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Organic Rankine cycles (ORCs) are highly recommended technology to gen-
erate electricity from low-temperature sources such as geothermal sources. The
performance of the cycle mostly depends on operation conditions, installed equip-
ments and selection of working fluid. This paper presents a comparative energy
and exergy analysis of a geothermal-biomass Organic Rankine cycle (ORC) for
three working fluids: RI113, R245fa, and R600a. In addition, analyzed ORC is
compared with the Rankine cycle that runs on Serbian lignite from the aspect of
equivalent CO9 emission and necessary primary energy. The analyzed system is
an ORC power plant with two heat sources — geothermal water from Vranjska
Banja and wood biomass. The results revealed the highest thermal and exergy effi-
ciency with R113, 14.53%, and 41.64%, respectively, as well as the turbine power
output of 4.21 MW with 73.20 kW pump power input. Exergy analysis showed the
highest exergy destruction rate in the heat exchanger with flue gases made by wood
combustion (80-89%) and the highest obtained exergy efficiency of 41.64% in the
case of R113. If the power plant used Serbian lignite as a fuel for the same thermal
power input, it would need between 133-169 kt/year of lignite, which would result
in COq emission of around 63-80 kt/year.
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1. Introduction

One of the biggest challenges that current and future generations must overcome is finding adequate
renewable energy technologies capable of meeting the rapidly increasing global energy demand while re-
placing conventional fossil fuel technologies [1|]. Low-temperature heat sources, such as geothermal energy,
have garnered significant research interest [2]. Geothermal power plants are independent of weather condi-
tions, enabling them to supply baseload electricity an essential advantage over other renewable technologies
like solar or wind energy.

Geothermal source temperatures can reach up to 350 °C, with the technological lower limit for power
generation around 80 °C [3]]. In 2020, 14,050 MW of geothermal capacity was installed worldwide, with
most installations located in the USA, Indonesia, the Philippines, and Turkey (fig. [I).

Different thermodynamic cycles can be utilized with geothermal sources depending on their tempera-
ture. Examples include the Steam Rankine Cycle (SRC), Organic Rankine Cycle (ORC) and Kalina Cycle.

It is well known that SRC requires higher operating parameters to achieve satisfactory cycle efficiencies.
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Figure 1: The installed capacity in geothermal power plants for electricity production, worldwide, (MWel), 2020
(Huttrer, 2020)

Considering that only a small portion of geothermal sources have temperatures above 100 °C, SRC is
not a very common choice. ORC, which uses organic fluids as working fluids, is highly recommended for
low-temperature heat sources [3[]. It is primarily used with geothermal [4]] and solar sources [S]], but waste
heat recovery [[6] and biomass combustion [7]] are also gaining popularity, along with hybrid concepts such
as geothermal-solar systems [§]].

Research on ORCs can be divided into three main areas: possible configurations [9]], working fluid
selection [[10]], and optimization of cycle parameters [11]]. Basaran et al. [12] investigated the effect of
different refrigerants on the performance of binary geothermal power plants from the perspective of the First
and Second Laws of Thermodynamics. Their analysis showed that dry refrigerants, such as R600 and R600a,
exhibit higher thermal and exergy efficiencies than wet refrigerants like R134a and R152a.

In the study by Kankeyan et al. [13]], the thermal efficiencies of 72 working fluids in a simple ORC
were investigated. The results were presented in terms of preferred working fluids for different temperature
ranges. For instance, MD>M and cyclopentane are recommended for temperatures between 50-100 °C;
butane, neopentane, and R245fa for 100-150 °C; ethanol, methanol, and propanone for 150-200 °C; and
water, m-xylene, and p-xylene for 200-320 °C.

Herath et al. [14] emphasized that many previously established selection criteria for refrigerants are
no longer applicable due to the phase-out of chlorofluorocarbons (CFCs), the ongoing phase-down of hy-
drochlorofluorocarbons (HCFCs), and restrictions on substances with high ozone depletion potential (ODP)
and global warming potential (GWP). Therefore, the authors examined the performance characteristics of
ORCs in relation to pressure and evaporating temperature using R134a, R245fa, benzene, methanol, ethanol,
acetone, and propane. They concluded that the thermal efficiency of the ORC increases with higher evapora-
tor temperature and pressure, while decreasing condenser operating temperature and pressure has the same
effect.

This paper presents a simulation study of a power plant utilizing renewable energy sources available
in southern Serbia, specifically geothermal energy from Vranjska Banja and wood biomass, in a simple

ORC. The analysis was conducted from the perspective of the First and Second Laws of Thermodynamics.



Additionally, thermodynamic results were compared for three different working fluids: R113, R245fa, and
R600a.

Furthermore, based on the Rulebook on Energy Efficiency [[15], the approximate amount of primary
energy required annually to achieve the same thermal power output was calculated, along with the corre-
sponding CO4 emissions if Serbian lignite were used instead of the aforementioned renewable sources. To
the best of the author’s knowledge, this type of study has not been previously conducted for this geographical
area, despite Serbia’s significant geothermal potential [16]][17]], which could contribute to achieving net-zero

emissions.

2. Main characteristics of the exploration area

According to the Energy Development Strategy of the Republic of Serbia to 2025 with Projections to
2030 (Ministry of Mining and Energy, 2016), the total potential of renewable energy sources is 5.65 Mtoe
per year, while the geothermal potential is estimated at 0.18 Mtoe per year [I8]. The Statistical Office of
the Republic of Serbia reports that only 0.01% of geothermal energy in primary energy production has been
utilized for electricity generation, as shown in fig. [2]

The warmest thermal springs in Serbia include Vranjska Banja, JoSanicka Banja, Sijarinska Banja,
Kurumlijska Banja, and Novopazarska Banja, all with temperatures exceeding 50 °C [[19].

0.01
0.01

0.91

0.52

65 \

= Coal = Firewood, woodchips and residue
= Hydroenergy Crude oil and natural gas liquid

= Natural gas = Biogas

= Wind energy = Geothermal energy

= Solar photovoltaic

Figure 2: Primary energy production, Serbia, (%), 2021)

The City Municipality of Vranjska Banja is located in southeastern Serbia. Most of the springs in
Vranjska Banja are capped by a collecting channel, and these are the ones considered in this paper. Table 1
provides an overview of the wells in Vranjska Banja.

Geothermal water emerges within a thermal spring zone with active surface sources spanning an area
of 500 x 200 m [16]. The thermal water from these springs is artesian, meaning it rises naturally to the

Earth’s surface due to internal overpressure. As a result, no additional energy is required for its extraction.



Table 1: Main features of springs in Vranjska Banja [21]

Name Discharge of springs [kg/s] | Depth [m] | Temperature [°C]
1 Upper Spring 1.2 - 78
2 Spring B-1 2 26 92
3 Spring A-1 0.5 2 91
4 VG-2 27 163 111
5 Spring A-3 2.1 20 91
6 Spring B-2 1 7 96
7 Spring B-3 1.5 12 87
8 Spring A-2 1 25 84
9 VG-3 21.5 160 120
10 | Collecting channel 50-70 - 84

3. Organic rankine cycle

The schematic of the analyzed ORC system is shown in fig. [3] The configuration investigated in this
study is a simple ORC, consisting of a turbine and generator mounted on the same shaft, a condenser, a

pump, and two heat exchangers for two different heat sources.
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Figure 3: Schematic of the ORC system: turbine (T), generator (G), condenser (C), feed pump (FP), heat
exchanger with geothermal water (HE 1), and heat exchanger with flue gases from wood combustion (HE 2)

The flow process through the components is shown in fig. i} The high-pressure vapor organic fluid is
directed through the turbine, where its thermal energy is converted into mechanical energy of the shaft as it
expands to a lower pressure. The mechanical energy produced in the turbine is then converted into electrical
energy by the generator connected to the turbine. In the condenser, the low-pressure vapor is condensed into
a saturated liquid using cooling water and subsequently pressurized by the pump. In the heat exchangers, the

working fluid is vaporized and superheated before entering the turbine.
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Figure 4: p — h (pressure-specific enthalpy) diagram of the analyzed ORC

4. Working fluid selection

The selection of working fluid is crucial when analyzing the ORC system, as it is directly linked to cy-
cle efficiency, net power output, the size of heat exchangers and turbines, as well as capital and maintenance
costs [22]. Organic fluids operate at lower pressures and have a lower evaporating temperature, which allows
them to utilize low-temperature heat sources. Additionally, the entropy difference between the saturated lig-
uid and saturated vapor of organic fluids is significantly smaller compared to water, resulting in lower latent
heat, as shown in fig. [3
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Figure 5: Types of working fluids: wet fluid, dry fluid, and isentropic fluid.

Table 2: Properties of working fluids: R113, R245fa, and R600a [23]

Properties R113 R245fa | R600a
Chemical formula CoCls F3 | C3 FsHs | C4Hyg
Class CFC HFC HC
Type Dry Dry Dry
Boiling temperature (°C) 47.7 14.90 -11.67
Critical temperature (°C) | 214.06 154.05 | 134.67
Critical pressure (bar) 33.92 36.4 36.4




Table 3: Set parameters for the simulation of the ORC system

T, = T = (120 + 273.15)K

Evaporatin
P g Pe = P6 = Psar (Te)
i T. =T, = (35+273.15)K
Condensing
Pc = Psat (Tc)
Component Parameters
] T, = (130 + 273.15)K
Turbine 7,7 = 0.85 | Inlet
P1 = DPe
Outlet P2 = Pe
T, = (35 +273.15)K
Condenser Inlet
P2 = Pe
Outlet P3 = Pe
P3 = Pc
Pump n;p =0.75 Inlet
P P h3 = hgat (pc)
Outlet P4 = Pe
Ty = (60 4+ 273.15)K
Heat Exchanger 1 Inlet ot ( )
Tew = 50 kg/s
Towin = (84 +273.15)K
Outlet guin = ( )
T5 = Tgw,m - 10K
P5 = Pe
Heat Exchanger 2 Inlet
& T5 = Tgw,in - 10K
T, = (130 + 273.15)K
Outlet
P1 = Pe

5. Thermodynamic model

There are various methodologies to assess the performance of a cycle, with energy and exergy analysis
being among the most commonly used. To establish a thermodynamic model of the cycle, the following

assumptions are made:

The ORC is considered a stable cycle with no leakage of the working fluid;

Pressure drops and heat transfer losses in the system are neglected;

The pump and turbine operate adiabatically with specified isentropic efficiencies; and
At the condenser outlet, the working fluid is in the saturated liquid phase.

Ll

The numerical assumptions regarding modeling the ORC system are given in tab. 3]

5.1. Energy analysis

The mass flow rate of the working fluid in ORC is determined from HE 1 using eq. (I):
ng = mgwcp,gw (Tgw,in - Tgw, out) = my (hG - h5) (D

where Qg is the heat transfer rate of HE 1 (kW), 7124, is the mass flow rate of geothermal water (kgs™!),
Tow,injout 1s inlet/outlet temperature of geothermal water (K), ¢, ¢\ is the specific heat capacity of geothermal
water at a constant pressure (kJkg='K~1), 7i¢ is the mass flow rate of the working fluid (kgs~—') and h;
(i=1..6) is specific enthalpy of working fluid in certain state point of cycle (kJkg~=!). The turbine power
output is calculated using eq. (2):

Pr = 1g (h1 — ha) 2



A certain amount of energy is required for the pump to pressurize the fluid, which is considered as power
input. The power input is calculated using eq. (3)):

Pp =g (hy — h3) 3)

Since the river Banjstica is located near the geothermal source, the adopted cooling system uses water from
the river. The inlet parameters of the cooling water are set to 293.15 K and 304 kPa, while the outlet

temperature is set to 353.15 K. The mass flow rate of the cooling fluid is determined using eq. @):

Qc = 1ng (ha — h3) = 1ty (hwa — hy1)
Qe 4)
(hw2 - hwl)

where (). is the heat transfer rate in the condenser (kW), hw, 7 is the specific enthalpy of the cooling water

My =

at the inlet/outlet of the condenser (kJkg~!), and ri,, is the mass flow rate of the cooling water (kgs ™).
The thermal efficiency of the ORC cycle is determined in eq. (5):

(ho — h3)
(h1 — ha)

Wood is considered a significant source of renewable energy in Serbia, as forests cover approximately 27% of

N =1— &)

the country’s territory. Various calculations related to the combustion process of wood biomass are conducted
for HE 2, based on the assumed as-received composition of the biomass.

Boiler efficiency is the ratio of the useful output energy of a boiler to the input energy, and it is assumed
to be n, = 88%. The lower heating value (LHV) is calculated using eq. (]§|) for the wood biomass shown
in fig. [6]

LHV =340-C +1200-(H —0O/8)+105-S —25- M (6)

The mass flow rate of biomass fed to the boiler is calculated using eq. (7):
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Figure 6: Ultimate analysis of wood biomass, where C, H, O, N, S, M, and ASH represent the weight percentages
of carbon, hydrogen, oxygen, nitrogen, sulfur, moisture, and ash, respectively, in the as-received mass of wood
(%)

Quez = ¢ (hy — hs) = pmmp LHV

o Que )
bm = LHV



where Qg2 is thermal power rate of HE 2 (kW), 7ipy, is the mass flow rate of biomass (kgs~!), and LHV
is the lower heating value of wood biomass (kJkg™1).

5.2. Exergy analysis

Exergy analysis is performed for the components of the ORC system, where: hg is the specific en-
thalpy of the working fluid, sg is the specific entropy of the working fluid, hyg is the specific enthalpy,
and sy is the specific entropy of the cooling water at the ambient state, determined by the temperature of
Ty = 20°C and the pressure of pg = 101.325 kPa. egs. present the exergy analysis.

Turbine:
Eq1 = 1y ((h1 — ho) — T, (s1 — s0))
Eqy = 1ing ((ha — ho) — T, (52 — 0))
By = |Pr| =y (b — ho) ®
Ea:D,T = E:z:l - (Ex,T + Ex2>
Condenser:
Eqg = 1ing ((hs — ho) — Tb (s3 — s0))
By o1 = 1ty ((hwt — hwwo) — Tt (Sw1 — Swo))
Ey w2 = 1 ((hw2 — Pwo) — To (Sw2 — Swo)) ©)
EmD,C = (ExQ + Em,wl) - (Ex3 + Em,wQ)
Pump:
Eqa = 1ivg ((ha — ho) — To (s4 — 50))
E,p = Pp =g (ha — h3) (10)
ExD,P = (Em?) + Ex,P) - Ex4
Heat Exchanger 1:

TO In Tgw,in >
Tgw,in - Tgw,out Tgw,out

) A . . Tow,i :
Bz Qe = Qaw — ToASgw = Qgw — ToligwCpgw I =2 = Qgw (1 B
Tgw,out

Eqs = g ((hs — ho) — Ty (s5 — s0))

E;puE1 = (Eac4 + Ex,ng) — Eus
Y
Heat Exchanger 2:

TO 1 Te, out >
n
out — Tsh,in Tsh,in (12)

. . . ' T .
Eﬂc,Qfg = Qfg - TOAng = Qfg - TOmfng,fg In Te},lo.ut = Qfg <1 - T
sh,in e

E.pHE2 = (Eo:5 + Ea:,Qfg) — B



where E,_g is exergy flow working fluid of ORC of specific state (kW), E'LT is exergy of power of the
turbine (kW), EQCD,T is exergy destruction rate in the turbine (kW), EI,Wl /w2 1s inlet/outlet exergy flow
of cooling water in the condenser (kW), E,p ¢ is exergy destruction rate in the condenser (kW), E, p is
exergy of power of pump (kW), E,p p is exergy destruction rate in pump (kW), Ex,Q 4w 18 exergy of the
heat of geothermal water, £,p g1 is exergy destruction rate in HE 1 (kW), Ex,Qfg is exergy of the heat of
flue gases (kW), Tt our is outlet temperature of the flue gases in economizer (K), Ty in is inlet temperature
of flue gases in superheater (K) and E$D7HE2 is exergy destruction rate in HE 2 (kW).
Exergy efficiency is calculated in eq. (13):

_ > Fuin — 3 Eap 1 > Fep

Z Ex,in Z Ex,in
Em,D = EzD,T + EmD,C + E:cD,P + EocD,HEl + EzD,HEl
Ex,in = Ex,ng + Ex,Qfg + Ex,P

Tex
(13)

5.3. Equivalent lignite consumption and CO, emission

This analysis aims to quantify the savings in fossil fuel consumption and CO2 emission for our power
plant with geothermal water and wood biomass compared to the plant that runs on lignite. Lignite consump-
tion and CO4 emission are estimated using [[15[] in two scenarios for the ORC system that has 7 = 8,500 h
operating time. The first scenario is the one previously analyzed where geothermal energy and biomass
are used as fuel. The second scenario uses Serbian lignite with LH Vijgpie = 6,700 kag_l to generate
electricity for the same thermal power input as used in the first scenario.

Lignite consumption is calculated in eq. (I4):
mlignite = (ng + QHEQ) tT klignite/LHViignite (14)

where Kiignice 1S the coefficient of conversion to primary energy (lignite) (kgkWh™!) equal to Kiignite = 1.3
and 7 operating time of plant equal to 7 = 8, 500 h.
Equivalent CO5 emission is determined in eq. (13):

cos = (Qgw + Quea) - 7+ hcos/ LH Vignie (1)

where kco, is the coefficient of equivalent CO2 emission for lignite as a primary energy source equal
kco2 =0.33 knghfl.

6. Model validation

The model is validated against literature data and found to be in good agreement. To the author’s
knowledge, there are no available experimental data for this specific ORC configuration and parameters, so
a detailed literature survey has been conducted to determine whether the obtained results are in agreement

with the literature.



Table 4: A comparison of thermal and exergy efficiencies of the ORCs reported in the literature

Working Evaporating Condensing Thermal Exc?rgy
Related study Auid temperature temperature efficiency (%) efficiency
(K) (K) (%)
[125] Isopentane 403.15 303.15 14.6 -
[26] NH; 351.45 —423.15 | 313.15 — 303.15 12.8 41%
[27] R 290 - - 8.47 47.6
28] n -Pentane - - 10.7 29.6
[29 R 600 a 401.15 284.85 10.2 335
[30 R 134 a 350.75 291.15 11.24 39.03
R 113
Present study R245¢fa 393.15 308.15 13.31 — 14.53 35.91 — 41.64
R600a

7. Results and discussion

Considering that the thermal properties of analyzed working fluids are different, the thermodynamic
performance of the cycle under the same heat source conditions will be different. While using organic fluids
in ORCs with low-temperature heat sources, high mass flow rates of working fluids are expected because
of their small vaporization enthalpy. Since the mass flow rate of the working fluid is directly related to
the diameters of pipes and hence the capital and maintenance costs, the best result belongs to R600a with
51.78 kg/s and it is significantly lower in comparison to other fluids. For instance, R113 needs 165.33%
and R245fa 83.75% higher mass flow rate than R600a for the same thermal input in HE 1 (fig. [7]a)). A
similar conclusion can be drawn from fig. [7]b) where it is presented the mass flow rate of cooling water in
the condenser.

160 145.68

137.39
140
123.62

120 116.77

100 95.15
80
60 51.78
40

20

mR113 mR245fa mR600a

Figure 7: Mass flow rate (kg/s): a) working fluids in ORC, b) cooling water in the condenser

R113 provides 4.21 MW of turbine power output, which is the highest result amongst compared working
fluids. In comparison to R113, R600a produces 21.6% less power output significantly decreasing generated
electricity in the generator (fig. [§a)). The pump consumption can be high for the ORCs and it is a result
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of the increased mass flow rate of the working fluid, which is necessary to be pressurized up to evaporation
pressure. R600a needs 315.4% and R245fa 126.81% more power input than R113 (fig. [§]b)).
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Figure 8: Power (kW): a) turbine, b) pump

As reported in tab. [ thermal efficiencies of ORCs are usually lower than 15%. In our study, R113
obtained the highest thermal efficiency with 14.53%. There is a decrease in thermal efficiency of 8.3% for
R600a compared to R113 which might be due to high pump consumption (fig. [9).
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Figure 9: Thermal efficiency, (%)

According to [31]], an analysis of the biomass combustion process was conducted, which gave results
presented in tab. [5and fig.
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Table 5: Temperatures of flue gases at the inlet/outlet of heat exchanger units of HE 2

Temperature (K) | Position | R113 R245fa | R600a
Super-heater Inlet 1013.15 | 1013.15 | 1013.15
Outlet 985.48 | 970.46 | 948.42

Evaporator Inlet 985.48 | 970.46 | 948.42
Outlet 568.00 | 628.60 | 682.51
Economizer Inlet 568.00 628.60 682.51

Outlet 387.87 | 385.92 | 388.17

One of the highest costs in ORC is in the heat transfer units due to their complexity, so it is of high
importance to reduce the necessary heat transfer area. R600 obtained the best result with 578.42 m?, while
the heat transfer area for R113 is increased by 10.5% (fig. [I0).
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Figure 10: Heat transfer area (HE 1+HE 2) in ORC, (m?)

Exergy destruction rates for R113, R245fa and R600a presented in percentages are shown in tab. [6| The
exergy destruction rate in HE 2 is the highest compared to all the other components, while the one in the

pump is the lowest.

Table 6: Exergy destruction rates in ORC for the different fluids

Exergy destruction rates (%)
R113 | R245fa | R600a
Turbine 8 8 8
Pump 0 3 1
Condenser 0 0 8
HE 1 3 3 3
HE?2 89 86 80

The highest exergy efficiency with 41.64% achieved R113 (fig. [T, which is also in the range reported in

the works of other authors.
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Figure 11: Exergy efficiency of ORC, (%)

If the power plant with previously stated parameters used Serbian lignite as fuel, it would be necessary
to provide between 133-169 kt of lignite yearly (fig. [[2]a)), which would negatively impact the environment
increasing CO4 emission for about 63-80 kt/year (fig. @b)).
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Figure 12: a) lignite consumption per year in ORC, (kt/year), b) equivalent CO, emission for the SRC with
lignite, (kt/year)

8. Conclusion

In this paper, the simulation and performance study of an ORC with two heat sources was presented.
The use of ORC is highly recommended for low-temperature heat sources such as geothermal energy. One

of the crucial parts of this research was to use renewable energy sources available in the south of Serbia,
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especially geothermal energy from Vranjska Banja, which is considered the hottest geothermal spring in
Serbia. To improve the efficiency of the process, an additional heat source, wood biomass, was used to
achieve a set temperature of working fluid 77 = 130°C. ORC system consisted of turbine and generator on
the same shaft, condenser, pump, and two heat exchangers. The results have been previously discussed, so

here are stated most important conclusions:

* R600a obtained the best results regarding mass flow rates of both working and cooling fluid with
51.78 kg/s and 116.77 kg/s, respectively. Also, it needs the lowest heat transfer area in HE 1 and HE
2.

* R113 provided the highest turbine power output of 4.21 MW for the lowest pump consumption of
73.20 kW , and all followed with the highest thermal and exergy efficiency of 14.53% and 41.64%,

respectively.

* The highest exergy destruction rates were noted in HE 2 (80 — 89%), followed by significantly lower
destruction rates in the turbine (8%), condenser, and HE 1(3%), while the destruction rates in the

pump are meager.

¢ Scenario 2, which uses lignite as fuel, would need between 133 — 169 kt/ year for the same thermal
power input in HE 1 and HE 2 and would contribute to existing CO2 emission in Serbia for around
63 — 80 ktCO4/ year.

This study emphasizes the importance of turning to renewable sources, especially geothermal energy, which
has the substantial advantage of being independent of weather conditions, and biomass which is considered
a carbon-neutral source regarding CO2 emission. Future research in this area should be obtaining more
reliable experimental studies to determine the real performance of the cycle and compare it to the simulation

results.
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Nomenclature

cp — specific heat capacity at constant pressure, [kJ kg 1K™!]

FE, — exergy flow rate, [kW]

ExD — exergy destruction rate, [kW]

h — enthalpy, [kJkg™']

k — coefficient of emission, [kgkWh~!]
LHV —lower heating value, [kJkg™!]
1 — mass flow rate, [kgs ']

p — pressure, [Pa]

P — power, [kW]
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T — temperature, [K]
Q — heat transfer rate, [W]
Greek symbols

n — efficiency, [-]

Subscripts
b — boiler

bm — biomass

¢ — condensation

€ — economiser

ex — exergy

fg — flow gasses

HE - heat exchanger

gw — geothermal water

1—isentropic

P — pump

sat — saturation

sh — superheater

T — turbine

w — water
th — thermal
f — fluid

Abbreviations

GWP — global warm potential

MDsM - decamethyltetrasiloxane ORC — Organic Rankine cycle

ODP - ozone depletion potential SRC — Steam Rankine cycle
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