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ABSTRACT

The usage of renewable energies, including geothermal energy, is expanding rapidly worldwide. The low efficiency
of geothermal cycles has consistently highlighted the importance of recovering heat loss for these cycles. This paper
proposes a combined power generation cycle (single flash geothermal cycle with trans-critical CO; cycle) and
simulates in the EES (Engineering Equation Solver) software. The results show that the design parameters of the
proposed system are significantly improved compared to the BASIC single flash cycle. Then, the proposed approach
is optimized using the genetic algorithm and the Nelder-Mead Simplex method. Separator pressure, steam turbine
output pressure, and CO; turbine inlet pressure are three assumed variable parameters, and exergy efficiency is the
target parameter. In the default operating mode, the system exergy efficiency was 32%, increasing to 39% using the
genetic algorithm and 37% using the Nelder-Mead method.
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1 Introduction

In recent years, renewable energy sources have received considerable attention due to the envi-
ronmental impact of fossil fuels. Geothermal energy has received more attention among renewable
energies due to its reliability, stability, and high capacity [1—4]. Due to the high potential of geothermal
energy worldwide, only a limited part of this resource is used [5,6]. However, electricity generation has
increased in recent years using geothermal power plants, and in some countries, more than 10% of
total electricity generation is due to these power plants [7,8]. In recent years, many studies have been
conducted on the study and optimization of cycles of geothermal power plants [9-11].

The utilization of combined cycles and the recovery of thermal energy released to the environment
is one of the suggested options for optimizing and enhancing the efficiency of geothermal systems, and
the organic Rankine cycle is one of the most popular approaches. However, most organic working
fluids, including water ammonia, have one or more drawbacks, including toxicity, flammability,
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explosiveness, and high price. Therefore, finding a better working fluid is important; for example, CO,
is easily derived from the environment, is non-toxic, non-flammable, and non-explosive, and has no
adverse effects on the ecosystem, and it is suggested to be used as a fluid to produce electricity. CO, can
easily enter the supercritical state because of its low critical temperature. The most important feature
of carbon dioxide is its low critical temperature, and as a result, its use in the compression cycle leads
to a reduction in system dimensions. Because the trans-critical compression cycle of carbon dioxide
operates at high pressures, the strength of the materials used in the components increases, which is
offset by a reduction in component size and leads to significant heat dissipation in the gas cooling
unit. It has high latent heat, thermal conductivity, thermal resistance and low viscosity compared to
other refrigerants [12].

In this research, a power generation system’s energy efficiency and exergy efficiency have been
calculated using a combined single flash geothermal source with a trans-critical carbon dioxide
cycle. Separator pressure, the inlet pressure of the carbon dioxide turbine and steam turbine outlet
pressure parameters will be examined to determine the optimum operating point and Fig. | shows
the list diagram of the research steps. The novelty of the present work is to present a combined
geothermal single flash system whose waste heat is recovered by a trans-critical carbon dioxide cycle.
An auxiliary heat exchanger is also added to the trans-critical carbon dioxide cycle to improve the
exergy efficiency of the system. Using a genetic algorithm and the Nelder-Mead simplex method, the
exergy efficiency of the entire system has been optimized to determine the effectiveness of these two
methods in the optimization process. In the following, the amount of exergy destruction of different
system components is calculated and presented as a column chart and a pie chart. The main goals of
this research are:

e Designing and modeling a combined single flash geothermal system with a trans-critical carbon
dioxide cycle in the EES software environment.

e Optimizing the proposed system using a genetic algorithm and Nelder-Mid simplex method to
maximize the exergy efficiency of the system.

e Investigating the amount of exergy destruction of different components of the system.

Design a recuurycyl:lehruh‘bnllnsilﬂt of the SFGC
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process of the
> SFGC power by
COa trans-
critical cycle

Figure 1: List diagram of the problem-solving process

According to Fig. 1, in the present work, the basic single flash geothermal cycle and recovery
trans-critical CO, cycle are designed to recover dissipated heat in the first step. In the second
step, the initial data, and governing equations of the systems under study are defined using the
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research literature. In the third step, the proposed recovery system is simulated in the EES software
environment, and in the last step, the results are optimized using genetic algorithms and the Nelder-
Mead Simplex method.

2 Proposed System Description

The proposed basic single flash and single flash geothermal systems powered with the trans-
critical carbon dioxide cycle are shown in Figs. 2 and 3. The system was simulated using engineering
equation solver software (EES) [13—15]. Each system component is utilized as a control volume
engineering in the simulation approach, and the first and second laws of thermodynamics are applied
to it.

EV Seperator Steam Turbine

Condenser -

6

L

Pump

R »
t Tmm-
Production Well
8

Re-injection Well

Figure 2: Schematic of basic single flash geothermal power plant

According to Fig. 3, after entering the system, a certain amount of geothermal fluid is converted
to two-phase fluid during the decompression process, in which the pressure drop occurs at a constant
enthalpy, and the two-phase fluid enters the separator, where the saturated vapor part of the fluid
produces power in the steam turbine. The saturated liquid section of the separator also goes into the
vapor generator (VG), which raises the temperature of carbon dioxide gas, before the heat exchanger’s
outlet fluid returns to the ground. It passes through the gas turbine at the proper pressure and
temperature, generating greater power for the entire system. The heat exchanger incorporated in the
carbon dioxide cycle sets this research apart from earlier investigations. This heat exchanger uses the
heat of the output fluid from the single-cycle steam turbine to warm the incoming gas to the vapor
generator, improving the overall system performance. After passing through the heat exchanger, the
steam turbine’s output fluid is cooled by a condenser before being sent to the re-injection well by the
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pump. Table 1 shows the input parameters needed to perform the plant’s energy and exergy analyses.
The parameters are displayed in the order that they are needed.
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Figure 3: Schematic of single flash geothermal power plant powered by a trans-critical CO, cycle
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In a trans-critical cycle where carbon dioxide gas is rising in temperature inside heat exchangers
such as an evaporator, the slope of the temperature change varies, so locating the congestion point is
complicated. For simplicity to solve the problem, the temperature difference at the beginning and end
is considered constant.

3 Governing Equations

The desired cycle is written taking into account the control volume, mass and energy balance and
for each component of the system according to Eqs. (1) and (2) [6,16-19]:

> i =", (1)
Q—W =" rh,— D mh 2)

m is mass flow rate, / is specific enthalpy, Q is transferred heat, and W is power. Subscript i means
input, and subscript o means output. The isentropic efficiency and net power output of each turbine
will be obtained from Egs. (3) and (4):

hi - ho
hi - hz),s

(€)

N =
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WTur = mi(hi - ho) (4)

n is efficiency, subscript Tur means turbine, and s means isentropic. For isentropic efficiency and
net operation of each pump can be written:

vi(P, — P)
nPump = W (5)
WPump = mi(ho - hl) (6)

v is specific volume, and P is pressure. 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)—(9) [3,20,21]:

Wm’l = WTur,sleam + WTur,C()2 - VI/pump,szmm - I/I/pump,(,'OZ (7)
nen = I/I/ne't/Qin (8)
nex = net/Ein (9)

E is exergy; furthermore, subscript en means energy, ex means exergy, and net means network.
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 [12,22,23]:

e All cycle components (as a control volume) work in steady-state conditions.

e Pressure drop and heat loss in pipelines can be ignored, and changes in kinetic energy and
potential in all components are negligible.

e Turbines have isotropic efficiency of 80%, and pumps have isotropic efficiency of 75%.

e For the presented analysis, the ambient temperature is 25 degrees Celsius, and the ambient
pressure is 100 kPa.

Definition of dead condition:

1. Be in thermal equilibrium with the environment (be at the same temperature as the environ-
ment).

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.

SNk W

The performance of the proposed system is evaluated and analyzed in this section, and the results
of energy optimization and exergy are presented in the tables. To investigate the effect of different
parameters on the system performance, the values of the input parameters are given in Table 1. For the
studied cycles, the net output power, thermal efficiency and exergy efficiency depend on the pressure
of the separators and the difference between the evaporator tightening point temperature and the
evaporator temperature.
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Table 1: Proposed system initial values [20]

Definition Values
Dead state temperature (T,) 25°C
Dead state pressure (P,) 100 KPa
Geothermal fluid inlet temperature (T)) 170°C
Geo-fluid mass flow (71,) 10 kg/s
Geo-fluid inlet pressure (P)) Saturated
Separator pressure (P,) 500 KPa
Steam turbine output pressure (Ps) 20 KPa
CO, turbine inlet pressure (P,) 15000 KPa
CO, condenser temperature (T ) 30°C
Turbine isentropic efficiency (7,,) 80%
Pump isentropic efficiency (7,ump) 75%
Evaporator inlet-outlet difference temperature (ATp) 20°C
Heat exchanger pinch point (ATyp) 5°C

A search heuristic that imitates the genetic processes of living things is called a genetic algorithm
(GA). This heuristic is frequently employed to investigate practical answers to optimization and search
problems. Genetic algorithms use stochastic direct optimization techniques and are a subset of the
larger class of evolutionary algorithms (EA). The term stochastic denotes the use of random operators
by GA, which could lead to a different (set of) solutions every time it is used. Additionally, because they
are direct, they only operate on the value of the objective function itself, not its derivatives. GA creates
an effective, all-encompassing tool that solves nearly any optimization problem, including restricted
and unconstrained, single and multi-variable, linear, and nonlinear issues with continuous or discrete
variables [24]. Fig. 4 shows the genetic algorithm flowchart.

Nelder and Mead first proposed the Nelder-Mead method in 1965, and the purpose of presenting
this method was to solve unconstrained optimization problems; Although a long time has passed
since the invention of the Nelder-Mead method, today, this method is still the right choice for solving
optimization problems in the fields of statistics, engineering, physics, and medical and pharmaceutical
sciences due to its ease of use and coding in the computer. This algorithm is a fast method to find the
local minimum solution in optimization problems and is also used for multi-dimensional optimization
problems. Also, unlike the gradient method, this method does not use the derivative of functions to
find the answer. The Nelder-Mead algorithm converges to the local minimum value by forming a
unique structure. Using this unique structure, the search is performed in directions with high potential
to minimize the objective function. The unique structure in the Nelder-Mead method is defined as
a geometric shape composed of N+1 corners, where N is the number of variables of the objective
function of the optimization problem. In each iteration, the Nelder-Mead algorithm calculates the
image of the worst point (the corner with the highest value of the best objective function) in line with
the central point (the corner with the average good value).
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Figure 4: Flowchart of genetic algorithm [25]

Based on the value calculated in the first step, the algorithm performs expansion and contraction
operations in a form with a new structure. In other words, the values of the objective function
for each iteration are evaluated in the corners of the created structure. The highest value of the
objective function for each corner of the structure in each iteration replaces the worst value calculated
from the previous step. Otherwise, the structure moves to the best point (the corner with the lowest
objective function value) and shrinks. This process is repeated until the desired error is obtained. The
convergence speed of the algorithm is affected by three parameters a, 8, and y, which are the reflection
constant parameter «, the contraction constant § parameter, and the structure expansion constant vy,
respectively [26,27]. Fig. 5 shows the flowchart of the Nelder-Mead simplex method.

Researchers have recently become interested in global optimization, particularly when the fitness
function depends on many variables or is strongly constrained by certain restrictions. As long as
using only one search algorithm produces subpar results, hybridizing is the only drive that restores
hope for achieving this objective. If properly executed, a combination of two algorithms in which
one investigates a potential region containing global minima and the other exploits the region to
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discover the required point is promising. While they are renowned as effective search engines to locate
and localize areas containing global minima, global methods like simulated annealing, tabu search,
genetic algorithms, etc., take a very long time to converge to a particular point (if not get trapped in
local minimum). On the other hand, local techniques like Nelder-Mead Simplex, climbing hills, etc.,
effectively utilize the search domain.

Start
+

Generate a New Simplex

Reflection or Expansion or Contraction

Sufficient
Progress?

Shrink Substitute One Point

Minimum
Attained?

Yes

Stop

Figure 5: Flowchart of Nelder-Mead simplex method [28]

4 Results and Discussions

The genetic algorithm (GA) is a popular metaheuristic technique for optimizing stated functions
in a confined area. According to the algorithm’s inheritance, past information is retrieved and
employed in the search process. In 1989, Goldberg invented the principles of the genetic algorithm.
An Evolutionary Guideline is the simulation approach described below. The Evolutionary Guideline
simulation technique is a neighborhood search strategy that works the same way as a gene does [29].

Furthermore, The Nelder—-Mead method, first published in, is a commonly used DS optimization
approach that has been used to various unconstrained problems. NM uses an iterative technique
to generate a series of simplexes that converge to the best answer. When solving an n-dimensional
optimization issue, the NM approach requires n+1 vertices to define the beginning location of the
simplex. To alter the simplex shape, you must do the following operations in a single iteration:
reflection, expansion, contraction, and reduction. These processes cause the simplex in the decision
space to evolve, and it should finally converge to the best solution. This evolution may continue in
an unanticipated fashion, for example, with fewer iterations for a higher number of choice variables,
depending on the original simplex’s starting position, shape, and orientation [30]. Table 2 shows the
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results of optimization of the proposed system using genetic algorithm and Nelder-Mead simplex
method.

Table 2: The results of optimization of the proposed system using genetic algorithm and Nelder-Mead
simplex method

Parameters Symbol Initial mode  Optimal mode Optimal mode Unit

using genetic using

algorithm Nelder-Mead

simplex

Separator pressure P, 500 304.3 326.4 kPa
Carbon dioxide turbine P, 15000 13083 12067 kPa
inlet pressure
Steam turbine output  P; 20 37.36 22.01 kPa
pressure
Power production of W irsteam 150.1 194.2 218.1 kW
steam turbine
Power Production of Wrcor 525.5 606.8 460.8 kW
CO, turbine
Electric power Woimpseam  0.2436 0.2626 0.2762 kW

consumption of the
steam pump

Electric power W ump.co2 274.1 235.6 219 kW
consumption of CO,

pump

Net power production W, 401.3 316 459.5 kw
Exergy efficiency Nex 32.46 39.21 36.16 %

The total output of the output is 401.3 kW in BASIC mode, which after adding the recovery
cycle, this value reaches 316 kW in the optimized state with the genetic algorithm and 459.5 kW in
the optimized state with the Nelder-Mead simplex method. Therefore, if the goal is to increase the net
output work, the working conditions obtained by the simplex method have a better result.

Exergy analysis, derived from the second law of thermodynamics, is used to analyze, upgrade
energy systems, and perform new cycles [31]. Fig. 6 shows the amounts of exergy destruction of
the various components of the recovery system. Fig. 7 is also a pie chart of the exergy destruction
percentages of the various components. Most exergy destruction occurs in the Vapor Generator, with
about 167 kW of exergy destruction, which includes almost 36% of the total exergy destruction of
the proposed system, indicating a large temperature difference between the fluids in this component.
CO, turbine and CO, condenser are in the next positions of the most exergy destruction of the
system. Exergy destruction in the single flash cycle condenser and the separator is negligible and
considered zero here. Also, the amount of exergy destruction in the single flash cycle pump and mixer
is insignificant compared to other components, which can be seen in both diagrams. As it turns out, the
exergy destruction of the carbon dioxide cycle part’s component is much more severe than the single
flash cycle’s component, which can be due to the carbon dioxide cycle operating in a trans-critical
state.
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Figure 6: Exergy destruction amounts of the components of the system
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Figure 7: Exergy destruction ratio of the components of the system

The simplicity and computational efficiency of the simplex search approach make it advantageous
from an algorithmic perspective. However, because they only take into account local information,
there is no assurance that the global optimum will be discovered when they reach a stationary point
unless the domain in which the global minimum is located is given. A GA approach, on the other
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hand, searches the whole search space without relying on local knowledge of possible search directions.
However, it has a relatively significant computational cost. Finding global minima in various situations
might be possible using a hybrid algorithm combining both traits (exploration and exploitation). It is
very significant to note that none of these algorithms, along with the novel hybrid approach given in
this study, call for the computation of gradient or hessian matrices; therefore, they are free from the
drawbacks of traditional optimization techniques. The following will be the primary objectives of the
upcoming hybrid algorithm:
- Reliability: A suitable operation of the search domain’s exploration and exploitation (also
known as “diversification” and “intensification”) to locate the real global minima.
- Efficiency: Reducing the overall quantity of function evaluation using a straightforward yet
effective combination.

One way to improve the performance of power generation cycles is to combine different but
thermodynamically compatible cycles. Compared to other power generation units, as combined cycles
with other cycles, trans-critical Carbon Dioxide cycles have certain strengths.

5 Conclusion

In this research, a combined power generation system (combined single-flash geothermal system
with trans-critical carbon dioxide cycle) in energy and exergy in both optimal and primary states have
been investigated and researched. Exergy efficiency in the initial state was equal to 32.46%, and after
the genetic algorithm, this value increased to 39.21%. In the case of the Nelder-Mead Simplex method,
the exergy efficiency has been increased from 32.46% to 36.16%. Using a genetic algorithm is more
efficient than the Nelder-Mead Simplex method.

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. Vapor
generator with 36%, CO, turbine with 23% and CO, condenser with 17% exergy destruction of the
whole system had the highest exergy destruction among the system components. Exergy destruction
in the single flash geothermal 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.
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