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Abstract: Environmental, exergo-economic, and thermodynamic viewpoints are thoroughly inves-
tigated for a state-of-the-art hybrid gas turbine system and organic flash cycle. For the proposed
system, the organic flash cycle utilizes the waste thermal energy of the gases exiting the gas tur-
bine sub-system to generate additional electrical power. Six distinct working fluids are considered
for the organic flash cycle: R245fa, n-nonane, n-octane, n-heptane, n-hexane, and n-pentane. A para-
metric investigation is applied on the proposed combined system to evaluate the impacts of seven
decision parameters on the following key operational variables: levelized total emission, total cost
rate, and exergy efficiency. Also, a multi-objective optimization is performed on the proposed system,
taking into account the mentioned three performance parameters to determine optimum operational
conditions. The results of the multi-objective optimization of the system indicate that the levelized
total emission, total cost rate, and exergy efficiency are 74,569 kg/kW, 6873 $/h, and 55%, respectively.
These results also indicate the improvements of 16.45%, 6.59%, and 3% from the environmental,
economic, and exergy viewpoints, respectively. The findings reveal that utilizing n-nonane as the
working fluid in the organic flash cycle can yield the lowest levelized total emission, the lowest total
cost rate, and the highest exergy efficiency.

Keywords: gas turbine; organic flash cycle; exergo-economic analysis; optimization; levelized total emission

1. Introduction

Considering that the global need for energy is increasing, researchers are seeking
strategies to utilize less energy and prevent the negative effects of burning fossil fuels
such as environmental pollution and global warming. It is desired that options provide
energy conversion with improved efficiency and lower carbon emissions. Fossil fuels, due
to their availability and convenience in utilization compared to other energy sources, are
receiving a great deal of attention [1]. Fossil fuels have a key disadvantage. By using the fos-
sil fuels, the environmental consequences such as global warming, subsequent climate
changes, and air pollution increase [2]. In order to limit these impacts, two approaches
can be considered: utilizing renewable and/or sustainable energy sources (e.g., hydro,
biomass, solar, geothermal, and wind energies) and the waste heat recovery (WHR) of ex-
haust gases from the topping cycles, along with other efficiency improvement measures.
Renewable and sustainable energy sources usually provide energy services with practically
no air pollution and greenhouse gas emissions [3]. However, these energy sources have
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some limitations, such as cost concerns for hydropower and solar energies and location
dependence for geothermal energy [4]. The use of WHR not only lowers the use of fossil
fuels but additionally boosts the overall efficiency of the system and lessens environmental
problems [5].

The WHR approach forms the foundation of the combined plant proposed in the cur-
rent study. The system comprises two integrated cycles operating at various temperatures.
After converting a portion of high-temperature thermal energy to electricity, the topping
cycle transforms the rest of the high-temperature energy to the low-temperature cycle.
In the bottoming cycle, a share of this thermal energy is transformed into electricity, while
the remainder is discharged to the atmosphere [6,7]. Since electricity is produced by two
components in the combined cycle, applying WHR can boost the efficiency of the overall
system [8].

Among various systems, the gas turbine (GT) system is potentially suitable as a top-
ping cycle due to being cost-effective, efficient, and being able to use a wide range of hy-
drocarbon fuels [9,10]. However, without WHR, about 60% of the energy in a typical GT is
rejected into the atmosphere at high temperature [11,12]. Using the advanced gas turbine
in the hybrid system results in an enhanced energy efficiency of 50–58% [13]. As a result,
the efficiency of the entire plant can be improved by integrating the bottoming cycle with
the GT system. Much effort has been committed to boost the efficiencies of the conventional
GT cycles. Among these is CGAM cogeneration system, which integrates a gas turbine
with a heat recovery steam generator (HRSG) and an air preheater [14–16]. The utilization
of air preheater boosts the efficiencies based on exergy and energy of the system, as the air
passing into the combustion chamber absorbs heat from the hot gases leaving the turbine,
which lowers fuel consumption. It is potentially advantageous to use this type of heat
exchanger when the temperature of the air entering the combustion chamber is less than
the temperature of the gases exiting the turbine; otherwise, the efficiency of the system
can drop. The GT cycle is most extensively employed in the aviation [17–19] and maritime
industries [20].

Exergo-economic and exergy evaluations of the GT cycle have been performed by Ameri
and Enadi [21]. They concluded that the combustion chamber has the highest exergy de-
struction rate, and this variable is reduced by raising the chamber’s entrance temperature.
In addition, as the intake temperature of the gas turbine climbs from 1100 K to about 1450 K,
the cost of destroyed exergy is lowered by 22%. To increase the efficiency of the GT cy-
cle, Pirkandi et al. [22] employed solar energy in the cycle. This procedure increased
the temperature of the air passing into the chamber, decreasing the amount of fuel used.
Overall, 10% more power is generated by the solar GT cycle than the traditional system.
Avval et al. [23] investigated the GT cycle with a preheater from economic, energy, exergy, and
environmental perspectives. By utilizing an evolutionary method, the system was subjected
to a multi-objective optimization (MOO). The authors also evaluated the impacts of pressure
ratio in the compressor and gas turbine isentropic efficiencies, and combustion chamber intake
temperature on the environmental, economic, and thermodynamic performances of the plant.

Altinkaynak and Ozturk [24] analyzed an integrated cycle including gas turbine,
as well as supercritical carbon dioxide (S-CO2), trans-critical carbon dioxide, and ORC
systems, to generate thermal energy, cooling, electricity, and hydrogen. The exergy and
energy efficiencies of the multi-generation plant have been found to be 42.0% and 44.7%,
respectively. Maroufi et al. [25] compared the performances of direct combination systems,
including GT and pressurized fuel cell and GT and atmospheric fuel cell, and indirect com-
bination systems, from energy and economic standpoints. The direct combined GT cycle
and pressurized fuel cell were found to offer the best thermodynamic and economic char-
acteristics. An innovative water and electricity generation system that utilized the waste
heat of the GT cycle was examined thermodynamically, economically, and environmentally
by Liu et al. [26]. This system included a Kalina cycle, a GT cycle, and a desalination
unit. Under basic design conditions, the overall products’ cost, the capacity of freshwater
generation, the levelized total emission (LTE), and the exergy efficiency were found to be
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20.2 $/GJ, 10.8 kg/s, 63.7 kg/W, and 43.1%, respectively. Also, the combustion chamber
had the greatest exergy destruction rate among the components of the proposed system.
Du et al. [27] investigated the economic, exergy, and energy performances of supercritical and
trans-critical carbon dioxide cycles driven by a GT system. The plant’s exergy and energy
efficiencies were found to be 46.1% and 24.9%, respectively. Additionally, the total cost rate
of investment and the products unit exergy cost were 126.1 $/h and 6.31 $/GJ, respectively.

Several systems have been suggested for their use as a low-temperature cycle in hy-
brid gas turbine-based plants. A steam Rankine cycle has been often used as the low-
temperature cycle for a GT system. However, steam Rankine cycle has some significant
disadvantages. This cycle utilizes water as the working fluid, and it is necessary to super-
heat water before inputting it to the turbine. Otherwise, there is the potential for erosion
of turbine blades, and utilization of expensive and complex turbines [28]. To overcome
these challenges, organic working fluids are proposed as alternatives. An organic fluid typ-
ically has a critical pressure and temperature and molecular mass higher than water [1,28].
One of the main cycles in the WHR field is the ORC. This system utilizes an organic working
fluid and avoids many of the issues of the steam Rankine cycle. Due to the simplicity, reliability,
and adaptability of the ORC, it has recently attracted a great deal of research interest [29,30].
The major drawback with this cycle is that the evaporation process occurs at an unchanged
temperature, which leads to a pinch point problem. This difficulty is caused by the lack of suffi-
cient temperature compatibility between the two fluid flows during heat transfer, which lowers
the exergy efficiency and causes notable exergy destruction in heat exchangers.

Khaljani et al. [31] investigated a combined plant with ORC and GT sub-systems
from environmental, economic, and thermodynamic perspectives. They concluded that
in the combustion chamber, exergy was destroyed at the greatest rate. They also highlighted
how the exergy and energy efficiencies of the plant rise with the compressor pressure ratio
and isentropic efficiencies of the compressor and turbine. Nevertheless, the rise in these
parameters increased the overall cost rate. Therefore, there should be an optimal value
for these three specified parameters, where the efficiencies are at the highest values and
the overall cost rate is at the lowest value. The desired values for the compressor and
the turbine isentropic efficiencies and compressor pressure ratio were 87%, 89%, and
13.8, respectively. Ahmadi et al. [1] examined the integration of a GT cycle and an ORC
from energy and exergy viewpoints. In this research, six working fluids were employed
in the ORC to determine which is the most suitable. Based on the exergy and energy
efficiencies, dimethyl carbonate and o-xylene were seen to exhibit the best and the worst
performances, respectively. The authors also investigated the impacts of operating pressure
of the ORC on the exergy and energy efficiencies. The outcomes showed that the best
optimal value for this variable to maximize the energy and exergy efficiencies is the highest
accessible pressure reported in this research for each working fluid. Mohammadi et al. [32]
thermodynamically analyzed an absorption refrigeration cycle, ORC, and combined GT
cycle. This integrated system was capable of providing 8 kW of cooling and 30 kW of power
under specified conditions. Parametric investigation revealed that the pressure ratio and
inlet temperature of the turbine are the two variables that most affect the performance
of the system. Cao et al. [33] comprehensively evaluated the integration of a GT system
and an ORC from thermodynamic perspective. They compared the GT-Rankine integrated
system and the GT-ORC integrated plant, and the findings demonstrated that the GT-
ORC integrated plant possesses superior thermodynamic performance. Three distinct ORC
working fluids were employed, and the optimum performance of the GT-ORC was obtained
when toluene was utilized. A trigeneration system combining the GT cycle, single-effect
chiller, water heater, and ORC was evaluated by Ahmadi et al. [34] based on exergo-
environmental analysis. With regard to the exergy efficiency and carbon dioxide emission,
this system exhibited superior performance over the GT combined cycles for the specified
input data. The authors also clearly highlighted that the environmental and thermodynamic
performances of this system are notably affected by the isentropic efficiency of the gas
turbine, the gas turbine inlet temperature, and the compressor pressure ratio.
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Hemdari and Subbarao [35] analyzed a combined GT and reheat ORC from energy and
exergy perspectives. In this research, they investigated hexane, benzene, and cyclopentane
as viable working fluids for the ORC. They reported that the maximum output power
of cycle is obtained when benzene is employed. Sun et al. [36] investigated the combined
S-CO2 cycle and ORCs for WHR application of a GT from exergo-economic and thermo-
dynamic standpoints. The combined plant consisted of two S-CO2 cycles and one ORC.
The exergy and energy efficiencies and the exergo-economic factor of the proposed plant
were found to be 51.9%, 48.6%, and 28.3%, respectively. The performances of the S-CO2
cycle and the ORC were compared for waste recovery of a GT-sub system by Ancona
et. al. [37]. They observed that when the same installed topping GT cycle is utilized
for both S-CO2 and ORC sub-systems, the S-CO2 cycle exhibits greater energy efficiency
than the ORC. Pan et al. [38] considered recompression, reheat, and pressurized intercooling
supercritical CO2-ORC for WHR from a GT. They assessed and optimized the suggested
system from economic, energy, exergy, and environmental viewpoints. They reported
values for the system of 84.5%, 66.9%, and 41.2%, respectively, for its environmental, exergy,
and energy efficiencies.

Another significant system in the field of WHR is the Kalina cycle, which, due to utiliz-
ing zeotropic mixtures, can address the temperature mismatch problem between high- and
low-temperature working fluids. As indicated before, temperature profile mismatching is
one of the major challenges for ORCs. However, the Kalina cycle’s configuration complex-
ity has motivated researchers to focus on the thermodynamic analysis of this system [39].
A new cogeneration cycle made up of a GT cycle, the Kalina cycle, and a freshwater produc-
tion unit was proposed by Ding et al. [40]. They evaluated this system from environmental,
economic, and thermodynamic viewpoints. They also employed MOO to obtain the most
effective operational variables. The greatest exergy efficiency and the lowest levelized
total emission were observed to be 43.8% and 62.6 kg/W, respectively. Zhang et al. [41]
considered the Kalina cycle as the low-temperature source to reuse the waste heat of a GT
system, and assessed the plant from thermodynamic and environmental perspectives.
Referring to the thermodynamic optimization findings, the exergy and energy efficiencies
of the system were found to be 47.2% and 46.1%, respectively, and LTE was 60.1 kg/W.
The combustion chamber was observed to be responsible for the greatest rate of exergy
destruction in the system. Ebrahimi-Moghadam et al. [42] comprehensively studied a com-
bined plant containing GT system and Kalina cycle considering environmental, economic,
exergy, and energy assessments. The system’s main operational performance parameters,
including the exergy and energy efficiencies, LTE, and levelized total cost (LTC), were
treated as the objective functions. Based on design parameters, energy and exergy efficien-
cies, LTE and LTC were found to be 69.4%, 37.9%, 88.0 kg/W, and 8.96 $/W, respectively.
Köse et al. [2] considered the Rankine and Kalina sub-systems as the low-temperature
cycles to utilize waste heat from a GT plant. They conducted energy, exergy, economic,
and environmental evaluations for the suggested system. Considering the GT and Rankine
cycle (RC), the first law efficiency was 41.7%, but the energy efficiency of the GT-RC-Kalina
system was 46.4%.

Ji-chao and Sobhani [43] thermodynamically and exergo-economically evaluated a co-
generation system including GT, supercritical CO2, and Kalina cycles. This system exhibited
exergy and energy efficiencies of 41.0% and 78.2%, respectively. The net present value and
the payback period were calculated as 5.37 × 106 $ and 6.9 years, respectively. Ebrahimi-
Moghadam [44] investigated a trigeneration system, including GT, Kalina, and ejector
cycles, from exergo-environmental and exergo-economic perspectives. Based on the opti-
mization results, the exergo-economic criterion, the exergo-environmental criterion, and
the exergy efficiency were observed as 58.4 $/GJ, 42.7 kg/GJ, and 30.8%, respectively.
Environmental, economic, exergy, and energy performances of an integrated micro-GT
cycle and a superheated Kalina cycle were analyzed and optimized by Liu and Ehyaei [45].
This system exhibited exergy and energy efficiencies of 50.8% and 51.7%, respectively.
Moreover, the greatest exergy destruction was attributable to the gasifier. Employing
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the superheated Kalina cycle as the bottoming cycle decreased the payback period from
9.07 years to 4.6 years.

As indicated previously, an important disadvantage of the ORC is the temperature
mismatch between the working fluid and heat source throughout the process of heat
transfer, resulting in a rise in irreversibility and a drop in exergy efficiency. To tackle
this difficulty, researchers have presented several promising approaches, one of which is
the trilateral flash cycle (TFC). Yari et al. [46] compared the thermo-economics of the Kalina
cycle, ORC, and TFC utilizing a low-temperature heat source. The expander isentropic
efficiency had a notable impact on the production cost of the TFC, even though TFC had
greater net output power than the Kalina cycle and ORC. Based on references [47,48],
the manufacturing of a highly efficient two-phase expander poses a substantial challenge
for the TFC. The organic flash cycle (OFC) is well known as a developed version of the TFC.
In addition to the fact that this cycle does not require a two-phase expander and can
address the mentioned disadvantage of the TFC, it can also address the temperature
profiles mismatch in the ORC. The above advantages suggest that the OFC is potentially
one of the best options for utilizing GT cycles’ waste heat.

Ho et al. [49] demonstrated that the energy efficiencies of the OFC and the opti-
mized ORC for low-grade heat sources are the same. Moreover, aromatic hydrocarbons
were reported as the most suitable working fluids to be utilized in OFCs and ORCs.
Mondal and De [50] utilized R600-R245fa mixture as the OFC working fluid to reuse
the waste heat of the flue gas devoid of SO2. The GWP of this mixture is less than 800 kg
of CO2 per kg of fluid. This mixture can provide a higher output power for the OFC than
that of the OFC utilizing pure working fluids. The thermodynamic and thermo-economic
characteristics of four OFC systems using five distinct working fluids were compared by Ne-
mati et al. [51]. A simple OFC was seen to have the highest and the lowest cost per unit
of produced electricity and exergy efficiency, respectively. The exergy investigation demon-
strated that the enhanced expander-OFC has the greatest performance. However, the dual
flash OFC attained the greatest economic performance out of the three proposed config-
urations. The best exergo-economic and exergy performances of systems were obtained
when toluene was utilized as the working fluid. An organic Rankine flash cycle (ORFC)
integrates the trilateral cycle with the ORC. De Campos et al. [52] compared the ORFC
with the OFC, demonstrating that the greatest exergy efficiency is attained for the ORFC at
lower volume flow ratio of the two-phase expansion than the OFC. Moreover, the exergy
and energy efficiencies of the ORFC were higher than those of the OFC when utilizing
pentane as the working fluid. Economic, exergy, and energy assessments of an ORFC
were evaluated by Wang et al. [53]. They determined that utilizing working fluids with
higher critical temperatures offer improved energy efficiencies and lower power costs.
Based on the optimization findings, the ORFC was able to perform thermodynamically
better than the ORC and the OFC. Wu et al. [54] evaluated an OFC integrated with a S-
CO2 recompression Brayton cycle (SCRBC) thermodynamically and thermo-economically.
In this system, the OFC was utilized as the bottoming cycle to reuse the SCRBC waste
heat. The findings revealed that the product overall unit cost and the exergy efficiency
of the SCRBC integrated with the OFC were, respectively, 3.75% lower than and 6.57%
higher than those of the standalone SCRBC. Moreover, the SCRBC combined with the OFC
exhibited better thermo-economic and thermodynamic performances compared to the
SCRBC integrated with the ORC. The authors considered seven different OFC working
fluids, and the findings illustrated that the best thermo-economic and thermodynamic
performances were obtained with n-nonane. For enhancing the performance of the SCRBC,
three distinct bottoming systems, including Kalina cycle, OFC, and ORC, were considered
to reuse the SCRBC waste heat and evaluated from the viewpoints of thermo-economics
and thermodynamics by Mahmoudi et al. [55]. The SCRBC/ORC and SCRB/Kalina cycles
showed the greatest and the lowest exergy efficiencies, respectively, while the SCRBC/ORC
exhibited the best thermo-economic performance. Ten distinct working fluids were em-
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ployed for the OFC and the ORC. The best thermodynamic and economic performances
were achieved with n-nonane and R134a for the OFC and ORC, respectively.

A S-CO2 cycle combined with an OFC driven by hybrid geothermal and solar ener-
gies was introduced by Que et al. [56]. In this system, a solar tower provided thermal
energy to the S-CO2 cycle, while the OFC was powered by the S-CO2 system’s waste
heat and geothermal energy. The authors investigated four different OFC working flu-
ids and discovered that R245ca is the best choice from exergy and energy viewpoints.
The system efficiencies of exergy and energy were found to be 33.4% and 26.0%, respectively.
Ai et al. [57] compared thermodynamically a new combined cooling, heating, and power
(CCHP) system comprising the solar system and the regenerative OFC to a CCHP-ST-ORC
system. The ratio of primary energy, which was defined as the ratio of useful energy output
to the primary energy input, and the exergy efficiency were found to be 53.1% and 38.7%,
respectively. Moreover, the consumption of natural gas for the CCHP-ST-OFC system was
9% lower than that for the CCHP-ST-ORC system.

The integration of the GT cycle with the OFC can have several practical implications,
offering potential benefits in terms of efficiency, flexibility, and environmental impact.
Practical implications of this integration are:

1. Enhanced efficiency: The integration of a GT cycle with an OFC allows for the recovery
of waste heat from the GT exhaust gases. This waste heat can be utilized to generate
additional power through the OFC. By effectively capturing and utilizing this waste
heat, the overall system efficiency can be significantly improved compared with
standalone GT cycles.

2. Flexible power generation: The combined GT-OFC system offers increased flexibility
in power generation. The GT cycle provides a reliable and responsive power gener-
ation option, while the OFC can be utilized during periods of lower power demand
or as a peaking power source. This flexibility allows for better matching of power gener-
ation with varying demand patterns, improving system reliability and grid stability.

3. Fuel diversity and decentralized energy generation: The integration of GT and OFC
technologies allows for the utilization of a wider range of fuels. Gas turbines are
known for their fuel flexibility, being able to operate on natural gas, liquid fuels,
or even alternative fuels such as biofuels. By integrating an OFC, the system can also
utilize low-grade waste heat sources, such as geothermal or industrial waste heat,
further diversifying the fuel sources and enabling decentralized energy generation.

4. Environmental benefits: The integration of an OFC with a GT cycle can contribute
to lower greenhouse gas emissions. The increased efficiency of the combined cy-
cle reduces the amount of fuel required per unit of electricity generated, leading
to lower CO2 emissions. Additionally, by utilizing waste heat that would otherwise
be discharged into the environment, the system helps to reduce thermal pollution.

5. Combined heat and power (CHP) applications: The integrated GT-OFC system is
well-suited for combined heat and power applications. The waste heat recovered
from the GT cycle can be utilized for combined electricity and thermal energy gener-
ation, providing simultaneous power and heat for industrial purposes, commercial
buildings, or district heating systems. This CHP configuration improves overall
energy efficiency and reduces primary energy consumption.

To our best knowledge, a complete examination via environmental, exergy, energy,
and economic evaluations of a novel combined GT cycle with the OFC has not yet been
conducted, which is the novelty of the current work. Moreover, another novelty of the pa-
per is carrying out genetic algorithm-based multi-objective optimization. In addition, one
of the most important aspects of this study is applying environmental analysis to the com-
bined GT-OFC system. The present study aims to enhance the environmental, economic,
and thermodynamic performances of the GT cycle by using an OFC to utilize GT waste heat.
Parametric investigations are applied to evaluate the impacts of several factors on the LTE,
total cost rate, and the exergy efficiency of the system. Single- and multi-objective opti-
mizations were carried out to the GT cycle combined with the OFC to determine the lowest
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total cost rate and LTE of the system and the highest exergy efficiency. In addition, six
organic working fluids are examined, and the most appropriate working fluid is selected
from environmental, economic, and thermodynamic viewpoints.

2. System Layout Description and Assumptions

Figure 1 depicts the proposed novel combined GT-OFC plant. The configuration
includes a GT system as the topping cycle and an OFC as the bottoming cycle. In this
hybrid system, the OFC uses the GT system’s waste heat.
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In Figure 1, the air compressor (AC) compresses ambient air at state 1. The compressed
air (state 2) receives energy from exhaust gases leaving the air preheater (APH), and
the heated air at state 3 flows into the combustion chamber (CC). The combustion chamber
receives an injection of fuel at state 10. In the gas turbine (GT), the exhaust gases at state
4 were used to generate electricity. At state 5, the gases enter the APH and exchange
heat with air. Following that, the exhaust gases (state 6) from the APH flow to the heat
recovery steam generator (HRSG) and generate high-temperature vapor. The cooled
gases at state 7 transfer heat to the bottoming cycle (OFC) through a heater. The OFC
consists of a pump, valves 1 and 2, a flash separator, a turbine, a mixer, and a condenser.
The organic working fluid (state 12) is pumped to the operating pressure of the heater
in the saturated liquid phase. The fluid then enters the heater at state 13 and is heated
by the exhaust gases. Across valve 1, the high-temperature flow (state 14) then expands.
The flash separator separates the two-phase working fluid (state 15) into a saturated liquid
(state 18) and a saturated vapor (state 16). The saturated vapor (state 16) generates electricity
by expanding in the turbine and subsequently flows into the mixer (state 17). In valve
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2, the saturated liquid (state 18) expands before entering the mixer (state 19). After that,
the expanded stream from the turbine (state 17) and the expanded stream leaving valve
2 (state 19) are mixed. Finally, in the condenser, cooling water was employed to cool
the mixture (state 20).

The working fluid selected for the OFC is a significant factor as it has a direct impact
on the system performances from environmental, economic, and thermodynamic perspec-
tives. Some significant criteria should be observed when choosing a suitable working fluid,
including the following:

• A dry working fluid whose slope of its vapor saturation curve is positive is pre-
ferred [58].

• A working fluid is recommended with low operating pressure and high operating
temperature, respectively [59,60]. At high pressures, the compressive stress increases
and expensive procedures are required, thus employing a fluid with a high critical
pressure is not economically viable.

• Aside from technical criteria, safety issues should be noted. Therefore, it is important
to select working fluids with non-flammable, non-toxic, non-explosive, and non-
radioactive characteristics [61].

• Ecological and environmental issues need to be considered. The superior organic
working fluid is a fluid with low values of ozone depletion potential (ODP) and global
warming potential (GWP) [55].

According to the parameters noted above, six organic working fluids are considered
here for the OFC. Table 1 presents these working fluids with their thermophysical and
environmental characteristics.

Table 1. Critical pressures and temperatures of six organic working fluids utilized in the present
GT-OFC plant.

Working Fluid Thermophysical Characteristics Environmental Characteristics

Critical Temperature (K) Critical Pressure (kPa) ODP GWP (100 Years)
(Relative to CO2)

R245fa 427.2 [62] 3640 [62] 0 [58] 950 [58]
n-Pentane 469.7 [62] 3370 [62] 0 [63] 0 [63]
n-Hexane 507.82 [62] 3034 [62] 0 [63] 0 [63]
n-Heptane 540.13 [62] 2736 [62] 0 [64] 3 [64]
n-Octane 569.32 [62] 2497 [62] 0 [65] Low [65]
n-Nonane 594.55 [62] 2281 [62] 0 Low

The following assumptions were made for modeling the system:

I. The proposed plant is in steady-state operation.
II. Potential and kinetic energy rates of the components are constant [23].
III. Pressure losses in the air preheater are 5% on the air side and 3% on the gas side.

Moreover, pressure losses on the gas side of the HRSG and in the combustion
chamber are 5% [66].

IV. Both combustion gases and air exhibit ideal gas behavior [66].
V. Ambient air has the following molar composition (%): 77.48 N2, 20.59 O2, 1.90 H2O

(g), 0.03 CO2 [66].
VI. Pure methane is utilized as the fuel and taken to behave as an ideal gas [66].
VII. The combustion chamber efficiency is considered to be 98%, while other compo-

nents operate adiabatically [66].
VIII. Pressure and thermal energy losses are ignored in all components of the OFC.
IX. Enthalpies at the inlet and exit of valves are assumed equal [49].
X. At the pump and valve 1 inlets, the organic working fluid’s phase is saturated

liquid [51].
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When dealing with data and making assumptions, there are several potential challenges
and uncertainties that can arise. These challenges can impact the accuracy and reliability
of analyses, predictions, and decision-making processes. Here are some key areas of concern:

1. Data quality: The quality of data can vary significantly, and there may be issues such
as missing values, outliers, measurement errors, or inconsistencies.
Incomplete or inaccurate data can lead to biased or flawed results.

2. Uncertain assumptions: Analytical models and algorithms often rely on assumptions
about the data and underlying relationships. However, these assumptions may not
always hold true in real-world scenarios. Inaccurate or unrealistic assumptions can
undermine the validity of results.

3. Future uncertainty: Predictive models are often based on historical data and assume
that future patterns will resemble the past. However, disruptive events, changing
trends, or unforeseen circumstances can render these models ineffective or inaccurate.

Data used to simulate and model the combined GT-OFC plant are given in Table 2.

Table 2. Input data employed to simulate the combined GT-OFC plant.

System Parameter Value Reference

Gas turbine (GT) cycle Air compressor pressure ratio, rAC 7–20 [66]
Net power generated in the GT system,

.
Wnet,GT (MW) 30 [66]

Gas turbine isentropic efficiency, ηGT (%) 81–91 [31]
Air compressor isentropic efficiency, ηAC (%) 78–89 [31]
Preheated air temperature, T3 (K) 820–940 [31]
Combustion chamber outlet temperature, T4 (K) 1520 [31]
Pinch point temperature difference in the HRSG, ∆Tpp,HRSG (K) 8–30 [31]
HRSG inlet temperature, T8 (K) 298.15 [66]
Pressure of inlet water to the HRSG, P8 (bar) 35 [31]
Inlet temperature of the fuel flowing into the combustion chamber, T10 (K) 298.15 [66]
Pressure of inlet fuel to the combustion chamber, P10 12 [31]
Methane lower heating value, LHV (kJ/kmol) 802,661 [66]
Unit cost of exergy of methane, c10 ($/GJ) 10 [67]

Organic flash cycle
(OFC) Inlet temperature of the flash separator, T15 (K) 333.2–371.2 [54]

Turbine isentropic efficiency, ηT (%) 0.8 [54]
Pump isentropic efficiency, ηP (%) 0.8 [54]
Pinch point temperature difference in the condenser, ∆Tpp,Cond (K) 10 [54]
Terminal temperature difference in the heater, ∆THeater (K) 8–16 [54]

Economic input data Interest rate, ir (%) 12 [55]
Operation years, N 20 [55]
Annual plant operation hours, t 8000 [55]
Maintenance factor, γ 0.06 [55]

Ambient conditions Ambient temperature, T0 (K) 298.2
Ambient Pressure, P0 (bar) 1

3. Modeling and Analysis

The EES software version 9.478 is employed to simulate the hybrid GT-OFC plant,
utilizing equations that govern the conservation of mass, energy, and exergy balances as the
fundamental basis for modeling process. Furthermore, the cost balance is applied to each
component within the combined system and an environmental assessment is included
to evaluate the ecological impact of the plant, thereby ensuring a comprehensive investiga-
tion. All system components are considered as control volumes during the analysis.

3.1. Mass and Energy Conservations

Given the assumptions applied, mass and energy conservation relations can be ex-
pressed as [68]:

∑
.

min =∑
.

mout (1)
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∑
.

minhin − ∑
.

mouthout + ∑
.

Q − ∑
.

W (2)

where
.

m,
.

Q,
.

W, and h denote mass flow rate, heat transfer rate, the mechanical power,
and the specific enthalpy, respectively. Moreover, subscripts in and out represent inlet and
outlet flows into the control volume. Equations relevant to the conservation of mass and
energy for each component of the GT-OFC system are shown in Table 3.

Table 3. Mass and energy conservation relations and other expressions for each component of the GT-
OFC plant.

Component Conservation of Mass Conservation of Energy and Other
Expressions

Air compressor
.

m1 =
.

m2

.
m1h1 +

.
WAC =

.
m2h2

ηAC = h2s−h1
h2−h1

Air preheater
.

m2 =
.

m3 and
.

m5 =
.

m6

.
m3(h3 − h2) =

.
m5(h5 − h6)

Combustion chamber
.

m3 =
.

m4

.
m3h3 + 0.98

.
m f LHV =

.
m4h4

Gas turbine
.

m4 =
.

m5

.
m4h4 =

.
m5h5 +

.
WGT

ηGT = (h4−h5)
(h4−h5s)

HRSG
.

m6 =
.

m7 and
.

m8 =
.

m9

.
m6(h6 − h7) =

.
m9(h9 − h8)

Heater
.

m7 =
.

m11 and
.

m13 =
.

m14

.
m7(h7 − h11) =

.
m13(h14 − h13)

Pump
.

m12 =
.

m13

.
m12h12 +

.
WP =

.
m13h13

ηP = (h13s−h12)
(h13−h12)

Valve 1
.

m14 =
.

m15

.
m14h14 =

.
m15h15

Flash separator
.

m15 =
.

m16 +
.

m18

.
m15h15 =

.
m16h16 +

.
m18h18

Turbine
.

m16 =
.

m17

.
m16h16 =

.
m17h17 +

.
WT

ηT = (h16−h17)
(h16−h17s)

Valve 2
.

m18 =
.

m19

.
m18h18 =

.
m19h19

Mixer
.

m20 =
.

m17 +
.

m19

.
m20h20 =

.
m17h17 +

.
m19h19

Condenser
.

m12 =
.

m20 and
.

m21 =
.

m22

.
m20(h20 − h12) =

.
m21(h22 − h21)

An important objective function is the system energy efficiency, which can be com-
puted as follows:

ηth =

.
Wnet,tot + (

.
E9 −

.
E8)

.
m f LHV

(3)

3.2. Exergy Analysis

Exergy analysis is another variable considered to investigate the system performance.
It plays a noteworthy role in the system improvement by determining the quantities
of exergy destruction rates and other important parameters. Exergy analysis provides
researchers with information about which components should be enhanced to reduce
exergy destruction. The exergy rate balance for a component at steady-state operation is
expressed as:

.
EQ + ∑

.
Ein −

.
W − ∑

.
Eout =

.
ED (4)

where
.
EQ,

.
Ein,

.
Eout, and

.
ED are the exergy rates attributable to heat transfer, inlet mass

flow to the control volume, outlet mass flow from the control volume, and destruction
(irreversibility), respectively.

The combination of chemical and thermomechanical exergies determines the total
exergy of a flow stream. The greatest theoretical work that is achievable as a system reaches
the restricted dead state from its initial condition is known as thermomechanical exergy.
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Thermomechanical exergy comprises kinetic, potential, and physical exergies, and the first
two initial terms are often neglected. Therefore, the thermomechanical exergy comprises
the physical exergy, which can be calculated as follows [54]:

.
Eph =

.
m[(h − h0)− T0(s − s0)] (5)

where s is the specific entropy.
The molar chemical exergy can be expressed as [31]:

ech =
n

∑
k=0

xkech
k + RT0

n

∑
k=0

xk ln xk (6)

where xk is the gas mole fraction. Table 4 summarizes the exergy rate balances of each
component of the GT-OFC cycle.

Table 4. Exergy rate balance for each component of the GT-OFC plant.

Component Exergy Rate Balance

Air compressor
.
ED,AC =

.
E1 +

.
WAC −

.
E2

Air preheater
.
ED,APH =

.
E2 +

.
E5 −

.
E3 −

.
E6

Combustion chamber
.
ED,CC =

.
E3 +

.
E10 −

.
E4

Gas turbine
.
ED,GT =

.
E4 −

.
E5 −

.
WGT

HRSG
.
ED,HRSG =

.
E6 +

.
E8 −

.
E7 −

.
E9

Heater
.
ED,Heater =

.
E7 +

.
E13 −

.
E11 −

.
E14

Pump
.
ED,P =

.
WP +

.
E12 −

.
E13

Valve 1
.
ED,V1 =

.
E14 −

.
E15

Flash separator
.
ED,FS =

.
E15 −

.
E16 −

.
E18

Turbine
.
ED,T =

.
E16 −

.
E17 −

.
WT

Valve 2
.
ED,V2 =

.
E18 −

.
E19

Mixer
.
ED,Mixer =

.
E17 +

.
E19 −

.
E20

Condenser
.
ED,Cond =

.
E20 +

.
E21 −

.
E12 −

.
E22

In addition to exergy destruction, the exergy loss of the condenser is calculated
as follows: .

EL,Cond =
.
E22 −

.
E21 (7)

It is insightful to determine the system exergy efficiency. For the suggested plant,
the efficiency can be represented as follows [31]:

ηex =

.
Wnet,tot + (

.
E9 −

.
E8)

(
.
E1 +

.
E10)

(8)

3.3. Environmental Analysis

Since the utilization of fossil fuels for power generation results in pollutant emissions
such as NOx, carbon dioxide (CO2), and carbon monoxide (CO), evaluating a system
solely from thermodynamics viewpoint is not comprehensive and is potentially ineffective
from a holistic perspective. As a result, environmental factors need to be considered.
The generation of NOx and CO is affected by the combustion temperature [69]. It is
possible to calculate the adiabatic flame temperature based on the formula provided in [41].
The amount of NOx and CO produced can be determined as follows [41]:

mCO =
0.179 × 109 exp( 7800

Tpz
)

P2
3 τ[∆Pcc

P3
]
0.5 (9)
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mNOx = 0.459 × 10−8P0.25
3 τ exp(0.01Tpz) (10)

where mCO and mNOx are the masses of CO and NOx produced in units of gpollutant/kgfuel,
Tpz is the adiabatic flame temperature, ∆Pcc denotes the pressure reduction in the combus-
tion chamber, and τ is the residence time, which was taken here to be 0.002 s [69]. Further-
more, the amount of CO2 emission can be evaluated with a carbon balance in the combus-
tion chamber [70].

The levelized total emission (LTE) is utilized to determine the ratio of the total mass flow
rate of greenhouse gases during the lifetime of the plant to the total net produced power.

LTE(kg/kW) =
(

.
mCO +

.
mCO2 +

.
mNOx)(3600 × t × N)
.

Wnet,tot
(11)

Here, N and t are the operation years and annual plant operation hours, respectively.

3.4. Exergo-Economic Analysis

To investigate the system economically, exergo-economic analysis is applied.
This method combines economics and exergy and delivers useful information about the sys-
tem from economics standpoint. These results are often required for designing the system.
Many approaches to exergo-economic analysis have been proposed, including the exergy
cost theory [71], average cost method [72], and specific exergy costing (SPECO) [73–76].
In this work, the SPECO approach is applied. It has three stages: (a) analyzing energy
and exergy attributes for each state; (b) specifying products and fuels for each component
of the system; and (c) creating cost balances and ancillary equations for each component.

The cost rate balance for a component under steady-state operation can be expressed
as [66]:

∑
.
Cout,k+

.
Cw,k =

.
Cin,k +

.
Cq,k +

.
Zk (12)

.
C = c

.
E (13)

where
.
Cw,k,

.
Cq,k, and

.
Zk are the rates of costs associated with produced work, heat transfer,

and the capital cost of component k, respectively. Table 5 lists the ancillary equations and
cost rate balance for each system component.

Table 5. Cost rate balance and ancillary equations for each component of the GT-OFC plant.

Component Cost Rate Balance Equation Ancillary Equation

Air compressor
.
C1 +

.
Cw,AC +

.
ZAC =

.
C2

.
C1 = 0

Air preheater
.
C2 +

.
C5 +

.
ZAPH =

.
C3 +

.
C6 c6 = c5

Combustion chamber
.
C3 +

.
C10 +

.
Zcc =

.
C4 –

Gas turbine
.
C4 +

.
ZGT =

.
C5 +

.
Cw,GT c5 = c4 and

.
Cw,AC

.
WAC

=
.

Cw,GT
.

WGt

HRSG
.
C6 +

.
C8 +

.
ZHRSG =

.
C7 +

.
C9 c7 = c6

Heater
.
C13 +

.
C7 +

.
ZHeater =

.
C14 +

.
C11 c11 = c7

Pump
.
C12 +

.
Cw,p +

.
ZP =

.
C13

.
Cw,P

.
WP

=
.

Cw,T
.

WT

Valve 1
.
C14 +

.
ZV1 =

.
C15 –

Flash separator
.
C15 +

.
ZFS =

.
C16 +

.
C18

(
.

C16−
.

C15)

(
.
E16−

.
E15)

= (
.

C18−
.

C15)

(
.
E18−

.
E15)

Turbine
.
C16 +

.
ZT =

.
C17 +

.
Cw,T c16 = c17

Valve 2
.
C18 +

.
ZV2 =

.
C19 –

Mixer
.
C17 +

.
C19 +

.
ZMixer =

.
C20 –

Condenser
.
C20 +

.
C21 +

.
ZCond =

.
C12 +

.
C22 c12 = c20 and

.
C21 = 0
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The sum of the annualized capital cost investment and the operating and maintenance
costs of component k constitutes the capital cost rate of the system, which is calculated as [66]:

.
Zk =

.
Z

CI
k +

.
Z

OM
k (14)

.
Zk = (

CRF + γ

t
)Zk (15)

Here, γ, Zk, and CRF are the maintenance factor, the capital cost of the component k,
and the capital recovery factor. CRF can be written as follows [66]:

CRF =
ir(1 + ir)

N

(1 + ir)
N − 1

(16)

where ir is the interest rate. Table 2 provides the values of t, N, γ, and ir. For the economic
investigation of the proposed system, the computation of the capital cost of the kth compo-
nent is necessary. Table 6 provides the function associated with the capital cost for each
system component.

Table 6. Cost functions and CEPCI0 for each GT-OFC plant component.

Component Cost Function Original Year CEPCI0 Reference

Air compressor ZAC = 71.1
.

m1
0.9−ηAC

P2
P1

ln P2
P1 1995 381.1 [66]

Air preheater ZAPH = 4122(
.

m4(h5−h6)
U∆TLMTD,APH

), U = 18 W
m2K 1995 381.1 [66]

Combustion chamber
Zcc = ( 46.08

.
m3

0.995−(
P4
P3
)
)(1 + exp(0.018T4 − 26.4)

1995 381.1 [66]

Gas turbine ZGT = ( 479.34
.

m4
0.92−ηGT

) ln( P4
P5
)[1 + exp(0.036T4 − 54.4] 1995 381.1 [66]

HRSG
ZHRSG = 6570[(

.
Qec

∆TLMTD,ec
)

0.8
+ (

.
Qev

∆TLMTD,ev
)

0.8
] +

21276
.

m8 + 1184.4
.

m4
1.2

1995 381.1 [66]

Heater ZHeater = 2681A0.59
Heater, UHeater = 1600( W

m2K ) 1986 318.4 [55]

Pump ZP = 1120
.

W
0.8
P 2005 468.2 [55]

Turbine ZT = 4405
.

W
0.7
T 2005 468.2 [55]

Condenser ZCond = 2143A0.514
Cond, UCond = 2000( W

m2K ) 1986 318.4 [55]

The cost functions of the heat exchangers depend on the heat transfer area, which can
be expressed as:

Ak =

.
Qk

Uk∆TLMTD,k
(17)

Here, ∆TLMTD,k,
.

Qk, and Uk are the logarithmic mean temperature difference, the heat
transfer rate, and the total heat transfer coefficient, respectively. Here, costs for the valves,
mixer, and flash separator are neglected [55,77,78]. The source costs in Table 6 are translated
into 2021 costs utilizing the chemical engineering plant cost index (CEPCI), as follows:

Z2021 =
ZoriginalCEPCI2021

CEPCI0
(18)

where the CEPCI2021 value stands at 766.9 [79].
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The last performance parameter, which is the rate of total cost of the overall system,
can be represented as:

.
Ctot = ∑

.
Zk + ∑

.
CD,k +

.
Cenv +

.
C f uel (19)

where
.
C f uel ,

.
Cenv, and ∑

.
CD,k denote the cost rates related to fuel, the environment, and

destruction, respectively. These can be calculated as follows [80]:

.
C f uel = c10

.
n f uel LHV (20)

where LHV and
.
n f uel are the lower heating value of methane and the molar flow rate. Also,

.
Cenv = cNOx

.
mNOx + cCO

.
mCO + cCO2

.
mCO2 (21)

.
CD,k = cF,k

.
ED,k (22)

where cNOx, cCO, and cCO2 are specific costs associated with NOx, CO, and CO2 emis-
sions. These values are taken here to be 6.853 $/kg, 0.2086 $/kg [31], and 0.024 $/kg [81],
respectively. cF,k represents the average cost per unit exergy of fuel for a general component.

Useful information can be provided by the exergo-economic factor, which is defined as:

fk =

.
Zk

.
Zk +

.
CD,k +

.
CL,k

(23)

3.5. Validation

In Table 7, the current study’s simulation results using the EES software are compared
to the findings from previous works. In this comparison, the results published in [54,66]
are applied to validate the GT system and the OFC, respectively. According to Table 7,
the maximum inaccuracy is 1.95%, suggesting that the simulation findings are in good
agreement with the reference data.

Table 7. Validation of results for the GT and the OFC sub-systems.

System Parameter Present Work Reference Value Error (%)

GT cycle [66] λ 0.0323 0.0321 0.62
T1 (K) 298.15 298.15 0.00
T2 (K) 610.85 603.738 1.18
T3 (K) 850 850 0.00
T4 (K) 1520 1520 0.00
T5 (K) 1012.4 1006.1 0.63
T6 (K) 795 779.78 1.95
T10 (K) 298.15 298.15 0.00
P1 (bar) 1.013 1.013 0.00
P2 (bar) 10.13 10.13 0.00
P3 (bar) 9.624 9.623 0.01
P4 (bar) 9.142 9.142 0.00
P5 (bar) 1.1 1.09 0.92
P6 (bar) 1.063 1.067 0.38
P10 (bar) 12 12 0

.
WGT (MW) 30 30 0
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Table 7. Cont.

System Parameter Present Work Reference Value Error (%)

OFC [54] T12 (◦C) 40 40 0.00
T13 (◦C) 40.55 40.70 0.37
T15 (◦C) 80 80 0.00
T16 (◦C) 80 80 0.00
T17 (◦C) 51.04 51.18 0.27
T18 (◦C) 80 80 0.00
T19 (◦C) 40 40 0.00
T20 (◦C) 40 40 0.00

3.6. Multi-Objective Optimization

MOO seeks to optimize multiple performance parameters simultaneously.
Genetic algorithms are optimization techniques inspired by the process of natural selection
and genetics. In the context of energy systems, genetic algorithms can be used to optimize
various aspects such as energy generation, distribution, and consumption. It involves creat-
ing a population of potential solutions represented as chromosomes and applying genetic
operators such as selection, crossover, and mutation to evolve and improve these solutions
over cogeneration and multigeneration systems. The fitness of each solution is evaluated
based on predefined criteria, such as exergy efficiency, cost-effectiveness, and environ-
mental impact. By iteratively applying these genetic operations, the algorithm converges
towards an optimal solution that meets the desired objectives for system optimization.
Using EES software, environmental, exergo-economic, and thermodynamic investigations
of the proposed cogeneration system are carried out. To perform MOO utilizing genetic
algorithm, EES software and MATLAB software version R2015a are connected to each other.

The primary objectives of the MOO in the current combined plant involve the LTE,
total cost rate, and exergy efficiency. The MOO approach presented in this research seeks
to minimize the system total cost rate and LTE while maximizing the exergy efficiency
of the overall system. Table 8 provides the specified lower and upper bounds for the deci-
sion variables in the proposed optimization.

Table 8. Lower and upper values of the decision variables for the proposed optimizations.

Decision Variable Lower Bound Upper Bound

Air compressor pressure ratio 7 20
Preheated air temperature (K) 820 940
Pinch point temperature difference in the HRSG (K) 8 30
Terminal temperature difference in the heater (K) 8 16

The MOO based on the genetic algorithm is supported by Table 9, which outlines
the primary input variables.

Table 9. Main input variables for the genetic algorithm-based MOO [82,83].

Variable Value

Population size 500
Maximum number of generations 600
Probability of crossover 85%
Probability of mutation 1%
Tournament size 2

4. Results and Discussion

Table 10 presents the thermodynamic properties and the energy cost data for the com-
bined GT-OFC system using R245fa as the working fluid in the OFC, based on the initial
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design conditions. At state 7, the combustion gases enter the heater and heat stream 13
in the low-temperature cycle at the temperature of 382.1 K. The outlet flow from the heater
exits at state 8 with the temperature of 323.7 K. Additionally, water enters the HRSG at
the pressure of 35 bar and the temperature of 298 K, and it is transformed into saturated
vapor at 515.8 K. The mass flow rate of water used to produce saturated vapor is 15.9 kg/s.

Table 10. Thermodynamic characteristics and exergy flow cost data for the GT-OFC plant a.

Stream Fluid T (K) P (bar)
.

m (kg/s)
.
Eph (MW)

.
Ech (MW)

.
E (MW)

.
C ($/h) c ($/GJ)

1 Air 298.2 1.013 92.6 0 0 0 0 0
2 Air 610.9 10.13 92.6 27.75 0 27.75 2636 26.38
3 Air 850 9.624 92.6 41.55 0 41.55 3912 26.15

4 Comb.
gases 1520 9.142 94.26 99.63 0.385 100 7629 21.19

5 Comb.
gases 1012 1.11 94.26 37.64 0.385 38.02 2900 21.19

6 Comb.
gases 795.1 1.077 94.26 21.48 0.385 21.86 1667 21.19

7 Comb.
gases 382.1 1.044 94.26 1.219 0.385 1.604 122.3 21.19

8 Water 298.2 35 15.9 0.054 0.040 0.094 0 0
9 Water 515.8 35 15.9 15.6 0.040 15.64 1643 29.18
10 Methane 298.2 12 1.655 0.632 85.02 85.65 3700 12

11 Comb.
gases 323.7 1.013 94.26 0.101 0.385 0.486 37.06 21.19

12 R245fa 313.2 2.496 68.19 0.488 _ 0.488 109.5 62.33
13 R245fa 313.7 12.39 68.19 0.541 _ 0.541 127.2 65.34
14 R245fa 372.1 12.39 68.19 1.294 _ 1.294 217.5 46.68
15 R245fa 353.2 7.908 68.19 1.229 _ 1.229 217.5 49.16
16 R245fa 353.2 7.908 12.91 0.482 _ 0.482 85.31 49.16
17 R245fa 324.2 2.496 12.91 0.214 _ 0.214 37.88 49.16
18 R245fa 353.2 7.908 55.28 0.747 _ 0.747 132.2 49.16
19 R245fa 313.2 2.496 55.28 0.546 _ 0.546 132.2 67.22
20 R245fa 313.2 2.496 68.19 0.758 _ 0.758 170.1 62.33
21 Water 298.2 1.013 268.4 0 _ 0 0 0
22 Water 303.2 1.013 268.4 0.049 _ 0.049 62.58 354.7

a rAC = 10, ηGT = ηAC = 86 (%), T3 = 850 (K), T4 = 1520 (K), ∆Tpp,HRSG = 15 (K), T15 = 353.15 (K),
∆Tpp,Cond = 10 (K), ∆THeater = 10 (K).

4.1. Results of Energy, Exergy, Exergo-Economic, and Environmental Assessments

The findings of the combined GT-OFC system’s environmental, exergo-economic,
exergy, and energy assessments are shown in Table 11 using base design circumstances
with R245fa as the working fluid. The cycle net output power was observed to be 30 MW.
By employing the bottoming cycle of OFC, the net output power of the system increased
by 153 kW. In addition, utilizing the GT system’s waste heat in the heater leads to an increase
in the exergy efficiency of the system by 0.32%.

Table 11. Findings of environmental, economic, exergy, and energy assessments of the GT-OFC plant
using R245fa under base design conditions.

Parameter Value
.

Wnet,tot (kW) 30,153
.

WGT (MW) 30
.

WOFC (KW) 153
ηI,GT (%) 55.02
ηI,GT−OFC (%) 55.20
ηI I,GT (%) 53.18
ηI I,GT−OFC (%) 53.35
.
Ctot ($/h) 7422
LTE (kg/kW) 89,383
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The findings indicate that incorporating the bottoming cycle enhances the overall perfor-
mance of the system in terms of exergy and energy efficiencies. When evaluating the system
from economic perspective, the total cost rate is studied and determined to be 7332 $/h under
the base design conditions. The majority of this cost is attributed to the fuel expenses. By reduc-
ing fuel consumption, the associated cost is also reduced. Consequently, employing methods
that minimize fuel utilization has an impact on the total cost rate of the system. The long-term
exergy (LTE) value, which is calculated as 89,363 kg/kW over a 20 year period per unit of net
output power, demonstrates that increasing the system’s net output power results in a decrease
in the LTE value, as indicated by Equation (11).

Table 12 shows the system performance results from economic and exergy viewpoints.
Among the combined GT-OFC system components, the highest exergy destruction rate is
attributable to the combustion chamber, at 27.19 MW. Overall, 69% of the overall destruction
of exergy of the entire system is due to the destruction of exergy in the combustion chamber.
In addition, due to the large destruction of exergy in the chamber, this component has
the highest cost rate of 1627 $/h. The highest exergo-economic factor (fk) is attributable
to the gas turbine (GT), at 53.42%. This value indicates that the cost of the operation
and maintenance and capital investment play important roles. Based on Equation (23),
as indicated earlier, due to the large cost of the destruction of exergy in the combustion
chamber, its exergo-economic factor is low. This shows that the greatest part of the cost
rate of the chamber is caused by the cost of exergy destruction. Moreover, the heater
and the condenser have poor exergo-economic factors, mainly because of the great costs
of exergy destruction in these components. The rates of destroyed exergy and exergo-
economic factor of the integrated GT-OFC system are 39.42 MW and 16.45%, respectively.

Table 12. Findings of the exergo-economic and exergy assessments of the integrated GT-OFC plant
under base design conditions for all components.

Component
.
EF,k(MW)

.
EP,k(MW)

.
ED,k(MW)

.
EL,k(MW)

.
CD,k($/h)

.
Zk($/h)

.
CL,k($/h) fk(%)

Air compressor 29.87 27.75 2.117 0 173.7 184.8 0 51.56
Air preheater 65.78 63.41 2.363 0 198.9 43.33 0 17.89
Combustion
chamber 127.2 100.0 27.19 0 1627 16.70 0 1.016

Gas turbine 61.99 59.87 2.123 0 161.9 184.1 0 53.42
HRSG 21.96 17.24 4.711 0.486 357.8 98.06 37.06 19.89
Heater 1.118 0.754 0.364 0 81.31 5.047 0 5.844
Pump 0.065 0.053 0.012 0 3.120 1.254 0 28.66
Valve 1 1.294 1.229 0.065 0 10.95 0 0 -
Flash separator 1.229 1.229 0 0 0 0 0 -
Turbine 0.268 0.218 0.050 0 8.910 7.571 0 45.94
Valve 2 0.747 0.546 0.201 0 35.52 0 0 -
Mixer 0.760 0.758 0.002 0 0.535 0 0 -
Condenser 0.758 0.488 0.221 0.049 49.55 2.036 11 3.254
Overall system 85.65 45.70 39.42 0.535 2709 542.9 48.06 16.45

4.2. Parametric Study

To find out how the decision parameters affect the LTE, exergy efficiency, and total
cost rate of the system, a parametric study was applied. The decision parameters are
the air compressor pressure ratio, the gas turbine isentropic efficiency, the air compressor
isentropic efficiency, the preheated air temperature, the pinch point temperature difference
in the HRSG, the flash separator inlet temperature, and the terminal temperature difference
of the heater.

In the current system, extensive research in this field has been reviewed, and it has been
observed that these seven decision-making parameters are consistently taken into account
in analyses. Therefore, these seven parameters have been chosen. Moreover, this choice is
based on the decision variables’ significant influences on the total cost rate of the system, exergy
efficiency, and LTE, and their crucial roles in determining system performance compared with
other operational parameters.
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Figure 2 depicts the effects of the pressure ratio of the air compressor on the overall
system cost rate, LTE, and total exergy efficiency. By boosting rAC, the ηex of the system
achieves a local maximum. In contrast, the system

.
Ctot is minimized with a rise in rAC.

LTE also behaves like
.

Ctot of the system. Owing to the unchanged GT system’s net out-
put power, with a rise in rAC, the power used by the air compressor and, consequently,
the produced power of the gas turbine increase. This increase results in a local minimum
for the mass flow rate of air. In addition, owing to the unchanged combustion chamber inlet
and outlet temperatures, the enthalpies of the inlet and outlet streams of the combustion
chamber also remain constant. As a consequence, for pressure ratios between 8–13, the rate
of fuel consumption in the combustion chamber decreases, while at the pressure ratios
larger than 13, the fuel consumption rises, which causes a local minimum for the exergy
rate of the required fuel. Because of the variations in the production rate of the combustion
gases, there is a local maximum for the heat transfer rate to the bottoming cycle (OFC),
which results in local maximum for the OFC’s net output power. As mentioned, a rise
in the pressure ratio causes a decrease in the input fuel rate, which decreases

.
Ctot of the sys-

tem. A further growth in the pressure ratio causes a rise in the OFC working fluid cost
rate, which increases the system’s

.
Ctot. Referring to the mentioned statements and Figure 2,

there is an optimum value for rAC, at which LTE and
.

Ctot of the system possess the lowest
possible values and ηex has the highest value. Bestowing to Figure 2, from environmental,
economic, and exergy perspectives, n-nonane has the best performance among considered
working fluids of the OFC.
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Figure 3 shows the effects of the air compressor isentropic efficiency on the system
total cost rate, LTE, and exergy efficiency. It is seen that, as ηAC rises, ηex of the system
increases. If all other decision parameters remain constant, a greater ηex can be achieved
because of the higher ηAC. However, further increasing of this decision parameter is not
cost-effective and results in a rise of

.
Ctot of the system. The rate of power utilized by the air

compressor is reduced by raising ηAC, which allows for a decrease in the air mass flow
rate. The cost rate related to the gas turbine declines as a result. In the heater, the inlet
temperature of the combustion gases rises, which increases the heat transfer rate to the
bottoming cycle, and thus the mass flow rate of the working fluid in the OFC increases.
In this regard, the net output power generated by the OFC increases, leading to an increase
in ηex of the overall system. Bestowing to Equation (11), a growth in the system net output
power results in a decrease in LTE. According to Figure 3, the working fluids other than
R245fa have almost the same performances and can be used as the working fluid in the OFC.
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Figure 4 illustrates how the preheated air temperature affects the system LTE, total
cost rate, and exergy efficiency. By raising T3, the system ηex increases, whereas the

.
Ctot

of the system and LTE decrease. Therefore, increasing the preheated air temperature can
improve the system performance from environmental, economic, exergy, and energy per-
spectives. By increasing T3, the methane mass flow rate declines, and therefore, the heat
transfer rate in the combustion chamber decreases. That reduction leads to a drop in the ex-
ergy destruction of this component, which, based on Table 12, has the greatest exergy
destruction rate. Reducing the destruction of exergy in the combustion chamber raises ηex
of the system and causes a reduction in the cost rate of the exergy destruction, reducing
.

Ctot of the system. n-Octane and n-nonane are seen in Figure 4 to be the best options
for use in the OFC from environmental, economic, and thermodynamic perspectives.
However, R245fa is not a promising working fluid for the OFC. As a result, a higher air inlet
temperature entering the combustion chamber results in better environmental, economic,
and thermodynamic performances.
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The effects of the gas turbine isentropic efficiency on the main three objective functions
are illustrated in Figure 5. The effects of ηGT and ηAC on LTE,

.
Ctot, and ηex of the system

exhibit similarities. Specifically, on boosting ηGT, ηex rises, but a further increase in ηGT
does not yield cost-effective results. But by increasing this parameter, LTE and the emission
rate of greenhouse gases were reduced. By increasing ηGT, the system exergy destruction
rate and the rate of consumed methane are reduced, increasing the system efficiency.
By increasing ηGT, the mass flow rate of fuel is decreased, which reduces the cost rate
associated with fuel. However, the investment cost rates of the OFC components increase.
As a result,

.
Ctot of the system is locally minimized. With the exception of R245fa, all

working fluids lead to virtually the same performances by increasing ηGT.
Figure 6 shows that, as the pinch point temperature difference in the HRSG rises,

the system total cost rate and LTE increase, and the system exergy efficiency reduces. There-
fore, a lower ∆Tpp,HRSG brings about better system performance. As the specified decision
parameter rises, the cost rates associated with capital investment and destruction of exergy
in the bottoming cycle increase, which raises

.
Ctot of the system. The rise in the destruc-

tion of exergy of the OFC also increases the overall system’s irreversibility and reduces
ηex of the combined GT-OFC plant. According to Figure 6, utilization of R245fa as the
working fluid leads to the lowest performance from environmental, economic, exergy, and
energy perspectives. However, n-nonane and n-octane can be promising working fluids
for utilization at the bottoming cycle.
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Figure 7 illustrates the impacts of the terminal temperature difference in the heater
on the system LTE, exergy efficiency, and total cost rate. Raising ∆THeater is not beneficial
in terms of environmental impacts, economics, and thermodynamics. Raising ∆THeater
increases LTE and the system’s total cost rate and reduces the exergy efficiency. As a result,
superior environmental, economic, and thermodynamic performances of the system are
achieved when ∆THeater takes on the feasible possible value. A rise in ∆THeater causes
an increase in the temperature of the combustion gases leaving the heater (state 11), which
reduces the heat transfer rate in the heater. In addition, by increasing the mentioned
decision variable, the hot combustion gases transfer less heat to the OFC working fluid.
By decreasing the exergy heat input to the bottoming cycle, the net output power generated
by the OFC decreases and consequently, the combined GT-OFC plant’s ηex reduces, while
the total investment and operation and maintenance cost rates decrease. The overall
system’s

.
Ctot declines because of the notable effect of the reduction of the net output power

of the hybrid GT-OFC plant on
.

Ctot. R245fa leads to the lowest performance efficiency
among all the working fluids evaluated in this research. Meanwhile, n-octane and n-nonane
can be effectively employed in the bottoming cycle.
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Figure 8 illustrates how the inlet temperature of the flash separator affects the system
LTE, total cost rate, and exergy efficiency. It is seen that, as T15 rises, the system ηex is
maximized locally, whereas LTE and

.
Ctot for the system are minimized. Therefore, there

should be an optimized value for T15 at which ηex takes on the highest possible value and
LTE and

.
Ctot of the system take the lowest possible values. As a result of the unchanged

net output power generated in the topping system and the increase in the flash separator
inlet temperature, the variations in the three objective functions of the combined GT-OFC
plant are just in relation to the performance of the OFC. By raising T15, the inlet pressure
and temperature of the turbine (state 16) increase, resulting in a lower working fluid mass
flow rate entering the turbine while decreasing the turbine output enthalpy. These modifi-
cations result in the lowest and the highest values for the system’s

.
Ctot and ηex, respectively.

When n-nonane is used as the working fluid, the combined GT-OFC plant achieves the great-
est ηex, the lowest LTE, and the lowest

.
Ctot. Conversely, R245fa has the poorest environ-

mental, economic, and thermodynamic performances.
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4.3. Optimization

The analysis of the system’s parameters highlights the significant influences of rAC,
ηGT, ηAC, T3, ∆TPP,HRSG, T15, and ∆THeater on the performance of the hybrid system.
Consequently, these factors have been identified as crucial decision parameters for the op-
timization processes. To thoroughly optimize the system, four distinct scenarios have
been considered: (a) maximizing the system exergy efficiency, (b) minimizing the system
total cost rate, (c) minimizing LTE, and (d) multi-objective optimization. The first three
scenarios involve optimizations based on single-objective functions while the last involves
a multi-objective optimization procedure.

4.3.1. Single-Objective Optimizations (Scenarios a, b, and c)

The optimizations were carried out to maximize the system exergy efficiency, to mini-
mize the total cost rate, or to minimize the LTE. The combined GT-OFC plant optimization
was performed using EES software as follows:

For the GT-OFC plant, the maximization of ηex or minimization of
.
Ctot or minimization

of LTE considering the parameters of rAC, ηGT, ηAC, T3, ∆TPP,HRSG, T15, and ∆THeater
in the following ranges:

7 ≤ rAC ≤ 20
81 ≤ ηGT(%) ≤ 91
78 ≤ ηAC(%) ≤ 89
820 ≤ T3(K) ≤ 940
8 ≤ ∆TPP,HRSG(K) ≤ 30
333.15 ≤ T15(K) ≤ 371.15
8 ≤ ∆THeater(K) ≤ 16

According to the findings of the parametric study, the highest system exergy efficiency and
the lowest system total cost rate and LTE were achieved when n-nonane was utilized as the OFC
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working fluid. Therefore, this working fluid is promising, and the results of this working fluid
were considered in a multi-objective optimization procedure. Thermodynamic and economic
optimizations aim to maximize the system exergy efficiency, minimize the system total cost rate,
and minimize the system LTE, respectively. The findings of the environmental, economic, and
thermodynamic optimizations are summarized in Table 13.

Table 13. Results of exergy, environmental, and economic optimizations of the integrated GT-OFC
plant utilizing n-nonane as the working fluid in the OFC.

Parameter Base Condition Maximum ηex (%) Minimum
.
Ctot ($/h) Minimum LTE (kg/kW)

rAC 10 12.18 10.84 12.18
ηAC (%) 86 89 86.33 89
T3 (K) 850 940 940 940
ηGT (%) 86 91 89.03 91
∆TPP,HRSG (K) 15 8 8 8
∆THeater (K) 10 8 8 8
T15 (K) 353.15 353.3 365.6 353.2
ηex (%) 53.4 58.2 56.41 58.2
.
Ctot ($/h) 7358 8346 6302 8361
LTE (kg/kW) 89,255 64,714 70,726 64,714

According to Table 13, all decision variables, as well as the system LTE, exergy effi-
ciency, and total cost rate, are almost equal for thermodynamic and environmental opti-
mizations, indicating that maximizing the exergy efficiency minimizes the LTE. Therefore,
increasing the exergy efficiency enhances the thermodynamic performance of the hybrid
GT-OFC system and improves its environmental performance. Furthermore, a higher rAC
is necessary to maximize the system exergy efficiency and decrease the total cost rate.
According to the findings of the parametric assessment, for maximizing the system ex-
ergy efficiency and minimizing the system overall cost rate, ∆Tpp,HRSG, and ∆THeater take
on the lowest achievable values, which are 8 K. According to Figures 3 and 5, the optimal
exergy efficiency is attained when both ηAC and ηGT are maximized. However, maximizing
ηAC and ηGT also leads to an increase in the system total cost rate. It is worth noting that
the lowest total cost rate of the plant and the greatest exergy efficiency are 16.8% lower
and 9.0% higher, respectively, than the combined GT-OFC plant’s corresponding values
under base conditions. Moreover, the lowest LTE is 64,714 kg/kW, which is 37.9% lower
than that of the combined cycle under base design parameters. The only decision variable
that remains constant for thermodynamic and economic optimizations is the temperature
of the preheated air. This variable is 940 K for all three optimizations.

4.3.2. Multi-Objective Optimization (Scenario d)

After coupling the MATLAB codes with the EES software, the optimization procedure
was performed, the PARETO frontier was plotted, and the best performances of the sys-
tem from environmental, economic, and thermodynamic points of view were achieved.
Due to the mentioned reasons, the MOO was performed considering n-nonane as the OFC’s
working fluid. Figure 9 depicts the PARETO frontier of the MOO.

Table 14 presents the objective functions that are deemed most suitable based on the re-
sults obtained from MOO. The table also provides the values of the decision-making
variables.

Table 14. Results of MOO considering n-nonane as the OFC working fluid.

Exergy Efficiency Total Cost Rate LTE

55% 6873 $/h 74,567 kg/kW
rAC = 14.28, ηGT = ηAC = 86 (%), T3 = 939.9 (K), ∆Tpp,HRSG = 9.359 (K), ∆THeater = 11.71 (K).
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Table 15 compares the results of MOO and system under base design conditions.
By applying MOO, the power generated by the OFC goes up with 336.1%, which can affect
the overall exergy efficiency deeply. Moreover, the system exergy efficiency increases by 3%.
Conducting MOO results in better economic performance of the system, which can bring
down the system total cost rate by 6.59%. The environmental aspect of the system (LTE) is
reduced by 16.45%, which is the highest difference rate among thermodynamic, economic,
and environmental aspects. Furthermore, these results indicate that conducting MOO can
result in better environmental, thermodynamic, and economic performances.

Table 15. Comparing results of the system under base design conditions and MOO using n-nonane.

Parameter Results of MOO Difference (%)
.

Wnet,tot (kW) 30,667 1.7
.

WOFC (KW) 667.3 336.1
ηI,GT (%) 55.96 1.7
ηI,GT−OFC (%) 56.9 3.1
ηI I,GT (%) 54.09 1.7
ηI I,GT−OFC (%) 55 3
.
Ctot ($/h) 6873 −6.59
LTE (kg/kW) 74,567 −16.45

Figure 10a–d present the scattered distribution charts for the MOO.
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5. Conclusions

The main novelty of the present work was proposing an innovative configuration
of combined gas turbine–organic flash cycle (GT-OFC). Also, the main contribution of the re-
search was a comprehensive assessment encompassing environmental, economic, exergy,
and energy analyses utilizing six different working fluids in order to assess the plant
performance in detail. To explore the impacts of several variables on the system LTE,
exergy efficiency, and total cost rate, parametric investigations were performed. The results
of the parametric studies revealed that superior environmental, economic, and thermo-
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dynamic performances of the integrated GT-OFC plant may be attained with n-nonane
utilized as the OFC working fluid. Lastly, the system environmental, economic, and thermo-
dynamic performances were optimized through single- and multi-objective optimizations
to minimize the system’s overall cost rate and LTE, and to maximize the exergy efficiency.
The key findings and conclusions derived from the analyses are listed below:

I. The parametric investigations revealed that the combined GT-OFC plant achieves
better thermodynamic, economic, and environmental performances when ∆Tpp,HRSG
and ∆THeater are 8 K, which are the lowest possible values.

II. According to the findings of single-objective optimizations, the maximum exergy
efficiency and the lowest LTE were obtained at higher air compressor pressure ratios.
However, the system optimal total cost rate was attained at lower pressure ratios.

III. The single-objective optimizations revealed that the lowest total cost rate, the low-
est LTE, and the highest exergy efficiency of the system were obtained when
the temperature of the preheated air was at its highest possible value of 940 K.

IV. For thermodynamic and environmental single-objective optimizations, the gas tur-
bine and the air compressor isentropic efficiencies and the air compressor pressure
ratio were higher than those for the economic optimization. However, the lowest
LTE and the highest exergy efficiency attained at lower inlet temperature of the flash
separator than that for the system minimum total cost rate.

V. The findings of the thermodynamic and environmental single-objective optimizations
demonstrated that the lowest LTE is attained at the highest exergy efficiency, and the val-
ues of the variables for both optimizations are virtually the same. Therefore, thermody-
namic optimization was nearly equivalent to environmental optimization.

VI. The highest exergy efficiency was determined to be 58.2%, and the lowest total cost
rate 6302.4/h for the combined GT-OFC plant. The rate of total cost and exergy
efficiency were calculated as 16.8% lower and 9.0% higher, respectively, than those
for the GT-OFC plant under base design conditions. In addition, the lowest LTE
was 64,714 kg/kW, which was 37.9% lower than that under base design conditions.

VII. According to the results of MOO, the system exergy efficiency, rate of total cost,
and the LTE were 55%, 6873 $/h, and 74,569 kg/kW, respectively.

VIII. Among the six distinct working fluids considered, n-nonane achieved the best envi-
ronmental, economic, and thermodynamic performances based on the parametric
analyses. From a technical aspect, the main reason is that n-nonane has the highest
and the lowest critical temperature and critical pressure, respectively. Moreover,
this fluid has zero environmental impact. Therefore, this fluid can be an excellent
choice as the working fluid in the combined GT-OFC plant.

IX. The highest cost of exergy destruction and the exergy destruction rate was achieved
in the combustion chamber accounting for 60.06% and 68.97% of the overall system,
respectively. Thus, this component played a major role in the system environmental,
economic, and thermodynamic performances.

Future research can compare different bottoming cycles, encompassing ORC, Kalina
cycle, and supercritical CO2 cycle, combined with the GT system from environmental,
economic, exergy, and energy aspects to determine the most appropriate plant. Moreover,
advanced exergy and exergo-economic analyses can be applied to the GT-OFC system
to enhance its thermodynamic and economic performances.
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Nomenclature

Symbols γ Maintenance factor
A Area

(
m2) τ Residence time (s)

.
C Cost rate ($/h) ∆T Temperature difference (K)
c Average cost per unit exergy ($/GJ) Superscripts
CH4 Methane CI Capital investment
CRF Capital recovery factor OM Operation and maintenance
.
E Exergy rate (MW) Subscripts
e Specific molar exergy (kJ/kmol) 0 Ambient condition
f Exergo-economic factor (%) 1, 2, etc. State points
h Specific enthalpy (kJ/kg) APH Air preheater
H2O Water AC Air compressor
ir Interest rate (%) CO2 Carbon dioxide
∆TLMTD Logarithmic mean temperature difference (K) CC Combustion chamber
LHV Lower heating value (kJ/kmol) ch Chemical
LTE Levelized total emission (kg/kW) CO Carbon monoxide
.

m Mass flow rate (kg/s) Comb.gases Combustion gases
m Greenhouse gas mass ratio (gpollutant/kgfuel) Cond Condenser
MOO Multi-objective optimization D Destruction
.
n Molar flow rate (kmol/s) env Environmental
N Number of operation years ex Exergy
N2 Nitrogen f Fuel
O2 Oxygen FS Flash separator
P Pressure (bar) GT Gas turbine
.

Q Heat transfer rate (MW) HRSG Heat recovery steam generator
r Pressure ratio in Inlet
R Universal gas constant (8.314 kJ/kmol.K) L Loss
S Specific entropy (kJ/kg.K) NOx Nitrogen oxide
t Annual plant operation hours out Outlet
T Temperature (K) P Pump
U Overall heat transfer coefficient (kW/m2.K) ph Physical

.
W Produced/consumed power (MW) PP Pinch point
X Molar fraction Pz Primary zone of combustion chamber
Z Capital investment cost ($) T Turbine
.
Z Capital investment cost rate ($/h) th Thermal
Greek symbols tot Total
η Efficiency (%) V Valve
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