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The global utilization of RES, particularly geothermal energy, is rising and the inef-
ficient nature of geothermal cycles necessitates recovering lost heat. This research 
proposes a combined power generation cycle that simulates integrating a trans-criti-
cal CO2 cycle with a single flash geothermal cycle, utilizing the engineering equation 
solver. The study contrasts the system’s performance between two operating states: 
“Without Economizer” and “With Economizer”. The investigation analyzes the im-
pact of an economizer on key output parameters, including energy efficiency, exergy 
efficiency, and net power output. In the “With Economizer” operating state, the net 
power output experiences a noticeable increase from 201.5 kW to 204.7 kW, result-
ing in a 1.58% enhancement in the performance of the “With Economizer” system. 
The energy efficiency metric demonstrates a corresponding improvement, rising by 
1.55% from 3.28% in the “Without Economizer” system to 3.331% in the “With 
Economizer” system, aligning with the principles of the First law of thermodynam-
ics. Furthermore, the energy efficiency, expressed as a percentage of energy units, 
shows an increase from 16.3% in the “Without Economizer” system to 16.56% in the 
“With Economizer” system, representing a 1.595% improvement based on the Sec-
ond law of thermodynamics or exergy. Regarding cost analysis, the study identifies 
the optimal separator pressure value for the system without an economizer, equiva-
lent to 23. This configuration achieves a total cost rate of 01 $ per GJ. Conversely, 
in the system with an economizer, the optimal pressure value for the production cost 
rate is 322.4 kPa, resulting in a cost rate of 23.57 $ per GJ.
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Introduction

It is becoming increasingly evident that our planet’s population is growing at an alarm-
ing rate. As a result, the demand for energy is skyrocketing every day [1]. It is crucial to acknowl-
edge that fossil fuels are the primary source of energy for human activity worldwide. Non-ethe-
less, it is worth noting that these sources are finite and pose a significant threat to the environment 
[2]. It is undeniable that the use of fossil fuels has had a devastating impact on our planet. We can 
see this through the melting of the polar ice caps and the threat to countless species. Not only that, 
but we have also seen an increase in natural disasters such as fires and storms that have caused 
irreversible damage. It is time to take action and make a change before it is too late [3].

In contemporary times, there has been a notable emphasis on exploring alternative 
and environmentally friendly energy sources as a viable substitute for fossil fuels. This has 
led to a focus on renewable energy options like solar, wind, water, fuel cell, geothermal and 
biomass energies [4]. Selecting an appropriate clean energy production approach is of utmost 
importance and requires careful consideration of various factors, including geographical and 
biological conditions, as well as operational expenses. Any energy conversion methods that 
may lead to environmental harm should be avoided, such as those that generate excess heat 
or discharge harmful pollutants. When it comes to selecting the ideal clean energy production 
method, it is essential to exercise caution and not take any unnecessary risks [5]. In addition, 
energy conversion processes must be free of environmental hazards, and their adverse effects, 
such as the production of extreme heat and the release of environmental pollutants, must be 
avoided. Among the clean energy production methods, the use of wind and water energy has 
the lowest cost, and the use of solar power has the highest price. Geothermal energy is one of 
the best solutions for producing renewable energy because of various benefits. Geothermal 
energy may be utilized continuously, unlike other renewable sources of energy, which are con-
strained by certain seasons, times, and environmental factors [6]. Also, the cost of electricity in 
geothermal power plants is competitive with another standard (fossil) power plants and is even 
cheaper than different new energy types. Therefore, geothermal resources are significant due to 
their availability, simple technology for creating power plants, the possibility of uninterrupted 
operation and long-term use [7].

Using engineering equation solver (EES) software, Huang et al. [8] proposed a 
power generation cycle combining a single flash geothermal cycle with a trans-critical CO2 
cycle. The results showed that the design features of the suggested system were significantly 
better than those of the BASIC single flash cycle. The Nelder-Mead simplex method and 
genetic algorithm were then used to refine the suggested strategy. A single flash geothermal 
cycle paired with a transcritical CO2 recovery cycle is the geothermal power generation sys-
tem, Wang et al. [9] suggested. A recuperator was employed to recover part of the heat loss to 
enhance system performance. Aryanfar et al. [10] investigates, simulates, and analyzes three 
operational modes of a newly constructed geothermal power plant. The initial mode was the 
single flash geothermal cycle (SFGC). An SFGC with two-stages of ORC recovery served 
as the second mode, while an SFGC with two-stages of ORC recovery and LNG cryogenic 
energy served as the third. The ability of the N2O, CO2, and H2O EGS to extract heat was 
compared by Liu et al. [11]. A 2-D thermo-hydraulic-mechanical (THM) coupled EGS model 
with discrete fractures is created. The effects of the injection-production parameters on the 
heat extraction outcomes of the EGS employing various working fluids are also examined. 
The outcomes demonstrate that under the same circumstances, N2O-EGS and CO2-EGS per-
form almost equally in heat extraction. Sahana et al. [12] suggested employing a supercritical 
CO2 (sCO2) power cycle to recover heat in the HWCS when hot water was delivered from the 
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oilfield at a temperature close to 140 °C. The output of a sCO2 power cycle drives the com-
pressor of an ejector expansion CO2 refrigeration cycle. Using some of the CO2 cycle reject 
heat, the HDH (Humidification-Dehumidification) desalination unit may produce fresh wa-
ter. In a study, Wang et al. [13] used sCO2 to simulate geothermal heat mining. The require-
ments for choosing the working fluid for ORC that use sCO2 from a geothermal reservoir are 
then given for subcritical, superheated, and supercritical ORC. In the interim, a practical fluid 
classification method for ORC is being suggested. Models were utilized by Jiang et al. [14] to 
predict system efficiencies for standalone and hybrid systems. It has been found that the hy-
brid system has an efficiency that is on par with or even higher than the combined efficiency 
of the two individual CO2-EGS and CO2-solar thermal systems when compared to standalone 
CO2-EGS and CO2-solar thermal systems.

According to Liu et al. [15] research, the compression techniques used in sCO2 and 
transcritical CO2 (T-CO2) power cycles differ, and their implications for the equipment’s and 
power cycles’ thermodynamic performance are explored. According to the data, there is a sig-
nificant gain in thermal efficiency and net output power close to the critical temperature and a 
decrease in compressor/pump inlet temperature overall. A recompression sCO2  Brayton cycle 
coupled with a solar power tower was proposed by Cao et al. [16]. Two energy storage stages 
are creatively used to increase the stability of the solar subsystem for continuous daily oper-
ation. Additionally, a solid oxide electrolyzer is included in the plan. Liu et al. [17] used both 
conventional and advanced exergy evaluations to evaluate the exergetic performance within 
the transcritical CO2 ejector refrigeration system integrated with a thermoelectric sub-cooler  
(EJE + TES). The findings show that 89.44% of the total energy destruction is endogenous, 
which amply proves that there are no close relationships among the system’s constituent parts.

This study focuses on a comparative analysis of a single flash geothermal cycle pow-
ered by a trans-critical CO2 cycle, considering two operating modes: Without Economizer and 
With Economizer. The systems are designed, and their thermodynamic behavior is modeled 
using EES software, incorporating thermodynamic equations and the First and Second laws 
of thermodynamics. The main objective of this research is to investigate the impact of adding 
an economizer to the system, specifically analyzing its effects on energy efficiency, exergy 
efficiency, and net power output. Additionally, a comparative sensitivity analysis is conducted 
to assess the influence of critical parameters on the system’s performance in both operating 
modes. The key aims of this study are: 
	– Develop a comprehensive model of a single flash geothermal power plant utilizing a 

trans-critical CO2 cycle, considering both Without Economizer and With Economizer oper-
ating modes.

	– Conduct a comparative study between the two operating modes, assessing their respective 
performance and characteristics.

	– Investigate the variations in energy efficiency, exergy efficiency, and net power output in 
response to changes in critical system parameters.

	– Perform an economic analysis of the Without Economizer and With Economizer systems, 
including a sensitivity analysis of relevant economic parameters.

The proposed systems are implemented in the EES software, utilizing thermodynamic 
equations and primary data, to obtain output results for comparison. The subsequent sections 
present and discuss the changes in output parameters, such as energy efficiency, exergy effi-
ciency, net power output, total cost rate, and production cost rate. Comparative diagrams are 
used to visualize and analyze these changes concerning variations in separator pressure, CO2 
turbine inlet pressure, and CO2 condenser temperature for both operating modes.
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Modelling and cycle description

The single-flash geothermal cycle driven by the trans-critical CO2 cycle is shown 
in figs. 1(a) and 1(b) in Without Economizer and With Economizer working modes. Software 
called EES was used to simulate the system. In the simulation approach, each system compo-
nent is employed as a control volume engineering, and the First and Second laws of thermody-
namics are applied to it.

During the decompression process, in which the pressure is reduced while maintain-
ing a constant enthalpy, the geo-fluid that has entered the system is transformed into a two-
phase fluid, as illustrated in fig. 1(a). The steam turbine is powered by the two-phase fluid’s 
saturated vapor component, which moves into the separator. The vapor generator (VG), which 
increases the temperature of CO2 gas before the heat exchanger’s outlet fluid is routed to the 
ground, also receives the saturated liquid component of the separator. It is delivered to the gas 
turbine at the proper pressure and temperature, producing more power for the entire system.

Figure 1(b) shows the installation of an economizer between the CO2 pump and 
the VG to enhance system efficiency. The steam turbine’s output stream (Point 5) enters the 
economizer and warms the CO2 pump’s output stream before it reaches the condenser (Point 
9). Finding the congestion point in a trans-critical cycle is difficult because the temperature 
change’s slope changes when CO2 gas heats up within heat exchangers like an evaporator. 
The temperature difference between the beginning and the end is considered constant for ease 
of solution.

Figure 1. Schematic of the proposed single flash geothermal cycle powered  
by a trans-critical CO2; (a) without economizer and (b) with economizer

The EES is a comprehensive equation-solving software that can numerically solve 
thousands of coupled non-linear algebraic and differential equations. This program can also 
solve differential equations and integrals, perform optimization, provide uncertainty analysis, 
perform linear and non-linear regression, unit conversion and provide quality graphs. One of 
the main features of EES is a very accurate database of thermodynamic properties and transport 
properties, which is provided for hundreds of materials in a way that allows it to be used with 
the ability to solve the equation.

Governing equations

According to eqs. (1) and (2) and neglecting kinetic and potential energies, the system 
is written while considering the control volume, mass, and energy balances for each component 
of the system (2) [18-22]:
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where ṁi is the input flow rate and ṁo – the output flow rate. Also, hi is the enthalpy of the input 
flow, ho – the enthalpy of the output flow, Ẇ – the work, and Q̇ – the exchanged heat. Equations 
(3) and (4) will yield the isentropic efficiency and net power production of each turbine:
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Equations (7)-(9) will represent the net power of the system as well as the energy 
efficiency and exergy efficiency of the entire system [23-26]:
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In the current investigation, the following hypotheses are considered [27-33]:
	– All cycle parts function in steady-state situations (as a control volume).
	– Changes in kinetic energy and potential in all components are insignificant, and pressure 

drop and heat loss in pipe-lines can be disregarded.
	– The isotropic efficiency of pumps is 0.75, while that of turbines is 0.8.
	– The ambient temperature and pressure for the analysis that is being presented are 25 °C and 

0.1 MPa, respectively.
A cost rate balance for the entire system can be stated as below in the economic anal-

ysis [34]:

total fuel CI OM( )k
k
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(10)

where Ċtotal (= cproductẆnet) and Ċfuel (= cGĖx1 ) stand for the respective total (or product) and fuel 
cost rates. Following are estimates for the total running, maintenance, and capital expenditure 
cost rates for each system component [35, 36]:
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where Zk is the investment cost of each component, Φ – themaintenance coefficient, and N – the 
number of annual operating hours and CRF is the return on investment coefficient. According 
to eq. (12), CRF can be calculated [35]:

( )
( )

1

1 1

n

n

i i
CRF

i

+
=

+ −
(12)

where i is the interest rate and n – the useful life of the system. The investment cost function for 
each system component is displayed in tab. 1. 

Table 1. The investment cost function of different system components

Capital cost functionComponent

1773ṁ [37]Condenser

2143(Aeconomizer)0.514 [38]Economizer

1120(Ẇpump)0.8 [34]Pump

2143(AVG) 0.514 [38]VG

6000ẆT
0.7 [37]Steam turbine

( )2CO i
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

[37]Gas turbine

Calculating certain factors in economic research, such as total cost, return on invest-
ment, and cost of producing an energy unit, might help to make the situation clearer:

tot product netC c W=  (13)

That Ċtot shows the total cost rate of the system and cproduct is product cost. Table 2(a) 
presents the essential data required for system simulation in the software environment. One 
of the main components of any application is the data it uses. Familiarity with data types in 
programming helps a lot to use them in the right place. This will improve the performance 
and speed of programming. Table 2(b) shows the validation of the present modelling by 
Wang’s work. The amount of error is minimal, and therefore, the validity of the modelling is 
confirmed.

Results and discussions

In this section, the suggested systems’ performance is assessed and analyzed, and 
the findings of the energy and exergy analyses are shown in tables and figures. The values of 
the input parameters are listed in tab. 1 so that you can see how different parameters affect 
the system’s performance. Temperature, pressure, mass-flow rate, enthalpy, and entropy are 
the four thermodynamic parameters for the Without Economizer system in tab. 3 and the With 
Economizer system in tab. 4.
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Table 2. (a) Initial data for modelling [23, 34, 39]

Definition Values

Ambient temperature, T0 25 °C

Ambient pressure, P0 100 kPa

Geothermal fluid inlet temperature, T1 170 °C

Geo-fluid mass-flow rate, ṁ1 10 kg/s

Geo-fluid inlet pressure, P1 Saturated

Separator pressure, P2 500 kPa

Steam turbine output pressure, P5 20 kPa

CO2 turbine inlet pressure, P10 15000 kPa

CO2 condenser temperature, Tsecond 30 °C

Turbine isentropic efficiency, ttur 0.8

Pump isentropic efficiency, ηpump 0.75

Evaporator inlet-outlet difference temperature, ΔTTTD 20 °C

Heat exchanger pinch point, ΔTPP 5 °C

Annual operational hours the system, N 7300 hours

Annual interest rate, i 14%

Lifetime of the system, n 15 years

Maintenance factor, Φ 1.06

Unit cost of exergy of the geothermal source, cG 1.3 $ per GJ

Table 2. (b) Validation of the current work outputs with [9]

Point Working fluid
T [°C] h [kJkg–1] s [kJkg–1K–1]

[9] This work [9] This work [9] This work

1 Geo-fluid 170 170 719.3 719.1 2.042 2.042

2 Geo-fluid 151.9 151.8 719.3 719.1 2.047 2.046

3 Geo-fluid 151.9 151.8 2749 2748 6.821 6.821

4 Geo-fluid 151.9 151.8 640.4 640.1 1.861 1.86

5 Geo-fluid 60.07 60.06 2348 2347 7.122 7.122

6 Geo-fluid 60.07 60.06 251.5 251.4 0.8321 0.832

7 Geo-fluid 60.13 60.12 252.1 252.1 0.8326 0.8325
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Table 3. Thermodynamic properties of the different points of 
the system in Without Economizer working mode

State Working fluid T [°C] P [kPa] h [kJkg–1] s 
[kJkg–1K–1] ṁ [kgs–1] x [–] E [kW]

1 Geo-fluid 170 791.5 719.3 2.042 10 – 1236

2 Geo-fluid 151.9 500 719.3 2.047 10 0.03742 1223

3 Geo-fluid 151.9 500 2749 6.821 0.3742 1 281.7

4 Geo-fluid 151.9 500 640.4 1.861 9.626 0 941.1

5 Geo-fluid 60.07 20 2348 7.122 0.3742 0.8891 98.55

6 Geo-fluid 60.07 20 251.5 0.8321 0.3742 0 3.863

7 Geo-fluid 60.13 500 252.1 0.8326 0.3742 – 4.053

8 Geo-fluid 131.9 500 554.5 1.654 9.626 – 698.2

9 CO2 52.1 15000 –186.3 –1.383 5.016 – 1104

10 CO2 111.9 15000 –21.52 –0.9137 5.016 – 1240

11 CO2 54.43 7214 –47.75 –0.8936 5.016 – 1079

12 CO2 30 7214 –202.2 –1.395 5.016 0 1042

13 Geo-fluid 129.2 500 543.2 1.626 10 – 694.3

Table 4. Thermodynamic properties of the different points of 
the system in With Economizer working mode

State Working fluid T [°C] P [kPa] h [kJkg–1] s 
[kJkg–1K–1] ṁ [kgs–1] x [–] E [kW]

1 Geo-fluid 170 791.5 719.3 2.042 10 – 1236

2 Geo-fluid 151.9 500 719.3 2.047 10 0.03742 1223

3 Geo-fluid 151.9 500 2749 6.821 0.3742 1 281.7

4 Geo-fluid 151.9 500 640.4 1.861 9.626 0 941.1

5 Geo-fluid 60.07 20 2348 7.122 0.3742 0.8891 98.55

5b Geo-fluid 60.07 20 1910 5.81 0.3742 0.7036 78.8

6 Geo-fluid 60.07 20 251.5 0.8321 0.3742 0 3.863

7 Geo-fluid 60.13 500 252.1 0.8326 0.3742 – 4.053

8 Geo-fluid 72.1 500 302.2 0.9802 9.626 – 169.9

9 CO2 52.1 15000 –186.3 –1.383 5.323 – 1171

9b CO2 55.07 15000 –176.8 –1.395 5.323 – 1176

10 CO2 111.9 15000 –21.52 –0.9137 5.323 – 1316

11 CO2 54.43 7214 –47.75 –0.8936 5.323 – 1145

12 CO2 30 7214 –202.2 –1.395 5.323 0 1106

13 Geo-fluid 129.2 500 543.2 1.626 10 – 694.3
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Table 5 shows the output results from the simulation of systems in two Without Econ-
omizer and With Economizer working modes. One of the crucial points of tab. 5 is the increase 
of the net power output from 201.5 kW to 204.7 kW, which indicates a 1.58% increase in the 
With Economizer system. Regarding energy efficiency, this value is 3.28% for the Without 
Economizer system and reaches 3.331% in the With Economizer system, representing a 1.55% 
improvement from the point of view of the First law of thermodynamics. In terms of exergy 
efficiency, the value of this efficiency for the Without Economizer system is 16.3%. The With 
Economizer system reaches 16.56%, representing an improvement of 1.595% from the point of 
view of the Second law of thermodynamics or exergy.

Table 5. The output results from the simulation of systems in two 
Without Economizer and With Economizer working modes

Parameters Definition
Without 

Economizer 
operating mode

With 
Economizer

operating mode
Units

Wtur,steam Power production of the steam turbine 150.1 150.1 [kW]
Wtur,CO2 Power production of the CO2 turbine 131.6 139.6 [kW]

Wpump,steam Power consumption of steam pump 0.2436 0.2436 [kW]
Wpump,CO2 Power consumption of CO2 pump 79.94 84.84 [kW]

Wnet Total net power output 201.5 204.7 [kW]
ηnet Energy efficiency 3.28 3.331 [%]
ηex Exergy efficiency 16.3 16.56 [%]

Ċtotal Total cost rate 0.1406 0.1444 [M$ per year]
cproduct Product cost rate 26.54 26.85 [$ per GJ]

The findings of the study suggest that incorporating an economizer into a proposed 
system, which is a single flash geothermal system utilizing a trans-critical CO2 cycle, re-
sults in a modest improvement of about 1.5% in the fundamental output parameters of the 
examined system. Energy efficiency, exergy efficiency, and net power output are graphed in  
figs. 2(a)-2(c) for both the Without Economizer and With Economizer modes of operation as it 
relates to separator pressure variation. The two systems exhibit similar behaviors as separator 
pressure increases from 150-650 kPa. Graphs for all three parameters display an upward trend 
with increasing pressure, culminating in a peak value at approximately 250 kPa before experi-
encing a downward trend.

Figures 3(a)-3(c) show the energy efficiency, exergy efficiency and net power output 
of the systems in Without Economizer and With Economizer working modes variation with 
CO2 turbine inlet pressure, respectively. By increasing the inlet pressure of the CO2 turbine 
from 14000-16000 kPa, for the Without Economizer system, all three parameters of energy ef-
ficiency, exergy efficiency and net power output, the figures started an increasing trend, around 
15000 kPa, to the maximum value. It reaches itself, and after that, they have a downward trend. 
But in the case of the With Economizer system, the behavior of the figures is different. With the 
increase of pressure from 14000-16000 kPa, all three figures have a decreasing trend, which 
shows the negative effect of increasing the inlet pressure of the CO2 turbine on the performance 
of the whole system. 

Figures 4(a)-4(c) show the energy efficiency, exergy efficiency and net power output 
of the systems in Without Economizer and With Economizer working modes variation with CO2 
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Figure 2. (a) Energy efficiency,  
(b) exergy efficiency, and  
(c) net power output of the systems 
(Without Economizer and With 
Economizer variation with  
separator pressure

Figure 3. (a) Energy efficiency,  
(b) exergy efficiency, and  
(c) net power output of the systems 
(Without Economizer and With 
Economizer) variation with CO2 
turbine inlet pressure
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condenser exit temperature, respectively. With the increase of temperature from 25-31 °C, all 
three figures have a decreasing trend, which shows the negative effect of increasing the CO2 
condenser exit temperature on the whole system’s performance in both working modes. This 
situation is such that from around 30.6 °C, all three parameters of energy efficiency, exergy 

Figure 4. (a) Energy efficiency,  
(b) exergy efficiency, and  
(c) net power output of the systems 
(Without Economizer and With 
Economizer) variation with CO2 

condenser exit temperature

Figure 5. (a) The total cost rate and (b) product cost of the systems  
(Without Economizer and With Economizer) variation with separator pressure
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efficiency and net power output of the With Economizer system are equal to the Without Econo-
mizer system. These output parameters are lower than the Without Economizer system at higher 
temperatures.

Figures 5(a) and 5(b) show the total cost rate and the product cost of the systems in 
Without Economizer and With Economizer working modes variation with CO2 condenser exit 
temperature, respectively. 

The total cost rate decreases as the separator pressure increase from 150-650 kPa. 
This trend is sharp at first, and then the rate of decreasing slope decreases. Therefore, from the 
point of view of the total cost rate, increasing the separator pressure will have a positive effect 
on both systems. Regarding the production cost rate, different behavior is observed. As the 
separator pressure increases from 150 kPa, the production cost rate values decrease steeply and 
reach a minimum of around 300 kPa. As the separator pressure increases from 300 kPa, both 
systems’ production cost rate values start to increase. This process continues up to a pressure of  
650 kPa. Therefore, the best value of separator pressure for any system without an economizer 
is 23.01 $ per GJ, which is obtained at a pressure of 305.2 kPa. For the system with an econo-
mizer, the best value is 23.57 $ per GJ, which occurs at a pressure of 322.4 kPa. Figures 6(a) 
and (b) show the total cost rate and the product cost of the systems in Without Economizer and 
With Economizer working modes variation with CO2 turbine inlet pressure, respectively. By 
increasing the turbine inlet pressure from 14000-16000 kPa, both economic parameters under 
study have an increasing trend. As a result, increasing the inlet pressure of the CO2 turbine, 
from an economic point of view, negatively affects both systems’ performance. The noteworthy 
point in these graphs is that with the increase in pressure from 14000-16000 kPa, the slope of 
the Without Economizer system is greater than the slope of the With Economizer system, and 
the distance between the two lines gradually decreases.

Figures 7(a) and 7(b) show the total cost rate and the product cost rate of the systems 
in Without Economizer and With Economizer working modes variation with CO2 condenser exit 
temperature, respectively. 

By increasing the condenser output temperature from 25-31 °C, both economic pa-
rameters under study have an increasing trend. As a result, increasing the condenser output 
temperature, from an economic point of view, negatively affects both systems’ performance. 
The noteworthy point in these graphs is that with the condenser output temperature from  

Figure 6. (a) The total cost rate and (b) product cost of the systems  
(Without Economizer and With Economizer) variation with CO2 turbine inlet pressure
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25-31°C, the slope of the Without Economizer system is greater than the slope of the With Econ-
omizer system, and the distance between the two lines gradually decreases. For future works, 
researchers should perform comparative economic and environmental analyses of the studied 
systems so that the effects of adding an economizer to the system can also be investigated from 
an economic and environmental point of view. In addition, advanced exergy analysis can also 
be a very significant idea for this study.

Conclusions

This study compares two operating modes of a single geothermal flash cycle, Without 
Economizer and With Economizer, both powered by a trans-critical carbon dioxide cycle. The 
primary objective is to investigate the impact of the economizer on various output parameters, 
including energy efficiency, exergy efficiency, and net power output. Based on the findings, the 
conclusions are as follows.

	y The With Economizer system exhibits an increase in net power output, rising from  
389.2-401.3 kW, indicating a 3.1% improvement. According to the First law of thermody-
namics, the energy efficiency also increases by 3.07%, with the With Economizer system 
achieving 6.53% compared to the 6.335% of the Without Economizer system. In terms of 
exergy efficiency, the Without Economizer system shows a value of 31.48%, while the With 
Economizer system achieves 32.46%, representing a 3.11% enhancement from the perspec-
tive of the second law of thermodynamics.

	y When the separator pressure ranges from 150-650 kPa, both systems perform similarly. The 
graphs depicting energy efficiency, exergy efficiency, and net power output all exhibit an 
initial upward trend with increasing pressure until reaching a peak value of approximately 
400 kPa. Subsequently, these parameters start to decline.

	y In the Without Economizer system, the three parameters (energy efficiency, exergy effi-
ciency, and net power production) increase as the CO2 turbine’s inlet pressure ascends from 
13000-17000 kPa, reaching a peak value at 15500 kPa. Beyond this point, these figures 
begin to decrease. However, the behavior differs in the With Economizer system, where all 
three parameters demonstrate a diminishing trend as the pressure rises from 13000 kPa to 

Figure 7. (a) The total cost rate and (b) product cost of the systems  
(Without Economizer and With Economizer) variation with CO2  
condenser exit temperature
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17000 kPa, indicating the detrimental impact of raising the CO2 turbine’s inlet pressure on 
the overall system performance.

	y All three graphs illustrate a declining trend as the temperature increases from 25-31 °C. 
This demonstrates the adverse effect of elevating the CO2 condenser exit temperature on the 
system’s efficiency in both operating modes.

	y The total cost rate decreases as the separator pressure increases from 150-650 kPa. While 
the initial decline is steep, a gradual reduction follows. Consequently, raising the separator 
pressure benefits both systems in terms of the total cost rate. The manufacturing cost rate 
exhibits varied behavior, with a sharp decline in production cost rate values until reaching a 
minimum around 300 kPa of separator pressure. Beyond this point, the production cost rate 
for both systems increases as the separator pressure rises to 650 kPa.
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