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Abstract 

Compared with conventional fossil fuel sources, geothermal energy has several 
advantages. The produced geothermal energy is safe for the environment and suit-
able for meeting heating power needs. Because the hot water used in the geothermal 
process can be recycled and used to generate more steam, this energy is sustainable. 
Furthermore, the climate change does not affect geothermal power installations. This 
study suggests a combined power generation cycle replicating using the EES soft-
ware that combines a single flash cycle with a trans-critical carbon dioxide cycle. The 
findings demonstrate that, in comparison to the BASIC single flash cycle, the design 
characteristics of the proposed system are greatly improved. The proposed strategy is 
then improved using the Nelder–Mead simplex method and Genetic Algorithm. The 
target parameter is exergy efficiency, and the three assumed variable parameters are 
separator pressure, steam turbine outlet pressure, and carbon dioxide turbine inlet 
pressure. The system’s exergy efficiency was 32.46% in the default operating mode, ris-
ing to 39.21% with the Genetic Algorithm and 36.16% with the Nelder–Mead simplex 
method. In the final step, the exergy destruction of different system components is 
calculated and analyzed.

Highlights 

•	 Designing and simulating a combined single flash geothermal cycle with a trans-
critical carbon dioxide cycle in the EES software.

•	 Genetic algorithms (GA) and the Nelder–Mead simplex (NMS) method are used 
to optimize the proposed system to increase the system’s exergy efficiency.

•	 Examining the system’s various components’ energy destruction rates.
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Graphical Abstract

Introduction and literature review
The increase in the world’s population and the accompanying increase in social wel-
fare are among the most important reasons that have led to the increasing use of all 
kinds of energy sources, especially fossil sources such as oil, gas, and coal. These fossil 
resources are becoming more limited day by day and are surrounded by the issue of 
pollution caused by their use (Islam et al. 2013).

Owing to the negative effects fossil fuels have on the environment, renewable 
energy sources have recently attracted a lot of attention. Owing to its dependabil-
ity, stability, and great capacity, geothermal energy has attracted more attention than 
other renewable sources of electricity (Aneke et al. 2011; Fan et al. 2021; Mohtaram 
et al. 2021a, b). Despite the high potential of geothermal energy worldwide, however, 
only a limited part of this resource has been exploited (Li et al. 2021; Pambudi et al. 
2021). However, geothermal power plants have become more prevalent recently, and 
in certain countries, they now account for more than 10% of all electricity output 
(Chamorro et al. 2012; Pishkariahmadabad et al. 2021).

Numerous studies have been done recently on the analysis and improvement of 
geothermal power plant cycles (Budiardjo et al. 2021; Pambudi et al. 2018; Rudiyanto 
et al. 2021). Elbarbary et al. (2022) created the first regional-scale geothermal poten-
tial map of Africa using GIS as a tool from various sources. By combining geological 
thematic levels, geophysical layers, and geothermal layers within the GIS database, 
they calculated the geothermally attractive places within Africa. With no geo-fluid 
production to the surface, Akhmadullin and Tyagi (2017) introduced a novel zero 
mass extraction technique using downhole heat exchangers (DHE). The production 
and injection components of the well remain connected and continue to be designed 
as a single horizontal well. At 7000 m well depth, the available power output increases 
to 600 kW with a competitive energy cost of $21.84/MWh as reservoir temperature 
and the number of laterals increase.
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One of the suggested methods for improving the performance of geothermal systems 
is the use of combined cycles and the recovery of thermal energy emitted into the envi-
ronment (Békési et al. 2022). One of the most widely used methods is the organic Rank-
ine cycle. Toxic, flammable, explosive, and expensive are just a few of the downsides that 
most organic working fluids, including water ammonia, have. Therefore, it is crucial to 
locate a fluid that works better. CO2 is easily produced from the environment, has no 
harmful impacts on the ecosystem, and is non-toxic, non-flammable, and non-explosive. 
It has been proposed to be utilized as a fluid to generate power. Owing to its low critical 
temperature, CO2 can rapidly reach the supercritical state. Using carbon dioxide in the 
compression cycle reduces system dimensions since it has a low critical temperature, 
which is its most significant characteristic. As a result of the trans-critical compression 
cycle of carbon dioxide operating at high pressures, the materials employed in the com-
ponents are stronger, which is counterbalanced by a reduction in component size and 
results in a considerable amount of heat dissipation in the gas cooling unit.

In comparison to other refrigerants, it has high latent heat, high thermal conductiv-
ity, high thermal resistance, and low viscosity (El Haj Assad et al. 2021a). Ezekiel et al. 
(2020) in a study with the two objectives of increasing gas recovery (EGR) and obtaining 
geothermal energy from deep natural gas reservoirs for electricity generation, the poten-
tial of extracting heat from produced natural gas and using supercritical carbon diox-
ide (CO2) investigated as an active fluid. Sun et al. (2018) developed a model to explain 
the CO2 heat and mass transfer mechanism in abandoned horizontal wellbores. With a 
numerical approach in space, the model was solved. A mechanism for producing geo-
thermal energy was proposed by Wang et al. (2022) (combined single flash geothermal 
cycle with trans-critical carbon dioxide recovery cycle). A recuperator was employed to 
recover part of the heat loss to enhance system performance. EES software was used to 
simulate the suggested system, and the results of earlier studies were used to validate 
it. The proposed system was examined from an energy and exertion point of view. In a 
publication, El Haj Assad et al. (2021b) suggested using a single flash geothermal power 
plant to run a trans-critical CO2 power plant. The planned combined power plant’s 
energy and exergy analysis has been completed, and the appropriate operating mode for 
the power plant has been reviewed. The effects of variables such as separator pressure, 
CO2 condenser temperature, CO2 turbine inlet pressure, and the pinch point were iden-
tified and discussed on the energy efficiency, exergy efficiency, and output power.

In this study, a single flash geothermal source and a trans-critical carbon dioxide cycle 
were integrated to calculate a power generation system’s energy efficiency and exergy 
efficiency. The best operating point will be determined by significant performance met-
rics such as separator pressure, carbon dioxide turbine inlet pressure, and steam turbine 
output pressure. This work’s uniqueness is in presenting a combined geothermal single 
flash system whose waste heat is recovered using a trans-critical carbon dioxide cycle. 
An auxiliary heat exchanger is also included in the trans-critical carbon dioxide cycle to 
increase the system’s energy effectiveness. The exergy efficiency of the entire system has 
been optimized using the genetic Algorithm and the Nelder–Mead simplex method to 
see how well these two methods perform during the optimization phase. The quantity of 
energy lost by various system components is computed and shown in the following: a pie 
chart and a column chart. The principal objectives of this study are:
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•	 Designing and modeling of a combined single flash geothermal system with a trans-
critical carbon dioxide cycle in the EES1 software environment.

•	 Optimizing the proposed system using the Genetic Algorithm (GA) and Nelder–
Mead simplex (NMS) method to maximize the exergy efficiency of the system.

•	 Investigating the amount of exergy destruction of different components of the sys-
tem.

In this work, firstly, the desired system, including a single flash geothermal cycle with 
trans-critical carbon dioxide recovery, is designed and, using thermodynamic equations 
and application of initial conditions, in the EES software environment in two functional 
modes is modeled. Next, using the Genetic Algorithm and the Nelder–Mead simplex 
method, the designed system is optimized to maximize the exergy efficiency of the total 
system, and the results are compared with each other. Finally, the exergy destruction of 
different cycle components is calculated, presented, and discussed in the form of several 
different diagrams.

Methodology
Figure 1 illustrates how the fundamental single flash geothermal cycle and recovery 
trans-critical CO2 cycle are used in the current work’s first stage to recover lost heat. 
In the second step, the research literature defines the beginning data and governing 
equations of the systems under study. The third stage simulates the proposed recovery 

Fig. 1  List diagram of the problem-solving process

1  Engineering Equation Solver.
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system in the EES software environment. The genetic algorithm and the Nelder–Mead 
simplex method are used to optimize the results in the final step. In the following, the 
exergy destruction of different system components is calculated.

The best member of a collection of feasible members is chosen using mathematical 
optimization, also known as mathematical programming, in mathematics, economics, 
and management. In its most basic form, it attempted to determine its maximum and 
lowest value by methodically choosing data from a readily available set and determin-
ing the value of a real function. There are two premises in the field of management:

•	 No restrictions on resources.
•	 Existence of limitations in resources.

If we accept the first assumption, the optimal value can be estimated from meth-
ods, such as taking the first and second derivatives, and if the second assumption is 
accepted, depending on the organizational and economic problems, we can use mod-
els such as linear model, integer model, ideal model, non-linear model, coefficient 
Lagrange designed, deterministic or probabilistic, etc. and moved towards the opti-
mal point by using existing methods (Pan et al. 2020).

System description

The fundamental single flash geothermal systems suggested and propelled by the 
trans-critical carbon dioxide cycle are shown in Figs. 2 and 3. The system was mod-
eled using EES software. Each system component is employed as a control volume 
engineering in the simulation technique, and the first and second laws of thermody-
namics are applied to it.

According to Fig. 3, during the decompression process, where the pressure decrease 
occurs at a constant enthalpy, some geothermal fluid enters the system and is changed 
into a two-phase fluid. The saturated vapor component of the two-phase fluid subse-
quently enters the separator, which powers the steam turbine. The saturated liquid 
portion of the separator also enters the vapor generator (VG), which raises the tem-
perature of carbon dioxide gas before the heat exchanger’s outlet fluid is redirected to 
the ground. The gas turbine receives it at the proper pressure and temperature, gener-
ating greater power for the entire system. This study differs from earlier ones because 
the carbon dioxide cycle includes a heat exchanger. This heat exchanger, which warms 
the incoming gas to the vapor generator using the heat of the output fluid from the 
single-cycle steam turbine, improves the system’s overall performance. After pass-
ing through the heat exchanger and the condenser, the steam turbine’s output fluid is 
piped to the re-injection well and cooled. Table 1 contains a list of the input variables 
needed to perform the energy and exergy evaluations for the plant. The parameters 
are displayed in the order that they must be used.

Finding the congestion point in a trans-critical cycle is challenging since the tem-
perature change’s slope fluctuates as carbon dioxide gas warms up inside heat 
exchangers like an evaporator. The temperature difference between the beginning and 
end is treated as constant for ease of solution.
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Governing equations

The laws of thermodynamics are four physical laws that use the basic physics units (such 
as pressure, energy, and entropy) to describe thermodynamic systems in thermal equi-
librium. The laws above explain how these main units behave in different situations and 
prohibit some phenomena, such as constant motion. These rules are:

•	 The zeroth law of thermodynamics: states that if two systems are in thermal equilib-
rium with a third system, they are in equilibrium with each other.

•	 The first law of thermodynamics is an isolated system’s internal energy is constant 
and stable. The first law of thermodynamics, also known as the law of conservation 
of work and energy, states: the change in the internal energy of a system is equal to 
the difference between the heat given to the system and the work done by the system 
on the environment with a positive sign.

•	 Second Law of Thermodynamics: it is impossible to build a motorcycle with no 
effect other than the continuous transfer of heat from a cold to a hot temperature. 
Kelvin–Planck statement: it is impossible to make a device that works in one cycle 

Fig. 2  a Schematic b T-s diagram of basic single flash geothermal power plant
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Fig. 3  a Schematic b, c T-s diagrams of single flash geothermal power plant powered by a trans-critical CO2 
cycle
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and simultaneously has only one heat exchange tank; a heat engine can’t continue 
working without losing heat. Clausius’s statement: a refrigerator can’t transfer all the 
energy it receives from a cold source to a hot source during one cycle; rather, some 
energy is wasted during this process. In other words, the second law of thermody-
namics is the path of a process.

•	 The third law of thermodynamics: the third law of thermodynamics states that when 
the energy of a system tends to its minimum value, the entropy of the system reaches 
a negligible value.

The desired cycle is written taking into account the control volume, mass and energy 
balance for each component of the system according to Eqs.  (1) and (2) (Melzi et  al. 
2021; Pambudi et al. 2021; Parikhani et al. 2021; Saengsikhiao et al. 2021; Yazarlou and 
Saghafi 2021):

The subscript i means input, and the subscript o means output. The isentropic effi-
ciency and net power output of each turbine will be obtained from Eqs. (3) and (4):

For isentropic efficiency and net operation of each pump can be written:

(1)
∑

ṁi =
∑

ṁo,

(2)Q̇ − Ẇ =
∑

ṁoho −
∑

ṁihi.

(3)ηTur =
hi − ho

hi − ho,s
,

(4)ẆTur = ṁi(hi − ho).

(5)ηPump =
vi(Po − Pi)

ho − hi
,

Table 1  Proposed system initial values (Wang et al. 2015)

Parameter definition Symbol Values

Dead state temperature T0 25 °C

Dead state Pressure P0 100 kPa

Geothermal fluid inlet temperature T1 170 °C

Geo-fluid mass flow ṁ1 10 kg/s

Geo-fluid inlet pressure P1 Saturated steam

Separator pressure P2 500 kPa

Steam turbine output pressure P5 20 kPa

CO2 turbine inlet pressure P10 15,000 kPa

CO2 condenser temperature Tcond 30 °C

Turbine isentropic efficiency ηtur 80%

Pump isentropic efficiency ηpump 75%

Evaporator inlet–outlet difference temperature ΔTTTD 20 °C

Heat exchanger pinch point ΔTPP 5 °C
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The net power of the system, as well as the energy efficiency and exergy efficiency of 
the whole system, will be in the form of Eqs. (7), (8) and (9) (Chen et al. 2021; Mohtaram 
et al. 2021a; Wang et al. 2015):

Exergy analysis is obtained by merging the first and second laws of thermodynamics, 
in which the desired thermodynamic processes of a system are identified by the optimal 
analysis method of energy systems, as well as a clear knowledge of energy levels. The 
following hypotheses are considered in the present study (Aali et al. 2017; El Haj Assad 
et al. 2021a; Sun et al. 2020):

1.	 All cycle components (as a control volume) work in steady-state conditions.
2.	 Pressure drop and heat loss in pipelines can be ignored, and changes in kinetic 

energy and potential in all components are negligible.
3.	 Turbines have isotropic efficiency of 80%, and pumps have isotropic efficiency of 

75%.
4.	 For the presented analysis, the ambient temperature is 25 °C, and the ambient pres-

sure is 100 kPa.

Definition of dead condition:

•	 be in thermal equilibrium with the environment (be at the same temperature as the 
environment).

•	 be in mechanical equilibrium (be at the same pressure as the environment).
•	 Its kinetic energy is equal to the kinetic energy of the environment.
•	 Its potential is equal to the internal energy of the environment.
•	 Be chemically neutral to the environment.
•	 It is magnetically and electronically balanced with the environment.

In this section, the suggested system’s performance is assessed and analyzed, and the 
tables reflect the findings of energy optimization and exergy. The input parameter values 
are listed in Table 1 to examine the impact of various parameters on the system perfor-
mance. The separator pressure, the difference between the evaporator tightening point 
and the evaporator temperature, and the net output power for the under-study cycles 
are all dependent on these factors.

Genetic algorithm (GA) and Nelder−Mead simplex (NMS) method

The Nelder–Mead simplex technique and the Genetic Algorithm flowcharts are shown 
in Fig. 4. A genetic algorithm is a search method used in computer science to discover a 

(6)ẆPump = ṁi(ho − hi).

(7)Wnet = Wtur,steam +Wtur,CO2 −Wpump,steam −Wpump,CO2 ,

(8)ηen = Wnet/Qin,

(9)ηex = Wnet/Ein.
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rough solution to problems involving model optimization, mathematics, and search. The 
best formula for pattern prediction or matching is found using the genetic algorithm, a 
special evolutionary algorithm that uses evolutionary biology concepts, including hered-
ity, biological mutation, and Darwin’s selection principles. Frequently superior to regres-
sion-based prediction methods are genetic algorithms. A programming method known 
as “genetic algorithm modeling” uses the theory of genetic evolution to solve issues. The 
inputs to the issue are changed into solutions by a process based on genetic evolution, 
the solutions are then assessed as candidates by the fitness function, and the algorithm 
ends if the exit condition of the problem is satisfied. Most of its components are chosen 
through random processes; generally speaking, it is an algorithm based on repetition. 
These algorithms include fitting, displaying, selecting, and changing function aspects 
(Katoch et al. 2021; Mirjalili 2019; Whitley 1994).

A popular numerical technique for determining the lowest or maximum of an objec-
tive function in the multidimensional optimization space is the Nelder–Mead simplex 
approach. It is a direct search technique frequently used for non-linear optimization 
problems whose derivatives may not be known (based on performance comparison). 
The Nelder–Mead methodology, on the other hand, is a heuristic search strategy that 

Fig. 4  Flowchart of a genetic algorithm b Nelder–Mead simplex method (Albadr et al. 2020; Barati 2014)
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can converge to non-stationary locations on issues that other approaches can resolve. 
The Nelder–Mead approach, an expansion of the Spendley et al. method, was presented 
by John Nelder and Roger Mead in 1965 (Dennis and Woods 1987; Olsson and Nelson 
1975; Wright 2010).

EES software

Engineering Equation Solver is software for solving non-linear differential equations. 
This software was written in 1992 by an American researcher named Klein under cover 
of F Chart Company. EES software was created after years of teaching thermodynamics 
and heat transfer courses in mechanical engineering because in these sciences, to solve 
problems, it is necessary to use the thermophysical properties of materials at the same 
time as setting equations, and sometimes it is necessary to solve a problem several times 
with Solve different data. Before the creation of this software, programming in heat and 
fluid science was done sporadically, but today EES is known as one of the most reliable 
software for heat and fluid science and is included in many prestigious universities of the 
world along with courses. Mechanical engineering is used. The main work that EES soft-
ware does is to solve a set of algebraic equations. Also, this software can solve differen-
tial equations, equations with mixed variables, and integral equations. Solving linear and 
non-linear regression optimization problems and drawing graphs and tables is possible 
(de Oliveira et al. 2008; Klein 2013; Klein and Alvarado 1999).

Engineering Equation Solver software is one of the most important software in the 
field of mechanics in solving non-linear equations, as well as reading tables of thermo-
dynamic properties of different gases and psychometric tables, which is very important 
for mechanical engineers in the field of heat and fluids. This software has two important 
advantages over other equation-solving software. Firstly, EES automatically identifies 
and categorizes the equations to be solved simultaneously. This makes the work process 
very simple for the user and will certainly have the highest speed and efficiency. Second, 
EES provides the user with a series of functions to calculate the thermophysical proper-
ties of materials. The library of mathematical functions and functions of thermophysical 
properties of materials in EES is very wide, but it may only meet the needs of some peo-
ple, so it is possible to add arbitrary functions by using programming in C, Pascal and 
Fortran languages (Yusof and Hassan 2011).

The principles of work in EES are such that first, the desired problem should be ana-
lyzed completely, and the necessary equations should be extracted. After extracting the 
equations, they should be converted into EES language. Then, in the list of variables sec-
tion, he arranged the names of the variables and their possible units. The program can 
be executed once if the initial actions are done correctly and the problem can be solved 
mathematically. If the program encounters a problem during the execution of complex 
problems, it is necessary to guess values for some variables and solve the problem by 
trial and error (Klein and Nellis 2013).

Validation

Validation is the process of checking that the software system has the specifications 
it should have and fulfills the intended purpose of its design. This process must be 
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implemented in all stages of system simulation to ensure the validity and accuracy of the 
inputs and outputs of the computing system. Table 2 shows the validation results:

In this part, the single flash geothermal system is compared with the research of Assad 
et al. (2021) to confirm the findings with those of earlier studies. In the first section, a 
graph of steam turbine production power based on the outlet pressure of the pressure 
expansion valve for the current research model is given, and the results shown show the 
consistency of the present work and the findings of previous research. This is done to 
validate the geothermal power cycle.

Results and discussions
Table  3 represents modeling outputs and shows the thermodynamic properties of the 
Single Flash Geothermal Power Plant combined with the Trans-Critical CO2 cycle.

Table  4 shows the proposed system’s optimization results using the two mentioned 
algorithms. The column titled Initial Mode in Table 4 shows the output results of the 
proposed system with the initial data in Table 1. In this case, the total output work of the 
system is 410.4 kW, and the exergy efficiency is 32.46%.

Three parameters are considered as variables for the optimization process to find the 
optimal value. These parameters are Separator pressure, CO2 turbine inlet pressure, 
and Steam turbine exit pressure. The target parameter for optimization is the exergy 
efficiency of the whole system. Applying the Genetic Algorithm to the abovemen-
tioned three variable parameters, the values of 304.3 kPa, 13,083 kPa and 37.36 kPa are 
obtained for Separator pressure, CO2 turbine inlet pressure, and Steam turbine exit pres-
sure, respectively. The total work output of the system in this mode is equal to 316 kW, 
which is less than the initial mode. But exergy efficiency as a target parameter increases 
to 39.21% with a significant improvement.

Applying the Nelder–Mead simplex method to the three variable parameters, the val-
ues of 326.4  kPa, 12,067  kPa and 22.01  kPa are obtained for Separator pressure, CO2 
turbine inlet pressure, Steam turbine exit pressure, respectively. The total work out-
put of the system in this mode is equal to 459.5 kW, which is more than the initial and 
genetic algorithms modes. Also, exergy efficiency as a target parameter increases to 
36.16% with a good improvement. In summary, for the two optimization processes, the 

Table 2  Validation of the basic single flash geothermal cycle simulation compared with Assad et al.’s 
results (Assad et al. 2021)

Point Working fluid Temperature (°C) Specific enthalpy (kJ/kg) Specific entropy (kJ/
kg K)

This work Assad et al. This work Assad et al. This work Assad et al.

1 Geo-fluid 170 170 719.3 719.3 2.042 2.042

2 Geo-fluid 151.9 151.9 719.3 719.3 2.047 2.047

3 Geo-fluid 151.9 151.9 2749 2749 6.821 6.821

4 Geo-fluid 151.9 151.9 640.4 640.4 1.861 1.861

5 Geo-fluid 60.07 60.07 2348 2348 7.122 7.122

6 Geo-fluid 60.07 60.07 251.5 251.5 0.8321 0.8321

7 Geo-fluid 60.13 60.13 252.1 252.1 0.8326 0.8326

8 Geo-fluid 148.5 148.5 625.9 625.9 1.827 1.827
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Genetic Algorithm performs better and improves the exergy efficiency better. However, 
the advantage of the Nelder–Mead simplex method is that, in addition to improving the 
exergy efficiency, it also increases the total work output of the system compared to the 
initial mode.

Exergy analysis, derived from the second law of thermodynamics, is employed in ana-
lyzing energy systems and their improvement and creating new cycles (Yari et al. 2015). 

Table 3  Thermodynamic properties of the single flash geothermal power plant combined with the 
trans-critical CO2 cycle

Points Working 
fluid

Temperature 
(°C)

Pressure 
(KPa)

Enthalpy 
(kJ/kg)

Entropy 
(kJ/kg K)

Mass flow 
rate (kg/s)

Quality Exergy 
(kW)

1 Geo-fluid 170 900 719.3 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 Carbon 
dioxide

52.1 15,000 − 186.3 − 1.383 17.2 – 3784

9b Carbon 
dioxide

55.7 15,000 − 176.8 − 1.354 17.2 – 3829

10 Carbon 
dioxide

131.9 15,000 12.53 -0.8275 17.2 – 4403

11 Carbon 
dioxide

72.72 7214 − 18.03 − 0.8052 17.2 – 3765

12 Carbon 
dioxide

30 7214 − 202.2 − 1.395 17.2 0 3572

13 Geo-fluid 71.65 500 300.3 0.9748 10 – 173.7

Table 4  Optimization results using genetic algorithm and Nelder–Mead simplex method

Parameters Definition Initial mode Optimal mode 
using genetic 
algorithm

Optimal mode using 
Nelder–Mead simplex 
method

Units

P2 Separator pressure 500 304.3 326.4 kPa

P10 CO2 turbine inlet pres-
sure

15,000 13,083 12,067 kPa

P5 Steam turbine exit pres-
sure

20 37.36 22.01 kPa

Wtur, steam The power output of the 
steam turbine

150.1 194.2 218.1 kW

Wtur, CO2
The power output of the 
CO2 turbine

525.5 606.8 460.8 kW

Wpump, steam Power consumption of 
pump 1

0.2436 0.2626 0.2762 kW

Wpump, CO2
Power consumption of 
pump 2

274.1 235.6 219 kW

Wnet Total net power output 401.3 316 459.5 kW

ηex Exergy efficiency 32.46 39.21 36.16 %
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Figure 5 displays the percentages of energy destruction for each recovery system compo-
nent. The percentages of each component’s exergy destruction are shown in a pie chart 
in Fig. 6. Most exergy destruction occurs in the vapor generator, which accounts for over 
36% of the proposed system’s total exergy destruction with an exergy destruction rate 
of roughly 167  kW. This suggests that the fluids in this component have a wide tem-
perature range. The next two components of the system that consume the most energy 
are the CO2 turbine and CO2 condenser. Energy destruction in the separator and single 

Fig. 5  Exergy destruction amounts of the components of the system

Fig. 6  Exergy destruction ratio of the components of the system
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flash cycle condenser is minimal and is considered zero in this calculation. Additionally, 
as seen in both diagrams, the single flash cycle pump and mixer’s exergy destruction is 
negligible compared to other parts. As it turns out, the carbon dioxide cycle part’s com-
ponent suffers from exergy destruction significantly more severe than the component 
of the single flash cycle, which may be caused by the carbon dioxide cycle running in a 
trans-critical condition.

Combining various yet thermodynamically compatible cycles is one method for 
enhancing the performance of power generation cycles. Trans-critical carbon dioxide 
cycles have advantages over other power generation methods when paired with other 
cycles.

The impact of separator pressure adjustments on the system’s overall exergy destruc-
tion is depicted in Fig. 7a. The total energy destruction first has a lowering trend and 
reaches its minimum value around 188 kPa with an increase in separator pressure from 
150 to 650 kPa, then has an increasing rate and continues to rise. The exergy destruction 
of the entire system always decreases with an increase in pressure from 13,000 kPa to 
17,000 kPa, as shown in Fig. 7b, which illustrates the impact of carbon dioxide turbine 

Fig. 7  Exergy destruction changes of the total system with respect to the a separator pressure b CO2 turbine 
inlet pressure c steam turbine exit pressure changes
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input pressure changes on the exergy destruction of the entire system. As a result, and 
from the perspective of exergy destruction, increasing the inlet pressure of the carbon 
dioxide turbine positively impacts the system’s performance. When the steam turbine 
output is increased from 15 to 30 kPa in Fig. 7c, like in Fig. 6a, the quantity of energy 
destruction initially achieves the minimum value at 18 kPa and subsequently increases.

Research limitations and future works
Researchers must contend with restrictions in all of their work, some of which become 
apparent right once. One of the fundamental foundations of research is the availability 
of data and information. In this subject, some issues make it difficult to access research 
services like books, publications, statistics, databases, etc. Due in part to the absence 
of any of the abovementioned research services and in part to the erroneous cultural 
perception of these situations as being private, people and institutions have refused to 
share their findings with others. On the other hand, undesirable factors that may arise 
from unique research designs and methodologies frequently compromise the internal 
and external validity of the study in various ways. It is important to understand that it is 
hard to entirely regulate or eliminate these influences in behavioral science study. How-
ever, researchers make every effort to anticipate, recognize, and identify these effects 
as much as possible and take all necessary measures to minimize them. Both subsur-
face and power plant technology address the environmental challenges associated with 
geothermal development. Research and development into a novel, efficient, and inex-
pensive technologies will enhance security and environmental integrity as geothermal 
energy, and power use grows. The following are the main issues with geothermal pro-
jects (Moses Jeremiah Barasa 2019):

•	 Restrictions on the use of places and properties brought about by encroachment on 
private land, field crossings, deforestation, excavations, path modification, and road 
and power plant development.

•	 Leveling of work zones to build drilling yards, store supplies and equipment, and 
install plants, interfering with the terrain and geography of activity zones

•	 The noise produced by the movement of large trucks, the motors of drilling rigs, the 
testing of geothermal wells, the manufacturing of fluids, and other field engineering 
and non-engineering processes during exploration and drilling.

•	 Disposal of waste materials produced during and after drilling, including mud, cut-
tings, oil, and various process fluids.

•	 Well, blowouts under pressure that are not controlled.
•	 Scaling of pipes and other surfaces results from hot water leaks, water–steam mix-

ture leaks, and turbine condensate leaks.
•	 Soil contamination from salts percolating into water streams and soil pollution
•	 The release of used water after it has been separated from steam into the soil, water 

channels, lakes, and lagoons;
•	 The injection of condensate and wastewater causes pollution into fresh aquifers.
•	 The toxic gases carbon dioxide, hydrogen, and steam containing mercury, azimuth, 

and boron are released into the atmosphere.
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•	 Acid showers are caused by gaseous emissions such as carbon dioxide, nitrogen 
oxides, and sulfur dioxide from processes such as fuel burning during drilling and 
field development.

•	 The injection of water causes seismic activity in wells.
•	 Surface subsidence or sinking, as seen at the Wairakei power plant in New Zealand, 

resulted from decreased reservoir pressure brought on by an overabundance of fluid.
•	 Heat pollution, especially in the vicinity of power stations.
•	 The visual impact of trenches, platforms, drilling rigs, barracks, sheds, plant equip-

ment, power lines, steam pipes, water pipelines, and other structures.
•	 Cauterization of drilling yards as a result of the usage of cement in technical applica-

tions such as drilling.

Another challenge is the high initial costs of developing a geothermal energy system. 
This is a major problem for the oil and gas industry, especially in the current situation. 
The next thing is uncertainty in this area. There is no need to spend millions of dol-
lars to determine whether or not there is an energy source for wind and solar devel-
opment. Everyone sees the sun in the sky and feels the wind, but the temperature and 
permeability of a rock 3 km underground are not like this. These are the challenges that 
geothermal energy must overcome to reap its benefits—durability, sustainability, and 
non-pollution. Wind and solar energy are cheaper, but they depend on environmental 
conditions, are not continuous, and have a limited lifespan. In the discussion of geo-
thermal energy, the lifetime of the well is unlimited, and there is no need to recycle it. 
Regarding future research for researchers about the studied system, the following sug-
gestions are provided:

•	 Providing two-variable optimization of the proposed system for a comparative study 
with the results of the present work.

•	 Exergeoeconomic and exergeoenvironmental analysis of the current system and also 
advanced exergy analysis of the system.

•	 Providing solar−geothermal hybrid systems increases the efficiency and higher reli-
ability factor of the provided system.

Conclusions
The working fluid passes through the subcritical and supercritical phases in a closed 
thermodynamic cycle known as a trans-critical cycle. In power cycles, the working fluid 
is kept in the liquid region during compression and vapor and supercritical regions dur-
ing expansion. The ultra-supercritical steam Rankine cycle is a typical trans-critical 
cycle that uses water as the working fluid and is used to produce energy from fossil fuels. 
Another example of typical trans-critical cycle uses for power production is organic 
Rankine cycles, which are particularly well adapted to exploiting low-temperature heat 
sources, such as geothermal energy, heat recovery applications, or waste-to-energy 
plants. By definition, trans-critical cycles, as opposed to subcritical cycles, benefit from 
greater pressure ratios, a characteristic that ultimately leads to higher efficiency for the 
bulk of the working fluids. Trans-critical cycles can obtain more particular works since 
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the compression work is only marginally more necessary than other tasks since super-
critical cycles are a potential alternative to trans-critical ones. This exemplifies the enor-
mous potential of trans-critical cycles to realize the objective of producing the greatest 
amount of power (quantifiable in terms of the effort specific to the cycle) with the least 
amount of expense (measurable in terms of spent energy to compress the working fluid). 
Instead, novel trans-critical cycles should employ a working fluid with a critical temper-
ature close to the surrounding temperature. Due to its favorable critical circumstances, 
carbon dioxide is chosen. The critical point of carbon dioxide is 31 °C, which is excel-
lent for trans-critical applications since it is reasonably midway between conventional 
refrigeration applications’ hot and cold sources. The combination of trans-critical car-
bon dioxide cycles with other energy systems, such as solar and geothermal energy, will 
increase the overall efficiency of the cycle. Also, nowadays, many applications with the 
potential to recover wasted heat, such as exhaust gases from piston engines, cement 
kilns or heat treatment furnaces, are often combined with cycles such as Organic Rank-
ine, Reverse Brayton, Kalina, Stirling, Reverse Brayton-Organic Rankine, etc. to convert 
wasted heat into mechanical power.

This study has explored the energy and exergy of a combined power production sys-
tem (combined single flash geothermal cycle with trans-critical carbon dioxide cycle) in 
both its optimal and initial forms. Exergy efficiency was equivalent to 32.46% in the ini-
tial mode, and after the Genetic Algorithm, this number climbed to 39.21%. The exergy 
efficiency of the Nelder–Mead simplex method has grown from 32.46 to 36.16%. The 
Nelder–Mead simplex method is less efficient than utilizing a Genetic Algorithm.

The proposed cycle was then examined from the component exergy destruction rate 
perspective. The exergy destruction on the carbon dioxide side was greater than in the 
single flash cycle. The vapor generator with 36%, the CO2 turbine with 23% and the 
CO2 condenser with 17% exergy destruction of the whole system had the highest exergy 
destruction among the system components. Exergy destruction in the single flash geo-
thermal cycle condenser and the separator is negligible and is considered zero here. 
Also, the amount of exergy destruction in the single flash geothermal cycle’s pump and 
mixer is insignificant compared to other components.
Acknowledgements
The author (Azher M. Abed) extends his appreciation to the Deanship of Al-Mustaqbal University College for funding this 
work through the grant number MUC-E-0122. The contents of this manuscript have NOT been copyrighted or published 
previously, and are NOT now under consideration for publication elsewhere. There are NO directly related manuscripts 
or abstracts, published or unpublished, by any authors of this paper. The Universities and Institutes representative is fully 
aware of this submission.

Author contributions
JH: resources, formal analysis; AMA: writing, review and editing, formal analysis; SME, JLGA: review and editing; YA: 
conceptualization, validation, writing, original draft, visualization. All authors have been directly involved in the planning, 
execution, or analysis of this study. All authors read and approved the final manuscript.

Funding
Not applicable.

 Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
This research did not contain any studies involving animal or human participants, nor did it take place in any private or 
protected areas. No specific permissions were required for corresponding locations.



Page 19 of 20Huang et al. Geothermal Energy            (2023) 11:4 	

Consent for publication
I, the undersigned, give my consent for the publication of identifiable details, which can include a photograph(s) and/or 
videos and/or case history and/or details within the text (“Material”) to be published in the above Journal and Article.

Competing interests
The authors declare no competing interests.

Received: 2 September 2022   Accepted: 1 February 2023

References
Aali A, Pourmahmoud N, Zare V. Exergoeconomic analysis and multi-objective optimization of a novel combined 

flash-binary cycle for Sabalan geothermal power plant in Iran. Energy Convers Manag. 2017;143:377–90. https://​
doi.​org/​10.​1016/j.​encon​man.​2017.​04.​025.

Akhmadullin I, Tyagi M. Numerical analysis of downhole heat exchanger designed for geothermal energy production. 
Geotherm Energy. 2017;5(1):13. https://​doi.​org/​10.​1186/​s40517-​017-​0071-2.

Albadr MA, Tiun S, Ayob M, Al-Dhief F. Genetic algorithm based on natural selection theory for optimization prob-
lems. Symmetry. 2020;12(11):1758.

Aneke M, Agnew B, Underwood C. Performance analysis of the Chena binary geothermal power plant. Appl Thermal 
Eng. 2011;31(10):1825–32. https://​doi.​org/​10.​1016/j.​applt​herma​leng.​2011.​02.​028.

Assad MEH, Aryanfar Y, Radman S, Yousef B, Pakatchian M. Energy and exergy analyses of single flash geothermal 
power plant at optimum separator temperature. Int J Low-Carbon Technol. 2021;16(3):873–81. https://​doi.​org/​
10.​1093/​ijlct/​ctab0​14.

Barati R. Analysis and evaluation of optimization algorithms application for parameter estimation of Muskingum 
flood routing models in rivers. 2014.

Békési E, Fokker PA, Candela T, Szanyi J, van Wees J-D. Ground motions induced by pore pressure changes at the Sze-
ntes geothermal area, SE Hungary. Geotherm Energy. 2022;10(1):3. https://​doi.​org/​10.​1186/​s40517-​022-​00214-6.

Budiardjo B, Pambudi NA, Efendi A. Digital energy literacy : the need for android-geofinder application based on geo-
graphic information system (GIS) to enhance student’s geothermal energy literacy in Indonesia. Int J Progress 
Sci Technol. 2021. https://​doi.​org/​10.​52155/​ijpsat.​v26.2.​3119.

Chamorro CR, Mondéjar ME, Ramos R, Segovia JJ, Martín MC, Villamañán MA. World geothermal power production 
status: energy, environmental and economic study of high enthalpy technologies. Energy. 2012;42(1):10–8.

Chen L, Wang Y, Xie M, Ye K, Mohtaram S. Energy and exergy analysis of two modified adiabatic compressed air 
energy storage (A-CAES) system for cogeneration of power and cooling on the base of volatile fluid. J Energy 
Storage. 2021;42: 103009. https://​doi.​org/​10.​1016/j.​est.​2021.​103009.

de Oliveira GL, Oliveira AC, Dutra JC. Numerical simulation of a cogeneration plant with micro gas turbine using 
computational tool EES; Simulacao numerica de uma planta de cogeracao com microturbina a gas natural 
utilizando ferramenta computacional EES. 2008.

Dennis J, Woods DJ. Optimization on microcomputers: the Nelder–Mead simplex algorithm. New Comput Environ 
Microcomput Large-Scale Comput. 1987;11:6–122.

El Haj Assad M, Aryanfar Y, Javaherian A, Khosravi A, Aghaei K, Hosseinzadeh S, Pabon J, Mahmoudi S. Energy, exergy, 
economic and exergoenvironmental analyses of transcritical CO2 cycle powered by single flash geothermal 
power plant. Int J Low-Carbon Technol. 2021;16(4):1504–18. https://​doi.​org/​10.​1093/​ijlct/​ctab0​76.

Elbarbary S, Abdel Zaher M, Saibi H, Fowler A-R, Saibi K. Geothermal renewable energy prospects of the African 
continent using GIS. Geotherm Energy. 2022;10(1):8. https://​doi.​org/​10.​1186/​s40517-​022-​00219-1.

Ezekiel J, Ebigbo A, Adams BM, Saar MO. Combining natural gas recovery and CO2-based geothermal energy extrac-
tion for electric power generation. Appl Energy. 2020;269: 115012. https://​doi.​org/​10.​1016/j.​apene​rgy.​2020.​
115012.

Fan G, Gao Y, Ayed H, Marzouki R, Aryanfar Y, Jarad F, Guo P. Energy and exergy and economic (3E) analysis of a two-stage 
organic Rankine cycle for single flash geothermal power plant exhaust exergy recovery. Case Stud Thermal Eng. 
2021;28: 101554. https://​doi.​org/​10.​1016/j.​csite.​2021.​101554.

Islam F, Shahbaz M, Ahmed AU, Alam MM. Financial development and energy consumption nexus in Malaysia: a multi-
variate time series analysis. Econ Model. 2013;30:435–41.

Katoch S, Chauhan SS, Kumar V. A review on genetic algorithm: past, present, and future. Multimed Tools Appl. 
2021;80(5):8091–126.

Klein S. F-Chart software, engineering equation solver, EES manual; Chapter 1: getting started. Madison: Solar Energy 
Laboratory, University of Wisconsin-Madison; 2013.

Klein S, Alvarado F. EES manual. Middleton, Wisconsin; 1999.
Klein SA, Nellis G. Mastering EES. f-Chart software; 2013.
Li J, Zhu T, Li F, Wang D, Bu X, Wang L. Performance characteristics of geothermal single well for building heating. Energy 

Eng. 2021. https://​doi.​org/​10.​32604/​EE.​2021.​014464.
Melzi B, Kefif N, Assad MEH, Delnava H, Hamid A. Modelling and optimal design of hybrid power system photovoltaic/

solid oxide fuel cell for a Mediterranean city. Energy Eng. 2021. https://​doi.​org/​10.​32604/​EE.​2021.​017270.
Mirjalili S. Genetic algorithm. In: Evolutionary algorithms and neural networks. Cham: Springer; 2019. p. 43–55.
Mohtaram S, Sun Y, Omidi M, Lin J. Energy-exergy efficiencies analyses of a waste-to-power generation system combined 

with an ammonia-water dilution Rankine cycle. Case Stud Thermal Eng. 2021a;25: 100909. https://​doi.​org/​10.​1016/j.​
csite.​2021.​100909.

https://doi.org/10.1016/j.enconman.2017.04.025
https://doi.org/10.1016/j.enconman.2017.04.025
https://doi.org/10.1186/s40517-017-0071-2
https://doi.org/10.1016/j.applthermaleng.2011.02.028
https://doi.org/10.1093/ijlct/ctab014
https://doi.org/10.1093/ijlct/ctab014
https://doi.org/10.1186/s40517-022-00214-6
https://doi.org/10.52155/ijpsat.v26.2.3119
https://doi.org/10.1016/j.est.2021.103009
https://doi.org/10.1093/ijlct/ctab076
https://doi.org/10.1186/s40517-022-00219-1
https://doi.org/10.1016/j.apenergy.2020.115012
https://doi.org/10.1016/j.apenergy.2020.115012
https://doi.org/10.1016/j.csite.2021.101554
https://doi.org/10.32604/EE.2021.014464
https://doi.org/10.32604/EE.2021.017270
https://doi.org/10.1016/j.csite.2021.100909
https://doi.org/10.1016/j.csite.2021.100909


Page 20 of 20Huang et al. Geothermal Energy            (2023) 11:4 

Mohtaram S, Sun Y, Sun H, Abrishami A, Omidi M, Lin J. A comprehensive design, optimization and development 
methodology of a wasted heat recovery boiler using serrated fins and extensive surface in a bulky CCPP. Case Stud 
Thermal Eng. 2021b;23: 100808. https://​doi.​org/​10.​1016/j.​csite.​2020.​100808.

Moses Jeremiah Barasa K. Geothermal electricity generation, challenges, opportunities and recommendations. Int J Adv 
Sci Res Eng. 2019;5(8):53–95. https://​doi.​org/​10.​31695/​IJASRE.​2019.​33408.

Olsson DM, Nelson LS. The Nelder–Mead simplex procedure for function minimization. Technometrics. 1975;17(1):45–51.
Pambudi NA, Itoi R, Jalilinasrabady S, Gürtürk M. Sustainability of geothermal power plant combined with thermody-

namic and silica scaling model. Geothermics. 2018;71:108–17. https://​doi.​org/​10.​1016/j.​geoth​ermics.​2017.​09.​003.
Pambudi NA, Wibowo S, Ranto, Saw LH. Experimental investigation of organic Rankine cycle (ORC) for low temperature 

geothermal fluid: effect of pump rotation and R-134 working fluid in scroll-expander. Energy Eng. 2021. https://​doi.​
org/​10.​32604/​EE.​2021.​016642.

Pan S, Kong Y, Chen C, Pang Z, Wang J. Optimization of the utilization of deep borehole heat exchangers. Geotherm 
Energy. 2020;8(1):6. https://​doi.​org/​10.​1186/​s40517-​020-​0161-4.

Parikhani T, Delpisheh M, Haghghi MA, Holagh SG, Athari H. Performance enhancement and multi-objective optimization 
of a double-flash binary geothermal power plant. Energy Nexus. 2021;2: 100012. https://​doi.​org/​10.​1016/j.​nexus.​
2021.​100012.

Pishkariahmadabad M, Ayed H, Xia W-F, Aryanfar Y, Almutlaq AM, Bouallegue B. Thermo-economic analysis of working 
fluids for a ground source heat pump for domestic uses. Case Stud Thermal Eng. 2021;27: 101330. https://​doi.​org/​
10.​1016/j.​csite.​2021.​101330.

Rudiyanto B, Bahthiyar MA, Pambudi NA, Widjonarko, Hijriawan M. An update of second law analysis and optimization of 
a single-flash geothermal power plant in Dieng, Indonesia. Geothermics. 2021;96: 102212. https://​doi.​org/​10.​1016/j.​
geoth​ermics.​2021.​102212.

Saengsikhiao P, Taweekun J, Maliwan K, Sae-ung S, Theppaya T. Development of environmentally friendly and energy 
efficient refrigerants for refrigeration systems. Energy Eng. 2021. https://​doi.​org/​10.​32604/​EE.​2021.​012860.

Sun F, Yao Y, Li G, Li X. Performance of geothermal energy extraction in a horizontal well by using CO2 as the working 
fluid. Energy Convers Manag. 2018;171:1529–39. https://​doi.​org/​10.​1016/j.​encon​man.​2018.​06.​092.

Sun H, Dong Q, Zhang C, Chen J. An energy efficiency improvement method for manufacturing process based on ECRSR. 
Energy Eng. 2020. https://​doi.​org/​10.​32604/​EE.​2020.​010706.

Wang J, Wang J, Dai Y, Zhao P. Thermodynamic analysis and optimization of a flash-binary geothermal power generation 
system. Geothermics. 2015;55:69–77. https://​doi.​org/​10.​1016/j.​geoth​ermics.​2015.​01.​012.

Wang H, Yan G, Tag-Eldin E, Chaturvedi R, Aryanfar Y, Luis GarcíaAlcaraz J, Talal Amin M, Moria H. Thermodynamic investi-
gation of a single flash geothermal power plant powered by carbon dioxide transcritical recovery cycle. Alex Eng J. 
2022. https://​doi.​org/​10.​1016/j.​aej.​2022.​08.​051.

Whitley D. A genetic algorithm tutorial. Stat Comput. 1994;4(2):65–85.
Wright MH. Nelder, Mead, and the other simplex method. Doc Math. 2010;7:271–6.
Yari M, Mehr AS, Zare V, Mahmoudi SMS, Rosen MA. Exergoeconomic comparison of TLC (trilateral Rankine cycle), ORC 

(organic Rankine cycle) and Kalina cycle using a low grade heat source. Energy. 2015;83:712–22. https://​doi.​org/​10.​
1016/j.​energy.​2015.​02.​080.

Yazarlou T, Saghafi MD. Investigation of plans shape and glazing percentage for the energy efficiency of residential build-
ings. Energy Eng. 2021. https://​doi.​org/​10.​32604/​EE.​2021.​017282.

Yusof NH, Hassan R. Flash notes and easy electronic software (EES): new technique to improve digital logic design learn-
ing. In: Proceedings of the 2011 international conference on electrical engineering and informatics. IEEE; 2011.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.csite.2020.100808
https://doi.org/10.31695/IJASRE.2019.33408
https://doi.org/10.1016/j.geothermics.2017.09.003
https://doi.org/10.32604/EE.2021.016642
https://doi.org/10.32604/EE.2021.016642
https://doi.org/10.1186/s40517-020-0161-4
https://doi.org/10.1016/j.nexus.2021.100012
https://doi.org/10.1016/j.nexus.2021.100012
https://doi.org/10.1016/j.csite.2021.101330
https://doi.org/10.1016/j.csite.2021.101330
https://doi.org/10.1016/j.geothermics.2021.102212
https://doi.org/10.1016/j.geothermics.2021.102212
https://doi.org/10.32604/EE.2021.012860
https://doi.org/10.1016/j.enconman.2018.06.092
https://doi.org/10.32604/EE.2020.010706
https://doi.org/10.1016/j.geothermics.2015.01.012
https://doi.org/10.1016/j.aej.2022.08.051
https://doi.org/10.1016/j.energy.2015.02.080
https://doi.org/10.1016/j.energy.2015.02.080
https://doi.org/10.32604/EE.2021.017282

	Exergy analyses and optimization of a single flash geothermal power plant combined with a trans-critical CO2 cycle using genetic algorithm and Nelder–Mead simplex method
	Abstract 
	Highlights 
	Introduction and literature review
	Methodology
	System description
	Governing equations
	Genetic algorithm (GA) and Nelder−Mead simplex (NMS) method
	EES software
	Validation

	Results and discussions
	Research limitations and future works
	Conclusions
	Acknowledgements
	References


