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Abstract: This study aims to improve existing fossil gas turbine power plants by waste heat recovery.
These power plants function with an air simple cycle (ASC) and are implemented where water
resources are limited. Modeling and simulation of ASC and two advanced energy conversion systems
are performed. They are the gas turbine–air bottoming cycle (GT-ABC) and gas turbine–supercritical
carbon dioxide bottoming cycle (GT-sc-CO2BC). The main intent is to assess the benefits of employing
sc-CO2 as a working fluid in a closed Brayton bottoming cycle compared to air, based on the energetic
and exergetic performance and economic and environmental impact. Analyses of ASC, GT-ABC,
and GT-sc-CO2BC are performed for various topping gas turbine powers: large (plant 1); medium
(plant 2); and low (plant 3). The results of the energetic and exergetic analyses indicate that there
is a significant improvement in the output power (ranging from 22% to 25%); and energy and
exergy efficiencies of GT-ABC and GT-sc-CO2BC (up to 8% and 11%, respectively) compared to that
of ASC. To provide better insight into the behavior of these technologies and achieve their better
integration, we investigate the influence of varying the bottoming compressor pressure ratio, the
ambient temperature, and the gas flow rate in the bottoming cycle. The results of the environmental
and economic analyses show that the amount of CO2 emissions in GT-sc-CO2BC is reduced by 10%
more than in GT ABC. The results also show that GT-ABC improves the NPV between 17.69% and
30% but GT-sc-CO2BC improves it even more, between 25.79% and 33.30%.

Keywords: exhaust heat recovery; gas turbine improvement; combined cycle; air bottoming cycle;
supercritical carbon dioxide bottoming cycle

1. Introduction

With the increase in population all over the world and the development of countries,
energy demand is constantly growing [1,2]. To satisfy the growing energy needs, production
must be increased by establishing new installations or by improving existing ones. Gas
turbines are widely used in thermal power generation units [3,4]. One alternative to
improve a gas turbine is waste heat recovery (WHR), which has become an attractive
research subject [5–7]. In the past decade, research on gas turbine WHR has achieved
rapid progress, and several technologies have been developed [8], such as the gas–steam
combined cycle (GSCC) using water or other alternative fluids [9,10]. Moreover, the
organic Rankine cycle (ORC) is broadly used to generate power from low- and moderate-
temperature heat sources [6,11–13]. RC and ORC are still limited because of the exergy
destruction increase during the heating process, where the pure fluid evaporation takes
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place at a constant temperature. This limitation has been circumvented by using binary
fluids in the Kalina cycle and supercritical cycle where the heating process occurs at a
variable temperature [14–16]. Compared to RC and ORC, the efficiency and power of the
supercritical cycle were high and its cost was low [17]. The outstanding supercritical CO2
(sc-CO2) characteristics have motivated a high number of researchers used sc-CO2 and
have given enlightenments about the advantages of sc-CO2 with different heat sources,
industrial and mobile waste heat, geothermal heat, and solar energy [18–20]. In the late
1980s, the air bottoming cycle (ABC) was suggested to recover gas turbine waste heat (GT-
ABC). It has been used in several applications [21,22]; it has had interesting performances
compared to the gas turbine cycle alone. GT-ABC has been proposed by many studies
conducted by [23] in heat engineering, the gas transport and storage industry, and the
carbon dioxide capture installation of a coal-fired power unit. In electricity generation, GT-
ABC increased the energy efficiency of a low-power-output gas turbine by about 10% and
about 11% when using an intercooler. For both cycles, the energy efficiency was sensitive to
different parameters such as the bottoming compressor and expander isentropic efficiency,
the bottoming compressor pressure ratio, the heat exchange pressure drops, and the flue
gases’ temperature. Based on thermodynamic and economic comparative analyses [3], it
has been shown that GSCC was thermodynamically better than the GT-ABC, even with an
intercooler, since the system energy efficiency improvement exceeded 13%. However, from
an economic point of view, based only on the investment expenditure evaluation, both
cycles (GT-ABC and GT-ABC with intercooler) were better as their investment expenditures
were smaller than those of GSCC. Operating under part-load conditions corresponding to
a reduction in fuel mass flow, GT-ABC provided a slightly higher power output and energy
efficiency than those of a simple gas turbine [24]. ABC is still interesting; in a very recent
study [25], ABC was integrated with gas and steam cycles forming a complex system. It
used the exhaust gases of a medium-output (78.3 MW) gas turbine for electrical power
generation, and the steam cycle was placed under ABC for hydrogen production. Based on
energy and exergy analyses, the results showed that ABC integration with the gas cycle
allowed for an energy and exergy efficiency enhancement of 10.8% and 11.5%, respectively.
Moreover, the ABC exergy destruction was only 9.3% of the total exergy destruction of the
complex system. Economically, ABC, compared to the air simple cycle, achieved a payback
period decrease of 1.65 years, a net present value increase of USD 9.4 × 108, and an internal
rate of return (IRR) index improvement of about 110%. Moreover, the environmental
damage effectiveness factor was found to be reduced by 30%. Studies on various working
fluid Brayton cycles were performed [26]; they concluded that the s-CO2 Brayton cycle has
higher efficiency compared to other gas Brayton cycles. An important number of studies
focused on showing the sc-CO2 cycle advantages for different applications and various heat
sources [27–29] including low-grade waste heat recovery [30], hybrid fuel cell systems [31],
concentrated solar systems [32,33] and nuclear reactors [25,27]. The sc-CO2 cycle allows,
simultaneously, for some problems of the Rankine steam and others of Brayton gas cycles
to be avoided and for some of their advantages to be kept [27]. CO2 has all reasons to
be chosen: it is nonflammable, non-explosive, nontoxic, noncorrosive, and abundant in
nature. Furthermore, CO2 has a low negative impact on the environment, as its ozone-
depleting potential (ODP) and its global warming potential (GWP) are very low [17,34].
Recently, a study concerning the WHR of a gas turbine was conducted to show the potential
of different sc-CO2 cycles as bottoming cycles [35,36]. Compared to GT-ABC, combined
gas turbine–supercritical CO2 power cycles (GT-sc-CO2BCs) have remarkably improved
system performance. According to the sc-CO2 cycle configuration, the gain in energy
and exergy efficiencies was 30.22% to 33.4% and 31.9% to 48.3%, respectively. Regarding
the environmental aspect, GT-sc-CO2BCs with larger savings of CO2 emissions remain
better. From analysis and comparison of various sc-CO2 cycle layouts, it was expected that
the optimal layout depended on the sc-CO2 cycle application. Combined with a topping
large-power gas turbine and in terms of the net work and energy efficiency, [9] reported
that among seven sc-CO2 layouts selected, the complex cascade sc-CO2 Brayton cycle
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was the only cycle having higher performances compared to the steam cycle. Based on
the thermodynamic analysis and optimization, [35] found that the most suitable layout
for exhaust heat recovery from a gas turbine that provides a power of 35.5 MW was the
combined gas turbine preheating cycle. Further to an energetic analysis of nine different sc-
CO2 bottoming Brayton cycle configurations to WHR from a very-low-power gas turbine (5
MW) [37], a partial-heating bottoming cycle was selected as an appropriate option. The Sc-
CO2 power cycle has not only been receiving attention as one of the promising alternatives
for a power conversion system for its interesting energy and exergy efficiencies and its small
size, but also for its economic benefit. Through an economic analysis conducted by [38]
on combining a coal-fired power plant with various sc-CO2 Brayton power cycles, the
levelized cost of electricity (LCOE) was evaluated by using the total revenue requirement
(TRR) method. It was found that all the analyzed sc- CO2 cycles lead to an LCOE decrease
of 7.8 to 13.6% compared to the steam Rankine cycle.

In the light of the previous studies, air and sc-CO2 bottoming cycles offer the possi-
bility to provide an interesting performance improvement of Brayton cycles. No research
has targeted the comparison of GT-ABC and GT-sc-CO2BC performance in terms of the
energetic and exergetic performance, the environmental impact and the economic benefit. It
is also noticed that the previous studies have particularly involved gas turbines providing
low power.

This study focuses on the waste heat recovery systems with a target to improve the
performances of existing gas turbines with different ranges of net power. The main purpose
is to search for thermodynamic processes and power conversion methods, which can be
applied as a bottoming cycle to produce additional power from the waste heat.

The specificity of the work is to find the appropriate combined cycle for waste heat
recovery, without the requirement of a water–steam cycle, that is suitable for sites where
there is a lack of water, based on the energetic and exergetic performance, CO2 emissions
savings, and economical impact, for low-, medium-, and large-scale power production.

Therefore, three configurations depicting the existing air simple cycle and two com-
bined cycles are investigated: the simple air cycle (SAC) (Figure 1a); GT-ABC, where the
bottoming cycle is an open-air Brayton cycle (Figure 1b); and GT-sc-CO2BC, where the
sc-CO2 closed cycle is used as the bottoming cycle (Figure 1c). The results of modeling
SAC, GT-ABC, and GT-sc-CO2 BC are presented. The output power and the energy and
exergy efficiencies of individual systems are determined and compared to select the best
combined cycle. Through a sensitivity analysis, cycle optimum key parameters, which
provide the system maximum performances, are obtained. The effects of the bottoming
cycle pressure ratio, the ambient temperature, and the mass flow rate on the performances
are delineated. Besides energy and exergy analyses of the cycles, an environmental analy-
sis is performed. The contribution of the proposed cycles for reducing CO2 emissions is
underlined to emphasize the clean power plants. Because of the total cost importance in
selecting a new system [39] and to make the study comprehensive, an economic analysis
is also conducted. Important economic factors, such as the net present value (NPV), the
levelized cost of electricity (LCOE), the resulting payback period (PP), and the internal rate
of return (IRR), are estimated. These are the factors that will show the benefits of investing
in these cycles.
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Figure 1. Layout of ASC (a), GT-ABC (b), and GT-sc-CO2BC (c) 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12 are
the inlet and outlet of each component of the cycles.

2. Systems Description

Figure 1a shows the simple gas turbine, including a compressor, a combustion chamber,
and a turbine. The installations considered are presented in Figure 1b,c; they refer to
the combined cycles GT-ABC and GT-sc-CO2BC. Gases exiting the topping turbine have
considerably high temperature and mass flow rates. The bottoming cycles utilize these
exhaust gases as a heat source in the heat exchanger for the bottoming compressor fluid
before its admission to the bottoming turbine. Then, the heated fluid expands in the turbine,
supplying additional power. Thermophysical and environmental characteristics of pure
CO2 and air are enclosed in Table 1.

Table 1. Important thermophysical and environmental properties of working fluids.

Working
Fluid

Molar Mass
(g/mol)

Pcr
(Bars)

Tcr
(◦C)

Critical Density
(g/cm3)

Thermal Stability
Limit (◦C) ODP GWP Auto Ignition

Temperature (◦C) Flammability

Air 32 37.85 132.63 0.302 - - - - Not flammable
CO2 44.01 73.8 30.95 0.469 800 0 1 N/A Not flammable

As shown in (Figure 1b), in the case of GT-ABC, the air bottoming cycle is an open
Brayton cycle. Air gets sucked up into the compressor at atmospheric conditions and
discharged from the turbine at atmospheric pressure. However, in the case of GT-sc-CO2BC
(Figure 1c), the bottoming cycle is closed. After its expansion, sc-CO2 is cooled down to
the lowest cycle temperature in the cooler. The compressor inlet state is near the CO2
critical point; in this region, the effects of real gas are significant, as shown by the low
value of the compressibility factor, which decreases by 0.2–0.5, and the fluid becomes
more incompressible and an important reduction in compression work can be achieved.
Furthermore, near the critical point, the variation in pressure and temperature has a
significant effect on the thermophysical properties of CO2 [34,40]. Physical properties with
the temperature of the sc-CO2 are available in [34]. Unlike the steam Rankine cycle and air
Brayton cycle where the minimum pressure in the system is about 0.07 MPa and 0.1 MPa,
respectively, the sc-CO2 cycle’s minimum pressure is high; it corresponds to the CO2 critical
pressure. On the other hand, because of the piping and measurement system’s capital cost,
the maximum pressure cannot achieve high values. Hence, the pressure ratio will be low.

Since the performances of the combined cycle are closely dependent on the topping gas
turbine outlet temperature, the exhaust temperature used is above 450 ◦C. The performance
data at the standard conditions (15 ◦C and 1.013 bars) of the three plants used in this study
are presented in Table 2. Tables 3–5 enclose the characteristics of the three cycles analyzed
in this study.
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Table 2. Performance specifications of the selected plants.

Power
(MW)

Efficiency
(%)

Pressure
Ratio

Exhaust Gases
Mass Flow Rate (kg/s)

Exhaust
Temperature (◦C)

Plant 1 205.62 37.10 11 634.25 514
Plant 2 167.8 36 9.9 534.4 522
Plant 3 36.6 34.36 7.5 144.82 456

Table 3. Proprieties of ASC.

Compressor
Inlet Pressure
(Bar)

Compressor
Inlet Temperature
(◦C)

Pressure
Ratio

Compressor
Isentropic
Efficiency
(%)

Turbine
Isentropic
Efficiency
(%)

Combustion
Efficiency
(%)

Fuel Mass
Flow Rate
(kg/s)

Air Mass
Flow Rate
(kg/s)

Maximal
Turbine Inlet
Temperature (◦C)

Plant 1 1 25 11 0.85 0.88 0.96 13.25 621 1300
Plant 2 1 25 9.9 0.87 0.88 0.96 10 524.40 1100
Plant 3 1 25 7.5 0.87 0.88 0.93 2.39 142.43 1000

Table 4. Proprieties of ABC with optimal air mass flow rate.

Compressor
Inlet Pressure
(Bar)

Compressor Inlet
Temperature
(◦C)

Pressure
Ratio

Compressor
Isentropic
Efficiency (%)

Turbine
Isentropic
Efficiency (%)

Air Mass
Flow Rate
(kg/s)

Plant 1 1 25 3.3 0.85 0.88 390
Plant 2 1 25 3 0.85 0.88 360
Plant 3 1 25 2.9 0.85 0.88 102

Table 5. Proprieties of sc-CO2 BC.

Compressor
Inlet Pressure
(Bar)

Compressor Inlet
Temperature
(◦C)

Pressure
Ratio

Compressor
Isentropic
Efficiency (%)

Turbine
Isentropic
Efficiency (%)

CO2 Mass
Flow Rate
(kg/s)

Plant 1 74 31.25 3 0.85 0.88 390
Plant 2 74 31.25 3 0.85 0.88 360
Plant 3 74 31.25 3 0.85 0.88 102

3. Energetic and Exergetic Analyses

Figures 2 and 3 show the thermodynamic process in a temperature-entropy (T-s)
diagram of an air simple cycle (ASC) and of a dual gas turbine combined cycle (GT-ABC
and GT-sc-CO2BC), respectively.
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Energy analysis is conducted for the three configurations (ASC, GT-ASC, and GT-sc-
CO2BC). The energy balance equations applied for each component of the topping and
bottoming cycles are listed in Table 6.

Table 6. Model of energy analysis.

Cycle Component Model of the Energy Relation

Topping
cycle

Compressor PTC = 1
ηis,c

[
.

mairCpairT1

(
π
(

γair−1
γair

)

air − 1

)]
Heater PH =

.
m f .PCI.ηH

Turbine PTT = ηis,T .megCPegT3

[
1 −

(
1

πair

) γeg−1
γeg

]

Bottoming
cycle

Compressor PBC = 1
ηis,c

 .
migCpigT10

π
(

γig−1

γig
)

ig − 1


Heat
exchanger

PHEX =
.

migcpigεHEX(T8 − T7)

εHEX = T8−T7
T5−T7

Turbine PBT = ηis,T .
[
megCpegεHEX(T5 − T7) + migCpigT7

][
1 −

(
1

πig

) γig−1

γig

]
Cooler PCo =

.
migCpigεco(T9 − T10)

The thermodynamic model establishment is based on some adopted assumptions,
presented as follows:

• Flow system is considered in a steady-state.
• Turbines and compressors have given isentropic efficiencies.
• Pressure losses in the heat exchangers are ignored.
• Variations of kinetic and potential energies of the fluid in all cycle components

are negligible.

Based on the first law of thermodynamics, energy efficiency is defined by Equation (1)
for ASC and by Equation (2) for GT-ASC and GT-sc-CO2BC.

ηth,ASC =
PTT − PTC

PH
(1)

ηth =
(PTT + PBT)− (PTC + PBC)

PH
(2)

In a real process, irreversibility happens in its different components. To identify the
location and magnitude of this irreversibility, exergy analysis is required. Exergy is a
destroyed quantity resulting in entropy creation; it represents the maximum available work
delivered by a power system. Compared to the energy analysis, the exergy analysis is a
powerful tool that ensures a significant evaluation of the system’s efficiency. General meth-
ods used in the exergy analysis and its application are available in various studies [8,41],
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where its effectiveness is also confirmed. Exergy analysis of the three cycles is performed by
analyzing all components of the cycles. The relative exergy destruction in each component
is determined. Assuming the heat source and ambiance at a constant temperature, the
exergy depending on the temperature and pressure of each cycle state point is given by
Equation (3).

Ei = mi[(hi − h0)− T0(si − s0)] (3)

where the subscripts “0” and “i” refer, respectively, to the ambient condition and the
point state.

The exergy balance equations applied for each component of the topping and bottom-
ing cycles are listed in Table 7. Based on the second law of thermodynamics, cycle exergy
efficiency is given by Equations (4) and (5) for ASC and the combined cycles, respectively.

ηex =
PTT − PTC

EPH

(4)

ηex =
(PTT + PBT)− (PTC + PBC)

EPH

(5)

Table 7. Model of exergy analysis.

Cycle Component Model of the Exergy Destruction

Topping cycle
Compressor LTC = mair(E1 − E2) + PTC

Heater LH = mairE2 + m f E f − megE3

Turbine LTT = meg(E3 − E5)− PTT

Bottoming cycle

Compressor LBC = mig(E10 − E7) + PBC

Heat exchanger LIHX = mig(E7 − E8) + meg(E5 − E6)

Turbine LBT = mig(E8 − E9)− PBT

Cooler LCo = mig(E9 − E10) + mCo f (E11 − E12)

The exergetic approach assesses the deviation of the considered cycles from the theo-
retical Carnot cycle. Thus, the thermal efficiency of the considered cycles and Carnot cycle
are linked through the exergy efficiency, as defined in Equation (6).

ηth = ηexηCarnot (6)

with:
ηCarnot = 1 − Tc

Th
(7)

where Tc and Th denote the temperatures of the heat sink and heat source, respectively.
The calculation procedure in the cycles’ thermodynamic analysis is illustrated in

the following steps: First, the input parameters of the topping and bottoming cycles
are specified separately. The input parameters of the topping cycle are compressor inlet
temperature and pressure, pressure ratio, turbine inlet maximal temperature, turbine and
compressor isentropic efficiencies, combustor chamber efficiency, the airflow rate, and the
fuel mass flow rate. The input parameters of the bottoming cycle are compressor inlet
temperature and pressure, pressure ratio, turbine and compressor isentropic efficiencies,
the effectiveness of the heat exchanger, the airflow rate in the case of the air bottoming
cycle, and the sc-CO2 flow rate in the case of the sc-CO2 bottoming cycle. The operating
parameters for the analysis of the three cycles are outlined in Tables 3–5. Then, using energy
balance relations, all topping cycle state points are calculated. Furthermore, the air mass
flow sucked in by the bottoming compressor is chosen as decision variable. Using the
energy exchange relation in the heat exchanger and its effectiveness, the pressure value at
the bottoming compressor outlet is varied. The procedure is repeated for different mass flow
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values of the air. The optimal fluid flow rate is fixed when we achieve the maximum of the
bottoming turbine power. Based on component energy balance relations of the bottoming
compressor and turbine, all bottoming cycle state points are determined. Moreover, the
enthalpies, entropies, and exergies at all cycles’ states are calculated, and based on the first
and second laws of thermodynamics on individual components, we calculate compressors’
and turbines’ powers, calorific power, heat recovered, and exergy destruction. At the end,
cycles’ output power and energy and exergy efficiencies are calculated.

4. Environmental Impact Analysis

Power plants generating electricity or driving machines are considered an important
source of CO2. Because of fossil fuel consumption, they emit a large amount of CO2. To
eliminate or reduce CO2 emissions into the atmosphere, which are significant contributors
to climate change, an extensive number of studies were performed [42–44]. Recently,
technology development has concentrated on the means to have clean and safe power
plants. The purpose of this part is first to underline the contribution of GT-ABC and GT-
sc-CO2BC in saving the earth’s ecosystem by minimizing the polluting emissions in low-,
medium-, and large-scale power production plants, then to select the more environmentally
friendly cycle. The amount of reduction in CO2 emissions, which is one of the deciding
parameters, is evaluated by Equations (8) and (9) [35]. GT-sc-CO2BC emissions are not
expected to exceed those of GT-ABC, since its bottoming cycle is closed, and in a closed
cycle there are no harmful emissions. Hence, we can already claim that GT-sc-CO2BC will
environmentally make more of a profit than GT-ABC.

MCO2 = αCO2 .Pbotcycle (8)

αCO2 = HRNg.EFNg (9)

where αCO2 is the amount of CO2 released from fossil fuel power plants for 1 kWh production.
HRNg is the average operating heat rate and EFNg is the emission factor of natural gas.

5. Economic Analysis

An energetic system is not considered attractive for only its thermodynamic advan-
tages but also for its expected contribution to the national economy. However, the previous
energetic, exergetic and environmental analyses are sustained, with some considerations
regarding the economic advantages of the proposed cycles. The efficiency and costs are
always linked. This part aims to evaluate the economic feasibility of GT-ABC and GT-sc-
CO2BC in electricity generation and find out whether a cycle is cost-effective and provides
economic benefits. The topping gas turbine costs can be found in published information
and at manufacturers, while those of the bottoming cycle must be estimated from the costs
of the different components constituting the cycle [21]. To evaluate the cost potential of
new technology, economic analysis is considered important and difficult work, because in
most cases, an expert opinion is very necessary to assess the system components’ cost [17].
This analysis is performed with the help of many recent economic assessments that have
been performed for power plants [38]. The economic models applied for the three cycles
are based on the capital and operating expenditure evaluation. First, we adopted the equa-
tions detailed in [45] to evaluate the investment costs of the most important components
according to their technical characteristics and thermodynamic parameters. Afterward, the
costs were updated using the chemical equipment plant cost index (CEPCI) since they were
calculated in USD in 1985. The cycles are proposed for existing power plants; the offsite
costs, such as the costs of piping, instruments, and land, as well as the civil cost, have been
excluded in this analysis. The net present value (NPV), the levelized cost of electricity
(LCOE), the payback period (PP), and the internal rate of return (IRR) are the most often
economic indicators used to take an investment decision. Moreover, NPV and IRR are the
main factors for the project’s acceptability. The NPV is obtained by subtracting the present
values of the cycles’ cost from their benefit streams. To have an economic advantage, the
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NPV of the system must be positive; on the opposite, if NPV is negative the system will be
economically disadvantaged, even if the power production is increased. The cost functions
and economic indicators used in this paper are presented in Table 8. The values of CEPCI
from 1985 to 2019 are listed in Table 9.

Table 8. Model of economic analysis.

Cost and Indicator Cost and Indicator Functions

Cost
function

total capital
of investment

TCinvest =
(

1 + ∑ TCequip

)
× kind

TCequip: equipment total cost
kind: indirect cost factor

capital cost according
to economic situation
in year 2019

TCinvest 2019 = TCinvest 1985 · CEPCI2019
CEPCI1985

annual cost of
fuel supplied

AC f uel = ζ.Pf .H
ζ: unit cost of fuel
Pf: rate of supply of energy in the fuel
H: operation hours of a year

annual cost of
operation and
maintenance

ACO & M = fk.ACinvest 2019
Fk: operation, maintenance, and insurance cost factor

Economic
indicators

net present value

NPV =
N
∑

i=0

(
Pna,i × pel,i

)
−
(

TCinvest + TC f uel + TCO&M

)
N: economic life time
Pna,i: annual net power during year i
pel,i: retail price of electricity during year i
TCfuel: total fuel cost
TCO&M: total operating and maintenance cost

levelized cost
of electricity

LCOE =
ACinvest+AC f uel+ACO & M

Pna
ACinvest: investment annual cost
Pna: annual net power

payback period PP = TCinvest
Pna ·pel−AC f uel−ACO & M

internal rate of return 0 =

N
∑

i=0
TCinvest,i

(1+IRR)i

Table 9. CEPCI values [46].

Year 1985 1996 2001 2006 2014 2016 2017 2018 2019

CEPCI 325 382 382 499.6 586.77 541.7 567.5 603.1 619.2

The comparative analysis aims to select a profitable cycle providing maximum output
power, maximum thermodynamic efficiencies, minimum CO2 emissions, maximum net
present value, minimum levelized cost of electricity, and minimum payback period.

6. Results and Discussion
6.1. Validation

The available data in the studies by [47] and in [22] were used to validate the model
of the GT-ABC. Table 10 shows a comparison between the GT-ABC energy efficiency and
the increase in the power output of the model with those of [22]. The shaft power and
the efficiency at the nominal point of the GT10 gas turbine in [22] are 25 MW and 35.2%,
respectively. The increase in power output was evaluated by comparing the power output
of GT-ABC with that of ASC. The discrepancy between the two results is very weak (0.7%)
for the energy efficiency and it is less than 12% for the increase in power output.



Energies 2022, 15, 9066 10 of 21

Table 10. Comparison of model results with those of [22].

Energy Efficiency (%) Increase in Power Output (%)

Present work 42.31 23.13
[22] 42.61 20.28

Table 11 presents the gain in energy efficiency with GT-ABC of the model compared
with the one of [47] for the GE-F5 simple gas turbine. The topping and bottoming pressure
ratio are considered 25 and 6, respectively. The gain in energy efficiency was calculated
by comparing between the energy efficiencies of GT-ABC and ASC. The comparison was
made for three values of ambient temperature. As the ambient temperature increased, the
gain in energy efficiency decreased. The difference between the two results is less than
11.5%, which indicates a good agreement.

Table 11. Comparison of model results with those of [47].

Gain in Energy Efficiency (%) of GT-ABC

Ambient temperature (◦C) 0 25 45
Present work 8 7.7 7.2

[47] 8 7.3 7

6.2. Energetic and Exergetic Analyses

Based on the energetic and exergetic models presented above, a computer program
was developed in MATLAB 9.2 to model the three cycles (ASC, GT ABC, and GT s-CO2
BC), evaluate their thermodynamic performances, and carry out a parametric analysis.
Net output power and energy and exergy efficiencies were used to assess and compare
performance cycles.

Thermodynamic performance simulations of ASC, GT-ABC, and GT-sc-CO2BC were
conducted, and the results for different conditions are presented. For each plant, the
optimum air mass flow rate for which the net output power is maximum was determined
(Table 4). To maintain the same size of the bottoming cycle in the two combined cycles,
we used the same mass flow rate values in the ABC and sc-CO2BC investigations. The
thermodynamic parameters at the bottoming turbine inlet are also determined for the
different plants with TG-ABC and TG-sc-CO2BC (Table 12). Representative energy and
exergy performance data for all plants with ASC, GT-ABC, and GT-sc-CO2BC are given
in Tables 13 and 14 and Figure 4. Thermodynamic analysis results indicate that for the
three plants, GT-sc-CO2 BC provides the maximum output power. With ASC, GT-ABC, and
GT-sc-CO2BC, the output powers are, respectively, 205.62, 235.1, and 248.73 MW for the
first plant, 167.8, 195, and 209 MW for the second plant, and 36.6, 44.78, and 45.58 MW for
the third plant (Table 13). This observation also holds for the energy and exergy efficiencies,
since the energy and exergy inputs of all cycles are similar. GT-sc-CO2BC energy efficiency
for the three plants is determined to be 44.87%, 44.78%, and 42.8%, respectively. With
GT-ABC and ASC, their energy efficiencies are, respectively, 42.42% and 37% for the first
plant, 41.85% and 36% for the second plant, and 42.31%, and 34.36% for the third plant
(Table 13). GT-sc-CO2BC exergy efficiency for the three plants is determined to be 58.41%,
58.39%, and 58.58%, respectively. With GT-ABC and ASC, their exergy efficiencies are,
respectively, 55.89%, and 48.30% for the first plant, 56.07%, and 46.92% for the second plant,
and 57.91%, and 47.02% for the third plant (Table 13). For the low-power gas turbine (plant
3), the performances of GT-ABC and GT-sc-CO2BC are higher than those of ASC, but they
are much closer. Both implementations (GT-ABC and GT-sc-CO2BC) add about 8 points
to the ASC energy efficiency and 11 points to its exergy efficiency, as well as an output
power rise of 22.34% to 25.24%. In the case of gas turbines with medium and large power
(plants 1 and 2), we notice that the output powers’ difference in GT-ABC and GT-sc-CO2BC
is larger. For the same resource, GT-sc-CO2BC produces more power. With ABC, the output
power is between 14.33 and 16.20% greater than that in the ASC, but with GT-sc-CO2BC,
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the power rise is between 21 and 24.55%. ASC energy and exergy efficiencies are improved,
respectively, by about 5 to 6 and 7.6 to 9.2 points with GT-ABC, and by about 7.9 to 9 and
10.1 to 11.5 points with GT-sc-CO2BC. For all plants, the net power and energy and exergy
efficiencies of GT-sc-CO2BC are higher than those of ASC and GT-ABC. Thus, it is obvious
that GT-sc-CO2 BC performs better. This is partially due to high values of enthalpy for
sc-CO2 at high pressure. In GT-ABC, air is compressed from the ambient pressure, but in
GT-sc-CO2BC, sc-CO2 is compressed from critical pressure; for the same pressure ratio,
this leads to a higher turbine inlet pressure. Moreover, when the pressure is higher than
the critical pressure, sc-CO2 specific heat becomes high for a greater temperature range.
After being compressed, sc-CO2 enters the heat exchanger with a high Cp, then it decreases
rapidly along the heat exchanger until it reaches a small value on the other end of the heat
exchanger. When sc-CO2 flows through the heat exchanger, its temperature will increase
rapidly due to the sharp decrease in its specific heat (Cp). Sc-CO2 has a huge potential to
recover the energy when it enters the heat exchanger. Consequently, the specific energy
content of sc-CO2 will be higher compared to air that does not have this characteristic of
Cp variation. This proves the significant influence of sc-CO2 thermophysical properties
in the heat transfer process. Hence, the gas turbine will produce more power. It is also
clear and straightforward that when using sc-CO2 as a working fluid the compression
work can be substantially decreased, because at its critical pressure sc-CO2 behaves as
a liquid then; unlike air in GT-ABC, it requires less compression work. Exergy analysis
can be used for selecting the most suitable cycle and optimization of the cycle operation.
It also allows for the determination of losses for the system components and the entire
cycle. The minimization of losses allows the system to perform better, and consequently the
output power is maximized. The results in Table 13 show that a large part of the input fuel
exergy of the systems has been wasted in the cycle’s components. For the first plant, the
input fuel exergy waste is 220, 185.5, and 177.1 MW with ASC, GT-ABC, and GT-sc-CO2BC,
respectively, which represents 51.70%, 44.11%, and 41.59% of the input fuel exergy. For
the second plant it is 189.8, 152.8, and 148.9 MW representing 53.08%, 43.93%, and 40.61%
of the input fuel exergy, and for the third one, the input fuel exergy waste is 41.2, 32.54,
and 32.22 MW, which represents 51.98%, 42.09%, and 41.42% of the input fuel exergy. We
notice that for the three plants, the input fuel exergy waste is less with GT-sc-CO2BC. This
leads to better exergy efficiency of the system (Table 13). Table 14 gives the results of
exergy analysis for the first plant components with the three cycles under the conditions
mentioned in Table 2. It can be observed from this table that most exergy losses take place
in the combustion chamber, which is mainly because of the high irreversible nature of the
combustion process. The exergy destruction rate to total exergy destruction (%) determines
the relative exergy destruction of a component; the combustion chamber has the highest
level, which is equal to 86.9% of the total. It is also shown in Table 14 that irreversibilities in
the turbine, the compressor, and the heat exchanger are also factors of exergy destruction;
they are the results of the huge pressure difference in the compressor and the turbine, and
the huge temperature difference in the heat exchanger. The gas turbine, the compressor,
and the heat exchanger have the second, third, and fourth rank in exergy loss, respectively,
whereas intercooler experiences the least exergy loss. Table 14 also shows that the exergy
destruction rate in the bottoming cycle components (compressor, heat exchanger, and
turbine) of GT-ABC is higher than that of GT-sc-CO2BC.
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Figure 4. Net output power (a), energy efficiency (b), and exergy efficiency (c) for the different plants
with the three cycles.

Table 12. Bottoming turbine inlet calculated pressure, temperature, and enthalpy for the different
plants with TG-ABC and TG-sc-CO2BC.

Plant Plant 1 Plant 2 Plant 3

Cycle TG-ABC TG-sc-
CO2BC TG-ABC TG-sc-

CO2BC TG-ABC TG-sc-
CO2BC

P (Bar) 3.3 222 3 222 2.9 222
T (◦C) 379.45 458.58 374.11 350.19 332.37 307.88
H (kJ/kg) 694.61 1598.7 690.96 1500.5 637.02 1378.7

Table 13. Net output power, energy and exergy efficiencies, and exergy destruction for the different
plants with the three cycles based on optimum pressure rate.

Net Output
Power (MW)

Energy
Efficiency (%)

Exergy
Destruction (MW)

Exergy
Efficiency (%)

ASC 205.62 37.10 220.10 48.30
Plant 1 TG-ABC 235.10 42.42 185.50 55.89

TG-sc-
CO2BC 248.73 44.87 177.10 58.41

ASC 167.80 36 189.80 46.92
Plan 2 TG-ABC 195 41.85 152.80 56.07

TG-sc-
CO2BC 209.01 44.78 148.90 58.39

ASC 36.60 34.36 41.20 47.02
Plant 3 TG-ABC 44.78 42.31 32.54 57.91

TG-sc-
CO2BC 45.58 42.80 32.22 58.58
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Table 14. Component exergy efficiency and exergy destruction rate to total exergy destruction with
the three cycles for plant 1.

Exergy Efficiency
(%)

Exergy Destruction Rate to Total
Exergy Destruction (%)

ASC TG-ABC TG-sc-
CO2BC ASC TG-ABC TG-sc-

CO2BC

Air compressor 92.98 92.98 92.98 2.51 2.51 2.51
Combustion chamber 63.63 63.63 63.63 86.90 86.9 86.90
Gas turbine 97.08 97.08 97.08 3.77 3.77 3.77
Gas compressor / 89.32 87.45 / 2.22 1.78
Heat exchanger / 87.79 86.10 / 2.21 1.60
Gas turbine / 98.56 94.01 / 2.37 2.03
intercooler / / 89.12 / / 0.75
Cycle 48.30 55.89 58.41 / / /

6.3. Sensitivity Analysis

In this section, sensitivity analysis was carried out to evaluate the effects of various
parameters on the thermodynamic results for the different cycles considered in this paper,
including the effects of the bottoming compressor pressure ratio, ambient temperature, and
gas flow rate in the bottoming cycle. These parameters are varied, while all others have the
values given in Table 2. The thermodynamic performances of GT-ABC and GT-sc-CO2BC
were analyzed by varying the compressor pressure ratio at the limit of 1.5–8, the ambient
temperature at the limit of 273–323 K, and the gas mass flow rate at the limit of 40–150 kg/s.
When one specific parameter was studied, other parameters were kept constant. The
simulations conducted are based on the heat exchanger and cooler efficiencies fixed to 85%
and 75%, respectively.

A. Effect of the bottoming compressor pressure ratio

The range of the pressure ratio is set to 1.5–8, which is the pressure ratio range of the
air bottoming cycle. It is noticed that the ASC performances are kept constant; they are
not affected by the pressure ratio variation. Figure 5a, showing the net output power gain
change of GT-ABC and GT-sc-CO2BC with the pressure ratio, reveals that for each cycle, a
maximum net output power can be achieved and the efficiency goes through a maximum
value by increasing the pressure. In GT-ABC, the net output power gain increases firstly
with increasing pressure ratio until its maximum, which is attained at an optimum pressure
ratio. Afterward, it diminishes slightly, with the addition of the pressure ratio. This is
mainly resulting from the sharp rise in power consumption in the compression process. As
can be seen from Figure 5a, the optimum pressure ratio for GT-ABC is determined to be 3;
it also yields to the maximum efficiencies of the cycle (Figure 5b,c). In GT-sc-CO2BC, the
observed behavioral trends are remarkable. They recorded a continuous increase in net
output power and thermal and exergy efficiency gains. With a pressure ratio of 8, the gain
can reach 15 MW in output power, 16% in energy efficiency, and 20.68% in exergy efficiency.
The results may be clarified by analyzing the cycles’ powers’ evolution as well as the heat
recovery process. Under the given values and assumptions as specified above, increasing
the pressure ratio in ABC leads to an increase in both works of turbine and compressor
(Figure 6a,b). Up to the optimum pressure ratio, the expansion work increase is higher
than that of the compression, resulting in an advantageous effect on power and efficiencies.
After this optimum point, the compressor work becomes dominant, leading to a decrease
in power and efficiency. In sc-CO2BC, it is clear that the powers of the compressor and
turbine increase proportionally with the pressure ratio. However, the changes recorded
between two pressure ratios show that the turbine power always increases significantly
compared to the compressor power, as illustrated in Figure 6a,b. This behavior is related
to the sc-CO2 density, which remains big in the range of compressor exit temperature
corresponding to the considered pressures. Figure 7 evaluates the energy amount in
the heat exchanger recovered in ABC and sc-CO2BC. For ABC, this energy amount is
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related to the compressor inlet temperature, unlike sc-CO2BC, where the compressor inlet
temperature is always fixed at the CO2 critical temperature. The net difference noticed
in Figure 6 is due to sc-CO2 specific heat, which is the main factor influencing the sc-
CO2 temperature profile in the heat exchanger. When the pressure ratio increases, the
compressor outlet temperature will be higher and the necessary energy for fluids to achieve
their heat exchanger outlet temperature will be less. This temperature is limited by the heat
exchanger inlet temperature of exhaust gases. Consequently, the energy amount recovering
for both fluids will decrease and the heat rest will be wasted in the atmosphere. Combining
sc-CO2BC with ASC, with the same compression ratio range, leads the initial output power
of 36.6 MW to reach 51.6 MW; then, we obtain a gain of 15 MW. The thermal and exergy
efficiencies, initially of 34.36% and 47.02%, can reach 50.36% and 67.70%, corresponding
to an improvement of 16 and 21%. However, as was noticed before, the sc-CO2 cycle is
characterized by its low pressure ratio (around 2–3); the minimum pressure is limited
by the critical pressure. However, the maximum pressure is also limited by the piping
and measurement systems’ capital cost. Despite this constraint, the maximum gain of
the net output power, in this case, can achieve 10 MW, corresponding to thermal and
exergy efficiency gains of 10% and 12.45%, respectively. In Figure 5a we notice a specific
pressure rate for which the net output power gains provided by the two combined cycles
are similar. However, in Figure 5b,c it is clear that the energy and exergy efficiencies of
GT-sc-CO2BC are always higher than those of GT-ASC, whatever the pressure rate. For the
sc-CO2 operating pressure rate limit, GT-sc-CO2BC is rated better from the point of view of
power and energy and exergy efficiencies.
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Figure 5. Net output power gain (a), thermal efficiency gain (b) and exergy efficiency gain (c) obtained
with GT-ABC and GT-sc-CO2BC compared with ASC versus pressure ratio (ambient temperature = 25 ◦C
and gas mass flow rate = 390 kg/s).
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Figure 6. Bottoming compressor work (a) and turbine work (b) versus bottoming cycle pressure ratio
with air at different ambient temperatures and with sc-CO2.
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Figure 7. Recovered heat versus bottoming cycle pressure ratio with air at different ambient tempera-
tures and with sc-CO2.

B. Effect of the Ambient Temperature

The gas turbines can be used under hard climatic conditions. Far from the ISO
standards, the ambient temperature varies considerably during the year; it can often reach
over 50 ◦C involving an important reduction in its performance. Figure 8a–c show the
sensitivity degrees of GT-ABC and GT-sc-CO2BC net output power and energy and exergy
efficiency gains, according to the ambient temperature which increases from 0 to 50 ◦C.
Contrary to the previous case where ASC performances were not sensitive to changes in
the parameters set out above, when the ambient temperature varies, ASC performances
are directly affected because the inlet air of both topping and bottoming compressors is
at atmospheric conditions. Unlike GT-ABC, where the net output power and energy and
exergy efficiency gains decrease with the increase in ambient temperature, in GT-sc-CO2BC,
these performances increase. For an ambient temperature of 50 ◦C, there is a decline in
GT-ABC output power gain (Figure 8a), resulting in a decrease in thermal and exergy
efficiencies. In Figure 8a, it is noticed that for low temperatures less than 13 ◦C, the net
output power gain difference between the two cycles is weak and their efficiencies are very
close. However, it seems that improving an air simple cycle by GT-ABC is better. Since
GT-ABC is made up of two compressors that draw in ambient air, at low temperature the
air density is greater, which will allow for high power in topping and bottoming cycles. On
the other hand, in GT-sc-CO2BC, only the topping compressor sucks in ambient air.
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Figure 8. Net output power gain (a), thermal efficiency gain (b) and exergy efficiency gain (c) obtained
with GT-ABC and GT-sc-CO2BC compared with ASC versus ambient temperature (bottoming cycle
pressure ratio = 3.3 and gas mass flow rate = 390 kg/s).
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At 13 ◦C, GT-ABC and GT-sc-CO2BC produce similar power, almost corresponding
to the same thermodynamic efficiencies. For a temperature of more than 13 ◦C there is
a sudden increase for GT-sc-CO2BC and a decrease for GT-ABC in the net output power
and thermodynamic efficiency gains. When the compressor inlet temperature is high, it is
seen that GT-sc-CO2BC performs relatively better. GT-ABC performance degradation is
due to the decrease in air density in the topping and bottoming cycles simultaneously each
time the inlet air temperature increases. Low density means a low mass flow rate, and this
involves a less recovered heat amount in the heat exchanger (Figure 7).

For GT-sc-CO2BC, the behavior is not similar because on one hand, the temperature
change concerns only the topping flow rate; the sc-CO2 flow rate is kept unchangeable. On
the other hand, sc-CO2 has a huge potential to recover the energy when it flows through the
heat exchanger even in low-grade heat sources. It is shown that GT-sc-CO2BC would have
a thermodynamic benefit compared to GT-ABC, especially for high ambient temperatures.
In contrast, for low temperatures, the GT-ABC performances are considered better.

C. Effect of gas mass flow rate

The two proposed cycles are investigated for the bottoming cycle gas flow rate change.
The one of the topping cycle remains fixed. Figure 9a–c show the evolution of the net
output power, thermal efficiency, and exergy efficiency gains, respectively, when the gas
flow rate increases from 38 to 150 kg/s. It can be seen that GT-ABC and GT-sc-CO2BC have
different behaviors. Using GT-ABC, the net output power gain firstly rises to a maximum
value (8.2 MW), and then it falls (Figure 9a). However, the energy and exergy efficiency
gains continuously decrease from 8.1 to 6 and 11.22 to 8.34, respectively (Figure 9b,c).
Moreover, up to a certain gas flow rate, the heat recovery allows for a high turbine inlet
temperature and specific enthalpy, so the net power is improved. However, when the
gas flow rate increases further, compressor consumption will be increased. Furthermore,
the mean heat transfer temperature difference in the heat exchanger decreases, resulting
in less enthalpy difference in the bottoming turbine. In this case, even if the mass flow
is added, the net output power gain will decrease. As known, the energy efficiency is
concerned with the net power output and calorific energy in the combustion chamber.
As this last energy is not affected by the gas flow rate change, the comprehensive effect
of the output power gain decrease results in efficiency gain reductions. However, the
performance trend of GT-sc-CO2BC depicted in Figure 9a–c is opposite to that of GT-ABC.
This trend will promote the enhancement of its efficiencies and net output power gains.
When increasing the gas flow rate, the net output power and energy and exergy efficiency
gains keep rising from 2.9 MW to 10 MW, from 2.6% to 10% and from 3.68 to 13.83%,
respectively. GT-sc-CO2BC’s advantage is the reduced compressor power, even if the
sc-CO2 flow rate increases. At 105 kg/s, both cycles produce similar output power; below
this value, GT-ABC owns more output power gain, but above this value, it is GT-sc-CO2BC
that produces more. The gas flow rate corresponding to the same energy efficiency of both
cycles is weaker (90 kg/s). Less than 90 kg/s higher energy efficiency gain is achieved
with GT-ABC, but above 90 kg/s it is GT-sc-CO2BC, which will provide higher energy
efficiency gain. GT-sc-CO2BC is advantageous because of its high performance for large
working conditions, with a simple layout, compact turbomachinery, and heat exchanger.
GT-sc-CO2BC can be utilized to recover waste heat from low-, medium-, and large-power
gas turbines to potentially improve the power and the energy and exergy efficiencies, which
is less practically feasible with GT-ABC.
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Figure 9. Net output power gain (a), thermal efficiency gain (b), and exergy efficiency (c) obtained
with GT-ABC and GT-sc-CO2BC compared with ASC versus gas flow rate (bottoming cycle pressure
ratio = 3.3 and ambient temperature = 390 kg/s).

6.4. Environmental and Economic Analyses

This preliminary part provided interesting insights on the potential of GT-ABC and
GT-sc-CO2BC to reduce CO2 emissions of a power generation process with ASC. The
environmental benefits of GT-ABC and GT-sc-CO2BC, compared with ASC having no
emissions reduction, for the three plants are presented in Table 15. It shows that a significant
CO2 emission amount can be reduced by both cycles. However, the highest value of
CO2 emission reduction is that achieved by adopting an sc-CO2 bottoming cycle. A
comprehensive look at Table 15 shows that the CO2 emission reduction in each cycle
depends on the topping cycle power. For the low-scale power plant, the sc-CO2 bottoming
cycle can barely supply a 10% reduction relative to the air bottoming cycle. However, for
medium- and large-scale power plants, the additional reduction is significant; it exceeds
50%. Based on these results, GT-sc-CO2BC and GT-ABC with a larger reduction in CO2
emissions are considered environmentally friendly cycles, but GT-sc-CO2BC is the more
favorable, whatever the plant power.

Table 15. CO2 emission reduction for the different plants.

Plant Cycle MCO2 (kg/h)

TG-ABC 12,312.61
Plant 1 TG-sc-CO2BC 18,005.32

TG-ABC 11,360.35
Plant 2 TG-sc-CO2BC 17,211.77

TG-ABC 3416.46
Plant 3 TG-sc-CO2BC 3750.60

In economic analysis, the NPV, LCOE, BP, and IRR are used as economic indicators
to evaluate the benefits of investing in GT-ABC and GT-sc-CO2BC. The economic perfor-
mances for the individual cycles (ASC, GT-ABC, and GT-sc-CO2BC) for the three plants
shown in Table 16 are calculated, for a twenty-year operation period of 8000 operation
hours per year, after converting the costs based on the current dollar standards. The results
in Table 14 show that there is always a net positive profit, which means both cycles are
attractive. ASC has a net current value smaller than those of GT-ABC and GT-sc-CO2BC
and for all plants combining the standalone gas turbine with air or sc-CO2 bottoming
cycle raises the NPV. The increase in the power output will obviously increase the plant
revenue. However, this increase will partially be offset by the increase in capital cost
associated with the installation and utility expenditures for the operation. The change in
the economic performances of the cycles with the net power is shown in Table 16. As seen
from this table, with the increase in the net power, the NPV of the cycles increases while
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the LCOE decreases. Depending on the ASC output power, GT-ABC improves the NPV
of ASC from 17.6% to 30%, and GT-sc-CO2BC can improve it more from 25.79% to 33.30%
(Figure 10). Moreover, it is illustrated that the LCOEs of GT-ABC and GT-sc-CO2BC are
slightly reduced as compared with that of ASC. This is mainly due to the plant size, where
the number of cycle components in both combined cycles is reduced. It is also noticed that
the NPV of GT-sc-CO2BC is always higher than GT-ABC, and its corresponding LCOE
is always lower than other LCOEs, indicating GT-sc-CO2BC’s ability to provide higher
potential revenues. The LCOEs of GT-ABC and GT-sc-CO2BC are very close, so these
cycles are distinguished from ASC as the most economical plants in terms of the NPV.
Consequently, the resulting payback period is between 2.54 and 5.2 years for ASC, while for
GT-ABC and GT-sc-CO2BC the payback period is between 2.77 and 5.3 years and 2.78 and
5.27 years, respectively. However, there is a significant difference in the payback period
of a low-scale power plant compared with that of medium- and large-scale power plants,
since the difference between the highest and the lowest values is more than 2,4 years. This
confirms the strong link between the plant power and its payback period. It is noted that
for the same plant, GT-ABC and GT-sc-CO2BC can nearly maintain a similar ASC payback
period. In consequence, it can be concluded that GT-ABC and GT-sc-CO2BC can both be
reasonable alternatives considering the payback period. IRR values of the different cycles
are shown in Table 16. For all powers, the IRR index of ASC is about 36%, which slightly
decreases in the case of GT-ABC and GT-sc-CO2BC to about 34% and 33%, respectively.
The diminution does not exceed 8%. Therefore, using GT-ABC and GT-sc-CO2BC slightly
affect the IRR, which substantiates the profitability of these cycles. It is evident that the net
power generation dominates the economic performances of power plants. These results
would make GT-ABC and GT-sc-CO2BC economically interesting compared with ASC, and
GT-sc-CO2BC remains the most attractive and a good competitor for low-, medium-, and
large-scale power generation.

Table 16. ASC, GT-ABC, and GT-sc-CO2BC net present value for the three plants.

NPV
(M$)

NPV Increase
(%)

LCOE
($/MWh)

PB
(Year)

IRR
(%)

ASC 173.01 2.99 2.54 36.25
Plant 1 GT-ABC 203.63 17.69 2.83 2.77 34.38

GT-sc-CO2BC 217.64 25.79 2.75 2.78 33.44
ASC 138.33 3.09 2.69 37.54

Plant 2 GT-ABC 166.40 20.29 2.91 2.94 35.35
GT-sc-CO2BC 182.12 31.65 2.80 2.92 34

ASC 25.10 3.96 5.20 48.04
Plant 3 GT-ABC 32.63 30.00 3.69 5.30 44.78

GT-sc-CO2BC 33.46 33.30 3.66 5.27 44.37
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Figure 10. NPV increase obtained with GT-ABC and GT-sc-CO2BC compared with ASC.

7. Conclusions

This study illustrates the potential of an air bottoming cycle (ABC) and supercritical
carbon dioxide bottoming cycle (sc-CO2BC) in gas turbine waste heat recovery. In contrast
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to the conventional combined cycle, these alternatives do not require bulky steam equip-
ment. These cycles are suitable where water supply is limited or where there are weight
and physical space restrictions.

Compared to the output power of a simple gas turbine (ASC), GT-ABC provides a
greater output power of 14.33 to 16.20%, and with GT-sc-CO2BC the output power increase
is from 21 to 24.55%. Compared to the energetic performance of ASC, the improvement in
the energy efficiency is from 5% to 8% in the case of GT-ABC, and from 7.9% to 9% in the
case of GT-sc-CO2BC. Compared to the exergetic performance of ASC, the improvement
in exergy efficiency is from 7% to 11% in the case of GT-ABC, and from 10.1% to 11% in
the case of GT-sc-CO2BC. The thermodynamic performances of GT-sc-CO2BC are better
than those of GT ABC. According to the sensitivity analysis, the bottoming compressor
pressure ratio, the ambient temperature, and the gas flow rate in the bottoming cycle are
identified as factors affecting GT ABC and GT sc-CO2BC performances. Compared to the
CO2 emissions of GT ABC, there is a 10% reduction in the amount of CO2 emissions in the
case of GT-sc-CO2BC. The economic assessment expects a remarkable NPV improvement.
With GT-ABC, the improvement in the NPV is from 17.69% to 30%, and with GT-sc-CO2BC,
it is from 25.79% to 33.30%. Concerning the payback period, GT-sc-CO2BC and GT-ABC
perform better for medium- and large-scale power plants since the payback period is below
3 years. Thus, GT-sc-CO2BC is estimated to have promising economic potential for all
levels of topping cycle power. Comparative analysis, based on the output power, the energy
and exergy efficiencies, and environmental and economic benefits for lower-, medium-,
and large-scale power plants, asserts that GT-sc-CO2BC is the appropriate option and a
promising technology for gas turbine waste heat recovery to produce additional power.

Furthermore, an experimental validation of this study will bring sufficient novelty
to this research work. Further research is needed on various configurations to select the
optimal layout for both air and sc-CO2 cycles. Therefore, more comprehensive research
studying other pure fluids or some new CO2 mixtures in bottoming cycles is required.

More detailed modeling of the heat exchanger should be considered. For sites having
water resources, a comparison with Rankine and organic Rankine cycles should be investi-
gated. Furthermore, economic analysis can be enhanced by a sensitivity analysis to forecast
the economic benefit changes.
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Nomenclature
The following abbreviations, symbols, subscripts, and Greek letters are used in this manuscript:

HEX Heat exchanger
Symbols ig Inlet gas
Cp Specific heat of fluid at is Isentropic

constant pressure [J/kg·K]
E Exergy [W] n Net out put power
m Mass flow rate [kg/s] T Turbine
mfuel Fuel mass flow rate [kg/s] TC Topping compressor
P Power [W] TT Topping turbine
LHV Lower heating value [J/kg] Abbreviations
T Temperature [K] ASC Air simple cycle



Energies 2022, 15, 9066 20 of 21

Subscripts GT Gas turbine
BC Bottoming compressor GT-ABC Gas turbine–air bottoming cycle
BT Bottoming turbine GT-sc-CO2 BC Gas turbine–supercritical carbon

dioxide bottoming cycle
C Compressor Greek letters
Co Cooler π Pressure ratio [-]
Cof Cooling fluid γ Specific heats ratio [-]
eg Exhaust gas ε Efficiency [%]
f Fuel ηex Exergy efficiency [%]
H Heater ηth Energy efficiency [%]
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