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Abstract: Combined cycle systems have an important role in power generation. In the present
study, three different configurations of combined Brayton and Rankine cycle system are studied
from the perspective of energy, exergy, exergoeconomic and environmental perspectives. Results
indicate that it depends on the preferences and criteria of each decision maker to select the best
configuration among the three proposed configurations as the final configuration. For the purpose of
parametric analysis, the effect of changing various parameters such as compressor pressure ratio, gas
turbine inlet temperature on the output work, exergy efficiency, exergy-economic and environmental
parameters is studied. In addition, an attempt is made to optimize the performance of combined
cycle systems considering three objective functions of exergy efficiency, total cost rate and exergy
unit cost of produced electricity.
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1. Introduction

The increasing use of fossil fuels in recent years has had negative environmental
impacts on the living environment of Earth’s inhabitants. The most significant effects of
this very high increase in atmospheric pollutants, much of which comes from fossil fuels
can be attributed to ozone depletion, global warming, and greenhouse gases emission.
Meanwhile, the rate of increase in carbon dioxide emissions, one of the most important
pollutants in the atmosphere, is concerning. The production and consumption of energy
and its various types of products such as heat energy, cold energy and electrical energy are
one of the main issues in human life. Power generation cycles are one of the main sources of
electricity generation, and today the combined Brayton–Rankine power generation cycles
have received much attention due to their higher efficiency as well as less environmental
pollution than the Brayton cycle and the Rankine cycle alone [1–3]. Many efforts have
been made to improve the performance of the Brayton and Rankine cycles so far but the
most common of which is the combined cycle system, with the Brayton cycle acting as an
upper cycle and using the turbine exhaust gas as an actuator for the Rankine cycle as a
lower cycle. As an example, Brayton–Rankine combined cycle and gas Brayton-air Brayton
combined cycle are examined in [4,5]. Although the combined cycle with the Rankine
cycle has higher output and efficiency but the use of the gas Brayton-air Brayton combined
cycle in hot and dry places where there is insufficient water to cool the condenser is a good
choice [6]. In addition, the gas turbine outlet airflow and regenerator exhaust gas are still
at a high temperatures, and can be used in various heating applications.

The conventional Brayton cycle consists of three main components: compressor,
combustion chamber and gas turbine. Usually, air enters the compressor in the ambient
pressure and temperature and after the pressure and temperature rise, it enters the com-
bustion chamber and after the combustion, the mixture of gases with high pressure and
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temperature enters the gas turbine to generate power. However, the other components can
be added to improve Brayton’s cycle performance. For example, using a regenerator in
Brayton cycle can help improve its performance regenerative Brayton cycle absorbs some of
exhausted waste heat within the regenerator to decrease the required heat injection within
the combustion chamber with the same output power at low to moderate pressure ratios.
Therefore, the regenerative Brayton cycle is a higher efficiency alternative for the basic
one at a low-pressure ratio [7,8]. The use of the regenerator in the basic gas turbine cycle
and the new regenerative Brayton cycle is compared in terms of output power and energy
efficiency [9]. The basic difference between the new regenerative cycle and the original one
is that hot airflow does not completely expand to the atmospheric pressure before entering
the regenerator. The hot airflow expands to the certain pressure above the atmospheric
pressure through the first gas turbine and enters the regenerator to preheat the outlet
compressor airflow. Then it enters the second turbine and expands to the atmospheric
pressure. According to the results of [9], although using the new regenerative Brayton cycle
results in a reduction in engine output power, but due to a significant reduction in fuel
consumption in the combustion chamber, it remarkably increases energy efficiency com-
pared to the basic Brayton cycle and the regenerative Brayton cycle. In [9], the performance
of Brayton cycles (basic Brayton cycle, regenerative Brayton cycle and new regenerative
Brayton cycle) is compared only from the energy point of view considering the output
work and energy efficiency.

In recent years, various studies have been performed on the use of the Brayton cycle
and Rankine cycles as well as the combined cycle to generate power [10–27]. Nami and
Anvari-Moghaddam [10] suggested a solar-assisted biomass-based tri-generation system
to provide domestic energy demands and studied from the perspectives of thermodynam-
ics and sustainability. In their proposed combined system, gas and steam turbines are
considered as the main power generation systems, while the chiller and an auxiliary heat
exchanger exploit the thermal energy content of the effluent. They investigated the influ-
ence of some decision parameters on the performance of the system in the summer/winter
conditions as well. Their results revealed that the pressure ratio of the air compressor
leads to the system performance optimizing while the performance of the system has a
linear relation with the gas turbine inlet temperature and cold end temperature difference
within the air heater. Performance optimization of an integrated solar combined cycle
system which generates 400 MW power from the exergoeconomic perspective is performed
by Baghernejad and Yaghubi [11]. Considering the sum of the initial cost rate and the
exergy destruction cost rate as the objective function, optimum results showed a decrease
of 11% in the total cost rate. In addition, the cost of electricity generation in gas turbines
and steam turbines in the optimum case were 7.1% and 1.17% lower than the base case
design, respectively. Moreover, parametric study was performed to determine the effect of
different parameters on the system performance. Nami et al. [12] investigated a municipal
waste-driven tri-generation (cold, heat, and power) system and assesses how this solution
helps for easier integration of energy sectors from the view of thermodynamic, thermoeco-
nomic, and thermoenvironmental perspectives. Their results of the assessments showed
that the proposed trigeneration system may effectively operate in any energy systems
with simultaneous cold, heat, and power demands. Mansouri et al. [13] presented the
effect of changing the number of pressure levels of heat recovery steam generator on the
exergy efficiency of the combined cycle. They modeled three types of combined gas turbine
cycles. In one model, a gas turbine with a two-pressure heat recovery steam generator
was used and in the other two models, a gas turbine with a three-pressure heat recovery
steam generator (with and without preheaters). The results showed that increasing the
number of pressure levels in the heat recovery steam generator reduces the exergy loss
in the heat transfer process of the cycle and the sensible increase in the exergy efficiency
of the whole cycle. The results also showed that the best performance of heat transfer
from the outlet gas is related to the three-pressure combined cycle with preheater. From an
economic point of view, their results also showed that increasing pressure levels in the heat
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recovery steam generator has economic justification. Ahmadi et al. [14], simulated and
optimized a multipurpose cogeneration system consisting of a gas turbine, a dual-pressure
steam Rankine cycle, an absorption chiller cycle, a power generation cycle and an ejector
coolant, a heat exchanger that produce domestic hot water and electrolyzer. The system
is designed for the simultaneous generation of power, cooling, hot water and hydrogen,
they considered exergy efficiency and overall cost function (including fuel costs, equip-
ment purchases and maintenance costs, exergy destruction costs, and environmental costs
caused by carbon dioxide emissions) as optimization objective functions. Finally, paramet-
ric analysis was performed to investigate the change of design parameters on the relevant
objective functions. An exergy and economics comparison between simple Brayton gas
cycle with the solar collector and the combustion chamber as well as optimization is made
by Soltani et al. [15]. In their study, exergy efficiency and overall cost rate are selected as
the objective functions and the design parameters are compressor isotropic pressure ratio,
inlet temperature, isotropic efficiency of the turbine, regenerator effectiveness, number of
concentrating mirrors and outlet temperature. Their optimization results show that the
amount of exergy efficiency and the cost rate are 52.73% and 10,851.47 $/hυ respectively
for fossil fuel alone and the 41.6% and 20,296.9 $/hr for hybrid Brayton gas cycle. Olivenza-
Leon et al. [16] examined the Brayton gas cycle from the perspective of the first law of
thermodynamics. In their study, they used the regenerator, concentrated solar collector
and combustion chamber to increase the temperature of the compressor exhaust gas such
that the hot fluid and gas output from the collector and the combustion chamber transfer
heat energy by means of two separate heat exchangers to the Brayton cycle operating
fluid. By a complicated mathematical and thermodynamic model, the performance of the
solar collector, combustion chamber, heat exchangers and other major components of the
cycle is related to the overall energy efficiency. In addition, the effect of various factors
such as ambient temperature and compressor pressure ratio on the energy efficiency are
examined. A utilization of the waste heat and geothermal heat sources in a centralized
domestic heating, cooling and electricity network was carried out by Nami et al. [17]. In
their study, both geothermal and waste heat are applied to run domestic-scale combined
cooling, heating and power (CCHP) units to meet the thermal and electrical demands of a
residential area as the case study. It is showed that the designed CCHPs not only meets the
local energy demand in a sustainable way, but also delivers surplus thermal and electrical
energy to the main grids. Anvari et al. [18] investigated the combined cycle of gas turbine
and organic Rankine cycle with middle-heater to generate heat and power simultaneously
from the perspective of energy and exergy. In their studied cycle, the high temperature
dissipated outlet gas from the gas turbine enters the steam generator and after generating
the output heat and lowering the temperature, is used as the organic Rankine cycle actuator.
Baghernejad et al. [19] evaluated and optimized the performance of a new triple produc-
tion system from the exergoeconomic and environmental perspective. They showed that
dissipated energy of gas turbine and solar energy can be used as a driving for steam cycle
and also dissipated steam energy is applied for hot water heat exchanger and absorption
chiller. The results showed that the optimum unit cost of exergy products decreased by
11.5% and overall exergy efficiency increased from 44.38% to 56.07%. A combined Brayton
and Rankine cycle with a capacity of 50 MW from an energy and economic perspective was
examined by Saghafifar et al. [20]. In their work, the heliostat collector and combustion
chamber are used as the simultaneous stimulation of the Brayton cycle and the hot exhaust
gases from the gas turbine are used as the vapor cycle actuator. Mohammadi et al. [21]
investigated a co-generation system of power, heat and cooling including the upper Bray-
ton gas cycle, organic Rankine cycle and the lower absorption cryogenic cycle from a
thermodynamic perspective. In the next step, parametric analysis is performed to study
the effect of different factors on the output parameters of cycle. Their results indicated that
the proposed hybrid system could produce 30 kW of power, 8 kW of cooling and 7.2 ton of
hot water with an overall efficiency of 67.6%. In addition, the results of parametric analysis
showed that compressor pressure ratio and turbine inlet temperature are two important
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factors in changing system performance. The impact of using two different types of fuel,
namely natural gas and diesel fuel, on the performance of the Brayton–Rankine hybrid
system from the perspective of energy, exergy, economic and environmental examined and
compared by Khoshkar et al. [22]. Their results show that the efficiency can be achieved
43.11% and 42.03% using the fossil fuel and diesel fuel under similar conditions. In addition,
the annual cost of using diesel fuel is about twice the cost of operating with natural gas
fuel. Ahmadi et al. [23] investigated and optimized a combined gas Brayton and Rankine
cycle from an exergy, exergy-economic and environmental perspective. Parametric analysis
is then performed to study the effect of compressor pressure ratio and Brayton gas turbine
inlet temperature on the exergy efficiency and overall cost rate. The results showed that the
highest amount of exergy destruction and cost rate occurred in the combustion chamber.
The increase in Brayton turbine inlet temperature also results in a lower rate of exergy
destruction cost of the combined cycle. Goodarzi et al. [24] examined different configu-
rations of the Brayton cycle including the simple Brayton cycle, the regenerative Brayton
cycle, and the regenerative Brayton cycle with the specified mass fraction from an energy
perspective. In the proposed new configuration, the fractional of the output fluid of the first
turbine goes to the regenerator and the rest goes to the second turbine. The results showed
that the use of the regenerative cycle over the simple cycle leads to an increase in energy
efficiency (due to the reduction in fuel required by the combustion chamber inlet) and a
decrease in the output work. In another study, Goodarzi [25] examined and compared five
different configurations including two Brayton and regenerative Brayton configurations
and three Brayton gas cycle, simple reverse Brayton and regenerative reverse Brayton
configurations from an energy perspective. In the new proposed configuration, the output
gas mixture of the first turbine enters the second turbine and then goes to the regenerator.
The results showed that at a certain range of pressure ratio, the use of regenerator improved
the performance of the system. Saghafifar and Gadalla [26] studied the performance of
the hybrid gas Brayton and air Brayton system with simultaneous actuator of combustion
chamber and solar collector from a thermoeconomic perspective. The performance of the
system is such that the upper exhaust gases from the turbine are used as an actuator for
heat exchanger of lower cycle. Parametric analysis and optimization are performed to
reduce the cost of electricity generation in the hybrid system. Anvari et al. [27] analyzed the
performance of the combined Brayton cycle and Rankine cycle power generation system
from the exergoeconomic and environmental perspective. Biomass and solar energy are
used as the upper Brayton cycle actuator in their system and the exhausted gas from the
upper Brayton cycle is used as the Rankine cycle actuator. The results showed that by
adding solar power to the system, the output power increased by 30% and carbon dioxide
emissions decreased by 22%.

Most research on the combined cycle systems have focused on the effect of different
parameters on the Rankine cycle steam generator or the use of different configurations
in the lower cycle to recover the gas turbine cycle dissipative energy, and so far, no com-
prehensive comparison has been made in the various configurations of the Brayton cycle
of combined cycle power generation, which is the main motivation for the present study.
Therefore, the results of this research represent over the possibility of recovering waste heat
and determination of design parameters in the possible configurations of the combined
cycle power plant with the purpose of power production. The main goals of the present
paper are to manage the waste heat from the gas turbine to the Rankine cycle and to evalu-
ate some possible configurations from the view of energy, exergy, exergoeconomics and
environmental perspectives. In this research, the performance of different configurations of
combined Brayton and Rankine cycle system is simulated and compared in terms of energy,
exergy, exergy-economic and environmental factors. Performance of the three different
configurations of the gas turbine cycle in [8] has been compared only from the energy
point of view. In the present study, exhaust gases from the gas turbine cycle are used in
the Rankine cycle and the performance of three different configurations of the combined
cycle systems are comprehensively investigated from the perspective of energy, exergy,
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exergy-economic and environmental aspects. In addition, an attempt is made to optimize
the combined cycle systems considering three objective functions of exergy efficiency, total
cost rate and exergy unit cost of produced electricity. After analyzing and comparing
the performance of the systems, parametric analysis to investigate the effect of changing
various parameters such as compressor pressure ratio, gas turbine inlet temperature on the
output work, exergy efficiency, exergy-economic and environmental parameters is studied.

2. System Description

Three different combined cycle systems are considered in the present study. Figure 1
shows the combined simple Brayton and Rankine cycle (first configuration). The Brayton
cycle of this configuration consisting of a compressor, a gas turbine, and a combustion
chamber, and has no regenerator. Air enters to the compressor and is supplied to combus-
tion chamber with highest cycle pressure. It absorbs heat from fuel within the combustion
chamber and a high temperature gas enters the turbine and then is exhausted to the atmo-
sphere at the gas turbine outlet after producing power. Figure 2 schematically shows a
combined regenerative Brayton and Rankine cycle (second configuration). The Brayton
cycle of this configuration contains a regenerator for preheating the compressed airflow at
the compressor outlet by hot exhausting airflow after the gas turbine. Figure 3 shows a
new combined regenerative Brayton and Rankine cycle (third configuration). The basic
difference between the new combined cycle and the basic one is that the exhausted gases do
not completely expand to the atmospheric pressure before entering the regenerator in the
regenerative Brayton cycle of this configuration. The mixture of gases with high pressure
and temperature enters the first gas turbine to generate power. At the output of the first gas
turbine, the mixture of exhaust gases expands to certain pressure above the atmospheric
pressure to meet the required power of compressor. Then the hot exhaust gas of the first
gas turbine enters the regenerator to preheat the outlet compressor airflow. In the second
gas turbine, the exhaust gases expand to atmospheric pressure and supply the cycle’s
output power. In the Rankine cycle of all three configurations, exhaust gases from the gas
turbines expand to atmospheric pressure and with passing through the steam generator,
the working fluid is converted to superheated steam. Superheated steam goes to the steam
turbine and generates power. The steam turbine outlet fluid in the condenser discharge
heat into the medium and the outlet saturated fluid from the condenser is pumped up by
pump and returned to the steam generator.

Figure 1. Schematic of the combined simple Brayton and Rankine cycle (Config. 1).
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Figure 2. Schematic of the combined regenerative Brayton and Rankine cycle (Config. 2).

Figure 3. Schematic of the new combined regenerative Brayton and Rankine cycle (Config. 3).

In order to simulate and exergy analysis of the combined cycle systems (Figures 1–3)
the following assumptions are considered [28,29]:

• The systems operate in the steady state condition;
• The kinetic and potential energies in the various components are ignored;
• The pressure loss in the pipelines is negligible;
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• In order to calculate the air and gas mixture properties in the Brayton cycle, ideal gas
mixture relationships are used;

• The combustion chamber fuel is assumed to be natural gas with 100% methane and is
considered as ideal gas;

• Heat loss from the combustion chamber is assumed to be 2% of the lower heating
value of the fuel and other components operate adiabatically;

• Combustion in the combustion chamber is assumed to be complete;
• Pressure losses in the gas side and air side of the regenerator are assumed 3% and

in the combustion chamber and the gas side of steam generator are considered 5%.
Pressure drops through other process units of the configurations are neglected;

• The output flow of steam generator in the Rankine cycle is superheated and the degree
of superheating is specified according to the exhaust gas temperature in the second
and the third configurations and is constant in the first configuration (the difference
between the evaporator saturation temperature and the output steam temperature in
the steam generator);

• The minimum temperature difference between the two hot flow streams of the steam
generator is assumed to be 20 ◦C;

• The minimum exhaust gas temperature is assumed to be 70 ◦C;
• The condenser outlet fluid and pump inlet is the saturated liquid;
• Compressor, turbines and pump have specific isentropic efficiency;
• For the exergy analysis, ambient temperature and pressure are considered as reference;
• Chemical exergy is considered for the fuel in the combustion chamber while it is

ignored in other flow streams of systems;
• The molar percentage of the inlet air components to the combustion chamber are given

in Table 1.

Table 1. Molar percentages of the inlet air components into the combustion chamber.

Components Molar Percentage (%)

Nitrogen 77.48
Oxygen 20.59
Carbon dioxide 0.03
Steam 1.9

3. Thermodynamic Analysis

First, it should be noted that the mass properties of gases based on the ideal gas law
are calculated from the product of the mass fraction of each component in the property of
each ideal gas component. As an example, for enthalpy:

hmix = ∑ cihi (1)

In the above relation, ci is the mass fraction of each component of the mixture of ideal
gases and hi is a mass-based enthalpy. The following relation is used to the properties
based on molar:

hmix = Mmixhmix (2)

where Mmix is molecular mass of mixture obtained from the following relation:

Mmix = ∑ yi Mi (3)

In the above relation, yi is the mole fraction and Mi is the molecular mass of each
component.
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3.1. Energy Balance Equation

The energy balance equation of a control volume deals with all its input and output
energies. The first law of thermodynamics, also called the law of energy stability, is defined
as follows [28]:

.
Q −

.
W + ∑

i

.
mi

(
hi +

vi
2

2
+ gZi

)
− ∑

e

.
me

(
he +

ve
2

2
+ gZe

)
=

dEcv

dt
(4)

3.2. Entropy Balance Equation

The second law of thermodynamics is sometimes called the law of entropy as it
introduces the important property called entropy. It is important to understand the meaning
of reversible. All natural and artificial processes are irreversible, i.e., generate entropy by
friction, heat flow or mass flow. Unlike energy, entropy is not conserved; analysis of the
second law provides information as to where the real inefficiencies in a system lie. Entropy
generation is associated with thermodynamic irreversibility, which is common in all types
of heat-transfer processes. The equations for the second law of thermodynamics (entropy
generation) for each component are expressed as follows [28]:

.
Sgen = ∑

e

.
mese − ∑

i

.
misi − ∑

k

.
Q
Tk

+
dScv

dt
(5)

In the above equation Tk is the heat source temperature and
.

Q is the amount of
heat transfer between the heat source and the operating fluid. When the system reaches
a uniform state, dScv

dt = 0. The internal irreversibilities in the system components are
calculated using the expression ∑ s and the external irreversibilities are calculated using

the ∑
.

Q
T expression. In this study, we also ignore the internal irreversibility corresponding

to the pressure drop in system components such as heat exchangers and pipes.

3.3. Exergy Analysis

Exergy analysis is a method of analysis based on the second law of thermodynamics
that specifically evaluates the efficiency of the system, provides criteria for achieving ideal
system performance, and more clearly identifies the causes and points of thermodynamic
loss. As a result, exergy analysis can be used to improve the performance and optimization
of energy systems [28]. Energy efficiency is usually misleading because it does not meet the
criteria for how well the system will function. In addition, the thermodynamic losses that
occur in a system, usually by energy analysis, cannot be accurately identified and quantified.
Exergy analysis allows many of the shortcomings of the energy analysis method to be
overcome. As mentioned, exergy analysis is based on the second law of thermodynamics
and is very useful in identifying the causes and points of energy loss and in determining
the degree of system failure.

3.4. Exergy Destruction

Usually, the calculation of exergy destruction is the main purpose of exergy analysis
of a system, because it causes this factor couses wastes of resources in thermal–chemical
systems and in exergy analysis, methods for reducing these losses are usually explored and
presented. Exergy balances can be used to determine the type and magnitude of energy
loss in a component, as well as suggest ways to use fuel sources more efficiently. For a
system in uniform state the exergy balance is written as follows [28]:

.
Exi +

.
ExQ =

.
Exe +

.
Exw +

.
ExD (6)

As
.

Exe and
.

Exi respectively the exergy flow rate of the system outlet and input to
the system,

.
ExQ the exergy rate corresponding to heat transfer,

.
Exw the corresponding
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exergy rate of work transfer and
.

ExD is equal to the exergy degradation rate. For each of
the components of the system we have the following equations [28]:

.
Exi =

.
miexi (7)

.
ExQ =

.
Qi

(
1 − T0

Ti

)
(8)

.
Exe =

.
meexe (9)

.
Exw =

.
W (10)

.
ExD = T0

.
Sgen (11)

ex = exph + exch (12)

where T0 is the dead state temperature and
.
Sgen is the entropy generated by the irre-

versibilities in the system. In addition, exph and exch are physical and chemical exergies,
respectively.

The relations used in the first and second law analysis of the system components in
the third configuration are outlined in Table 2. These relations are also used for similar
components in the first and second configurations.

Table 2. Energy and exergy relations used in the combined cycle system shown in Figure 3.

Component Energy Equation Exergy Equation Irreversibility

Compressor
ηcomp = h2s−h1

h2−h1.
Wcomp =

.
mair(h2 − h1)

.
ExD,comp =

.
Ex1 +

.
Wcomp −

.
Ex2 icomp =

.
mair(T0)(s2 − s1)

Regenerator
εreg = T3−T2

T5−T2.
mair(h3 − h2) =

.
mgas(h5 − h6)

.
Qreg =

.
mair(h3 − h2)

.
ExD,reg =

.
Ex2 +

.
Ex5 −

.
Ex3 −

.
Ex6

ireg =
.

mair(T0)(s3 − s2) +
.

mgas(T0)(s6 − s5)

Combustion chamber
.

Qcc =
.

m f uel LHV
.

ExD,cc =
.

Ex3 +
.

Ex f uel −
.

Ex4 icc =
.

mgas(T0)(s4 − s3)

First gas turbine
ηgt,1 = h4−h5

h4−h5s.
Wgt,1 =

.
mgas(h4 − h5)

.
ExD,gt,1 =

.
Ex4 −

.
Wgt,1 −

.
Ex5 igt,1 =

.
mgas(T0)(s5 − s4)

Second gas turbine
ηgt,2 = h6−h7

h6−h7s.
Wgt,2 =

.
mgas(h6 − h7)

.
ExD,gt,2 =

.
Ex6 −

.
Wgt,2 −

.
Ex7 igt,2 =

.
mgas(T0)(s7 − s6)

Steam generator
.

Qsg =
.

mst (h9 − h12)
.

ExD,sg =
.

Ex7 +
.

Ex12 −
.

Ex8 −
.

Ex9
ist,sg =

.
mgas(T0)(s8 − s7) +

.
mst(T0)(s9 − s12)

Steam turbine
ηst =

h9−h10
h9−h10s.

Wst =
.

mst(h9 − h10)

.
ExD,st =

.
Ex9 −

.
Wst −

.
Ex10 ist =

.
mst(T0)(s9 − s10)

Condenser
.

mst (h10 − h11) =
.

m13(h14 − h13).
Qcond =

.
mst(h10 − h11)

.
ExD,cond =

.
Ex10 +

.
Ex13 −

.
Ex11 −

.
Ex14

ist,cond =
.

mst(t0)(s11 − s10) +.
m13(t0)(s14 − s13)

Pump
.

Wp =
.

mst .v11 .(P12−P11)
ηP

.
ExD,p =

.
Ex11 +

.
Wp −

.
Ex12 ist,p =

.
mst(t0)(s12 − s11)

4. Exergoeconomic Analysis

The first law of thermodynamics (energy balance) is most commonly used to evaluate
the performance of systems. This rule is related to energy conservation and cannot explain
the irreversibilities that commonly occur in different processes. Exergy analysis based
on the second law of thermodynamics calculates the irreversibilities during a process
and then can be combined with economic analysis to provide solutions to improve of the
system performance. Exergoeconomic analysis, by combining the concepts of exergy and
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economics provides insights and strategies for improving the performance of the system
that cannot be achieved exclusively by exergy analysis or economic analysis. It is clear
that in the exergoeconomic analysis, the simultaneous reduction of the exergy destruction,
exergy loss and the cost resulting from these losses as well as the economic cost of each
component of the system are taken into account [28]. In recent years, many exergy-based
economic analyses have been provided by researchers (such as exergoeconomic analysis,
thermoeconomic analysis, etc.). One of the methods most frequently used by researchers is
the fuel exergy, product exergy and exergy loss method that first described by Bejan [28].
An exergy rate balance for the system reads:

.
ExF =

.
ExP +

.
ExD +

.
ExL (13)

where
.

ExD and
.

ExL denotes the rates of exergy destruction and exergy loss, respectively.
Exergetic efficiency ε is the ratio between product and fuel:

ε =

.
ExP

.
ExF

= 1 −
.

ExD +
.

ExL
.

ExF
(14)

Table 3 lists the flows corresponding to the exergy of the fuel and product in the
various components of the combined cycle system shown in Figure 3.

Table 3. Fuel and product exergy in various components of Figure 3.

Component Fuel Exergy Product Exergy

Compressor
.

Wcomp
.

Ex2 −
.

Ex1
Regenerator

.
Ex5 −

.
Ex6

.
Ex3 −

.
Ex2

Combustion chamber
.

Ex3 +
.

Ex f uel
.

Ex4

First gas turbine
.

Ex4 −
.

Ex5
.

Wgt,1
Second gas turbine

.
Ex6 −

.
Ex7

.
Wgt,2

Steam generator
.

Ex7 −
.

Ex8
.

Ex9 −
.

Ex12
Steam turbine

.
Ex9 −

.
Ex10

.
Wst

Condenser
.

Ex10 −
.

Ex11
.

Ex14 −
.

Ex13
Pump

.
Wp

.
Ex12 −

.
Ex11

A cost balance applied to the kth component shows that the sum of cost rates asso-
ciated with all exiting exergy streams equals the sum of cost rates of all entering exergy
streams plus the appropriate charges (cost rate) due to capital investment and operating
and maintenance expenses. The sum of the last two terms is denoted by

.
Z. Based on the

cost balance equation, the cost rate of input and output exergy flows of the system and
finally, unit exergy cost of productions are calculated. Accordingly, for a kth component:

N

∑
e

(
ce

.
Ee

)
k
+ cw,k

.
Wk = cq,k

.
Eq,k +

N

∑
i

(
ci

.
Ei

)
k
+

.
Zk (15)

In general, if there are Ne exergy streams exiting the component being considered, we
have Ne unknowns and only one equation, the cost balance. Therefore, we need to formulate
Ne−1 auxiliary equations. This is accomplished with the aid of the F and P principles in
the SPECO approach [30]. Developing equation for each component of combined cycle
system along with auxiliary costing equations (according to P and F rules) [30] leads to the
following system of equations as indicated in Table 4. By solving the system of equations,
the cost of unknown streams of the system is obtained. These are the average unit cost of
fuel cf,k, average unit cost of product cp,k, cost rate of exergy destruction

.
CD,k, cost rate of
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exergy loss
.
CL,k, and the exergoeconomic factor, fk. Mathematically, these are expressed

as [10]:

c f ,k =

.
C f ,k
.
E f ,k

(16)

cp,k =

.
Cp,k
.
Ep,k

(17)

.
CD,k = c f ,k

.
ED,k (18)

.
CL,k = c f ,k

.
EL,k (19)

fk =

.
Zk

.
Zk +

.
CD,k +

.
CL,k

(20)

Table 4. Cost balance and auxiliary equations of combined cycle system shown in Figure 3.

Component Cost Balance Equation Auxiliary Equation

Compressor c1
.

Ex1 + cel,gt,1
.

Wcomp +
.
Zcomp = c2

.
Ex2 c1 = 0

Regenerator c2
.

Ex2 + c5
.

Ex5 +
.
Zreg = c3

.
Ex3 + c6

.
Ex6 c5 = c6

Combustion chamber c3
.

Ex3 + c f uel
.

Ex f uel +
.
Zcc = c4

.
Ex4 c f uel = 12

(
$

Gj

)
First gas turbine c4

.
Ex4 +

.
Zgt,1 = cel,gt,1

.
Wgt,1 + c5

.
Ex5 c4 = c5

Second gas turbine c6
.

Ex6 +
.
Zgt,2 = cel,gt,2

.
Wgt,2 + c7

.
Ex7 c6 = c7

Steam generator c12
.

Ex12 + c7
.

Ex7 +
.
Zsg = c8

.
Ex8 + c9

.
Ex9 c7 = c8

Steam turbine c9
.

Ex9 +
.
Zst = cel,st

.
wst + c10

.
Ex10 c9 = c10

Condenser c10
.

Ex10 + c13
.

Ex13 +
.
Zst,cond = c11

.
Ex11 + c14

.
Ex14 c10 = c11

Pump c11
.

Ex11 + cel,st
.

Wp +
.
Zp = c12

.
Ex12 -

The output power of the combined cycle systems is calculated from the following relation:

.
Wnet =

.
Wgt,1,2 +

.
Wst −

.
Wp (21)

The overall exergy efficiency is calculated from the following relation:

ηex,net =

.
Wnet
.

Ex f uel
(22)

The unit cost of the exergy produced electricity is the following equation:

cp,net =
∑ cel

.
Wnet

.
Wnet

(23)

Further, the final overall cost rate can also be obtained from:
.
Ctot = ∑

.
Zk + ∑

.
CD,k +

.
C f uel +

.
Cenv (24)

where
.
C f uel fuel is calculated from the following relation [31]:

.
C f uel =

.
m f uel c f uel LHV (25)
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where
.
Cenv is obtained from the following relation [1]:

.
Cenv = cCO2

.
mCO2 + cNO

.
mNO + cCO

.
mCO (26)

Which is cCO2 = 0.024 $/kg, cNO = 8.175 $/kg and cCO = 6.242 $/kg [28,29]. In addition,
the unit cost of electricity generated is calculated from the following relation:

cel,tot =

.
Cel, gt,1,2 +

.
Cel, st

.
Wnet

(27)

5. Environmental Analysis

In order to obtain an environmental analysis (CO and NOxemission values) from
combustion of fuel in the combustion chamber, the adiabatic flame temperature must first
be calculated. The adiabatic flame temperature in the combustion chamber is obtained
from the following relationship: [28,29]:

Tpz = Aσαexp
(

β(σ + λ)2
)

πxθyψz (28)

In the above relation [1]:

π =
P3

Pre f
, Pre f = 101.3 (kPa) (29)

θ =
t3

tre f
, Tre f = 300(K) (30)

ψ =
H
C

Atomic ratio (31)

also
σ = φ, φ < 1 (32)

That is, the equivalence ratio of the combustion process is assumed to be a con-
stant value. In addition, the values of x, y and z are calculated from the following
equations [28,29]:

x = a1 + b1σ + c1σ2 (33)

y = a2 + b2σ + c2σ2 (34)

z = a3 + b3σ + c3σ2 (35)

The constants in the above relations, as well as A, α, β and λ, are presented in [28,29].
Finally, the amount of CO and NOx produced in gr/kg of fuel is calculated from the
following equations [28,29]:

mNOx =
0.15E16τ0.5exp

(
− 71100

Tpz

)
P30.05

(
∆P3
P3

)0.5 (36)

mCO =
0.18E9exp

(
7800
TPZ

)
P32τ

(
∆P3
P3

)0.5 (37)

In the above relations τ is considered to be 0.002 s.
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6. Results and Discussion
6.1. Exergoeconomic and Environmental Results

All equations related to the simulation of the combined cycle systems are simulated by
EES software. Initially, in order to validate the programming code and simulation results,
the irreversibility values of the various components of the simulated Brayton cycle in the
present study are compared with the Brayton cycle of [28] with completely identical inputs
according to Table 5. Table 6 reveals that there is a good agreement between the results of
present program with the results of [28].

Table 5. Input values for Brayton cycle of the system according to data reported in [28].

Parameter Value

Ambient temperature (◦C ) 25
Ambient pressure (kPa) 101.3
Overall produced power of gas turbine cycle (MW) 30
Compressor pressure ratio 10
Gas turbine inlet temperature (◦C ) 1246.85
Regenerator outlet air temperature (◦C ) 576.85
Gas turbine isentropic efficiency 0.86
Compressor isentropic efficiency 0.86

Table 6. Comparative results obtained between present programming code and Brayton cycle of the
system studied in [28].

Components Irreversibility (MW)
(Present Programming Code)

Irreversibility (MW)
[28]

Compressor 2.09 2.12
Regenerator 2.55 2.63
Combustion chamber 25.34 25.48
Gas turbine 2.99 3.01

Input values used to simulate the combined cycle systems shown in Figures 1–3 are
listed in Table 7 [12,28]. It should be noted that due to the high temperature of the exhaust
gas at point 4 in the first configuration, the inlet steam temperature to the steam turbine is
considered 550 ◦C and this is the highest recommended value in the literature [11,13,20].
In the parametric analysis it is tried to keep the temperature difference of at least 20 ◦C
in the hot side of steam generator. However, in the second and third configurations,
considering that some of the exhaust gas energy from the gas turbine output is consumed
in the regenerator, the maximum temperature of 550 ◦C is not achievable for the inlet
of the steam turbine. Therefore, the temperature difference of the hot side of the steam
generator is assumed to be 20 ◦C in the first and second configurations. Moreover, to
move closer to the real plant case, the inter-cooler multistage centrifugal compressor with
pressure ratio 10 is selected. It is true that the exergy efficiency calculations for inter-
cooler multiple stage compressors is a little different, however, as this research aims to
conduct a comparative study over three configurations of combined cycles, the overall
conclusions remain valid due to considering similar conditions (without inter-cooler) for
all the examined configurations. For the steam Rankine cycle, the condenser pressure is
specified. In a typical steam turbine, the exhausted steam condenses in the condenser,
and it is at a pressure well below atmospheric. Therefore, 10 kPa is selected for condenser
pressure so that maximizes the energy extracted from the steam, resulting in a significant
increase in net work and thermal efficiency. However, this parameter (condenser pressure)
has also its engineering limits.



Appl. Sci. 2021, 11, 11554 14 of 29

Table 7. Input data to simulate the combined cycle systems shown in Figures 1–3.

Parameter Value

Ambient temperature (◦C ) 25
Ambient pressure (kPa) 101.3
Inlet air mass flow rate (kg/s) 491.55
Compressor pressure ratio 10
Isentropic efficiency of compressor and gas turbine 0.86
Regenerator effectiveness 0.7
Inlet temperature of the first gas turbine (◦C ) 1200
Lower heating value of fuel

(
kJ

kmol

)
802,361

Fuel inlet temperature (◦C ) 25
Fuel inlet pressure (kPa) 1200
Saturation temperature of steam generator (◦C ) 290
Steam side temperature difference of the steam generator in the sec ond and third configurations (◦C ) 20
Steam turbine inlet temperature in the first configuration (◦C ) 550
Condenser pressure (kPa) 10
Isentropic efficiency of pump 0.8
Isentropic efficiency of steam turbine 0.85
Pinch point temperature difference of steam generator and condenser (◦C ) 10
Cooling water inlet temperature to condenser (◦C ) 25

Using the input data according to Table 7 and the equations described in Tables 2
and 3, the output results related to the energy, exergy, exergoeconomic and environmental
analysis of the first to third configurations are calculated in Table 8. As seen in this table, the
use of the regenerator in the second configuration, increase the combustion chamber inlet
air temperature which reduces the fuel consumption in the combustion chamber compared
to the first configuration. In the third configuration, expanding of the gas mixture is
such that only the required work of the compressor needs to be supplied (in the first and
second configurations, the mixture of gases expands to near atmospheric pressure), and this
causes a rise in the inlet air temperatures into the regenerator and the combustion chamber
and a decrease in the required fuel flow rate in the third configuration than the second
configuration. However, the output power of the Brayton cycle in the first and second
configurations is close to each other and the greater than the third configuration. In addition,
in the third configuration, Rankine cycle output power is substantially less than the first
and second configurations due to the lower steam turbine inlet temperature and reduced
steam generation rate. In the first configuration, due to the absence of a regenerator, the
temperature of the exhaust gas is high enough such that the maximum inlet temperature to
the steam turbine (550 ◦C) is always provided. In the third configuration, the exhaust gases
temperature decreases in three stages (first gas turbine, second gas turbine and regenerator)
compared to the second configuration that is in two stages. For this reason, the temperature
of the generated steam in the steam generator of the third configuration is lower than the
other two configurations and this reduces the steam turbine output power. In the case of
exergy efficiency, although the fuel consumption of the combustion chamber in the third
configuration is lower than the other two configurations, the significant reduction in the
output power reduces exergy efficiency more than the other configurations examined. On
the other hand, the reduction in fossil fuel consumption and consequently the reduction of
environmental pollutants in the third configuration has been a factor in reducing of the
fuel cost rates, environmental cost rates and overall cost rates which is significantly less
than the other two configurations. In addition, the less overall exergy destruction and the
associated cost rate is another contributing factor in the reduction of overall cost of the third
configuration in comparison to the other two configurations. Finally, the lowest exergy unit
cost of generated electricity in the base case is obtained using the second configuration.
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Table 8. Output values for different configurations of the present study.

Calculated Parameters Config. 1 Config. 2 Config. 3

Inlet temperature to combustion chamber, Tinlet,cc(
◦C) 337.7 612.7 729.9

Inlet temperature to steam turbine, Tinlet,st(
◦C) 550 427.1 323.2

Fuel mass flow rate,
.

m f uel(kg/s) 11.11 7.748 5.446
Steam mass flow rate,

.
mst(kg/s) 103 42.61 14.52

Gas turbine power,
.

Wgt(MW) 164.4 150.5 98.48

Steam turbine power,
.

Wst(MW) 116 41.57 12.23

Net power,
.

Wnet(MW) 280.4 192.1 110.71

Fuel exergy,
.

Ex f ,cc(MW) 574.96 400.86 281.76
Exergy efficiency, ηex,net(%) 48.76 47.92 39.29
Exergy destruction,

.
ExD,tot(MW) 274.83 176.78 130.33

Capital investment cost,
.
Ztot($/hr) 1509 1254 1051

Exergy destruction cost,
.
CD,tot($/hr) 18,514 11,618 8842

Fuel cost,
.
C f uel($/hr) 24,010 16,740 11,766

Environmental cost,
.
Cenv,tot($/hr) 8260 4795 3791

Total cost,
.
Ctot($/hr) 52,293 34,406 25,450

Exergy unit cost of electricity, cp,net

(
$

GJ

)
23.66 22.93 24.89

If a comparison is made between the results of exergy, exergoeconomic and environ-
mental analysis calculated in Table 8 and energy analysis results presented in [9]. It can be
seen that although the new regenerative Brayton cycle has better thermal and energetic
performances than the original one and remarkably increases energy efficiency compared to
the basic Brayton cycle and the regenerative Brayton cycle [9]; however, its integration with
steam Rankine cycle has lowest exergy efficiency among the other possible configurations.
Table 8 indicates that the first configuration has the highest exergy efficiency (48.76%),
the second configuration has lowest exergy unit cost of electricity (22.93 $/GJ), and the
third configuration has the lowest total cost rate (25,450 $/h). Therefore, it depends on
the preferences and criteria of each decision maker to select the best configuration among
the three proposed configurations as the final configuration based on energy analysis,
exergy analysis or exergoeconmic analysis. Of course, if this new regenerative gas turbine
combined cycle operates at this particular operational condition, it consists of smaller com-
pressor and turbines. Hence, low occupation space, more controllability, quicker starting
process, and safer dynamical operation may be encountered as other advantages for the
new configuration of this combined cycle.

In addition, in order to better understand the performance of the combined cycle
systems, the output values related to the energy and exergy rates of the various components
as well as the exergy efficiency of the components of all three configurations shown in
Figures 1–3 are given in Tables 9–11. As can be seen in these tables, the highest amount
of exergy destruction occurs in the combustion chamber for all three configurations due
to the chemical reaction and in which the first configuration is higher than the other
configurations. Another notable point is the higher exergy destruction rate in the steam
cycle in the first configuration than the other configurations which is due to the higher mass
flow rates in the first configuration. In this case, despite addition of a regenerator in the
second configuration, and a regenerator and a second gas turbine in the third configuration,
the higher exergy destruction in the steam cycle of the first configuration results in a higher
overall exergy destruction than the other configurations. The highest exergy efficiency is
related to the gas turbine and the lowest exergy efficiency is in the steam condenser among
the components of all three configurations.
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Table 9. Energy and exergy analysis of Config. 1.

Component
.

Wor
.

Q (kW)
.

ExD (kW) ηex (%)

Compressor 160,058 11,336 92.92
Combustion chamber 544,390 184,593 67.89
Gas turbine 324,425 17,080 95
Steam generator 342,595 31,587 82.64
Steam turbine 116,964 19,284 85.85
Condenser 226,597 10,770 27.7
Pump 966.9 181.5 81.22

Table 10. Energy and exergy analysis of Config. 2.

Component
.

Wor
.

Q (kW)
.

ExD (kW) ηex (%)

Compressor 160,058 11,336 92.92
Regenerator 149,299 10,740 89.02
Combustion chamber 379,652 114,960 71.32
Gas turbine 310,579 16,156 95.06
Steam generator 128,699 12,459 81.34
Steam turbine 41,971 6920 85.85
Condenser 87,128 4141 27.7
Pump 399.7 75.05 81.22

Table 11. Energy and exergy analysis of Config. 3.

Component
.

Wor
.

Q (kW)
.

ExD (kW) ηex (%)

Compressor 160,058 11,336 92.92
Regenerator 251,314 19,287 89.11
Combustion chamber 266,854 76,669 72.79
First gas turbine 160,058 6493 96.1
Second gas turbine 98,483 7945 92.53
Steam generator 39,348 5250 57.38
Steam turbine 12,368 2039 85.85
Condenser 27,117 1289 27.7
Pump 136.2 25.58 81.22

For exergy improvement of turbines, efforts should be focused on their isentropic
efficiencies, however operation optimization is also needed. For exergy improving of heat
exchangers such as condenser and steam generator, if the quantity and quality of heat and
mass transfer at the lowest possible temperature difference could be maintained between
the two fluids, the exergy destruction can be greatly reduced. Increasing the surface area of
heat transfer may help to cut down the exergy destruction, but it is a design consideration
and relates to the economic and spatial limits. In practice, a more reliable way is adopting
thermal insulation for this equipment. The exergy destruction in combustion chamber
occurs is caused due to various reasons such as unburnt fuel, incomplete combustion, and
heat loss to the surrounding area through to the combustion process. Overall, it should be
noted that some improvement for one component might result in larger exergy destructions
in other components in the system, so the feasibility of improvement measures should be
considered from the perspective of the whole system. For this reason, an optimization
process is needed to reduce total exergy destruction of systems.

Tables 12–14 show the exergoeconomic results for all configurations. As it can be
seen from these tables, the combustion chamber should be considered more than the
other components economically since in each of the three configurations, the maximum
value of

.
Zk +

.
CD,k belongs to this component. The steam generator and steam turbine

in the first configuration, compressor and gas turbine in the second configuration, and
regenerator and compressor in the third configuration are in the next position in terms
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of higher overall cost rates. In addition, as indicated in these tables, the combustion
chamber has the lowest exergoeconomic factor in all three configurations. The value
obtained for this component means that the exergy destruction cost prevails over the
initial cost, which reduces the exergoeconomic factor. Moreover, it is worth noting that the
total exergoeconomic factors for the first to third configurations are 7.53, 9.59, and 10.63
percent, respectively. The obtained values indicate that the exergy destruction cost rate
has a significantly higher share than the initial equipment cost rate. As a result, the use
of higher initial cost components can improve system performance. The exergy unit cost
of electricity generated by the turbines in the first to third configurations is presented in
Table 15. As shown in this table, the exergy unit cost of electricity in the Brayton cycle is
lower than the Rankine cycle in the considered combined cycle systems. This indicates that
the Brayton cycle in all three configurations perform better than the Rankine cycle.

Table 12. Exergoeconomic analysis of Config. 1.

Component
.
CD ($/h)

.
Z ($/h)

.
CD +

.
Z ($/h) f (%)

Compressor 830.8 500.2 1331 37.58
Combustion chamber 11,758 27.69 11,785.69 0.23
Gas turbine 1175 275.3 1450.3 18.98
Steam generator 2174 240 2414 9.94
Steam turbine 1641 340.6 1981.6 17.19
Condenser 916.5 121 1037.5 11.66
Pump 18.52 4.38 22.9 19.15
Total system 18,513.82 1509.17 20,022.99 7.53

Table 13. Exergoeconomic analysis of Config. 2.

Component
.
CD ($/h)

.
Z ($/h)

.
CD +

.
Z ($/h) f (%)

Compressor 854.1 500.2 1354.3 36.93
Regenerator 760.6 112.3 872.9 12.86
Combustion chamber 6974 27.69 7001.69 0.395
Gas turbine 1144 236.4 1380.4 18.71
Steam generator 822.3 137.6 1019.9 13.49
Steam turbine 622.1 163.6 785.7 20.82
Condenser 372.3 46.51 418.81 11.11
Pump 8.15 2.36 10.49 22.32
Total system 11,557.55 1226.66 12,784.21 9.59

Table 14. Exergoeconomic analysis of Config. 3.

Component
.
CD ($/h)

.
Z ($/h)

.
CD +

.
Z ($/h) f (%)

Compressor 916.7 500.2 1416.9 35.3
Regenerator 1485 112.8 1597.8 7.05
Combustion chamber 4561 27.69 4588.69 0.603
First gas turbine 499.9 120 619.9 19.35
Second gas turbine 611.7 113.4 725.1 15.64
Steam generator 404.2 92.1 496.3 18.56
Steam turbine 220.8 69.55 290.35 23.95
Condenser 139.6 14.48 154.08 39.9
Pump 3.37 1.091 4.461 24.46
Total system 8842.27 1051.31 9893.58 10.63
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Table 15. Unit cost of exergy for the produced electricity by turbines in all configurations.

Exergy Unit Cost Config. 1 Config. 2 Config. 3

Exergy unit cost of produced electricity by the first gas turbine, cel,gt,1

(
$

GJ

)
20.332 20.929 22.46

Exergy unit cost of produced electricity by the sec ond gas turbine, cel,gt,2

(
$

GJ

)
- - 23.429

Exergy unit cost of produced electricity by the steam turbine, cel,st

(
$

GJ

)
28.332 30.165 36.61

6.2. Parametric Study

In this section, the effect of changing the Brayton compressor pressure ratio and the
Brayton turbine inlet temperature on the performance of the combined cycle systems are
investigated from the perspective of energy, exergy, exergy-economic and environmental
factors. Note that for the purpose of parametric analysis, only the desired parameter is
changed in the operating range and the rest of the inputs in the systems remain constant
according to Table 7. The impact of changes in the compressor pressure ratio on the
overall output power and the exergy efficiency of all configurations are examined in
Figures 4 and 5. As shown in these figures, the first to third configurations have the highest
output power and exergy efficiency respectively. Increasing the compressor pressure ratio
in the operation range reduces the overall output of the first configuration and increases
the total power of the second and third configurations.

The effect of changes in the compressor pressure ratio on the overall cost rate and envi-
ronmental cost rate of the configurations examined is shown in Figures 6 and 7. As shown
in Figure 6, the highest overall cost rates are related to the first and the third configurations,
respectively. As mentioned, increasing the compressor pressure ratio reduces the required
fuel flow in the first configuration, which significantly reduces the environmental cost rate
and the required fuel cost as shown in Figure 7. In addition, in the first configuration,
an increase in the compressor pressure ratio, reduces overall exergy destruction cost and
increases overall initial cost which has a greater impact on the reduction of overall system
cost. The performances of the second and the third configuration are similar in this case.
In both the first and the second configurations, despite lower environmental cost rates
due to reduced carbon monoxide and nitrogen monoxide emissions, the fuel cost rate, the
exergy destruction cost rate, and the initial cost rate have increased, which increases the
overall cost rate. In addition, the effect of changing the compressor pressure ratio on the
exergy unit cost of electricity generated shown in Figure 8. As shown in this figure, despite
the lower overall cost rate, the third configuration has the highest cost per unit of exergy
generated. Further, according to this figure, the second configuration for the pressure ratio
in the range of 8 to about 17.3 and the first configuration for the pressure ratio from 17.3
to 20 has the lowest exergy unit cost of electricity that makes it difficult to choose the best
cycle from the exergoeconomic and environmental perspective. In this case, although the
third configuration has the lowest overall cost rate, it results in the highest exergy unit cost
of electricity generated during the operating range.
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Figure 4. Effect of compressor pressure ratio change on the overall output power.

Figure 5. Effect of compressor pressure ratio change on the overall exergy efficiency.

Figure 6. Effect of compressor pressure ratio change on the overall cost rate.
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Figure 7. Effect of compressor pressure ratio change on the environmental cost rate.

Figure 8. Effect of compressor pressure ratio change on the exergy unit cost of produced electricity.

The effect of the Gas Turbine 1 inlet temperature on the overall output power of the
configurations and the exergy efficiency are examined and shown in Figures 9 and 10. As
shown in this figure, increasing the inlet temperature of the turbine increases the overall
output power in all three cases and the first and the third configurations achieve the
highest output work and exergy efficiency, respectively. In all three cases, increasing the
inlet temperature of the gas turbine, increase the enthalpy difference of the gas turbine, its
output work and the overall work cycle of the upper cycle. On the other hand, increasing
the inlet temperature of the gas turbine increases the required input fuel mass flow rate.
This increase in fuel mass flow rate, increases the flow rate of the steam by increasing the
temperature of the inlet gas, both factors increase the steam flow rate, which increases the
steam cycle output. The simultaneous increase of upper and lower cycle work in all three
configurations results in an increase in overall output work. As shown in Figure 10, the
exergy efficiency of all configurations increases with increasing inlet temperature of Gas
Turbine 1. However, despite of the increase in the required fuel flow and the corresponding
exergy of the fuel, increasing of output work in all three configurations have the dominant
effect, which increased the exergy efficiency.
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Figure 9. Effect of gas turbine inlet temperature change on the overall output power.

Figure 10. Effect of gas turbine inlet temperature change on the overall exergy efficiency.

Effect of inlet temperature change of the first gas turbine on the overall cost rate and
environmental cost rate of the configurations examined are shown in Figures 11 and 12.
As shown in Figure 11, the increase in the inlet temperature of the gas turbine increases
the overall cost rate and the first and the third configurations have the highest overall cost
rate, respectively. In this case, increasing the gas turbine inlet temperature simultaneously
increases the exergy destruction cost rate, the initial cost rate, the fuel cost rate, and the
environmental cost rate as shown in Figure 12, which ultimately increases the overall cost.
In addition, as shown in Figure 13, increasing the gas turbine inlet temperature, the highest
cost per exergy unit belongs to the third, the first and the second configurations, respectively.
In all three configurations, however, the exergy unit cost of electricity decreases at first and
reaches to its minimum value at about 1235 ◦C and as the gas turbine inlet temperature
rises above this value, the cost of the exergy unit increases again.
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Figure 11. Effect of gas turbine inlet temperature change on the overall cost rate.

Figure 12. Effect of gas turbine inlet temperature change on the environmental cost rate.

Figure 13. Effect of gas turbine inlet temperature change on the exergy unit cost of produced
electricity.
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6.3. Multi-Objective Optimization Results

In order to optimize the performance of the combined cycle systems shown in
Figures 1–3, the following parameters are selected as design parameters: compressor
pressure ratio, gas turbine inlet temperature, compressor isentropic efficiency, gas turbine
isentropic efficiency, regenerator efficiency, steam generator pinch point temperature differ-
ence and condenser pressure. In addition, exergy efficiency, overall cost rate and exergy
unit cost of generated electricity are considered as objective functions:

Maximize ηex
(

Pr,comp, GTIT, ηgt, ηcomp, εreg, ∆TPP,sg, Pcond
)

(38)

Minimize
.
Ctot

(
Pr,comp, GTIT, ηgt, ηcomp, εreg, ∆TPP,sg, Pcond

)
(39)

Minimize cel,tot
(

Pr,comp, GTIT, ηgt, ηcomp, εreg, ∆TPP,sg, Pcond
)

(40)

Furthermore, due to the existing temperature limitations, the design parameters
investigated vary within the following ranges:

10 < Pr,comp < 19 (41)

1180(◦C) < GTIT(Con f ig.1) < 1250(◦C) (42)

1100(◦C) < GTIT(Con f ig.2, 3) < 1250(◦C) (43)

0.8 < ηgt < 0.88 (44)

0.78 < ηcomp < 0.88 (45)

0.55 < εreg(Con f ig.2) < 0.88 (46)

0.55 < εreg(Con f ig.3) < 0.7 (47)

10 (◦C) ∆TPP,sg < 25 (◦C) (48)

10 (kPa) PCond < 25 (kPa) (49)

The Pareto approach to multi-objective optimization is the key concept to establish
optimal set of design variables, since the concepts of Pareto dominance and optimality are
straightforward tools for determining the best trade-off solutions among conflicting objec-
tives [32–34]. Pareto optimum solutions using a multi-objective genetic algorithm [30,32]
for the combined simple Brayton and Rankine cycle (config. 1), combined regenerative
Brayton and Rankine cycle (config. 2) and new combined regenerative Brayton and Rankine
cycle (config. 3) presented in Figures 14–16, respectively. In the multi-objective optimiza-
tion, a process of decision making for the selection of the final optimal results from the
available solutions is required. In selection of the final optimum point, it is desired to
achieve the better magnitude for each objective than its initial value of the problem. The
related values of design variables in the optimum case are given in Table 16. The output
values and objective functions of three configurations shown in Figures 1–3 including the
exergy unit cost of electricity, the total cost rate and exergy efficiency in the optimum cases
are listed in Table 17. As can be seen from this table, the trend of the overall values is in
accordance with the base case such as the largest amount of total output power and exergy
efficiency belongs to the first configuration which results in the highest overall cost rate
for this configuration. On the other hand, the lowest overall amount of power, exergy
efficiency and overall cost rate belongs to the third configuration. Further, the lowest
exergy unit cost of electricity produced is obtained by the second configuration. On the
other hand, in all three configurations studied, the overall exergoeconomic factor is below
20%, indicating that the rate of exergy destruction cost dominates over the initial cost rate.
In addition, the comparison of results in the Table 17 (optimum case) and Table 8 (base
case) indicates that the optimization process leads to a decrease in the exergy unit cost
of products and systems total cost and an increase in the exergetic efficiency. Therefore,
improvement for all objectives has been achieved using optimization process. According
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to this table, optimization process improves the total performance of the system in a way
that the exergy efficiency is increased from 48.76% to 49.6% for the first configuration,
from 47.92% to 48.28% for the second configuration, and from 39.29% to 43% for the third
configuration. Exergy unit cost of generated electricity is reduced from 23.66 $/GJ to 22.36
$/GJ for the first configuration, from 22.93 $/GJ to 21.13 $/GJ for the second configuration,
and from 24.89 $/GJ to 23.28 $/GJ for the third configuration. In addition, this table
indicates that the exergoeconomic factor for the studied systems is increased from 7.53
to 14.47 for the first configuration, from 9.59 to 14.78 for the second configuration, and
from 10.63 to 17.96 for the third configuration. Although these improvements achieve with
38.87%, 16.38% and 57.58% increase in the capital investment cost of the first, the second
and the third configurations, respectively, from studied combined cycle systems. Moreover,
environmental emmision costs decrease 57.7%, 6.7% and 29.52% in the optimum cases for
the first, the second and the third configuration, respectively.

Table 16. Design variables of configurations shown in Figures 1–3 in the optimum case.

Design Variables Config. 1 Config. 2 Config. 3

Compressor pressur ratio, Pr 19 10 16.47
Gas turbine inlet tempreture, GTIT (◦C) 1213 1171 181
Isentropic efficiency of gas turbine, ηgt 0.88 0.88 0.88
Isentropic efficiency of compressor, ηcomp 0.844 0.869 0.856
Effectiveness of regenerator, εreg - 0.8 0.7
Pinch point temperature of steam generator, ∆TPP,sg(

◦C) 10 10 10
Condenser pressure, Pcond(kPa) 10 10 10

Table 17. The values of the output parameters and objective functions corresponding to the optimal case.

Output Parameter Config. 1 Config. 2 Config. 3

Exergy efficiency, ηex,tot(%) 49.6 48.28 43
Total cost,

.
Ctot($/s) 10.81 8.315 6.83

Total exergy unit cost of produced electricity, cel,tot($/GJ) 22.36 21.13 23.28
Inlet air temperature to combustion chamber, Tinlet,CC(

◦C) 468.8 619.5 736.3
Inlet steam temperature to steam turbine, Tinlet,st(

◦C) 550 381.4 327.7
Fuel mass flow rate,

.
m f uel(kg/s) 9.69 7.22 5.18

Steam mass flow rate,
.

msteam(kg/s) 69.95 31.03 15.88
Gas turbine power,

.
Wgt(MW) 170.4 151.8 117.6

Steam turbine power,
.

Wst(MW) 78.76 28.54 13.48

Net power,
.

Wnet(MW) 249.2 180.2 131.1

Fuel exergy,
.

Ex f ,cc(MW) 502.5 373.48 304.96

Exergy destruction,
.

ExD,tot(MW) 227.8 157.4 133.3

Capital investment cost,
.
Ztot($/s) 0.582 0.405 0.46

Exergy destruction cost,
.
CD,tot($/s) 3.44 2.34 2.1

Fuel cost,
.
C f uel($/s) 5.817 4.33 3.53

Environmental cost,
.
Cenv,tot($/s) 0.968 1.24 0.74

Exergoeconomic factor, f (%) 14.47 14.78 17.96



Appl. Sci. 2021, 11, 11554 25 of 29

Figure 14. Pareto optimal solutions for the configuration shown in Figure 1.

Figure 15. Pareto optimal solutions for the configuration shown in Figure 2.

Figure 16. Pareto optimal solutions for the configuration shown in Figure 3.

7. Conclusions

In the present study, three different configurations of the combined cycle system are
analyzed from the perspective of energy, exergy, exergy-economic and environmental. The
results of the comprehensive analysis on these three configurations reveals that the first,
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the second and the third configuration are the best among the other systems if exergy
efficiency, exergy unit cost of generated electricity, and overall cost rate are the objective
functions, respectively. The first configuration has the highest exergy efficiency (48.76%),
the second configuration has lowest exergy unit cost of electricity (22.93 $/GJ) and the
third configuration has the lowest total cost rate (25,450 $/h). Therefore, it depends
on the preferences and criteria of each decision maker to select the best configuration
among the three proposed configurations as the final configuration. For the purpose of
parametric study, the effect of changing in the Brayton designed parameters in the operating
range such as the compressor pressure ratio and the turbine inlet temperature on the
performance of the combined cycle systems are investigated from the perspective of energy,
exergy, exergy-economic and environmental. Moreover, the application of exergoeconomic
multi-objective optimization shows that the total performance of combined cycle systems
improved significantly in a way that:

1. The exergy efficiency is increased from 48.76% to 49.6% for the first configuration,
from 47.92% to 48.28% for the second configuration, and from 39.29% to 43% for the
third configuration.

2. Exergy unit cost of generated electricity is reduced from 23.66 $/GJ to 22.36 $/GJ for
the first configuration, from 22.93 $/GJ to 21.13 $/GJ for the second configuration,
and from 24.89 $/GJ to 23.28 $/GJ for the third configuration.

3. Exergoeconomic factor for the studied systems is increased from 7.53 to 14.47 for the
first configuration, from 9.59 to 14.78 for the second configuration, and from 10.63 to
17.96 for the third configuration.

4. However, these improvements achieve with 38.87%, 16.38% and 57.58% increase
in the capital investment cost of the first, the second and the third configurations,
respectively from studied combined cycle systems.

For the future works, it is very good idea to do more research on these configurations
of gas turbine combined cycle systems from a purely economic point of view, taking
into account the costs of return, and the reliability, etc. This is because the focus of the
present study was mainly on the investigation of thermodynamics, exegoeconomics and
environmental aspects of these integrated systems.
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Nomenclature

Cp Specific heat (kJ/kg K)
.
C Exergy cost rate ($/h)
e Specific exergy (kJ/kg)
.
E Exergy rate (kW)
ech

k Standard chemical exergy rate of kth compnent
f Exergoeconomic factor
h Specific enthalpy (kJ/kg)
I Irreversibility (kW)
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.
m Mass flow rate (kg/s)
Pr Pressure ratio
P Pressure (bar)
.

Q Heat transfer rate (MW)
R Gas constant (kJ/kg K)
s Specific entropy (kJ/kg K)
T Temperature (◦C)
W Work (kJ)

.
W Work rate (MW)
y Molar fraction
.
Z Capital investment ($/h)

Greek symbols
ε Effectiveness
η Exergy efficiency

Subscripts
0 Dead state
a Ambient
cc Combustion chamber
comp Compressor
cond Condenser
cv Control volume
ch Chemical
D Destruction
e Exit
env Environmental
F Fuel
gt Gas turbine
i Inlet
k Component
L Loss
mix Mixture
o Outlet
P Product
p Pump
ph Physical
Q Heat transfer
reg Regenerator
rev Reversible
sg Steam generator
st Steam turbine
w Work

Abbreviation

Config. Configuration
GTIT Gas turbine inlet temperature
PP Pinch point
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