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Abstract: In the contemporary backdrop of uncertain global energy supplies, climate change mitigation endeavors, and the
pursuit of sustainable development goals (SDGs), the Organic Rankine Cycle (ORC) system has emerged as a promising
innovation. This technology facilitates efficient and sustainable electricity generation from renewable energy sources,
particularly geothermal energy. Within this context, the study delves into the critical role of working fluid selection in optimizing
ORC performance, specifically at operational temperatures akin to geothermal sources, around 95°C. The research employs a
thermodynamic simulation method using an Engineering Equation Solver (EES), relying on theoretical calculations. This method
is integrated into a geothermal power plant, precisely focusing on geothermal source temperatures of approximately 95°C. The
investigation centers on the heat transfer process within a high-temperature heat transfer fluid from geothermal sources,
conveying stored heat to the Organic Rankine Cycle (ORC) evaporator. Three specific working fluids, R134a, R11, and R22,
examine working fluid selection for ORC at 95°C. The results highlight the R11 organic fluid as an optimal compromise,
excelling in two crucial criteria. Firstly, R11 exhibits the highest net mechanical power, W,,,,=34.81 kW compared to alternative
fluids. Secondly, it boasts the best energetic efficiency of the cycle, registering 7y, r1; = 16.01%, outperforming both R134a
(Men,r1340= 13.17%) and R22 (¢ p22= 12.64%). In summary, this study conducts a focused analysis of the energy aspects of an
Organic Rankine Cycle (ORC) for electricity production using geothermal sources and organic fluids. Operating at a geothermal
source temperature of 95°C with a water flow rate of 80 It/s and environmental conditions at 20°C, the parametric study
emphasizes the superiority of the R11 organic fluid. R11 emerges as the optimal choice, demonstrating the highest net mechanical
power and superior energetic efficiency compared to alternative fluids, thereby contributing valuable insights to advancing
sustainable and efficient energy technologies.
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1. Introduction

In an era marked by uncertainty in global energy supplies,  sustainable development goals (SDGs), the Organic Rankine
efforts to confront climate change, and aspirations to achieve =~ Cycle (ORC) system has emerged as a promising innovation.
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ORC enables using renewable energy sources, especially
geothermal, to produce electricity more efficiently and
sustainably [1]. In this context, working fluid selection
becomes critical in optimizing ORC performance, especially
at certain operational temperatures, such as geothermal
source temperatures of around 95°C [2].

Renewable energy, mainly originating from geothermal
energy, is a strategic element in the global transition towards
cleaner and environmentally friendly energy sources [3] [4].
Adopting ORC technology at geothermal source
temperatures provides a great opportunity to increase the
efficiency of renewable thermal energy use [5]. In this
context, selecting the optimal working fluid becomes a
crucial step to ensure that ORC makes a maximum
contribution to global efforts to reduce dependence on fossil
fuels [6].

The issues of energy sustainability and climate change are
the main focus of sustainable development. Therefore,
selecting a working fluid at a temperature of 95°C is a
technical challenge and an integral part of global efforts to
achieve the SDGs, especially SDG 7 (Clean and Affordable
Energy) and SDG 13 (Action on Climate Change) [7] [8].
The efficient use of renewable energy, such as that offered
by ORC, could be a relevant solution in this context,
potentially meeting the world's energy needs more
sustainably [9].

When choosing working fluids for an ORC operating at
95°C, three specific working fluids are the focus of research:
R134a, R11, and R22. The R-134a, as a standard refrigerant
in refrigeration systems, is attracting attention as a potential
option at low temperatures such as 95°C [10] [11]. However,
the high-pressure aspect of R-134a indicates that system
design must consider this aspect carefully [12]. R-11, with
its low boiling point at atmospheric pressure, shows
promising thermodynamic properties at low temperatures.
Although R-22 has a history of extensive use, limitations due
to its environmental impact make it an option that must be
carefully analyzed [13] [14].

Sustainability and environmental impact are equally
important factors in selecting working fluids for ORC [15].
Therefore, this research not only considers the thermal
properties of each fluid but also involves complex factors
such as thermal efficiency, availability, safety, and
environmental impact in its analysis. By digging deeper, this
research seeks to provide more comprehensive insight to
support optimal fluid selection decisions at geothermal
source temperatures of 95°C. Hence, the findings of this
study offer valuable insights for system designers and
professionals in the renewable energy sector, aiming to
enhance the performance and sustainability of ORC systems
within the framework of climate change and SDGs.

2. Methodology

This study conducts a thermodynamic analysis of
integrating an ORC system into geothermal power generation,
illustrated in Figure | below. This figure demonstrates a

schematic of the ORC that heat transfer fluid from the
geothermal source at a temperature of 95°C, transferring the
stored heat to the evaporator of the ORC cycle.

Briefly, integrating the thermodynamic simulation method
using EES, which relies on theoretical calculations, into a
geothermal power plant, precisely geothermal source
temperatures of around 95°C. The research investigates the
heat transfer process in a high-temperature heat transfer fluid
from geothermal, which conveys stored heat to the Organic
Rankine Cycle (ORC) evaporator. This heat transfer fluid
achieves elevated temperatures. In the ORC system, the
organic fluid undergoes pressurization by a pump, followed by
heating, evaporation, and superheating in the evaporator. This
transformation is driven by the heat energy sourced from a
high-temperature reservoir (geothermal source). The resulting
superheated steam exits the evaporator and propels a turbine,
generating rotational motion that powers a generator for
electricity production. The outlet steam turbine is directed to
the condenser, which undergoes cooling through contact with
a stream of cooling water [16] [17].

Turbine

Evaporator

Condenser é

Figure 1. Schematic of the Organic Rankine Cycle (ORC) integrated into

geothermal power generation.

The analysis of the ORC cycle employs the principles of
mass conservation and energy conservation based on the first
law of thermodynamics. This analysis is conducted separately
for each component: turbine, condenser, pump, and evaporator.

In this exploration, we delve into the principles of
thermodynamics, analyzing how energy is transferred and
transformed within the integrated system. We explore the
essential elements, including the pump, evaporator, turbine,
and condenser, that enable the conversion of thermal energy
into electricity. To decide on the fluid suitable for the ORC
system and the operating temperature of the cycle, it is crucial
to take into account the temperature of the geothermal source,
which is 95°C, and the environmental conditions at 20°C. In
this case, three fluids will be recommended for analysis,
namely R134a, R11, and R22. Then, we must calculate the
turbine power, heat loss in the condenser, pump work, heat
absorbed in the evaporator, and cycle efficiency for each fluid,
which are recommended. The irreversible adiabatic expansion
in the turbine, while retaining a consistent isentropic
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efficiency within a geothermal power plant, can be computed
using the following formula. [18].

Wrirr _ Wr_ _ hahy

Nris = 7 =3 =
’ WT rev Wris hi—hy s

Wr = m(hy, — hy) = m(hl - h2,is) XNr,is 2

(M

where Wy is the turbine power (kW), m is the mass flow
rate (kg/s), h is the specific enthalpy (kJ/kg) for the given
state point, and 77 ;5 is the isentropic efficiency of turbine.

Additionally, the refrigerant, acting as the working fluid,
enters the condenser in a vapor state, undergoes condensation
at constant temperature and pressure, and exits as a liquid,
releasing a certain amount of heat. The energy balance of the
condenser can be approximated using the following equation
[19].

Qc = m(h, — h3) 3)

where Q is the heat loss in the condenser (kW).
Then, the power of pump can be calculated by the equation
below [20].

_ WP,reu I/VP,is h4,is_h3

Meis = Wp,irr - wp - hs=h3 @)

Wp =m(hy — h3) = m(h4—,is - hs) X Np,is Q)

where Wp is the pump power, and Mp ;s is the isentropic
efficiency of pump.

Furthermore, the working fluid enters the evaporator in a
liquid state and is heated at a constant pressure to reach the
evaporation temperature. Following this, it undergoes
evaporation at a constant temperature and pressure.
Consequently, the energy balance of the evaporator can be
computed using the equation below.

QE = m(h; — hy) (6)

where Qj is the heat absorbed in the evaporator (kW).
Finally, for the thermal efficiency of the Organic Rankine
Cycle (ORC) integrated into geothermal power generation can
be calculated by the equation below [21].
Wnet _ WT_WP

= —qnet _ ZT-7P 4
Ntn Or Or 4

where 7, is the thermal efficiency of the ORC system.

3. Result and Discussions

The thermodynamic analysis of an ORC system integrated
into geothermal power generation, which in this research has
looked at the impact of refrigerants on generated turbine
power and ORC efficiency, as well as analyzing how much
heat is transferred and transformed (in this case heat absorbed
by the evaporator from a geothermal heat source) on the
geothermal power plant.

Based on Figure 2, it demonstrates that the T-s
(Temperature-entropy) diagrams can be used to visualize
cycles in each recommended fluid. To determine the properties

(P, T, h) of each point in the cycle, we recommended the ORC
fluid (R134a, R11, and R22) that can be able to use. A suitable
fluid for the ORC system could be a refrigerant or an organic
fluid with good thermodynamic properties at the given
temperature range by utilizing the geothermal source. Where
the temperature of the geothermal source is 95°C, the water
flow rate is 80 It/s, and environmental conditions can be taken
at 20°C.
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Figure 2. T-s diagrams of the cycle in EES for (a)R-134a, (b) R-11, and (c)
R-22.
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Table 1. Properties (P, T, h) of each point in the cycle for R-134a

Point p (kPa) T (°C) h (kJ/kg)
I 3594 95 272.3
2 572.1 20 241.2
3 572.1 20 79.32
4 3594 21.76 82.09

Table 2. Properties (P, T, h) of each point in the cycle for R-11

Point p (kPa) T (°C) h (kJ/kg)
I 733.2 95 268.2
2 88.35 20 229.8
3 88.35 20 51.26
4 7332 19.44 50.77

Table 3. Properties (P, T, h) of each point in the cycle for R-22

Point p(kPa) T (°C) h (kJ/kg)
r 4882 95 387.1
2 910.3 20 360.2
3 910.3 20 2242
4 4882 16.63 220.5

Moreover, we conducted a comparative analysis of the
thermodynamic characteristics of three organic fluids: R-134a,
R-11, and R-22. The operational parameters for the organic
Rankine cycle include Ty, =95°C, Tonq =20°C, and m =1
kg/s. Utilizing the ESS software, we calculated the
thermophysical properties of the working fluids at different
points in the cycle. Table 1, Table 2, Table 3 outline the
thermodynamic features at various stages of the ORC cycle for
the three specified working fluids presented in Figure 2. The
aim is to collectively evaluate the fluid exhibiting the highest
net mechanical power and optimal energy efficiency. This
analysis facilitates a comprehensive comparison of the
performance of diverse working fluids under analogous
conditions. Table 4 summarizes the thermodynamic
performances of the ORC cycle for the three fluids.

Table 4. Thermodynamic performances of the ORC cycle

Performances Working fluid
R-134a R-11 R-22
W, (kW) 2.77 0.487 3.69
0. (kW) 195.7 217.4 166.6
W, (kW) 28.55 353 24.75
0. (kW) 161.9 178.5 136.1
Wier (KW) 25.78 34.81 21.06
Nen 13.17% 16.01% 12.64%

The results suggest that the R11 organic fluid demonstrates
a favorable compromise between these two criteria. It
possesses the highest value of net mechanical power W,,,, =
34.81 kW compared with the other fluids, and it is also a fluid
which presents the best energetic efficiency of the cycle,
which equals 7y, r11 = 16.01% compared to that of the
organic fluid ¢y r1344= 13.17% and that of the organic fluid
Nenr22= 12.64%.

In summary, this outcome focuses on the energy analysis
of an ORC designed for generating electrical power utilizing a
geothermal source and employing an organic fluid. The

geothermal source temperature is 95°C, with a water flow rate
of 80 It/s, and environmental conditions assumed at 20°C. The
parametric investigation of the organic Rankine cycle has
enabled the identification of the optimal organic fluid with
commendable thermodynamic performance, specifically R11,
It demonstrates the highest net mechanical power and superior
efficiency compared to other fluids.

4. Conclusion

In conclusion, this research highlights that the Organic
Rankine Cycle (ORC) offers an innovative solution to address
challenges in uncertain global energy supplies, climate change,
and pursuing sustainable development goals (SDGs). The
study specifically focuses on the critical aspect of working
fluid selection to optimize ORC performance, particularly at
specific operational temperatures, such as the geothermal
source temperatures around 95°C. Through the integration of
thermodynamic simulation using Engineering Equation Solver
(EES) into geothermal power plants, the research provides a
comprehensive understanding of the heat transfer process
within a high-temperature heat transfer fluid from geothermal
sources to the Organic Rankine Cycle (ORC) evaporator. The
results indicate that the R11 organic fluid is a wise choice in
this context. R11 not only produces the highest net mechanical
power (W' net = 34.81 kW) compared to other fluids but also
exhibits the best energetic efficiency of the cycle, with a value
of Mepri1 = 16.01%. This superior performance of R11
outshines both R134a (¢, p134a= 13.17%) and R22 (1 r22=
12.64%). This conclusion underscores that carefully selecting
working fluids in the ORC significantly enhances the system's
efficiency, particularly in utilizing geothermal heat sources for
electricity generation.
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