loss coefficients, G introduces minimum 
free-flow area, f  is a flow-friction factor, σ is 
calculated as a ratio of free-flow to the frontal 
area of one side of the exchanger

ΔP

P1

=
G2

2gc

v1

P1

⎡

⎢

⎢

⎢

⎢

⎣

⎛

⎜

⎜

⎜

⎝

Kc + 1 − �2

⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟
Entrance effect

⎞

⎟

⎟

⎟

⎠

+ 2

⎛

⎜

⎜

⎜

⎜

⎝

v2

v1
− 1

⏟⏟⏟
Flow acceleration

⎞

⎟

⎟

⎟

⎟

⎠

+ f
A

Ac

vm

v1
⏟⏟⏟
Core friction

−
�

1 − �2
− Ke

� v2

v1
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟

Exit effect

⎤

⎥

⎥

⎥

⎥

⎦

Pressure 
drops 
through 
matrix 
surfaces or 
normally 
flows to the 
tube

In these types of heat exchangers, the entrance 
and exit coefficients are assumed to be 
negligible (Kc, Ke = 0), A is considered as 
the total transfer area of one side of the 
exchanger, Ac is the free-flow area of one 
side, Tav and Pav are arithmetic averages of 
the terminal magnitudes, Tlma is related to 
the logarithmic-mean temperature difference 
between the fluids

NOTE: The porosity ρ replaces σ for matrix 
surfaces

ΔP

P1

=
G2

2gc

v1

P1

⎡

⎢

⎢

⎢

⎢

⎣

�

1 + �2
�

�

v2

v1
− 1

�

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Flow acceleration

+ f
A

Ac

vm

v1
⏟⏟⏟
Core friction

⎤

⎥

⎥

⎥

⎥

⎦

A

Ac

=
L

rh

G2

2gc

v1

P1

=

(

V2
1∕2gc

)

(

P1
∕�1

)

vm =
1

A

A

∫
0

vdA

vm

v1
≈

P1

Pav

Tav

T1

≈

⇒
vm

v1
≈

P1

Pav

Tlma

T1

Tlma = Tconst ± Δtlma

Δtlma =
(th,in−tc)−(th,out−tc)

ln[(th,in−tc)∕(th,out−tc)]
=

th,in−th,out

Ntu

Core velocity 
equation

(ΔP∕P ) is the allowable pressure drop on each 
side, L is the flow length on one side, and rh is 
defined as the flow passage hydraulic radius

V2
1
∕2gc

P1∕�1
≈

(

ΔP∕P

Ntu

)

oneside

�m

�1

NSt

f
�0

(

Ntu
)

oneside =
(

� L
rh
NSt

)

oneside
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be an excellent alternative to the ARC. The modeling of 
this system is presented in Table 4. It should be noted that 
the ejector is modeled by trial and error to obtain the final 
value of the mass entrainment ratio ( � ). In the process of 
modeling this system, the following assumptions have been 
considered:

•	 The heat transfer rate between the ejector and the 
surroundings can be eliminated. The velocity change 
for the streams in the inlet and outlet ports of the ERC 
components is assumed to be negligible except for the 
ejector.

•	 Effects of the mixing section, nozzle, and frictional and 
mixing losses in the diffuser are modeled by applying the 
nozzle, diffuser, and mixing efficiencies.

•	 Upstream of the diffuser inlet is considered as the place 
where normal shock wave often happens.

•	 Constant pressure mode is considered for the mixing pro-
cess in the ejector.

Regarding the mentioned assumptions, the energy, 
momentum, and mass equations for each part of the ejector 
are reported in Table 4 (Dai et al. 2009). Also, the related 
T-s diagram is depicted in Fig. 5.

3.2 � Exergy Analysis

Various strategies have been developed in thermal 
analyses to examine the performance of energy systems, 
including exergy and energy analyses. Many research-
ers have pointed out that results from exergy analysis are 
more practical for systems appraisal since they can pro-
vide engineers with feasible approaches to harness the 
available energy efficiently. Moreover, the exergy assess-
ment can detect destructions' exact locations and magni-
tude. In cases where potential and kinetic exergy can be 
assumed to be negligible, exergy will consist of two major 
parts: physical and chemical exergies.

Table 3   Energy balance 
equations for components of the 
RC (Cengel and Boles 2006)

Component Energy balance

System 1 System 2

Economizer ṁ
st

(

h14 − h13
)

= ṁg∫
TC
TD
CPg

dT ṁ
st
(h15 − h14) = ṁg∫

TC
TD
CPg

dT

Evaporator ṁ
st
(h15 − h14) = ṁg∫

TB
TC
CPg

dT ṁ
st
(h16 − h15) = ṁg∫

TB
TC
CPg

dT

Superheater ṁ
st
(h16 − h15) = ṁg∫

TA
TB
CPg

dT ṁ
st
(h17 − h16) = ṁg∫

TA
TB
CPg

dT

Steam turbine Ẇ
ST

= ṁ
st

(

h16 − h17
)

, 𝜂
ST

=
Ẇ

ST,actual

Ẇ
ST,is

Ẇ
ST

= ṁ
st

(

h17 − h18
)

, 𝜂
ST

=
Ẇ

ST,actual

Ẇ
ST,is

Steam condenser Q̇
cond

= ṁ
st
(h17 − h12) Q̇

cond
= ṁ

st
(h18 − h13)

Feed water pump Ẇ
FWP

= ṁ
st

(

h12 − h13
)

, 𝜂
FWP

=
Ẇ

FWP,is

Ẇ
FWP,actual

Ẇ
FWP

= ṁ
st

(

h13 − h14
)

, 𝜂
FWP

=
Ẇ

FWP,is

Ẇ
FWP,actual

Fig. 4   T-s diagram of the Rankine cycle and temperature profile within the HRSG
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The second law of thermodynamics provides the exergy 
destruction rate, which can be expressed as follows Dincer 
and Rosen (2007):

(3)Ėx
Q
+

(

∑

ṁ
in
ex

in

)

=

(

∑

ṁ
out
ex

out

)

+ Ėx
W
+ Ėx

des

Table 4   Energy balance equations for components of the ERC (Dai et al. 2009)

Different sub-components of the ejector should be modeled due to the complexity of the physical phenomenon (i.e., severe pressure and velocity 
changes) inside it:

Primary nozzle (PN):
Energy conservation equation:

h
PF,o +

v2
PF,o

2
= h

PF,i +
v2
PF,i

2

Enthalpy of flow at the primary nozzle exit ( �PN , the primary nozzle efficiency):
h
PF,o = h

PF,i(1 − �
PN
) + �

PN
h
PF,o,is

The inlet's primary flow velocity, v
PF,ni is negligible compared to the outlet's primary flow velocity, v

PF,ne . The outlet velocity of the primary flow 
v
PF,o is:

v
PF,o =

√

2�
PN
(h

PF,i − h
PF,o,is)

The same relation is derived for secondary flow:
v
SF,o =

√

2(h
SF,ni − h

SF,ne)

The ejector entrainment ratio is:

𝜇 =
ṁ

SF

ṁ
PF

Mixing chamber (MC):
The mixing section velocity obtained from the momentum conservation equation:

v
MF

=
√

�
MC

�

v
PF,o+�vSF,o

1+�

�

Mixing efficiency is:

�
MC

=
v2

MF

v2
MF,is

Energy conservation equation for mixing section:

ṁ
PF

(

h
PF,o +

v
PF,o

2

2

)

+ ṁ
SF

(

h
SF,o +

v
SF,o

2

2

)

= (ṁ
PF

+ ṁ
SF
)(h

MF
+

v
MF

2

2
)

Enthalpy of the mixed flow:

h
MF

=
h
PF,i+�hSF,i

1+�
−

v2
MF

2

Diffuser (D):
The energy equation for the diffuser:
v
MF

2
−vD

2

2
= hD − h

MF

Enthalpy of flow at the ejector exit:
hD = h

MF
+ v2

MF
∕2

Actual flow enthalpy at diffuser exit ( �d , the diffuser efficiency):

hD =
hD,is−hMF

�D
+ h

MF

Entrainment ratio:
� =

√

�
PN
�
MC

�D(hPF,i − h
PF,o,is)∕(hD,is − h

MF
) − 1

The refrigeration cycle components are modeled by applying the energy conservation law. The obtained equations can be shown in the 
following:

For generator:
Q̇

gen
= ṁ

PF
(h19 − h24)

For ERC condenser:
Q̇

cond2
= (ṁ

PF
+ ṁ

SF
)(h20 − h21)

For intercooler:
Q̇

int
= ṁ

SF
(h25 − h26)

For pump:
Ẇ

pump
= ṁ

PF
(h24 − h22)
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where the equation related to the exergy transfer via heat 
( Ėx

Q
 ) and work ( Ėx

W
 ) can be written as Eqs. (5) and (6). 

Also, the chemical and physical exergy terms are expressed 
in Eq. (7) (Bejan et al. 1996).

(4)ex = ex
ph
+ ex

ch

where the subscript ( 0 ) stands for the ambient conditions.
Table 5 reports the exergy destruction rate in terms of the 

different components of the proposed CCHP system.

3.3 � Economic Analysis

When proposing new systems, it should be noted that a 
system with better efficiency is not always the best answer. 
One of the most important factors in the success of a new 
system is its ability to compete economically with other 
systems. As a result, economic analysis should always be 
considered alongside thermodynamic analysis. Economic 
analysis includes the initial purchase price of equipment, 
maintenance costs, and fuel costs. The total annual cost rate 
is determined as follows (Bejan et al. 1996; Mahmoudan 
et al. 2022):

(5)Ėx
Q
=

(

1 −
T0

T
i

)

Q̇
i

(6)Ėx
W
= Ẇ

ex
ch,mix

=

n
∑

i

X
i
ex

ch
i
+ RT0

n
∑

i=1

X
i
ln
(

X
i

)

(7)ex
ph

= ṁ
(

(h − h0) − T0(s − s0)
)

Fig. 5   T-s diagram of the ejector refrigeration cycle

Table 5   Expressions for exergy destruction rate within components (Cengel and Boles 2006)

Component Exergy destruction rate

System 1 System 2

Air compressor 1 Ėxdes,AC1
= Ėx1 − Ėx2 + ẆAC1

Ėxdes,AC1
= Ėx1 − Ėx2 + ẆAC1

Air intercooler Ėxdes,int = Ėx2 − Ėx3 − ĖxQint
Ėxdes,int = Ėx2 + Ėx25 − Ėx3 − Ėx26

Air compressor 2 Ėxdes,AC2
= Ėx3 − Ėx4 + ẆAC2

Ėxdes,AC2
= Ėx3 − Ėx4 + ẆAC2

Regenerator Ėxdes,RG = Ėx4 + Ėx9 − Ėx5 − Ėx10 Ėxdes,RG = Ėx4 + Ėx9 − Ėx5 − Ėx10

Combustion chamber Ėxdes,CC = Ėx5 + Ėxf − Ėx6 Ėxdes,CC = Ėx5 + Ėxf − Ėx6

High-pressure gas turbine Ėxdes,GT1
= Ėx6 − Ėx7 − ẆGT1

Ėxdes,GT1
= Ėx6 − Ėx7 − ẆGT1

Reheater Ėxdes,RH = Ėx7 − Ėx8 − ĖxQRH
Ėxdes,RH = Ėx7 − Ėx8 − ĖxQRH

Low-pressure gas turbine Ėxdes,GT2
= Ėx8 − Ėx9 − ẆGT2

Ėxdes,GT2
= Ėx8 − Ėx9 − ẆGT2

HRSG Ėxdes,HRSG = Ėx10 + Ėx13 − Ėx11 − Ėx16 Ėxdes,HRSG = Ėx10 + Ėx14 − Ėx11 − Ėx17

Steam turbine Ėxdes,ST = Ėx16 − Ėx17 − ẆST Ėxdes,ST = Ėx17 − Ėx18 − ẆST

Steam condenser Ėxdes,cond = Ėx17 − Ėx12 − ĖxQcond
Ėxdes,cond1 = Ėx18 − Ėx13 − ĖxQcond1

Feed water pump Ėxdes,FWP = Ėx12 − Ėx13 + ẆFWP Ėxdes,FWP = Ėx13 − Ėx14 + ẆFWP

ERC ejector – Ėxdes,ejector = Ėx19 + Ėx26 − Ėx20

ERC generator – Ėxdes,gen = Ėx11 + Ėx24 − Ėx12 − Ėx19

ERC condenser – Ėxdes,cond2 = Ėx20 − Ėx21 − ĖxQcond2

ERC pump – Ėxdes,pump = Ėx22 − Ėx24 + Ẇpump

ERC expansion valve – Ėxdes,EV = Ėx23 − Ėx25
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where Żk is the rate of investment ( Z ) and the maintenance 
costs for the kth component. Also, Ċ

f
 , t , and � are fuel cost, 

the number of working hours, and maintenance factor (1.06 
in this study) (Alirahmi et al. 2020), respectively. Table 6 
shows the cost equation for each component of the system.

The capital recovery factor ( CRF ) calculates the levelized 
cost. The CRF is expressed as follows Tozlu et al. (2021):

where N and i
eff

 describe the system lifetime (25 years in 
this study) and effective annual interest rate (10% in this 
study Karimi et al. 2020). The costs are updated by using the 
Chemical Engineering Plant Cost Index (CEPCI) (https://​
www.​cheme​ngonl​ine.​com/):

where CI
present

 presents the year cost index, and CI
reference

 is 
the reference year cost index.

(8)Ċ
tot

= Ċ
f
+

∑

k

Żk

(9)Ċ
f
= (C

f
ṁ

f
LHV

f
) × t

(10)Ż = CRF × Z × 𝜑

(11)CRF = i
eff

(1 + i
eff
)
N

(1 + i
eff
)
N
− 1

(12)Ż2020 = Ż
CI

present

CI
reference

3.4 � Environmental Analysis

The impact of the introduced power plant on the environment 
is also assessed in this investigation. As the most important 
pollutant of the BC, the released carbon dioxide (CO2) 
into the atmosphere per system production is presented to 
evaluate the environmental condition of the system. Unlike 
most previous studies, which considered a constant value 
of CO2 per amount of generated power, the released CO2 in 
this study is determined based on the combustion reaction.

Generally, the chemical formulation of the combustion 
reaction for any hydrocarbon ( Cx1Hy1 ) is written as follows 
Ahmadi and Dincer (2010):

For calculating the amount of the released pollutants, this 
reaction should be solved by applying the molar balances 
as follows:

(13)
�Cx1Hy1 + (xO2

O2 + xN2
N2 + xH2O

H2O + xCO2
CO2) → yO2

O2

+ yN2
N2 + yH2O

H2O + yCO2
CO2 + yNONO + yCOCO

(14)

Carbon balance ∶ yCO2
= �x1 + xCO2

− yCO

Hydrogen balance ∶ yH2O
= xH2O

+
�x2

2

Oxygen balance ∶ yO2
= xO2

− �x1 −
�x2

4
−

yNO

2
−

yCO

2

Nitrogen balance ∶ yN2
= xN2

− yNO

Table 6   Capital cost of 
components (Ebrahimi-
Moghadam and Farzaneh-Gord 
2021; Wang et al. 2022a)

Component Cost functions ($)

Air compressors 1 Z
AC,1 =

(

39.5ṁa

0.9−𝜂
AC

)(

P2

P1

)

× ln

(

P2

P1

)

Air compressors 2 Z
AC,2 =

(

39.5ṁa

0.9−𝜂
AC

)(

P4

P3

)

× ln

(

P4

P3

)

Combustion chamber
Z
CC

=

(

25.6ṁa

0.995−
P6

P5

)

[1 + exp(0.018T6 − 26.4)]

High-pressure gas turbine Z
GT,1 =

(

266.3ṁg

0.92−𝜂
GT

)

× ln

(

P6

P7

)

[

1 + exp(0.036T6 − 54.4)
]

Low-pressure gas turbine Z
GT,2 =

(

266.3ṁg

0.92−𝜂
GT

)

× ln

(

P8

P9

)

[

1 + exp(0.036T8 − 54.4)
]

Regenerator
Z
RG

= 2290
(

ṁg(h9−h10)

U(ΔT
LMTD

)

)0.6

Electric generator Z
gen

= 60E0.95
P

Steam turbine
Z
ST

= 3880.5 × Ẇ0.7
ST

×

(

1 +
(

0.05

1−𝜂
ST

)3
)

×

(

1 + 5 × exp

(

T
in
−866

10.42

))

Pumps Z
pump

= 705.48 × Ẇ0.71
pump

(

1 +
0.2

1−𝜂
pump

)

Condensers Z
cond

= 1773ṁs

Heat exchangers Z
HE

= 130
(

A
HE
∕0.093

)0.78

Ejector Z
ejector

= 1000 × 16.14 × 0.989 ×
(

ṁ19

(

T19∕P
0.05
19

)

P−0.75
20

)

https://www.chemengonline.com/
https://www.chemengonline.com/
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3.5 � Performance Criteria

To evaluate the performance of the proposed system from 4E 
points of view, the energy and exergy efficiencies, levelized 
carbon dioxide emission, and levelized cost of electricity 
generation are defined as follows Cengel and Boles (2006):

3.6 � Problem Solution and Optimization Procedures

The present model is computationally coded in the MAT-
LAB software package. Since the thermodynamic properties 
of the working fluids in different states of the system are 
required, REFPROP 9.0 (Lemmon et al. 2010) is linked up 
with MATLAB. As a parametric sensitivity analysis, the 

(15)Energyeff iciency = 𝜂
th
=

Ẇ
net,GT + Ẇ

ST

ṁ
f
× LHV

f

(16)Exergyeff iciency = 𝜂
ex
=

Ẇ
net,GT + Ẇ

ST

Ėxf

(17)LevelizedCO2emission = 𝜁
CO2

=

ṁ
CO2

Ẇ
net

(18)Levelizedcostofelectricity = LCOE =
Ċ
tot

Ẇ
net

effects of five key design parameters are evaluated on the 
system performance. Based on the considered value of the 
simulation input data (presented in Table 7), the appropriate 
range of these five parameters is selected for thermodynami-
cally optimal system operation.

It is worth mentioning that the mass flow rates of the 
working fluids in all cycles are not considered to be fixed as 
the problem input parameters. In other words, the governing 
equations are solved based on the “variable system sizing” 
process. It means that depending on the considered value of 
the design and input parameters, the corresponding value of 
the working fluids' mass flow rates is calculated using the 
trial and error approach. It is while that most of the previ-
ously published works in the field of study considered a fixed 
system size in their analyses for simplification.

Finally, as a genetic-based optimization approach, a 
multi-objective NSGA-II optimization method is applied to 
reach the optimal value of the objective functions (Gu et al. 
2023; Wang et al. 2022b). The NSGA-II is based on an evo-
lutionary algorithm widely used in literature, as it gives reli-
able answers in energy systems optimization. This method 
contains different steps (shown in Fig. 6) and requires some 
assumptions, and their appropriate values should be selected 
based on the problem under investigation (presented in 
Table 7).

It should be noted that the power generation of the com-
bined cycle is fixed at 40 MW. Natural gas is the fuel (with a 
lower heating value of LHVf  = 50,000 kJ/kg). Furthermore, 

Table 7   Simulation input data of the CCHP cycle (Ahmadi et al. 2011; Hosseini et al. 2013)

Term Value Term Value

Modeling input data Ambient temperature 25 °C ERC condenser temperature 30 °C
Ambient pressure 1.01 bar ERC generator temperature 95 °C
Inlet air molar contents 0.7748 N2, 0.2059 O2, 

0.019 H2O, and 0.0003 
CO2

Regenerator effectiveness 81%

Compressor pressure ratio 8.52 Combustion chamber efficiency 98%
Gas turbine inlet temperature 1220 °C Isentropic efficiency of AC 

compressor
85%

Steam pressure 50 bar Isentropic efficiency of GT 
turbine

88%

Steam condensation pressure 0.1 bar HRSG pinch point temperature 
difference

50 °C

ERC evaporator temperature 5 °C HRSG approach point 
temperature difference

10 °C

Design parameters Compressor pressure ratio 2 ≤ PR ≤ 16 Steam pressure 20 bar ≤ Pst ≤ 80 bar
Gas turbine inlet temperature 1200 K ≤ TGT ≤ 1600 K Steam turbine inlet temperature 600 °C ≤ TST ≤ 700 °C
Pinch point temperature 

difference
10 K ≤ ΔTPP ≤ 80 K

Optimization assumptions Individuals number of the 
population

50 Mutation probability 0.3

Generations number 110 Crossover probability 0.8
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R141b is ERC working fluid. Table 7 presents the input 
parameters.

4 � Validation

To prove the correctness of the problem–solution procedure, 
component validation is necessary. For this, the results of 
the developed computational code in this study are com-
pared with the results obtained by Ebrahimi-Moghadam 
and Farzaneh-Gord (2021) (Fig. 7) and Wang et al. (2022a) 
(Table 8) for the RBC and ERC, respectively. For the RBC, 
the compressor pressure ratio was varied between 5 and 20 
(by an interval of 1), and comparing the results showed that 
the maximum and minimum relative deviations are 0.77% 
and 0.0009%. Also, the ERC's maximum and minimum 
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Fig. 7   Validation of the regenerative Brayton cycle modeling results 
(Ebrahimi-Moghadam and Farzaneh-Gord 2021)

Table 8   Validation of the ejector refrigeration cycle modeling results 
(Wang et al. 2022a)

Primary flow 
temperature (°C)

Ejector's entrainment ratio ( �) Relative error 
percentage

Reference study This study

78 0.287 0.275 4.18
84 0.263 0.251 4.56
90 0.237 0.224 5.49
95 0.197 0.189 4.06



Iranian Journal of Science and Technology, Transactions of Mechanical Engineering	

1 3

relative deviations are obtained as 5.49% and 4.06%, respec-
tively. It reveals the excellent match between the results, and 
the reason for higher deviations for the ERC is due to the 
complexity of the ejector's energetic model.

5 � Results and Discussion

This section focuses on three goals: Firstly, a comparative 
technical analysis compares the efficiency of different system 
configurations and demonstrates the reason for choosing the 
proposed layouts and their superiority over other possible 
structures. Afterward, the impact of changing the five design 
parameters in their range (constantly changing the other 
parameters) on the defined 4E functions is evaluated. Finally, 
the optimal value of the system indices is found through a 
multi-objective optimization approach.

5.1 � Comparative Study

To show the superiority of the proposed system in this study, 
the efficiencies of different types of BCs are compared 
in Table 9. As mentioned in this research, in addition to 
providing a hybrid energy system, a modified gas turbine 
cycle will be used as the mover (aiming to achieve a more 
efficient system) instead of a base gas turbine mover cycle. 
Hence, different layouts of intercooling and reheating 
processes are introduced and compared to select the best 
one. Afterward, the parametric sensitivity analysis and 
optimization are applied to the most efficient system.

The energy and exergy efficiencies of the simple BC are 
31.53% and 30.18%, respectively. By adding a regenerator 
to the system and recovering the heat output from the gas 
turbine to preheat the inlet air to the combustion chamber, the 
energy and exergy efficiencies reached 44.92% and 43.00%, 
respectively; a significant fuel consumption reduction is also 

observed. Adding a reheater also increases efficiencies by 
2.5%. The next step is to make the air compression process 
in two phases. In this case, with the addition of an air-cooled 
intercooler, the energy and exergy efficiencies reach 49.56% 
and 47.44%. However, if an ejector refrigeration system is 
installed instead of an air-cooled intercooler, the efficiencies 
will be 48.36% and 46.30%, respectively. As a result, the 
air-cooled intercooler performs better. We can go further 
and design a combined gas and steam turbine system. This 
system has efficiencies of 53.74% and 51.44%. It will have 
exciting results if an intercooler and a reheater are added 
to this combined system. When an air-cooled intercooler 
is used, the system achieves energy and exergy efficiencies 
of 53.65% and 51.36%. While with the ejector refrigeration 
system, the efficiencies are 55.84% and 53.46%. It is 
contrary to the above result (without a steam turbine). It 
is because the flow rate and temperature of the exhaust gas 
from the system are higher with ejector refrigeration as an 
intercooler. As a result, although the performance of the BC 
is poorer due to the higher flow rate and temperature, the 
system can produce more power through the RC, and the 
RGT-Int (ERC)-Reh-ST system achieves the best efficiency.

After proving the prominence of the proposed com-
bined cycle compared to the other possible layouts, the 
next step presents some outputs of the thermodynamic 
and economic evaluation of the combined cycle. One of 
the most important results of the thermodynamic analysis 
is the amount of exergy destruction in each component. 
Figure 8 shows the contribution of each component to 
the total exergy destruction. As can be seen, most exergy 
destruction occurs in BC, which is equivalent to 92% of 
the total exergy destruction. The remaining 8% of the 
destroyed exergy is related to the RC. In BC, most exergy 
destruction occurs in the combustion chamber. The inher-
ent irreversibility of combustion causes it. Next is the 
regenerator, which is very high due to the heat transfer 
between the two fluids with a high temperature difference. 
Gas turbines and compressors account for about 20% of 
the exergy destruction. In the RC, most exergy destruction 
occurs in the HRSG due to the high-temperature difference 
between the hot and cold fluid, followed by the condenser 
and turbine. In the second cycle, there is also an ejec-
tor refrigeration system. About 9.2% of the total exergy 
destruction occurs in the cooling system. In this system, 
the most exergy destruction is within the generator. The 
second component is the ejector. In this component, two 
different currents are mixed, changing the pressure. More-
over, this irreversible process causes considerable exergy 
destruction. It should be noted that the exergy degradation 
in HRSG for the second cycle is much less than in the first 
cycle. The reason is that heat transfer is done not only 
to water but also to the fluid of the cooling system, and 
more heat transfer takes place, and cooling is produced, 

Table 9   The main results of energetic and exergetic analyses (RBC: 
regenerative BC, Reh: with reheater, Int: with intercooler)

System Fuel rate (kg/s) Energy 
efficiency 
(%)

Exergy 
efficiency 
(%)

BC 2.539 31.53 30.18
RBC 1.782 44.92 43.00
RBC-Reh 1.682 47.59 45.55
RBC-Int (compact HX)-

Reh
1.616 49.56 47.44

RBC-Int (ERC)-Reh 1.656 48.36 46.30
RBC-ST 1.489 53.74 51.44
RBC-Int (compact HX)-

Reh-ST
1.493 53.65 51.36

RBC-Int (ERC)-Reh-ST 1.433 55.84 53.46
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resulting in less exergy destruction. Figure 9 shows how 
investment costs are distributed among different subsys-
tems and components. Since BC is an upstream system, 

it is predictable that it will cost more. In this system, the 
highest price is related to turbines, and the intercooler is 
in second place due to its large surface area.
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Fig. 8   Contribution of the system components in the exergy destruction
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5.2 � Parametric Study

This section examines the effect of different parameters on 
system performance to obtain a good view of the design 
parameters. It allows the designer to achieve the best possible 
efficiency by adjusting the values of the design parameters. It 

should be noted that when examining changes in one param-
eter, the other parameters are kept constant in the values 
presented in Table 7. In all figures, the values are (1-tradi-
tional configuration) for the first integrated system with an 
air-cooled intercooler and (2-proposed configuration) for the 
second combined system with an ERC intercooler.
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The effect of compressor pressure ratio changes on sys-
tem performance is shown in Fig. 10. By increasing the pres-
sure ratio from 2 to 16, the fuel consumed decreases because 
the higher the pressure, the higher the temperature, and vice 
versa, increasing the pressure or temperature, as mentioned, 
causes less fuel to compensate for the pressure and tem-
perature. Still, it should be noted that for the pressure ratios 
between 2 and 4, the change (slope of the chart) is high, and 
the efficiencies range from about 44% to about 55%. From 
the pressure ratio of 4 onwards, the slope of the changes 
becomes less and less so that in values greater than 16, the 
effect of the changes in the pressure ratio changes is prac-
tically negligible. Comparing configurations 2 (proposed) 
with 1 (traditional) reveals that using the ejector cycle as 
an intercooler has increased the Brayton-Rankine cycle's 
thermal and exergy efficiencies. At a PR = 14, the energy 
efficiency of the traditional configuration is 58.3%, and that 
of the proposed configuration is 61.62%, concluding that 

the proposed configuration has improved the energy effi-
ciency by 5.7%; at a PR = 16, the cycle's exergy efficiency 
has increased by 6.25%. In the ERC system, since the gen-
erator increases the pressure and temperature, the ejector 
merges this fluid with the cold fluid, bringing the pressure 
and temperature to a constant level. As a result, it can be 
said that the pressure difference decreases, and the pump's 
power consumption decreases. Due to the variable weather 
conditions, using air coolers somewhat lowers the system's 
efficiency. However, this temperature is assumed to be con-
stant in cooling exchangers, bringing better heat transfer for 
the fluid cooler.

Figure  10b also shows the changes in LCOE and 
emissions. As expected, increasing the pressure ratio reduces 
carbon dioxide emissions due to reducing fuel consumption. 
Increasing the ratio from 4 to 8 reduced the system's LCOE 
from 29 to 27  $/MWh and CO2 emission from 366 to 
335.2 kg/MWh.

Fig. 10   Effect of compressor 
pressure ratio on the energetic 
and exergetic efficiencies, 
levelized cost of electricity, and 
levelized CO2 emission, for the 
a traditional configuration and b 
proposed configuration
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On the other hand, since the system's power is constant 
(40 MW), with the reduction of fuel consumption and 
the reduction of inlet air, the size of the equipment also 
decreases significantly. The amount of fuel costs also has 
a significant impact. As a result, the LCOE value will 
decrease. Figure 10 shows that the fuel consumption, CO2 
emission, and LCOE of the cycle that has used the ejector-
produced refrigerant load to reduce the air temperature 
after the first compression is much lower than those of a 
system that uses an air-cooled compact heat exchanger.

The gas turbine's inlet temperature is another critical 
parameter affecting the BC's performance. Figure 11 shows 
the effect of gas turbine inlet temperature on system perfor-
mance. Increasing the turbine inlet temperature from 1200 
to 1600 K will reduce the fuel consumption in the proposed 
configuration from 150 to 114.7 kg/MWh (30.8% reduced), 
while it is a 25% reduction for the traditional configura-
tion, showing a further fuel-consumption reduction in the 
Brayton-Rankine cycle with ejector intercooler.

Increasing TIT raises the outlet temperature of the gas 
turbine. As a result, the heat transfer rate in the recupera-
tor also increases. As a result, the inlet temperature of the 
combustion chamber will be higher. Although more fuel is 
required in the combustion chamber as the inlet tempera-
ture increases, increasing the inlet temperature significantly 
affects the combustion chamber, increasing pressure and 
reducing fuel consumption. Due to the constant production 
capacity and fuel consumption reduction, energy efficiency 
and exergy will also increase.

At temperature 1400 K in the proposed configuration, the 
energy efficiency is 56.6%, and exergy efficiency is 54.2%, 
while those of the traditional configuration are 54.46 and 
52.1%, respectively, concluding that the energy efficiency of 
configuration 2 (proposed) is about 4% higher than that of 
configuration 1 (used in many power plants). Nevertheless, 
the situation is slightly different in terms of price. Initially, 
with increasing TIT, fuel consumption decreases and causes 

Fig. 11   Effect of gas turbine 
inlet temperature on the ener-
getic and exergetic efficiencies, 
levelized cost of electricity, and 
levelized CO2 emission, for the 
a traditional configuration and b 
proposed configuration
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the LCOE to fall as well. However, from a temperature of 
1500 K onwards, gas turbine prices increase sharply.

At 1200 K, the system LCOE is 32.94 $/MWh, reduces to 
26.97 $/MWh at 1480 K, and after that, it has an ascending 
trend reaching 37.93 $/MWh at 1600 K.

The reason is that the blades' corrosion is very high at this 
high temperature, and its technology is costly. As a result, 
temperatures above 1500 K can be unsuitable for system 
design.

Steam pressure has an essential effect on the performance 
of the HRSG and RC. The changes in the steam pressure 
result in saturation temperature variation, and finally, it sig-
nificantly affects the heat transfer rate. The effects of steam 
pressure on the defined performance criteria of the system 
are plotted in Fig. 12. It should be noted that variation of 
the steam pressure has no effect on the performance of the 
BC, and it affects the output of the RC; hence it affects the 
performance of the combined cycle. As shown in Fig. 12, 
the fuel consumption increases as the steam pressure rises. 

The reason is that increasing the steam pressure and, con-
sequently, the heat transfer in the HRSG is reduced by 
increasing the steam pressure and, consequently, the satu-
rated steam temperature. Although the pressure difference 
between the two sides of the steam turbine has increased, the 
amount of turbine power is expected to increase. Still, due 
to the reduced heat transfer, the amount of produced steam 
is significantly reduced, and its effect is more remarkable 
than raising the pressure difference. As a result, the power 
generation capacity in the steam turbine is reduced. Due to 
the constant generated power of the combined cycle and the 
reduction in output power of the RC, the fuel consumption 
must be increased to compensate for the RC power reduc-
tion caused by the BC; consequently, the increment in fuel 
consumption results in a reduction of energy and exergy 
efficiencies.

A point worth noting is that in the proposed configura-
tion, the fuel consumption at the highest steam pressure 
is 122.4 kg/MWh, which is lower than that at the most 

Fig. 12   Effect of steam pressure 
on the energetic and exergetic 
efficiencies, levelized cost of 
electricity, and levelized CO2 
emission, for the a traditional 
configuration and b proposed 
configuration
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downward pressure in configuration 1 (124  kg/MWh). 
Results show that at a steam pressure of 20 bar, the proposed 
configuration's fuel consumption is less than that of the tra-
ditional composition, and the highest efficiency for config-
urations 1(traditional) and 2 (proposed) are, respectively, 
58.15% and 60.28% for energy efficiency and 55.67% and 
57.71% for exergy efficiency. The proposed configuration 
produced less CO2 and LCOE than the traditional configura-
tion; at a steam pressure of 20 bar, replacing the proposed 
configuration with the traditional configuration reduced the 
LCOE by 3.9%.

The pinch point temperature difference is one of the most 
important factors in the design of heat exchangers. This 
parameter determines the minimum temperature in the heat 
exchanger between the hot and cold flow. The lower this 
parameter, the higher the heat transfer and the higher the 
heat transfer area. Hence, a larger heat exchanger is required. 
Figure 13 illustrates the system performance variation by 
changing the pinch point temperature difference. As the 
HRSG is the junction of the BC and RC, its performance 

dramatically affects the entire system's performance. Based 
on Fig. 13, the fuel consumption rises as the pinch point 
increases.

Results show that an increase in the proposed configura-
tion's pinch-point temperature from 20 to 80 °C will increase 
the fuel consumption by 8.6%, causing the energy and exergy 
efficiencies to drop by 8.11 and 8%, respectively.

Increasing the pinch point reduces the heat transfer in 
HRSG, reducing the steam flow rate. As the amount of 
steam decreases, the power output of the steam turbine is 
also reduced. As a result, fuel consumption increases due to 
the constant power output. As fuel consumption increases, 
energy and exergy efficiencies are also decreased. Increasing 
fuel consumption also increases the production of pollutants 
and LCOE.

Comparing the results at a pinch-point temperature of 
20 °C reveals that the fuel consumption, CO2 emission, and 
LCOE in the proposed configuration have been reduced 
by 4.92%, 5% and 4.76% compared to the traditional con-
figuration. Regarding the energy and exergy efficiencies, 

Fig. 13   Effect of pinch point 
temperature difference on the 
energetic and exergetic efficien-
cies, levelized cost of electricity, 
and levelized CO2 emission, for 
the a traditional configuration 
and b proposed configuration
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Fig. 14   Effect of steam turbine 
inlet temperature on the ener-
getic and exergetic efficiencies, 
levelized cost of electricity, and 
levelized CO2 emission, for the 
a traditional configuration and b 
proposed configuration
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Table 10   Ranking of the most influential parameters on the performance of the two designs

Rank Parameter Range Optimum value Design Sensitivity

ΔFC (kg/MWh) Δηenergy (%) Δηexergy (%) ΔLCOE 
($/MWh)

ΔCO2 (kg/MWh)

1 Pressure ratio 2–16 16 (1) 36 13.1 12.6 6.8 100.8
(2) 47.4 18 7.2 8.9 131.2

2 Gas turbine inlet 
temperature

1200–1600 K For LCOE: 
1520 K

Others: 1600 K

(1) 35.1 13.5 3.1 11.2 98.4
(2) 35.3 15 4.3 10.9 98.4

3 Pinch point 
temperature 
difference

20–80 °C 20 °C (1) 8 3.6 3.5 2.208 33.01
(2) 10.2 5.1 4.9 2.75 42.2

4 Steam pressure 20–80 bar 20 bar (1) 3.8 1.79 1.8 0.4 7.3
(2) 2.9 1.5 1.4 0.3 5.1

5 Steam 
turbine inlet 
temperature

600–700 °C 700 °C (1) 2.1 0.9 0.9 0.4 5.8
(2) 2.7 1.4 1.3 0.6 7.8
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the enhancements at this temperature are 5.4% and 5.31%, 
respectively, in the proposed configuration compared to the 
traditional configuration.

Figure 14 shows the impact of steam turbine inlet tem-
perature on the 4E criteria of the proposed combined system. 
Results show that at 700 °C inlet temperature of the steam 
turbine, the energy and exergy efficiencies of the proposed 
configuration, which uses the ejector refrigeration cycle as 
an intercooler, are 59.52% and 56.97%, respectively. When 
the temperature increases from 600 to 700 °C, the fuel con-
sumption drops from 124 to 121 kg/MWh.

As inferred from this figure, higher steam turbine inlet 
temperature leads to higher system efficiency and lower fuel 
consumption. Accordingly, the CO2 emission and LCOE of 
the combined cycle reduce with increasing steam turbine 
inlet temperature.

Based on the results, the LCOE and CO2 emissions are 
less in the proposed configuration than in the traditional 
conclusion. At a 650 ℃ steam turbine inlet temperature, the 
former is 27.25 $/MWh, and the latter is 338 kg/MWh in 
the proposed configuration, while they are 28.01 $/MWh 
and 348 kg/MWh in a traditional configuration, which uses 
a compact heat exchanger as an intercooler in the Brayton-
Rankine cycle. It shows that using the ejector refrigeration 
cycle as an intercooler not only affects the energy and 
exergy efficiencies positively but also has environmental 
and economic advantages.

The parametric study results have been summarized in 
Table 10 to compare the effects of different parameters bet-
ter. All the parameters that are studied are ranked based on 
the sensitivity analysis for the two proposed configurations 

[expressed as design (1-traditional configuration) and 
(2-proposed configuration) in Table 10]. The most influen-
tial parameter is the compressor pressure ratio, with a rank 
of 1, and the least effective one is the steam turbine inlet 
temperature, with a rank of 5. The parametric study results 
in Table 10 also attest that the combined system with the 
ERC intercooler performs better than the combined system 
with the air-cooled intercooler in most cases.

The optimum value of the system performance is pre-
sented as the final results. The Pareto optimal frontier 
of the two considered optimization objective functions 
(exergy efficiency and levelized cost of electricity) is 
depicted in Fig. 15. Despite single-objective optimiza-
tion problems that have a certain value as the “optimal 
solution”, the multi-objective optimization problem has a 
set of optimal solutions (the Pareto optimal frontier) that 
do not dominate each other. Each point in Fig. 15 could 
be considered an optimum solution candidate. Among all 
these optimum points, the designer should be selected 
one point based on a decision-making method. The LIN-
MAP (Khanmohammadi and Musharavati 2021) decision-
making method is utilized to choose the best point. This 
method is based on the lowest normalized distance from 
the ideal point (the ideal point is an unreal point in which 
both objective functions are simultaneously in their best 
possible value).

Applying the abovementioned process, point B is the 
final optimal point. The values of the objective functions are 
obtained as �

ex,opt = 57.64%, and LCOE
opt

 = 29.93 $/MWh 
at this point. These values have occurred at the optimal 
operating conditions of PR

opt
 = 12.77, T

GT,opt = 1544.19 K, 
P
st,opt = 19.82 bar, ΔT

PP,opt = 10.06 K, and T
ST,opt=682.11 

K. Furthermore, as a practical optimization finding, a curve 
is fitted on the Pareto frontier points, and its correlation is 
obtained (Eq. (19)). Using this correlation, the designer can 
access their desirable optimal system performance based on 
this proposed CCHP system.

6 � Conclusions

The present study developed a novel combination of 
an ejector refrigerating cycle with a Brayton-Rankine 
power cycle to recover the wasted heat of the boiler 
to produce a refrigerating load to reuse an intercooler 
between the compressing stages in the Brayton cycle. 
Earlier investigations studied the feasibility of producing 
refrigerating loads from the recovering wasted heat of 
the Brayton-Rankine power cycles by combining them 

(19)
�ex,opt = − 0.0032

(

LCOEopt
)3 + 0.2612

(

LCOEopt
)2

− 6.5085
(

LCOEopt
)

+ 103.63

Fig. 15   The Pareto optimal frontier and the selected optimum point 
with the LINMAP method
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with an ejector refrigerating cycle for external utilization. 
However, it is aimed to be used as the intercooling of the 
primary Brayton cycle, which has been proposed in this 
paper for the first time. A 4E-analyses including energy, 
exergy, economics, and environmental analyses have been 
performed to investigate the proposed combination of the 
Brayton-Rankine cycle with the ejector refrigerating cycle 
and compare it with traditional types of Brayton-Rankine 
cycles. Finally, a parametric study and an optimization 
model are also developed to evaluate the proposed ERC-
Brayton-Rankine cycle performance and find its optimal 
operating point using the NSGA-II method. The main 
conclusions of the analyses could be summarized as follows:

•	 Comparing the results of the first and second configura-
tions of the combined cycle with their corresponding base 
cycle showed that the fuel consumption was reduced by 
7.61% and 13.47% using the first and second combined 
cycles, respectively. It led to significant cost savings. Also, 
comparing the energy efficiencies resulted in 8.25% and 
15.47% increments using the combined process instead 
of the basic cycle with the first and second intercooling 
approaches, respectively.

•	 The results also indicated that although the ERC inter-
cooler may cause a slight reduction (about 2.4%) in the 
energy and exergy efficiencies compared to air-cooled 
intercooler in the BC, however, because the turbine 
exhaust temperature is higher when the ERC intercooler 
was used, therefore in case of integrated approach the 
opposite was true. The combined system with the ERC 
intercooler yielded a 4% increment in efficiencies con-
cerning the air-cooled intercooler.

•	 In a combined system, the highest exergy destruction 
occurred within the BC, about 92.2% for the air-cooled 
and 82.1% for the ERC intercooler. The combustion 
chamber played the most significant role in exergy 
destruction in BC. Conversely, using the ERC intercooler 
instead of the air-cooled type could reduce the heat 
recovery steam generator (HRSG) exergy destruction in 
the RC by 36.5%.

•	 The results of the economics analysis showed that most 
of the capital cost was dedicated to the upstream cycle 
(i.e., BC). The outcomes of the economic analysis also 
illustrated that most of the capital cost of both BC and 
RC goes to the turbines. It was while the main capital 
cost after the turbine belongs to the ERC due to the costs 
of the generator and condenser.

•	 The parametric study results revealed that the most influ-
ential parameter on the performance criteria of the sys-
tem was the compressor pressure ratio, and the steam tur-
bine inlet temperature was the least effective parameter. 
These sensitivity parameter analysis results are beneficial 
for optimizing all the effective parameters so that some of 

the desired cost functions, such as specific fuel consump-
tion/LCOE/CO2 emissions minimization or energy and 
exergy efficiencies maximization, are optimized.

•	 Considering the exergetic efficiency and levelized cost of 
electricity as two objective optimization functions in a 
multi-criteria NSGA-II optimization procedure resulted 
in the optimum values of �

ex,opt = 57.64% and LCOE
opt

 
= 29.93 $/MWh.
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