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Abstract: Decarbonization of all segments of energy systems, both on the supply and demand side, is one
of the main goals of the energy transition. Electricity supply in the future will largely rely on generation
from intermittent energy sources: wind and solar. Locally available, non-utilized alternative low-
temperature energy sources as hydro-geothermal wells, and abounded oil and gas wells, have the potential
to provide continual energy production over the year. Electricity generation from these energy sources is
carried out with working fluids with low evaporation temperatures. Commonly used fluids are categorized
into several groups based on their chemical composition, which determines their thermophysical properties.
In this paper the effect of chemical composition of six fluids from three groups on thermophysical properties
was analyzed. The effect of fluids’ properties on the efficiency of ORC is analyzed for the case of a typical
range of temperatures of hydro-geothermal and abounded oil and gas wells in Serbia, which may be used
as heat sources for electricity generation.
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1. Introduction

The transition to low or carbon-neutral energy systems implies the utilization of renewable and alternative
energy sources across all segments of energy systems, both on the supply and demand sides [1]. Electricity
generation is identified as a critical factor and a major contributor to the reduction of GHG emissions [2]. In
addition, green electricity is a prerequisite for the decarbonization of final energy consumption [3] through the
use of heat pumps, the introduction of electric vehicles, and the production of green hydrogen.

It is known that electricity can be generated from any renewable energy source. Scenarios describing future
energy systems indicate high utilization and significant contributions from intermittent energy sources such as
wind and solar [4]. However, the contribution of all renewable and alternative energy sources is expected,
including low-temperature energy sources.

Low temperature heat sources can be utilized by Organic Rankine Cycle (ORC), which operates at lower
pressures and temperatures [5]. Working fluids that can be used in performing ORC firstly need to have ability
to evaporate at low temperatures and additionally to meet other requirements: an appropriate slope of the vapor
saturation line in the T—s diagram, critical temperature and pressure, normal boiling temperature, global
worming potential, and safety level [6].

Substances that may be used as working fluids are commonly categorized into several groups based on their
chemical compositions. The main groups of fluids are hydrocarbons, halogenated hydrocarbons, and siloxanes.

This paper aims to examine the effect of working fluid properties on efficiency of ORC that utilize low-
temperature heat sources, such as geothermal sources, heat from abandoned oil and gas wells, or waste heat
from industry.

2. Working fluids for Organic Rankine Cycle

Technologies for electricity generation for utilizing low or medium-grade heat energy are based on the Kalina
cycle, Organic Rankine cycle (ORC), and supercritical Brayton cycle with carbon dioxide. ORC is preferred
due to its simplicity, low maintenance, and component availability [7]. The basic Organic Rankine Cycle is
similar to the conventional steam Rankine cycle, and it is usually performed with organic fluid derived from
carbon chemistry.
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Working fluids used in ORCs are classified into three main categories based on the slope of the vapor saturation
line in the T-S diagram, which is determined by the saturated properties of the fluids. Fluids are categorized
as wet, isentropic, or dry (Figure 1) [8], based on the process of the isentropic expansion of the dry steam. If
the process of expansion ends at two phase zone, the fluid is classified as wet. If the isentropic expansion
closely follows the saturation curve, the fluid is classified as isentropic. If the expansion ends in the superheated
vapor zone, the fluid is classified as dry.
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Figure 1. Classification of working fluids: a) wet, b) isentropic, c) dry [8]
The behavior of fluids during phase change has been the subject of many studies. It has been shown that the
complexity of the molecular structure influences fluid behavior. Fluids with simple molecular structures are

commonly wet fluids, while fluids with higher complexity tend to act as dry fluids. Intermediate fluids behave
as isentropic fluids [9].
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Additionally, dry fluids are high molecular mass organic fluids, wet fluids are low molecular mass organic
fluids, and isentropic fluids have medium molecular mass [10].

Liu et al. [11], concluded that the presence of hydrogen bond in the molecules of some organic working fluids
is a probable cause of some fluids behaving as wet fluids. This is due to their larger vaporizing enthalpies,
which are inappropriate for application in ORC systems [10].

The performance, i.e. the efficiency of the ORC, is dependent on the thermo-physical characteristics of the
working fluids, which are also influenced by chemical composition and the structure of the molecule.

The practice shows that the commonly used working fluids are halogenated hydrocarbons, pentane,
cyclopentane, n-heptane, hexane, hexamethyldisloxane (MM), octomethyisloxone (MDM) [12]. The
performance of pentane, n-heptane, and hexane suggests that these fuels may contribute to greater efficiencies
due to the high latent heat of vaporization. Working fluids with excellent thermal stability and low vapor
pressure, such as hexamethyldisiloxane (MM) and octamethylisodimethylsiloxane (MDM), have been shown
to increase Rankine cycle efficiency [12].

3. Methods and materials

Given that the slope of vapor saturation curve and thermophysical properties of working fluids depend on the
chemical composition, for the evaluation and analyses of working fluids properties on efficiency of ORC, six
working fluids were selected, two from each group:

1. Hydrocarbons: n-pentane and n-hexane,

2. Halogenated hydrocarbons: R134a and R245fa,

3. Siloxanes: MM and MDM.

The first group of fluids includes more inert straight chain hydrocarbons (n-pentane and n-hexane), which lack
the possibility of additional interactions between molecules. The second group includes hydrocarbons in which
terminal H atoms are substituted by F atoms, so their polarity is significantly increased, as well as the
possibility of additional dipole-dipole interactions. The third group of selected fluids consists of inactive
siloxanes containing the main Si-O chain of different lengths of an inorganic chain with side hydrocarbon
groups. These siloxanes are characterized by their bulkier molecules, which also influence their
thermophysical properties.

Main data about the selected fluids are provided in Table 1.
Table 1. Basic data of selected working fluids [13, 14]

Critical
Working Mollar mass Acentric point
fluid Name Formula Structural formula kg/kmol factor temperature
K
n-pentane n-pentane CsHia . :ﬂ,c ,ﬂ:: . 72.148 0.25103 469.7
¥y e ¥
n-hexane n-hexane CeHi4 :'j“mﬂc:l o 86.175 0.3003 507.82
1,1,1,2-Tetrafluoro )
R134a ethane CF4H, &3% 102.032 0.32684 374.21
1,1,1,3,3-Pentafluoro e ©
R245fa  propane C3FsH3 J‘@‘Qa\( 134.047 0.3776 427.01

V. Innovative technologies and plants in energy science

Page1 61



. The 21stInternational Conference on
#Lvolution Thermal Science and Engineering of Serbia

SimTerm 2024

Nis, Serbia, Oct 22-25 2024

Hexamethyldi e
MM siloxane CeHi508i2 biyeit . 162377 0418 518.75
3 ‘5’0
: ¥ 9
MDM Sf;i‘;fhy““ CsH240,Si3 P Ce 236532 052806 564.09

Within the specified group, the increase of molar mass is followed with the increase of critical temperature
and acentric factor [15]. The acentric factor describes deviations in thermodynamic properties of fluids
containing non spherical molecules from their spherical counterparts. It is also a measure of the non-sphericity
of molecules. Among examined fluids the highest value of acentric factor is MDM whose molecule has the
most complex structure, while the lowest value has n-pentane.

Figure 2 presents T-s diagrams for each working fluid. Based on the slope of vapor saturation curve it can be
concluded that each of them is suitable to operate in the ORC with the dry steam. Fluids with the highest molar
mass and acentric factor (MM and MDM) act as exceptionally dry fluids.
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Figure 2. T-s diagrams for the selected fluids [13]

The effect of working fluids properties on the efficiency of ORC was analyzed for the case of dry steam cycle
(Figure 3). This cycle is preferred over the superheated steam cycle due to the absence of superheating and
required heat exchangers [13]. The highest temperature in the cycle was set to 70°C - temperature of
evaporation, while the lowest temperature was 15°C - temperature of condensation. These temperatures were
selected based on data from available low temperature heat sources in Serbia [16, 17]. The shapes of T-s

diagrams presented at Figure 2 indicate that all selected fluids are suitable for the dry steam ORC in the given
range of temperature.
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Figure 3. Rankine Cycle with dry steam
Efficiency of the ORC is determined by:
lhs — ha

_ (1)
=15 n,

To calculate the thermodynamic properties for each state of the cycle, CoolProp software [13] was used to
obtain values of properties for the selected fluids from, all from the same source.
4. Results and discussion

Results for efficiencies of the dry steam ORC for each of examined fluids are presented in Table 2.
Table 2. Basic data of selected working fluids

Fluid Efficiency Heat of
evaporation at
70°C, kl/kg

n-pentane 0.1381 328.0
n-hexane 0.1383 3343
R134a 0.1320 124.6
R245fa 0.1346 161.9
MM 0.1291 208.1
MDM 0.1270 186.8

The results show that the efficiency of the cycle is dependent on the properties of the selected working fluid.

The highest efficiency is achieved with n-hexane (0.1383), which is approximately 9% higher compared to the
lowest efficiency, obtained with MDM (0.1270).

The highest efficiency is observed with hydrocarbons as working fluids and the lowest with siloxanes. Within

the examined group the higher efficiency is attributed to fluids with a higher heat of phase change at the
temperature of evaporation (Table 2).

Figure 4 illustrates the relationship between efficiency and the acentric factor. In most cases, a higher
efficiency corresponds with a lower acentric factor.
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Figure 4. Relation between acentric factor and efficiency

Further analysis of the results shows that the highest temperature at the exit of the turbine was achieved for
MDM as the working fluid, while the lowest was observed with R 134a. This was the only case when expansion
in the turbine ended in the zone of the wet vapor. No significant relationships between efficiency and other
fluid properties were observed.

The highest efficiencies are attributed to fluids with isentropic slope of the vapor saturation curve, such as n-
pentane and n-hexane. In these cases, the expansion process in the turbine closely follows the vapor saturation
curve.

5. Conclusion

Low temperature energy sources can be utilized for electricity generation by implementing Organic Rankine
Cycle. However, the efficiency of such cycles is relatively low, since the difference between the temperature
of the heat source and heat sink is small.

For the dry steam ORC effect of properties of six working fluids is analyzed. It is shown that chemical
composition affects thermophysical properties of the fluid, including the shape of vapor saturation curve.

The efficiency of the cycle depends on the properties of the working fluid, such as its composition and
structure. In the analyzed cases the highest efficiency was achieved with hydrocarbons which have near
isentropic slope of the saturation curve in the observed temperature interval between the heat sink and the heat
source.

The lowest efficiency was obtained with siloxanes as working fluids, which acts as exceptionally dry fluids
and have the biggest values of acentric factors among examined fluids. It can be concluded that the problem
is complex, with intervening influential parameters that are not easy to identify.

The potential application of ORC must be carefully evaluated, as changes in the working fluid can significantly
affect efficiency, which certainly should not be neglected, particularly in low-efficiency cycles.
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