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1. Introduction

Abstract. In the present research, energy derived from the geothermal fluid is utilized
to generate power. In the first case of power generation, the model of the geothermal
double-effect instantaneous evaporation cycle is employed, while in the second one, the
single-effect evaporation combined cycle and Rankine cycle with different organic fluids
are utilized. The effect of several organic fluids in the combined cycle is then examined.
The SPECO method was then incorporated in the economic analysis. According to the
mentioned analysis, net power generation reached its maximum value for the combined cycle
with water vapor and its minimum value for the double-effect instantaneous evaporation
cycle with a considerable difference. Throughout the experiments, increasing the separator
pressure at the constant evaporator temperature reduced the power generation cost for
combined cycles. The lowest power generation cost was attributed to the combined cycle
with operating fluid R113 while the highest amount of power generation cost was related to
the combined cycle with ammonia fluid. The exergoeconomic coefficient, i.e., the ratio of
the purchase price components to the sum of costs associated with total exergy destruction
as well as the cost associated with purchasing cycle components, was also the highest in the
combined cycle with R113 and the lowest in the double-effect instantaneous evaporation
cycle.

(© 2023 Sharif University of Technology. All rights reserved.

and expansion of the renewable energy and to raise the
share of these resources in the global energy worldwide.

Lately, exhaustion of fossil fuels, diversification of
energy sources, sustainable development and energy
security, and the consequent environmental issues re-
sulting from fossil energy consumption on the one hand,
and clean and renewable energy sources such as solar,
wind, geothermal on the other hand, have encouraged
the world to pay serious attention to the advancement
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Nowadays, the world is experiencing a substantial
increase in the activities and budgets of governments
and companies in the arena of research, development,
and provision of renewable energy systems [1-3]. These
activities and investments will reduce the price of
renewable energies over time, and these energies will
be able to compete with the existing traditional en-
ergy systems. For instance, this objective has been
accomplished in the case of wind energy and some
applications of biomass energy, and the remarkable
decline in prices for other renewable energy sources is
still in progress [4,5]. As demonstrated in Figure 1,
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Figure 2. Geothermal single-effect evaporation cycle.

geothermal cooling and heating systems, known as a
Geothermal Heat Pump (GHP), Geothermal Exchange
systems (Geo Exchange), or Earth Energy Systems,
consist of heat pumps that consume electricity to
collect heat from the basement and transfer it to the
unit installed inside the building by the fluid passing
through the installed pipes.

Several research pieces have been conducted on
the energy analysis and exergy of geothermal power
generation cycles thus far, which will be examined in
the next sections. Figure 2 depicts the geothermal
single-effect evaporation cycle. Ehyaei et al. [6] ana-
lyzed the single-effect and double-effect power gener-
ation cycles in terms of exergy and obtained exergy
efficiencies of 38.7 and 49% for the single-effect and
double-effect cycles, respectively. In this analysis, a
geothermal fluid of 250°C and condenser temperature
of 40°C were utilized. An exergy analysis of a bi-

nary geothermal cycle with a capacity of 12.4 MW
was carried out in [7], and the exergy efficiency and
contribution of all cycle components to the exergy
destruction of the whole cycle were acquired. Yari [§]
examined the energy and exergy of different arrange-
ments of the Organic Rankine Cycle (ORC) cycle to
apply the energy of the high-temperature geothermal
fluid and, finally, compared these cycles in terms of
energy and exergy. Over the course of this survey, the
highest efficiency of the first law for the ORC cycle with
internal heat exchanger and operating fluid R123 was
obtained as 7.65%. According to DiPippo’s research
[9], in case the geothermal binary cycle functions with a
low-temperature geothermal fluid, it would still possess
a high exergy efficiency rate of roughly 40%. Walraven
et al. [10] thermodynamically compared the perfor-
mance of various ORC and Kalina cycles to make use
of a geothermal fluid source in the temperature range
of 100-150°C. In their study, the best cycle exergy
efficiency was calculated as more than 50%, which is
considered high efficiency. Jalilinasrabady et al. [11]
investigated the instantaneous single-effect and double-
effect power generation cycles of Sabalan geothermal
plant.  According to their obtained results, if the
separator and condenser pressure were considered equal
to 5.5 and 0.3 bar, respectively, the net generation
capacity of the single-effect evaporation cycle would
reach 31 MW. In addition, if the first and second
separator pressures and condenser pressures in the case
of a double-effect evaporation cycle were equal to 7.5,
1/1, and 0.1, respectively, the net generation capacity
of the cycle would reach 49.7 MW [12]. Figure 3
illustrates the geothermal instantaneous double-effect
evaporation cycle.
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Figure 3. Geothermal instantaneous double-effect
evaporation cycle.

Mohammadi et al. [13] optimized the Rankine
cycle with an organic fluid with a geothermal heat
source. In their study, they took into account the ratio
of the cross-sectional area of the heat exchanger to the
net power output as a target function and optimized
the cycle. Liu et al. [14] analyzed the sensitivity of
the functional parameters of the Rankine binary cycle
with organic fluids. The cycle schematic is depicted
in Figure 3 according to which the temperature of
the geothermal fluid has the most significant impact
on the cycle followed by the second most influential
parameter in the thermodynamic performance of the
binary cycle, i.e., evaporation temperature. In this
research, thermodynamic optimization was performed,
and the optimal values for the selected parameters
were obtained. In another study, Wang et al. [15]
investigated the transcritical cycle of carbon dioxide
with geothermal fluid actuators using natural gas as a
thermal sink. They found that at a certain inlet pres-
sure to the turbine, the cycle exergy efficiency would
reach the maximum value in different cases. Tempesti
and Fiaschi [16] provided a combined cycle of simul-
taneous power and heat generation with renewable
energy actuators. According to their observations, this
cycle with R245fa operating fluid held the lowest power
generation cost among the operating fluids examined in
this combined cycle.

A review of the previous researches [17-20] on
geothermal cycles reveals that comprehensive research
on the geothermal power generation cycles is required
in which two-effect rapid evaporative geothermal power
generation cycles and a combined cycle of geother-
mal fluid with ORC cycle with different operating
fluids are considered from the thermoeconomic point
of view. In this regard, the present study analyzed
and compared the two-effect instantaneous evapora-
tive geothermal power generation cycles and combined
single-effect evaporation geothermal cycle-Rankine cy-

cle with different organic fluids in terms of energy
and exergy [21,22]. Subsequently, a complete ther-
moeconomic analysis was done on the studied cycles
and all thermoeconomic parameters, including the cost
of power generation in turbines, costs related to the
exergy destruction of all components, analysis of the
exoeconomic parameters (f,r), and fuel and product
costs. In the end, parametric analysis was carried out
on the cycles, and the effect of different parameters
on the energy, exergy, and economic performance of
cycles was evaluated. In this study, organic fluids
including n-heptane, R141b, R113, steam, and NHg
were investigated as the ORC cycle operating fluids
[23,24]. Further, the most efficient cycle and operating
fluid were selected among the cycles and fluids consid-
ering the different energy, exergy, and economy factors.
In addition, an answer was given to the question of
whether or not a particular cycle and a fluid have the
most favorable conditions from all three perspectives
of energy, exergy, and economy, or different cycles and
fluids. A review of the related sources indicates that
the geothermal power generation cycle of the double-
effect instantaneous evaporation and geothermal fluid
combined cycle with ORC cycle with different operat-
ing fluids have not been comprehensively studied from
a thermo-economic perspective.

2. Methodology

Contrary to energy, exergy is not stored but is destruc-
ted due to irreversibility. Physical exergy is propor-
tional to the work that can be performed to transfer
a system from its initial state to a state in mechanical
and thermal equilibrium with the environment. In fact,
the whole problem-solving method for energy, exergy,
and economic analysis will be the same, as shown in
Figure 4.

Meanwhile, chemical exergy is proportional to the
work that can be done to transfer a system in mechani-
cal and thermal equilibrium with the environment to a
state with the most stable structure in equilibrium with
the environment. The equilibrium of mass, energy, and
exergy can be expressed as follows [25,26]:

Zmizzme, (1)
Q+> mihi =W+ mche, (2)
EQ+Zmihi:Ew+Zmehe+EDa (3)

where 7 is the mass flow rate (mass value of the
fluid passing through a section per second, kg/s), Q
the heat transfer to or from the system (kW), h the
enthalpy of flow (kJ/kg), EQ the exergy rate related
to the heat transfer from or to the system, and e the
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Figure 4. Flowchart of the procedure.

total specific exergy (kJ/kg). The specific exergy is
proportional to the work that was done to transfer one
kilogram of the system from its initial state to a state
that is in mechanical and thermal equilibrium with the
environment. Indices ¢ and e are indicative of the input
states to the control volume and its output, and Fp is
the rate of exergy degradation (kW). Other sentences
are evident in Eqs. (4)—(8):

Eq=Y (1 - ?Z)Qu (4)

By =YW, (5)

E = Eph + Ech7 (6)
E= me, (7)
eph = (h = ho) — To(s — s0), (8)

where E,, is the exergy rate associated with power
generation; Eph and Ech are the physical and chemical
exergies of various currents in the system, respectively;
and E is the total exergy of each current. The chemical
exergy of a gaseous mixture is acquired from Eq. (9):

emix = Z zi(ecni) + RTy Z z;(Lnx;), 9)
i=1 i=1

where x; is the molar ratio of the mixed components,
and e.p; the chemical exergy of each component. In
addition, e™ is also equivalent to the chemical exergy
for the gas mixture.

2.1. Thermoeconomic analysis

In this study, the energy in the geothermal fluid was
used to generate power. To this end, two power gen-
eration cycles were investigated using the geothermal
fluid. The first cycle is the geothermal double-effect
evaporation cycle, as shown in Figure 5. The second
cycle analyzed in this study is the geothermal single-
effect evaporation combined cycle and Rankine cycle
with different organic fluids, the design of which is
shown in Figure 6.

Engineering Equation Solver (EES) software per-
forms the simulation and analysis of energy, exergy,
and exergoeconomics [27,28]. In the EES software,
there are internal functions that use these functions
to obtain the physical characteristics of the geothermal
fluid including enthalpy, entropy, specific volume, etc.,
anywhere. Initially, we examine the geothermal double-
effect instantaneous evaporation cycle. The geothermal
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Figure 6. Schematic of the geothermal single-effect evaporation combined cycle.

fluid enters the cycle at a certain temperature, and
its physical properties are obtained using the internal
functions of EES. The following relations are consid-
ered in passing the geothermal fluid through the first
trap valve (Egs. (10) and (11)):

hl = h27 (10)

(11)

The geothermal fluid then passes through the first
separator, and the geothermal fluid is converted into
two parts, saturated liquid and saturated vapor. Ex-
ergy degradation in the first separator is obtained from
Eq. (12):

EID,TVI = El’l - El’g.

EID,sepl = El‘z — Exg — E.’L’4. (12)

The saturated vapor of the geothermal fluid enters the
first turbine. Once the isentropic efficiency is defined
for a turbine, Eq. (13) can be obtained as:
_ hz —hg

~ h3—hes’

where hg s is the output enthalpy of the first turbine

nr (13)

in a state where the input and output entropies of the
first turbine are equal. Here, hg is used to determine
the temperature of the exhaust gases from the turbine.
The output pressure of the first turbine is equal to the
pressure of the second separator. The power output of
the first turbine is obtained from Eq. (14):

Wy = 1ig(hs — heg). (14)

The exergy degradation of the first turbine is calculated
via Eq. (15):

ExD,Tl = El’g — WTl — El’ﬁ. (15)

The saturated liquid of the first separator output
also reaches the second separator pressure by passing
through the second trap valve. Thus, we have two
equations, as given below (Egs. (16) and (17)):

ha = hs, (16)

ECL’D7TV2 = E$4 — E$5. (17)

Further, exergy degradation in the second separator
can be obtained from Eq. (18):
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EmD,sep? = EZE{, — EZC7 — E.%'g. (18)

The saturated vapor portion of the geothermal fluid
output from the first separator is mixed with the output
of the first turbine and then, it enters the second
turbine. In the second turbine, we have Eq. (19):

h/9 - th

= fw= o 19
ho — hios (19)

nr
where hy s is the output enthalpy of the second turbine
in a state where the input and output entropies of
the second turbine are equal. Based on hig, the
temperature of the output gases from the second
turbine can be measured. The power output of the
second turbine is acquired from Eq. (20):

Wy = 1ng(hg — hao). (20)

The exergy degradation of the second turbine is
achieved from Eq. (21):

EID’T2 = E$9 — WT2 — Exlo. (21)

The fluid output from the second turbine enters the
condenser. The energy and exergy relations for the
condenser are as follows (Eqs. (22) and (23)):

mlo(hlo - h11) = le(hB — h12), (22)
EZUD,cond = EZU109 - Wac12 - E$11 - E£U13~ (23)

The total net power of the geothermal double-effect
instantaneous evaporation cycle is obtained from
Eq. (24):

Wnet = WTI + WT2~ (24)

Geothermal single-effect evaporation combined cycle
and Rankine cycle are then examined. The geothermal
fluid enters the cycle at a certain temperature, and
its physical properties are obtained using the internal
functions of EES. With regard to the passage of the
geothermal fluid through the first trap valve, we will
have Eqs. (25) and (26):

hio = h11, (25)

Epr,TVl = Exlo — EZEH. (26)

The geothermal fluid then passes through the first
separator, and the geothermal fluid is converted into
two parts of saturated liquid and saturated vapor.
Exergy degradation in the first separator is obtained
from Eq. (27):

EmD,sepl = Eibll - EZEl - EZEg. (27)

Subsequently, the saturated vapor part of the geother-
mal fluid enters the geothermal fluid turbine. Through

defining the isentropic efficiency for the first turbine,
we will have Eq. (28):
hi — hs
nr=——; 28
hy = ha 5 (28)
where hg ; is the output enthalpy of the geothermal
turbine in a state where the input and output entropies
of the geothermal turbine are equal. Based on g, the
temperature of the output gases from the turbine is
calculated. The power output of a geothermal turbine
is obtained {rom Eq. (29):

Wry = 1y (hy — hy). (29)

The exergy degradation of a geothermal turbine is
determined via Eq. (30):

E$D7T1 = E$1 — WTI — EIZ (30)

The output fluid from the geothermal turbine enters
the first condenser. The energy and exergy relation-
ships for the first condenser are as follows (Eqs. (31)
and (32)):

g (he — hg) = 1i2(hiz — hi2), (31)

E.xD,condl = ExZ - E:El? - EIg - EI13' (32)

The saturated liquid part of the output from the first
separator enters a heat exchanger as a heat source for a
Rankine power generation cycle with organic operating
fluid. The relations of the energy and exergy in the
converter are given below (Eqs. (33) and (34)):

mg(hg — hg) = ms(he — hs), (33)

E‘xD,HX = E$8 — Ex5 — E$9 — Exe. (34)

Next, the organic fluid enters the Rankine cycle turbine
by absorbing heat from the saturated liquid part of the
geothermal fluid. In the Rankine cycle turbine, we have
Eq. (35):

he — hr

e 35
he — hr s (35)

nr
where A7 ; is the output enthalpy of the Rankine cycle
turbine as long as the input and output entropies of
the cycle are equal. Based on h7, the temperature
of the output gases from the Rankine cycle turbine is
obtained. In addition, the power output of the Rankine
cycle turbine is obtained from Eq. (36):

Wrs = 1ig(he — hr). (36)

The exergy degradation of the Rankine cycle turbine is
determined through Eq. (37):

E'xD’T2 = E$6 — WT2 — EZE7. (37)

The output fluid from the Rankine cycle turbine enters
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the second condenser. The relations of energy and
exergy for the second capacitor are as follows (Eqgs. (38)
and (39)):

vy (hr — ha) = 1h14(has — haa), (38)

EZUD,condQ = E$7 — Exyy — E$15 — Euy. (39)

The organic fluid output from the second condenser
enters the pump to reach the pressure above the
Rankine cycle [29-31]. The temperature of the fluid
output from the pump is obtained from Eq. (40):

Vg (105 - 104)

— hs — ha. 40
. 4 (40)

where v4 is the specific volume of fluid at the pump
inlet. The pump power required is obtained from
Eq. (41):

W, = 1ha(hs — ha). (41)

In addition, the exergy degradation of the pump is
equal to Eq. (42):

EID’P = E$4 — Wp — EI5. (42)

The total net power of the geothermal single-effect
evaporation combined cycle and Rankine cycle is ob-
tained from Eq. (43):

Wnet = WTl + WT2 — Wp. (43)

2.2. Exergoeconomic analysis

Multiple methods and strategies have been proposed
in scientific sources for exergoeconomic analysis. This
study employs the Specific Exergy Costing (SPECO)
method which is on the basis of exergy, exergy ef-
ficiency, and auxiliary equations for heating system
components and involves the following three steps [32—
34]:

1. Identification of exergy currents;

2. Definition of fuel and product for each system
component;

3. Allocation of cost equations.

The product shows the desired results of a com-
ponent or system, and the fuel indicates the resources
used to produce the product. Of note, it is not
necessarily a real fuel such as natural gas, diesel fuel,
etc. [35-40]. Fuel and product are both expressed in
terms of exergy and for each system component. The
third step in the analysis is to write cost equations.
In this step, a parameter called the current cost rate
C [8/s] is defined for each exergy current in the
system [41]. The equilibrium price equation for each
component of the system that gets heat and performs
work is as follows (Eq. (44)):

Z Oe,k + Ow,k - Cq,k"‘ Z Cl,k + Zk7 (44>

where Z,, is the initial cost rate of component k; i
and e indices represent the input and output flows,
respectively; and C*qyk and C"ka [$/s] represent the costs
associated with heat transfer and work, respectively.
Hence, when one of the components of the system such
as the compressor is desired, the second sentence of the
first side of the equation can be moved to the right of
the equation with a positive sign.

C‘w’k is obtained from the relation ka = cwW.
In addition, upon multiplying the values of ¢, and W
for the turbine, the value for the parameter C”w’k can be
obtained. We have C,, ; = ¢,Q where Q stands for the
heat transfer to the environment. Since the amount
of heat transfer to the environment in this study is
considerably low while the amount of heat transfer is
neglected in some components such as turbines [42-44],
the value of the parameter C, ; is overlooked in most
components of the cycle. The cycles under study were
modeled using EES software. Table 1 depicts the input
parameters of the cycles.

3. Results

3.1. Validation

Table 2 presents the obtained results in [45] at the ini-
tial temperature of 162°C. However, in this study, the
initial temperature was considered as 175°C. Hence,
the initial parameters of the study were used for a cycle
to yield the following results.

3.2. Numerical results
As observed in Figure 7, the results obtained under
similar conditions for the present study and Ref. [45]
are quite close and in the worst case, the difference
between results is less than 2%. For this reason,
the analysis method proposed in this research was
acceptable and adequate. Then, the parameters of
the different cycles affecting the energy, exergy, and
exergoeconomic performance of these cycles were ex-
amined, and the effects of changes in these parameters
in a certain range on the performance of systems were
analyzed.

As shown in Figure 7, at a constant value of
110 kPa for the second separator, increasing the pres-
sure of the first separator reduces the energy efficiency
and exergy. However, the exergy loss in the double-
effect instantaneous evaporation cycle decreases. The
exergetic performance coefficient, which is similar to
the efficiency coefficient, decreases as the pressure of
the first separator increases. The power output of the
first turbine at the pressure of 350 kPa for the first
separator reaches its highest value and, then, decreases.
However, both power output of the second turbine and
total net output power of the cycle decrease as the
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Table 1. Input parameters of cycles.

Parameter Parameters Input Unit
Input geothermal fluid temperature to the cycles 15 175 °C
Mass flow rate of input geothermal fluid temperature to the cycles g 100 kg/s
Input pressure of first separator P 320 kPa
Isentropic efficiency of turbines nr 80 %
Isentropic efficiency of pump Np 85 %
Output temperature of Rankine cycle condenser Ty 40 °C
Temperature of the two-phase part in the Rankine cycle’s heat exchanger Tev 115 °C
Temperature difference between points 8 and 6 in the combined cycle Ts —Ts 10 °C
Turbine 1 output pressure in the combined cycle Py 30 kPa
The second separator pressure in the double-effect instantaneous evaporation cycle Ps 110 kPa
Condenser pressure in the double-effect instantaneous evaporation cycle P11 30 kPa
Input water temperature to condensers Tio & Tha 25 °C
Input water pressure to condensers Pis & Piy 100 kPa
Maintenance coefficient of cycle components %) 6 %
Interest rate 1 10 %
Inflation rate . 5 %
System service life n 20 Year
System operation hours per year N 7446 Hour
Table 2. Comparison of the results with those in [37].
Reference Reference Reference Research
Points  results [37] Research results results [37] Research results results [37] results for
for enthalpy for enthalpy for pressure for pressure temperature temperature
1 684.2 684.4 650.3 650.3 162 162
2 684.2 684.4 205.3 205.3 121 121
3 2707 2708 205.3 205.3 121 121
4 - 508.25 - 205.3 - 121
5 508.2 508.25 52.6 52.6 82.6 82.58
6 - 2540 - 52.6 - 82.58
7 2647 2647 52.6 52.6 82.6 82.58
8 - 345.8 — 52.6 — 82.58
9 - 2588 - 52.6 - 82.58
10 2374 2408 10 10 45.8 45.76
11 191.8 191.7 10 10 45.8 45.79
12 75.5 75.5 2.1 2.1 18 18
13 117.4 116.9 3.8 3.8 28 27.6

pressure of the first separator increases. As observed,
the costs of power generation and exergy degradation
increase as the condenser pressure increases while the
value of the exergoeconomic parameter f decreases.
The cost of purchasing and maintaining components
at a pressure of 350 kPa, i.e., the pressure at which
Turbine 2 produces the utmost power, reaches its
highest value and consequently, the total costs of

exergy degradation and component purchases decrease
as the first separator pressure increases.

According to Figure 8, upon increasing the pres-
sure of the first separator, the mass flow rate passing
through the first turbine undergoes a constant de-
crease. However, it was observed that upon increasing
the pressure of the first separator, the temperature and
enthalpy of the input flow to the turbine (7" [3] & h [3])
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Figure 9. Impact of the second separator pressure variations on the performance of the double-effect instantaneous

evaporation cycle.

increased, and the total value of h [3] -k [6] continuously
rose. According to the relationship of the turbine power
m [3]*(h [3] -h [6]), first, the incremental slope of h [3]
-h [6] overcomes the slope m [3], hence an increase in
the output power of Turbine 1. However, at higher
pressures of the first separator, the decreasing slope of
m [3] overcomes the increasing slope of h [3] -k [6],
hence a decrease in the output power of Turbine 1. In
this regard, the power generation diagram of Turbine 1
shows the maximum point (peak).

Based on Figure 9, it can be inferred that at a
constant pressure of 320 kPa for the first separator
and increasing the pressure for the second one, the
efficiency of the first and second laws as well as and
the exergy performance coefficient increase. It was
also observed that upon increasing the pressure of the
second separator, the rate of exergy degradation would
increase. On the contrary, the power output of the first
turbine decreased by increasing the pressure of the first
separator, while the power output of the second turbine
increased. Overall, the effect of the behavior of the
first turbine is dominant and the total net generated
power of the double-effect instantaneous evaporation
cycle increased by increasing the pressure in the second
separator.

According to the observations, at a constant pres-
sure of the first separator, as the pressure of the second
separator increased, the costs of the power output and
exergy degradation decreased, contrary to the behavior
of the exergy degradation rate. In general, according
to the definition of the exoeconomic parameter f and
given the reduction in the exergy degradation cost,

the parameter f increased with an increase in the
pressure of the second separator. Further, it was
observed that the cost of purchasing and maintaining
cycle components at the constant pressure of the first
separator reached its maximum value at the pressure
of roughly 100 kPa for the second separator and, then,
decreased. Nonetheless, with an increase in the second
separator pressure, the cost associated with exergy
degradation exceeded the purchase and maintenance
costs. In general, the parameters CD, k, k+ 7, will
decrease as the second separator pressure increases.

In Figure 10, followed by increasing the separator
pressure in the combined cycles, the efficiency of the
first and second laws, exergy performance coefficient,
and net productive power of the combined cycles
increase while the rate of destruction exergy decreases.
As observed, the highest slope is attributed to the
ammonia operating fluid, while the lowest one to the
n-heptane and R113. Among the combined cycles
studied, the combined cycle with n-heptane operating
fluid has the lowest efficiency and power output. Of
note, up to the separator pressure of 430 kPa, the
efficiency and power output of a combined cycle with
R141b are higher than that those of a combined cycle
with ammonia. However, at higher pressures, the
efficiency and power output of the ammonia cycle will
be higher than those of the R141b cycle.

Figure 11 indicates that increasing the separator
pressure at a constant evaporator temperature will
decrease the power generation cost for all combined
cycles with the operating fluids. The lowest and highest
power generation costs are attributed to the combined
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Figure 10. The effect of the separator pressure variations on the performance of the combined cycles.
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Figure 11. The effect of the pressure variations on the efficiency of the first and second laws and the net power output of

the combined cycles.

cycle with the operating fluid R113 and combined cycle
with the ammonia operating fluid, respectively. Based
on the figures below, the cost associated with exergy
degradation decreases upon increasing the separator
pressure. In addition, the slope is the highest for
ammonia and the lowest for n-heptane.

As the separator pressure increases in the com-
bined cycle, the value of the exoeconomic parameter f

increases for all combined cycles with different operat-
ing fluids. This finding could be predicted by reducing
the cost of exergy degradation through an increase in
the separator pressure and exergoeconomic parameter
definition.

As observed in Figures 12-14, the parameter D,
k + Zj, increases for the combined cycles with different
operating fluids as the separating pressure increases.
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power generation cost for different fluids.

However, in the case of ammonia and water vapor
operating fluids, this parameter first decreases and,
then, follows an upward trend, implying that at low
separator pressures, the effect of exergy degradation
cost is dominant that in turn causes a reduction in the
parameter C’D, k+ Z. Nonetheless, at higher sepa-
rator pressures, the cost of purchase and maintenance
of components causes an increase in the value of the
parameter CD, k + Zj,.

As observed from Figure 15, at a constant pres-
sure of 320 kPa for the separator, the efficiency of
the first and second laws of the combined cycles with
the different operating fluids under test increases as

the temperature of the evaporator rises. Here, the
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maximum and minimum efficiencies of the first and
second laws are attributed to the combined cycle with
water vapor and the combined cycle with n-heptane,
respectively. In addition, it can be inferred from the
figures that the behavior of the exergy performance
coeflicient and net power output is the same as that of
the thermodynamic efficiencies. Upon increasing the
evaporator pressure, the rate of exergy degradation for
the combined cycles decreases and the combined cycle
with the water vapor-operating fluid shows the highest
decrease in the mentioned rate. The highest efficiency
of the first and second laws is attributed to the single-
effect evaporation combined cycle and Rankine cycle
with water vapor operating fluid. The combined cycles
with the operating fluids of R141b, ammonia, R113,
and n-heptane are ranked next. The lowest efficiency
of the first and second laws is related to the geothermal
double-effect instantaneous evaporation cycle. The
efficiency of the combined cycle with R141b is higher
than that of the combined cycle with ammonia. The
cost of power generation in the combined cycle with
ammonia is lower than that in the combined cycle with
R141b.

In the double-effect instantaneous evaporation
cycle, condenser and Turbine 2 hold the highest value
of this parameter, respectively. In combined cycles
with different operating fluids, both Turbine 2 and
condensers hold the highest value of this parameter.
Consequently, these components are of utmost im-

portance from the exoeconomic perspective. Special
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Figure 15. The effect of the evaporator temperature variations on the performance of the combined cycles.

attention should be paid to these components to en-
hance the exoeconomic performance of the examined
cycles.

The values of the exoeconomic parameter (f) for
the separator, trap valve, and condensers are relatively
small, indicating that the cost associated with exergy
degradation is significantly greater than that of pur-
chasing and maintaining components.

In a double-effect instantaneous evaporation cy-
cle, increasing the first separator pressure reduces
the energy efficiency and exergy and, consequently,
decreases the exergy losses of the cycle.

In a double-effect instantaneous evaporation cy-
cle, the costs of power generation and exergy degra-
dation increase by increasing the pressure of the first
separator. However, the value of the exoeconomic
parameter f decreases. The cost of purchasing and
maintaining components at the pressure of 350 kPa,
i.e., the pressure at which Turbine 2 produces the
utmost power, has the maximum value.

In the double-effect instantaneous evaporation
cycle, at the constant pressure of the first separator,
as the pressure of the second separator increases, the

costs of the power output and exergy degradation
would decrease, contrary to the behavior of the exergy
degradation rate.

In a double-effect instantaneous evaporation cy-
cle, the cost of purchasing and maintaining cycle
components at the constant pressure of the first sep-
arator reaches its maximum value at the pressure
of approximately 100 kPa in the second separator
and, then, is reduced. Overall, the cost effect as-
sociated with exergy degradation overcomes the cost
behavior of component purchase and maintenance.
The parameters C.’D’;hk + Zk are generally reduced
upon increasing the pressure of the second separa-
tor.

Based on Figure 16, power generation cost under-
goes changes in the combined cycles with evaporator
temperature. Here, upon increasing the evaporator
temperature, combined cycles reach their minimum
values while the optimal evaporator temperatures for
combined cycles with different operating fluids are
different. For example, in a combined cycle with
the ammonia operating fluid, the optimum evaporator
temperature is 110°C and the power generation cost
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Figure 17. The effect of evaporator temperature changes on the cost of exergy degradation.

at this temperature is 2.63 cent/kW-hr. In contrast,
in a combined cycle with the R141b operating fluid,
this optimal temperature is equal to 115°C, and the
cost of power generation at this temperature is equal
to 2.64 cent/kW-hr. Of note, increasing the evaporator
temperature will reduce the cost associated with exergy
degradation. The combined cycle with water vapor and
combined cycle with R113 has the lowest and highest
values, respectively.

According to Figure 17, followed by decreasing
the cost of exergy degradation by increasing separator
pressure and according to the definition of exoeconomic
parameter f, upon increasing the separator pressure in
the combined cycle, the values for the exergoeconomic
parameter in all combined cycles with different operat-
ing fluids would increase.

In the combined cycles, at a separation pressure
of up to 430 kPa, the efficiency and power output
of the combined cycle with R141b are higher than
those of the combined cycle with ammonia. However,

at higher pressures, the efficiency and power output
of the ammonia cycle will be greater than for the
R141b cycle. Increasing the separator pressure at
the constant evaporator temperature will reduce the
power generation cost for all combined cycles with the
operating fluids. The lowest power generation cost is
related to the combined cycle with the operating fluid
R113. The highest amount of power generation cost
is attributed to the combined cycle with the ammonia
operating fluid.

In combined cycles, the value for the parameter
C‘DJC + 7, increases in the combined cycles with
different operating fluids by increasing the separating
pressure. On the contrary, in the case of ammonia
and water vapor operating fluids, the value for this
parameter first decreases and, then, increases. This
implies that the effect of the exergy degradation
cost is predominant at low separator pressures, and
the parameter C’ka + Zk is reduced. However, at
higher separator pressures, the cost of purchasing and
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Figure 18. The effect of evaporator temperature changes on the parameter D, k + .

maintaining the components increases the parameter
Cp i+ Zg.

As shown in Figure 18, by increasing the evapora-
tor temperature, the values for the parameters C‘D,k, +
Z) in the combined cycles with different operating
fluids, except for ammonia, follow a completely upward
trend. However, in the combined cycle with ammonia,
this parameter first decreases, reaches its minimum
value, and then increases at a higher evaporator tem-
perature. In this combined cycle, the lowest value of
the parameter C’D,k +Zk is obtained at a temperature of
approximately 97°C. Therefore, it can be inferred that
followed by increasing the evaporator temperature,
the increasing behavior of the cost of the purchase
and maintenance of cycle components overcomes the
decreasing behavior of the cost associated with exergy
degradation and causes the parameter C’D,;C + Zp to
increase with an increase in the evaporator tempera-
ture.

4. Conclusion

The current study investigated the geothermal double-
effect instantaneous evaporation cycle, single-effect
evaporation combined cycle, and Rankine cycle with
different operating fluids in terms of energy and exergy.
To this end, a thorough exergoeconomic analysis on
the mentioned cycles was carried out, and different
cycles were compared. In addition, a parametric
study was carried out on the mentioned cycles, and
the effect of changes in the functional parameters of
the cycles on the thermodynamic and exergoeconomic
performance of the cycles was analyzed and dissected.
The significant findings of this study are summarized
in the following:

v/ The thermodynamic efficiency of a double-effect
instantaneous evaporation cycle was significantly
lower than that of a combined cycle with R141b.
Having said that, its power generation cost was
lower than that of the combined cycle with R141b,
indicating that higher efficiency cycles could not
necessarily ensure lower power generation costs;

v/ The exergoeconomic coefficient, i.e., the ratio of

the cost of purchasing components to the costs
of the total exergy degradation and purchasing
cycle components, reached its highest value in the
case of combined cycle with R113 and its lowest
value in the case of the double-effect instantaneous
evaporation cycle;

v/ In combined cycles, upon increasing the separator
pressure, the efficiency of the first and second laws,
coefficient of exergy performance, and net power
output of the combined cycles increased, while the
rate of exergy degradation decreased. Of note, the
slope varied in different fluids. The highest slope
was attributed to the ammonia operating fluid, and
the lowest slope to the n-heptane and R113;

v/ Combined cycles reached their minimum values by
increasing evaporator temperature while the opti-
mal evaporator temperature for combined cycles
with different operating fluids was different. In
addition, the cost associated with exergy degrada-
tion followed a downward trend upon increasing the
evaporator temperature. The minimum value was
attributed to the combined cycle with water vapor
while the maximum value to the combined cycle
with R113;

v/ With an increase in the separated pressure, the
value for the parameter OD7k + Zk in combined
cycles with different operating fluids, except for
ammonia, followed an upward trend. Despite this,
in the combined cycle with ammonia, first, this
parameter decreased and reached a minimum value
and, then, went up with a further increase in
evaporator temperature.

Nomenclature

Symbols

A Area (m?)

abs Absorber

bt Binary turbine

Cp

Specific heat (J/kg K)
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D Diameter (m)

Do Collector tube outlet diameter (m)

e.v Expansion valve

e Specific exergy (kJ/kg), evaporator

E Exergy rate (kW)

Ep Exergy destruction rate (kW)

h Specific enthalpy (kJ/kg)

I, Beam irradiance (W.m~?)

K Component

m Mass flow rate (kg/s)

M Molecular mass (kg/kmol)

n Number of solar collectors, day number

P Pressure (bar), pump

Q Heat transfer (kJ)

Q Heat transfer rate (kW)

Q. Useful heat gain

S Absorbed heat (kW)

s Specific entropy (kJ/kg.K)

T Temperature/turbine (°C)

T Wall temperature

t Day time

U Overall heat transfer coefficient
(kW /m?K)

W Aperture width (m)

w Work (kJ)

W Power (kW)

Y, Exergy destruction ratio (%)

Neyele The efficiency of the first law

Newergy The efficiency of the second law

ED,tot Total cycle exergy losses (kW)

Cw,T1 Turbine power generation cost 1
(cent/kW /hr)

f Exercioeconomic coefficient of the
whole cycle (%)

Wiy Turbine output power 1 (kW)

Wi Turbine output power 2 (kW)

EPC Total cycle exergy performance
coeflicient

T Turbine flow rate 1 (kg/s)

CcrI Investment cost

OMC Operation and Maintenance Cost

PT Potential

KN Kinetic

Greek symbols

n Efficiency

£ Exergetic efficiency

1) Difference

Subscripts

F Fuel

P Product

D Destruction

L Loss

PP Pinch Point

Auz Auxiliary heater

1 Inlet

e Exit

S Isentropic

f Saturated liquid

ref Reference

(A% Control Volume

sat Saturated

Fvap Evaporator

St Steam turbine

HE Heat Exchanger

P Pump

gen Generator

t Time

e.v Expansion valve

abs Absorber

H>O Water

BT Binary turbine

w Power

q Heat

0 Atmospheric condition
Abbreviations

Cond Condenser

CCHP Combined Cooling, Heat and Power
COP Coeflicient of Performance
EUF Energy Utilization Factor
LHV Lower Heating Value
HRSG Heat Recovery Steam Generator
ORC Organic Rankine Cycle
PVT Photovoltaic-Thermal
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