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Abstract

A cascaded dual-loop organic Rankine cycle (CD-ORC) consisting of a high-temperature ORC
(HT-ORC) and a low-temperature ORC (LT-ORC) with a shared heat exchanger is studied.
Thermal efficiency is investigated as a key indicator for system performance over a wide range
of heat source temperature ranging from 170 °C to 330 °C. The relation between the thermal
efficiency and the critical temperature of the working fluids is explored. For this purpose, six
alkanes and 31 refrigerants with a low GWP (<150) are considered as working fluids in the HT-
ORC and the LT-ORC, respectively. Cyclohexane and cyclopentane are found to be suitable
for the HT-ORC with a maximum thermal efficiency of 19.13% and 18.03%. The thermal
efficiency of both loops is highly affected by the working fluids since it increases with the
critical temperature. As a whole, the CD-ORC may achieve a total thermal efficiency of
25.24%, 24.88% and 24.60% when using the working fluid combinations cyclohexane-
R1366mzz(Z), cyclohexane-R1233zd(E) or cyclohexane-butane. This indicates that low GWP
refrigerants are well-suited for LT-ORC. Compared to regular ORC, CD-ORC systems may

achieve a thermal efficiency that is better by around a quarter.
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1. Introduction

The rise in population as well as urban and technology development was accompanied by a
significantly increased demand for energy, which is met by fossil fuels as the primary energy
source due to their availability and low cost. However, studies have analyzed the risks of using
fossil fuels and their derivatives which entail extensive pollution and threaten environmental
disasters in the future [1]. Environmental pollution and increased carbon dioxide emissions
were accompanied by climate change and unprecedented weather events. The IPCC reported
on August 9, 2021, that the world will reach 1.5 °C of warming within the next twenty years.
There is thus a growing need to find alternative fuels, clean power sources with less harmful

emissions and impact on the environment [2,3].

A large body of literature has grown around the organic Rankine cycle (ORC) as a technology
to generate power from low and medium temperature heat sources. The ORC is a sustainable
technology for power generation because it can utilize heat from geothermal [4], solar [5],
combined heat and power [6], biomass [7], waste heat from industrial processes [8, 9] or other

sources [10].

Many studies have investigated different ORC architectures to enhance system performance. It
was shown that multi-loop ORC theoretically can achieve a better thermal efficiency and net
power output than regular ORC systems. Moreover, they have the capacity to concurrently
recover heat from different sources [11-18]. Multi-loop ORC consist of several ORC loops,
where each loop operates under different conditions (temperature, pressure and mass flow rate).
Generally, dual-loop ORC consist of a high-temperature loop (HT-ORC) and a low-temperature
loop (LT-ORC). The HT-ORC (topping ORC) is driven by the main heat source, while the LT-
ORC loop (bottoming ORC) employs residual heat from the HT-ORC and/or is driven by a
secondary heat source. A dual-loop ORC may allow for a better temperature profile matching
between the heat source and the working fluid in the power generating cycle, which improves
thermal efficiency. The disadvantage of multi-loop systems is their higher cost since they
require more components than regular ORC. Such systems are also characterized by more
complexity in terms of devices, sensors and operational parameters that need to be orchestrated

[19].

Ayachi et al. [20] made an exergetic optimization to examine regular and dual-loop ORC
performance for heat source temperatures between 150 °C and 165 °C. The authors considered

three low GWP refrigerants, i.e. R1234yf, butane and isobutene, and reported that the critical
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temperature of the working fluid is closely related to exergy efficiency. Kosmadakis et al. [21]
tested 33 refrigerants to select a suitable working fluid for the HT cycle of a dual-loop ORC,
where the operating temperature is between 130 °C and 140 °C. They discussed the
performance of selected refrigerants together with their environmental issues and found that

low GWP refrigerants may allow for good power output and thermal efficiency.

Preissinger et al. [22] studied a dual-loop ORC system driven by a wood pellet heater and
considered 35 working fluids to examine system performance. The authors presented a
relationship between the system performance and the thermophysical properties (critical
temperature, critical pressure and molar mass) of the working fluids. They reported that the
overall thermal efficiency is affected more by the LT-ORC working fluid than by the HT-ORC
working fluid.

A study of a dual-loop ORC for waste heat recovery from a catalytic membrane reactor with
hydrocarbons and low GWP refrigerants as working fluids has been presented by Fouad [23].
The author showed that the highest thermal efficiency was achieved with heptane as a working
fluid in the HT-ORC. He found that R1234ze(Z) is a suitable alternative for R245fa and

reported a maximum overall thermal efficiency of 13.39%.

Shu et al. [24] proposed a dual-loop ORC and analyzed the impact of the working fluid and
other parameters on system performance. The proposed system consists of a HT-ORC to
recover waste heat from exhaust gas and a LT-ORC to recover the residual heat from the HT-
ORC and engine coolant. The authors selected six low GWP refrigerants for the LT-ORC and
reported that the highest net power output was achieved with R1234yf. On the other hand, the

maximum thermal efficiency was obtained with butane.

Wang et al. [25] investigated sub- and supercritical dual-loop ORC to recover waste heat from
internal combustion engines. They utilized four pairs of working fluids, including two low
GWP refrigerants, i.e. R1234yf and R1233zd(E). The authors showed that these are the most

appropriate for dual-loop ORC among the considered working fluids.

Emadi et al. [26] studied working fluid selection for a dual-loop ORC, where the HT-ORC
recovers heat from a solid-oxide fuel cell, while the LT-ORC was driven by LNG cryogenic
energy. They considered 17 low GWP refrigerants and hydrocarbons to investigate performance
in terms of exergy efficiency and turbine power output. It was found that maximum exergy

efficiency and power output are achieved with a combination of hydrocarbons.



Xia et al. [27] made a theoretical investigation on working fluids for dual-loop ORC by
employing their normal boiling point as a selection criterion. The authors studied 27 candidate
pairs to choose combinations for HT-ORC and LT-ORC to maximize performance. They found
that the optimal combination is cyclohexane-butane for the HT-ORC and LT-ORC,

respectively.

Xue et al. [28] analyzed a dual-loop ORC layout to recover waste heat from LNG cryogenic
energy and a gas-steam combined cycle power plant by taking two refrigerants as working
fluids in the HT-ORC and LT-ORC. They studied the influence of operational conditions, such
as mass flow rate and turbine inlet pressure, on performance. It was found that the maximum

thermal efficiency was 25.64%.

The exergetic optimization of dual-loop ORC for waste heat recovery was studied by
Braimaikis et al. [19]. They employed seven low GWP working fluids (three refrigerants and
four hydrocarbons) to investigate the exergy efficiency for a heat source temperature between
100 °C and 300 °C. The authors compared dual-loop ORC with regular ORC and reported that
the exergy efficiency of dual-loop ORC improves by up to a quarter when using cyclopentane
and butane in the HT-ORC and LT-ORC, respectively. They noted that the dual-loop ORC is
appropriate when the difference between the critical temperature of the working fluids and the

heat source temperature is small.

This literature overview outlines that the dual-loop ORC is a promising technology for power
generation and efficient utilization of heat sources. It also demonstrates that low GWP
refrigerants are advantageous working fluids for dual-loop ORC because of environmental and
safety aspects. To improve dual-loop ORC technology, more studies are needed for further
development, which was the goal of this work. It was attempted to fill some of the gaps with a
simulative investigation of dual-loop ORC technology by looking at a wide range of heat source
temperature. Despite many studies on refrigerants, there is a lack of work that examines low
GWP (<150) working fluids, especially zeotropic and azeotropic refrigerant mixtures. Several
studies have considered refrigerants in ORC systems, but most have focused on specific groups

only.

This paper considers six alkanes and 31 low GWP refrigerants as working fluids in the HT-
ORC and LT-ORC, respectively. The selection criteria were based solely on environmental
considerations, where the selected working fluids have a GWP value of up to 150 and zero or

negligible ODP. The first goal was to estimate performance in terms of thermal efficiency over
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a wide range of heat source temperature by employing EBSILON@Professional as simulation
software, resting on the most accurate equations of state for the thermophysical properties. The
second goal was to investigate the correlation between critical temperature of the working fluid
and thermal efficiency. The efficiency of a dual-loop ORC system is discussed by comparing

with that of regular ORC.

2. Working fluids

The selection of working fluids is a fundamental factor for ORC system design and
performance. Many publications have demonstrated their vital role [37]. In case of dual-loop
ORC, the working fluids in the HT-ORC and LT-ORC must match with each other and with
the heat transfer fluid in the heating cycle. Several considerations have to be taken into account
in this selection to satisfy the relevant requirements, including environmental friendliness,
thermophysical characteristics, specific heat, heat transfer properties, chemical stability,
material capability, safety, availability in the market and cost [40,41]. A considerable amount
of literature deals with the impact of thermophysical properties on ORC system performance,
including its relationship with the boiling point [29,30], molar mass [31,32], Jacob number
[33,34] and critical temperature [35,36]. Most investigations have focused on the relationship
between the thermal efficiency and the critical temperature. Song et al. [35] reported that
working fluids with a higher critical temperature may achieve a better thermal efficiency. Barse
and Mann [38] as well as Aljundi [39] also reported a strong relation between thermal efficiency

and critical temperature of the working fluids, which rise together.

Vivian et al. [42] proposed that the optimum difference between the heat source temperature
and the critical temperature of the working fluid is 35 °C, while Zhai et al. [43] showed that
this difference varies between 35 °C and 50 °C. Braimakis et al. [19] found that a small gap

between heat source temperature and critical temperature of the working fluid is favorable.

In this study, the thermal efficiency was investigated by considering different working fluids
over a wide range of heat source temperature. 37 working fluids were examined to analyze the
impact of their critical temperature on the thermal efficiency of the HT-ORC and the LT-ORC
separately as well as overall system performance. The critical temperature of the selected
working fluids varies from 85.60 °C to 295.59 °C, while the critical pressure varies between

24.83 bar and 55.79 bar.



2.1 Heating cycle

As a source, electric heaters were assumed so that a suitable heat transfer fluid is needed to
transfer heat efficiently from the heating cycle (HC) to the HT-ORC. Therminol 66 was selected
for this purpose due to its capability to operate over a wide range of temperature up to 345 °C.
Therminol 66 has a low vapor pressure, good thermal stability and is non-corrosive to metals
utilized in the construction of heating systems. It was selected and recommended as a heat
transfer fluid in ORC systems for different heat sources [45-47]. Its properties are listed in Table

S1 in the supplementary material.

2.2 High-temperature cycle

Six alkanes were considered as working fluids for the HT-ORC cycle. They comprise four
linear alkanes (pentane, hexane, heptane and octane) and two cyclic alkanes (cyclopentane and
cyclohexane). The shorter four alkanes (methane, ethane, propane and butane) are not preferred
in HT-ORC due to their low critical temperature. In addition, the working fluids for the HT-
ORC were selected to satisfy operational requirements, being suitable with the heat source
temperature [48-53]. The selected alkanes have the desired properties for working fluids in HT-
ORC: thermal stability, material compatibility, appropriate critical temperature and pressure,
low toxicity, zero ODP and low GWP. Moreover, alkanes exhibit a good performance and high
efficiency in HT-ORC systems [54,55]. The critical temperature of these working fluids varies
from 196.55 °C to 295.59 °C, while the critical pressure varies between 24.83 bar and 45.82
bar. The properties of considered HT-ORC working fluids are listed in Table 1.

2.3 Low-temperature cycle

Global warming and ozone depletion are among the biggest challenges that the world faces.
Several conventions and protocols emerged, such as the Montreal Protocol [56], Kyoto Protocol
[57] and European regulations [58], to protect the ozone layer by eliminating or reducing the
production of substances that are responsible for its depletion. The Montreal Protocol deals with
excluding ozone-depleting refrigerants that contain either chlorine or bromine. In general,

refrigerants can be classified according to their molecular composition into classes.



* Chlorofluorocarbons (CFC)

CFC refrigerants contain chlorine, fluorine and carbon atoms, such as R11, R12, R113, R114,
or R115. These refrigerants were widely used in different applications due to their safety and
thermodynamic properties. According to the Montreal Protocol, CFC refrigerants were phased

out due to their high ODP and GWP values [59,60].
* Hydrochlorofluorocarbons (HCFC)

HCEFC refrigerants contain hydrogen, chlorine, fluorine and carbon atoms, such as R22 or R123.
These refrigerants are classified as having a medium to high GWP value and were introduced
as substitutes for CFC due to thermodynamic similarity, intermediate ODP and somewhat lower
GWP values. The Montreal Protocol was revised to phase out R22 by 2020 and all HCFC by
2030 [60].

* Hydrofluorocarbons (HFC)

HFC are the third generation of fluorine-based refrigerants and were introduced as transitional
substitutes for CFC and HCFC. These refrigerants are classified as having zero ODP, but a
significant GWP and were selected as alternatives for HCFC and CFC. Examples are R152a,
R134a or R32 [61].

* Hydrofluoroolefins (HFO)

HFO contain hydrogen, fluorine and carbon atoms and represent the fourth generation of
fluorine-based refrigerants, such as R1234yf, R1336zz(Z) or R1234ze(E). They are classified
as environmentally friendly due to zero ODP and low GWP values so that they are a suitable
alternative to CFC, HCFC and HFC refrigerants [62]. HFO are mildly flammable, may release
hazardous substances, have a high price and require additional safety requirements [102,103].
The thermodynamic performance of HFO as working fluids in ORC systems is not well known.
There is thus a need to evaluate favorable conditions (inlet temperature and pressure) under

which a high thermal efficiency of ORC systems can be achieved [104].
* Hydrocarbons (HC)

HC are natural refrigerants, such as propane, propylene, butane or isobutane. These refrigerants
are characterized by zero ODP, minimal GWP and low cost. HC refrigerants were introduced

as alternatives for all existing fluorocarbon refrigerants that will phase out in the coming years.



In addition, they are used as components in safety mixture fluids for small equipment

applications [63].

* Refrigerant mixtures

Refrigerant mixtures are produced by blending pure refrigerants. They were introduced to
provide fluids with a suitable thermodynamic behavior and to reduce undesired properties.
Refrigerant mixtures may exhibit a good temperature profile match with heat transfer fluids in

heat exchangers [64] and can be classified into:

Zeotropic mixtures, known as R5xx, contain two or more refrigerants species that have a
different boiling point. This mixture type is characterized by a gliding condensation and

evaporation temperature for a given pressure [65].

Azeotropic mixtures, known as R4xx, condensate and evaporate at a constant temperature for

a given pressure so that they behave as pure refrigerants during phase change [66].

The implementation of European regulations on the environment and climate eliminated
refrigerants with a high GWP, which includes R245fa and R134a, that are often used as working
fluids in ORC systems [82]. Consequently, demand arose for alternatives of these eliminated
refrigerants, which should have similar thermodynamic properties, good performance under
different operational conditions and be environmentally friendly. Several studies suggested
substitutes, such as HFO refrigerants [67], hydrocarbons, ammonia or carbon dioxide.

Furthermore, refrigerant mixtures with tuned properties were proposed [68].

Lee et al. [69] presented two low GWP refrigerants, i.e. R455A and R454C, as suitable
alternatives. Other studies have recommended synthetic refrigerants (R152a, R444A and
R445A) for many applications as substitutes for high GWP refrigerants [70-72]. Xue et al. [73]
and Sethi et al. [74] discussed that R600a and R455A can be considered as suitable for various
applications due to desirable thermodynamic properties and lower GWP. Eyerer et al. [75] and
Yang et al. [76] presented R1233zd(E) as an attractive alternative for R245fa in ORC systems.
In addition, Molés et al. [77] and Yang et al. [ 78] assessed ORC system performance by utilizing
R1336mzz(Z), R1234yf and R1233zd(E) as working fluids and alternatives for R245fa and
R134a. The authors showed that such ORC systems could yield a higher thermal efficiency.
Longo et al. [79] made a comparative study and showed that R1233zd(E) and R1234ze(Z) may
lead to a similar or higher thermal efficiency than R245fa. Moreover, Bianchi et al. [80] laid
out that R1234yf and R1234ze(E) are suitable substitutes for R134a in ORC systems.



Devecioglu et al. [81] considered a HFO/HFC mixture that showed an excellent performance.
However, most research has focused on a specific group of refrigerants only. There is still a
lack of investigations on other low GWP refrigerants, especially refrigerant mixtures, as

working fluids in dual-loop ORC systems.

In this study, 31 refrigerants were considered as working fluids for the LT-ORC. All of them
have a low GWP (<150) and negligible ODP. These working fluids include six HFO
(R1366mzz(Z), R1233zd(E), R1234ze(Z), R1234ze(E), R1234yf and R1243zf), six HC
(R600a, R290, R600, RE170, cyclopropane and R1270), seven HC mixtures (R510A, R511A,
R436A,R436B, R432A, R433A and R441A), four HC/HFC mixtures (R429A, R430A, R431A
and R435A), six HFC/HFO mixtures (R444A, R451A, R454C, R455A, R457A and R459B)
and two HFC refrigerants (R152a and R161). Their critical temperature varies from 85.60 °C
to 171.35 °C, while their critical pressure lies between 29.03 bar and 55.79 bar. The properties

of the selected refrigerants are listed in Tablel.

3. System description

The simulated system is based on an actual CD-ORC test rig, which is experimentally set up
and tested at the University of Paderborn [83]. The present simulations consider the two main
operational cycles, i.e. HT-ORC and LT-ORC. The heat source of the CD-ORC is given by
electrical heaters because of their inherently simple regulation and control, together with less
strict safety and hazard requirements. Furthermore, electrical heaters as a thermal equivalent
are a source allowing for a wide range of temperature. Their maximum thermal power is 158
kW to supply the main cycles with the required heat. Both cycles consist of the four essential
components, i.e. turbine, evaporator, condenser and pump. The simulation parameters and

components were selected to be close to the actual CD-ORC test rig.

In the heating cycle (HC), the heat transfer fluid (Therminol 66) is heated up by the electrical
heaters and transferred to the HT-ORC. The HT-ORC utilizes that heat directly, while the LT-
ORC utilizes the residual heat from the HT-ORC. In the HT cycle, the low-pressure saturated
working fluid liquid is compressed by the HT-ORC feed pump (M1) and then enters the
evaporator (HE1) to be vaporized isobarically into a saturated or superheated state. The working
fluid at high pressure and temperature is supplied to the turbine (HT-turbine) to generate
mechanical power and then electrical power via the generator (G1). After expansion, the

working fluid is still at a high temperature and the residual heat is used to drive the LT-ORC.



The expanded working fluid enters the condenser (C1) to release its remaining residual heat in

an isobaric process.

A similar thermodynamic process occurs in the LT-ORC. The working fluid absorbs the heat
from the HT-ORC and evaporates in the HE2. It expands across the turbine (LT-turbine) to
yield mechanical power output. Subsequently, the working fluid releases residual heat in the
second condenser (C2) and is converted into a saturated liquid. Finally, the working fluid is

compressed by the LT-ORC pump (M2) to continue the thermodynamic cycle.

4. Thermodynamic analysis

Simulations were carried out with EBSILON@Professional [84] to investigate system
performance under different operating conditions. Various assumptions were made to build the
simulation setup of the CD-ORC system depicted in Fig. 1.

Process (1-2): In this process, the heat transfer fluid Therminol 66 enters the HE1 to heat up
and carry thermal energy to the HT-ORC. The heat flow can be calculated by
QHC:mHC-Cp-(TZ -T) (1)
where QHC is the heat flow of the HC cycle, my. the mass flow rate, ¢, the isobaric heat
capacity of Therminol 66 and T; and T, are its temperatures at the inlet and outlet of the HE1,
respectively. The heat flow in the HC cycle is equal to the heat flow driving the HT-ORC (3-
4), leading to isobaric evaporation and superheating of the alkane in the HT-ORC. The heat
flow absorbed by the alkane in the HT-ORC can be expressed as

QHT =thyr.(hy — h3) 2)
where myr is the mass flow rate of the alkane in the HT-ORC, h; and h, are its enthalpies at
the inlet and outlet of HE1.

Process (4-5) refers to the adiabatic expansion work of the HT-turbine. High pressure and
temperature alkane enters and expands across the HT-turbine into a low pressure state. The HT-
turbine power output is given by

WT,HT = tyr. (hy — hs) 3)
where h, and hg are the enthalpies at the inlet and outlet.

Process (6-7) refers to the isobaric condensation of the alkane in the HT-ORC, which releases
residual heat in condenser C1 and can be calculated by

Qc1 = myr. (he — h7) 4)

where hg and h, are the enthalpies at the inlet and outlet.
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Process (7-3) is the compression with pump M1 that can be determined as

WP,HT =myr.(hs — h7) (5)
where h, and h; are the enthalpies at the inlet and outlet.

The thermal efficiency of the HT-ORC can be defined as the ratio of the net power output to
the heat flow input to the HT-ORC

Neh = — (6)
where Wnet,HT = WT,HT - WP,HT-

Process (5-6): The heat flow from the HT-ORC is transferred to the LT-ORC via HE2 and is
equal to that absorbed by the working fluid in the LT-ORC in process (8-9)

QLT =myr.(hg — hg) (7)
where m;  is the mass flow rate of the refrigerant in the LT-ORC, hg and hq are its enthalpies
at the inlet and outlet.

Process (9-10) refers to the refrigerant expansion across the LT-ORC turbine and the power
output is given by

WT,LT = myr. (hg — hyp) )
where hg and h; are the enthalpies at the inlet and outlet.

Process (10-11) is the isobaric residual heat discharge of the refrigerant in the LT-ORC
condenser C2

ch = myr. (hyo — h11) 9)
where h,, and h,; are the enthalpies at the inlet and outlet.

Process (8-11): After condensation, the refrigerant is compressed adiabatically by the pump
M2. The pump work in the LT-ORC is

WP,LT =myr.(hg — h11) (10)
where h,; and hg are the enthalpies at the inlet and outlet.

The thermal efficiency of the LT-ORC can be defined as the ratio of the net power output to
the heat flow input to the LT-ORC

Nen = —5 (11)

where Wnet,LT = WT,LT - WP,LT-
The total thermal efficiency of the CD-ORC is

Wnet,total

(12)

Nthtotal = P
HC
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where Wret totat = Wnet it + Weti7-
The exergy flow input can be calculated as
Egq=riyr[(hy — h3) — To(s4 — 53)] (13)
where T is the ambient temperature, h; and h, are working fluid enthalpies at the inlet and
outlet of HE1, respectively, while s3 and s, are the corresponding entropies.
The exergy efficiency of the HT-ORC can be calculated as

Wn.et,HT

= s 14
77ex,HT Ein ( )

Finally, the total exergy efficiency of CD-ORC system can be calculated as

_ Wnet,total
77ex,total - I (15)
in

5. Assumptions

The CD-ORC process was simulated with the software EBSILON@Professional and the
underlying thermophysical properties of the working fluids were supplied by REFPROP 10
[85] that rests on the most accurate equations of state as recommended by the National Institute
of Science and Technology. The system was driven by heat from electrical heaters with a
maximum heat flow of 158 kW. Evaporators and condensers of the CD-ORC system were
assumed to be counter-current heat exchangers with a saturated or superheated outlet. It was
operated under steady-state conditions in a steady flow process, neglecting potential and kinetic
energy changes. Heat loss and pressure drop in pipelines and components as well as friction
losses were neglected, except for turbine and pump efficiencies. The turbine inlet temperature
was assumed to be lower than the critical temperature of the working fluid to avoid critical
conditions. Isentropic efficiency of turbines and pumps in the HT and LT-ORC was set to 75%
and the minimum pinch point temperature difference in evaporators and condensers was set to
5 °C. The minimum condensation temperatures were specified to be 50 °C and 35 °C in the
HT-ORC and the LT-ORC, respectively. These assumptions and simulation parameters are
listed in Table 2.

6. System validation

Due to the lack of work on CD-ORC systems (under the same operating conditions and the
same working fluids), the present HT-ORC simulation was validated against literature data of

a regular ORC system. The HT-ORC thermal efficiency was compared with results of Uusitalo

12



et al. [86], where cyclohexane, cyclopentane, octane, heptane, hexane and pentane were
considered as working fluids. To validate the present simulations, input parameters and
conditions were the same as those in Ref. [86]: condensation temperature of 50 °C, n,=0.75, no
recuperator and a small degree of superheating were set for all working fluids in the HT-ORC
and a maximum evaporation pressure (p./p.~0.9) was used to keep the working fluid below
critical conditions. Moreover, the inlet state of the LT-ORC (heat flow and turbine inlet
temperature) was compared with our previous experimental work using propane and butane as
working fluids in the LT-ORC [83,100]. The thermal efficiency of butane was also compared
with the study of Uusitalo et al. [86] at a turbine inlet temperature of 100 °C. The system
behavior corresponded with the thermodynamic analysis of the thermal efficiency of the regular
ORC system by using the same working fluids as in Refs. [53,54]. A comparison of the present
work with these references is made in Table 3. Based on that the good agreement with literature

work, the present simulation model can be assumed to be validated.
7. Results and discussion

CD-ORC system performance in terms of thermal efficiency was simulated by adopting alkanes
and low GWP refrigerants as working fluids. The first goal was to estimate the HT-ORC
performance by employing cyclic and linear alkanes. The second goal was to simulate and
analyze the entire CD-ORC and its overall system performance by utilizing low GWP
refrigerants in the LT-ORC. A comparison between the regular and the CD-ORC was made.
This includes a study on the relationship between the critical temperature of the working fluid
and the thermal efficiency as well as the effect of the HT-ORC on the LT-ORC. In addition,
light is shed on the effectiveness of the CD-ORC for increasing the total thermal efficiency.

7.1 Thermal efficiency of the HT-ORC

A wide range of heat source temperature in increments of 10 °C was explored to study the
thermal efficiency of the HT-ORC. Simulations were carried out by adopting cyclopentane,
cyclohexane, pentane, hexane, heptane and octane as working fluids. The maximum applied
heat source temperature was limited such that the HT-turbine inlet temperature was lower than
the critical temperature of the given working fluid to avoid critical conditions. Consequently,
the heat source temperature was in the range of 170-270 °C for cyclopentane, 170-320 °C for
cyclohexane, 170-250 °C for pentane, 170-270 °C for hexane, 170-300 °C for heptane and 170-
330 °C for octane.
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Fig. 2 shows thermal efficiency of the HT-ORC for this variation. As expected, an increasing
trend of the thermal efficiency with heat source temperature was found for all working fluids.
Simulation data indicate that cyclohexane has the most pronounced increase of thermal
efficiency, while pentane has the lowest. The thermal efficiency increased from 11.53% to
19.13% for cyclohexane, from 11.28% to 18.03% for cyclopentane, from 9.52% to 17.22% for
octane, from 8.83% to 16.22% for heptane, from 8.45% to 15.21% for hexane and from 7.95%
to 13.92% for pentane. The main reason for that increasing trend is that the absorbed heat from
the heating cycle and the net power output increase with rising heat source temperature.
However, the net power output outweighs the increasing rate of the absorbed heat so that the
thermal efficiency increases gradually with heat source temperature. Generally, a higher critical
temperature is suitable for bringing the turbine inlet temperature to a high level, which may
allow for an increase of the enthalpy difference across the turbine and leads to higher net power
output and thermal efficiency. In addition, a higher critical temperature allows for a better use
of the heat source. At a higher temperature, the heat flow carries a larger share of exergy, which

is an indicator of the quality of energy.

The results show that the cyclic alkanes allow for a better thermal efficiency than the linear
alkanes. Cyclic alkanes exhibit higher evaporation temperature levels, which leads to a suitable
temperature match between heat source and working fluid to enhance the heat transfer between
the heating cycle and the HT-ORC. Moreover, there is a direct correlation between thermal
efficiency and critical temperature of the working fluid in each group. It can be seen that the
thermal efficiency rises with the critical temperature of the working fluid. Fig. 3 depicts the
relation between the thermophysical properties of working fluids and the maximum thermal
efficiency of the HT-ORC. In each working fluid group (linear and cyclic alkanes), the thermal
efficiency increases with rising critical temperature and molar mass. In contrast, it falls with

increasing critical pressure in each working fluid group.

These results correspond to the findings of Shu et al. [53] and Liu et al. [54]. These authors
investigated the thermal efficiency by employing cyclohexane, cyclopentane, octane, heptane,
hexane and pentane as working fluids. They reported that the thermal efficiency of cyclohexane
and cyclopentane is superior to that of linear alkanes. Uusitalo et al. [86] also showed that cyclic

alkanes may achieve a higher thermal efficiency than linear alkanes.

14



7.2 Exergy flow analysis

Exergy indicates the quality of energy and defines the maximum achievable work during a
process that brings the system into equilibrium with its environment [101]. An analysis was
undertaken to determine the exergy flow input at the maximum applied heat source temperature,
where each working fluid achieved its maximum thermal efficiency. Fig. 4 (a) depicts the
variation of exergy flow input with the maximum heat source temperature of the HT-ORC. The
highest exergy flow input was 49.16 kW at a heat source temperature of 330 °C when using
octane as working fluid, while the lowest exergy flow input was 36.92 kW at a heat source
temperature of 250 °C when using pentane as a working fluid. In other words, the exergy flow
input directly depends on the critical temperature of the working fluid. It also depends on the
state of the system, and the environment and the temperature difference between the highest
(the outlet of the HE1) and lowest temperature (the inlet of the HE1) as well as the mass flow
rate of the working fluid. The inlet temperature of HE1 was constant for all working fluids, but
the outlet state was limited by the critical temperature of the working fluid so that octane was

capable to absorb the highest exergy flow input.

Fig. 4 (b) depicts the variation of exergy efficiency of the HT-ORC at the maximum heat source
temperature, where each working fluid achieved its maximum thermal efficiency. The highest
exergy efficiency was 43.02% at a heat source temperature of 320 °C when using cyclohexane
as a working fluid, while the lowest exergy efficiency was 31.58% at a heat source temperature
of 250 °C when using pentane as a working fluid. In analogy to the thermal efficiency
calculations, there is a direct correlation between exergetic efficiency and critical temperature

of the working fluid in each group.
7.3 Thermal efficiency of the LT-ORC

The thermal efficiency of the LT-ORC was simulated for a wide heat source temperature range
and only its maximum value is shown in Figs. 5 (a) to 8 (a). Throughout, maximum thermal
efficiency was achieved at the highest heat source temperature. The thermal efficiency was
determined for all HT-ORC and LT-ORC working fluid combinations. Figs. 5 (b) to 8 (b) depict
the variation of maximum thermal efficiency with critical temperature, where the LT-ORC

working fluids are grouped.

Fig. 5 (a) shows the maximum thermal efficiency of the LT-ORC when cyclohexane is used as

a working fluid in the HT-ORC. The results represent data for a wide range of the heat source
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temperature from 170 °C to 330 °C. In general, it can be seen that there is a relation between
the critical temperature of the working fluid and the efficiency, as shown in Fig. 5 (b). Working
fluids with a higher critical temperature in the range from 171.35 °C to 102.10 °C achieved a
thermal efficiency from 13.20% to 9.32%, while refrigerants with a lower critical temperature
in the range from 97.25 °C to 85.60 °C had a thermal efficiency from 9.54% to 6.81%. The LT-
ORC has the highest thermal efficiency of 13.20% with R1366mzz(Z), followed by R1233zd(E)
12.70%, cyclopropane 12.50%, butane 12.48% and R1234ze(Z) 12.40%. The lowest thermal
efficiency was 7.66 %, 7.22%, 6.90%, 6.83% and 6.80% for R457A, R431A, R459B, R454C
and R455A in the LT-ORC, respectively. Among the LT-ORC working fluids, the HC and HFO
yield a higher thermal efficiency in the range from 13.20% to 8.02% compared to the other

refrigerant groups.

Fig. 6 (a) illustrates the LT-ORC thermal efficiency when using cyclopentane in the HT-ORC
and varying refrigerants in the LT-ORC. The system was investigated for a heat source
temperature range from 170 °C to 270 °C and the results also indicate that the thermal efficiency
increases with the critical temperature for all refrigerants in the LT-ORC. The thermal
efficiency of R1366mzz(Z), R1233zd(E), cyclopropane, butane and R1234ze(Z) is the highest.
In contrast, lower thermal efficiency was achieved by R457A, R431A, R459B, R454C and
R455A. Pure refrigerants, namely HFO, HC and HFC, achieved a thermal efficiency ranging
from 7.45% to 11.86%, 6.77% to 11.58% and 8.32% to 8.85%, respectively. Moreover, a
thermal efficiency from 7.12% to 10.65%, 6.11% to 9.87% and 5.70% to 8.65% was reached
with HC, HC/HFC and HFC/HFO mixtures. Fig. 6 (b) shows the increase of thermal efficiency

with the critical temperature of the refrigerants.

Fig. 7 (a) depicts the thermal efficiency of the LT-ORC by employing octane as a working fluid
in the HT-ORC. The system was investigated for a heat source temperature range from 170 °C
to 330 °C. The highest thermal efficiency was 13.40%, 13.22%, 13.20%, 13.11% and 13.08%
for R1366mzz(Z), R1233zd(E), cyclopropane, butane and R1234ze(Z), respectively. In
contrast, lower thermal efficiencies of 7.87%, 7.34%, 7.15%, 7.05% and 7.01% were found for
R457A, R431A, R459B, R454C and R455A. Fig. 7 (b) indicates that the pure refrigerant
groups, namely HFO, HC and HFC, exhibit a thermal efficiency ranging from 9.11% to 13.40%,
8.10% to 13.11% and 9.75% to 10.78%. Thermal efficiency ranged from 9.03% to 12.22%,
7.34% to 11.98% and 7.01% to 10.02% for HC, HC/HFC and HFC/HFO mixtures.
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Fig. 8 (a) illustrates the variation of the LT-ORC thermal efficiency when using heptane in the
HT-ORC. The system was investigated for a heat source temperature range from 170 °C to 300
°C. The highest thermal efficiency was 12.20%, 12.00%, 11.98%, 11.95% and 11.90% by using
R1366mzz(Z), R1233zd(E), cyclopropane, butane and R1234ze(Z), respectively. A thermal
efficiency of 7.55%, 7.02%, 6.77%, 6.60% and 6.55% was found for R457A, R431A, R459B,
R454C and R455A. Fig. 8 (b) shows the increase of thermal efficiency with rising critical
temperature of the refrigerants. The pure refrigerant groups, namely HFO, HC and HFC, exhibit
a thermal efficiency ranging from 8.23% to 12.20%, 7.71% to 11.95% and 8.64% to 9.70%.
Thermal efficiency ranged from 8.10% to 11.02%, 7.02% to 10.45%, and 6.55% to 9.12% for
HC, HC/HFC and HFC/HFO mixtures.

Hexane and pentane as working fluids in the HT-ORC lead to a further reduced thermal
efficiency so that they are not described here in detail. The according results are depicted in

Figs S1 and S2 of the supplementary material.

The present data clearly indicate that pure fluids are preferred over refrigerant mixtures in any

of the considered scenarios.

Fig. 9 summarizes the variation of the LT-ORC thermal efficiency for all working fluid
combinations. It can be seen that the highest thermal efficiency of the LT-ORC was achieved
with octane as a working fluid in the HT-ORC, while the lowest thermal efficiency was
achieved with pentane as a working fluid in the HT-ORC. The figure demonstrates the effect
of the working fluids’ critical temperature on the thermal efficiency not only for the HT-ORC
but also for the LT-ORC. For example, butane achieved a thermal efficiency of 13.11% when
octane (with the highest critical temperature) was used as a working fluid in the HT-ORC. In
comparison, butane achieved a thermal efficiency of only 8.80% when using pentane (with the
lowest critical temperature) as a working fluid in the HT-ORC. Since the outlet of the HT-ORC
turbine is the heat source of the LT-ORC, working fluids with a high critical temperature in the

HT-ORC lead to an increase of the LT-ORC thermal efficiency.

It can be seen that the thermal efficiency of the LT-ORC is also highly affected by the critical
temperature of the refrigerants. This can be explained by the fact that refrigerants with a high
critical temperature allow for a higher turbine inlet temperature than refrigerants with a lower
critical temperature. Moreover, a high critical temperature allowed for a high evaporation
temperature, which leads to an increase of thermal efficiency and an increase of the enthalpy

difference across the turbine. Generally, a high critical temperature enhances the utilization of
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heat source temperature and is more suitable for temperature matching between the heat source
and the working fluids. The effect of the critical temperature of alkanes acts not only on the

HT-ORC, but on the LT-ORC as well.

Fig. 10 shows the total thermal efficiency of the CD-ORC for all working fluid combinations.
The term (x-y) refers to x and y as working fluids in the HT-ORC and the LT-ORC,
respectively. The results indicate that the highest total thermal efficiency of 25.24% was
achieved by the combination (cyclohexane-R1366mzz(Z)) as working fluids in the CD-ORC
system. In contrast, the lowest total thermal efficiency of 15.58% was obtained by employing
the combination (pentane-R455A). A very high total thermal efficiency of 24.88%, 24.60%,
24.44% and 24.11% was also achieved by employing the combinations (cyclohexane-
R1233zd(E)), (cyclohexane-butane), (cyclohexane-R1234ze(Z)) and (cyclohexane-isobutane),

respectively.

7.4 Improvement of thermal efficiency

The total thermal efficiency of the CD-ORC was compared to that of a regular ORC under six
conditions to analyze the percentage by which the thermal efficiency increased. This analysis
is based on a comparison of the highest thermal efficiency of the HT-ORC by adopting alkanes
as a working fluid and the highest thermal efficiency of the CD-ORC system by adopting a
combination of (alkane-R1366mzz(Z)). The combination (alkane-R1366mzz(Z)) was selected
under all conditions because the CD-ORC always reached its highest total thermal efficiency
by using R1366mzz(Z) in the LT-ORC. The combinations (cyclohexane-R1366mzz(Z)),
(cyclopentane-R1366mzz(Z)), (octane-R1366mzz(Z)), (heptane-R1366mzz(Z)), (hexane-
R1366mzz(Z)) and (pentane-R1366mzz(Z)) were used as working fluids under conditions 1 to
6 in the HT-ORC and LT-ORC of the CD-ORC system. The heat source temperature and the
working fluids are listed in Table 4. Fig. 11 shows a comparison of the thermal efficiency of
regular and CD-ORC wunder these conditions. The CD-ORC with the combination
(cyclohexane-R1366mzz(Z) may enhance the thermal efficiency by a quarter, compared to the
regular ORC (with cyclohexane as working fluid) at the maximum applied heat source
temperature under condition 1. The comparison also shows the rise of the thermal efficiency
under conditions 2 to 6, respectively. The results indicate that the thermal efficiency of the CD-
ORC is higher than that of regular ORC, which is evidence of a more efficient utilization of the
heat source. The addition of the LT-ORC in the CD-ORC led to more turbine power output and

a higher thermal efficiency.
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7.5 Improvement of exergy efficiency

This section focuses on the analysis of the total exergy efficiency that can be achieved with the
CD-ORC system. The results indicate that the highest total exergy efficiency of 56.23% was
achieved by the combination (cyclohexane-R1366mzz(Z)) as working fluids in the CD-ORC
system. A very high total exergy efficiency of 54.85%, 54.23%, 53.54% and 53.14% was also
achieved with the combinations (cyclohexane-R1233zd(E)), (cyclohexane-butane),
(cyclohexane-R1234ze(Z)) and (cyclohexane-isobutane), respectively. By comparing the
results of the total exergy efficiency of CD-ORC with that of the HT-ORC, the expected
increase of the total exergy efficiency due to the increase of the net power output can be noticed.
The results of exergy efficiency agree with the analysis of Braimakis et al. [19], who reported

that the exergy efficiency may improve using a dual-loop ORC.

8. Conclusions

Alkanes and low GWP refrigerants were considered to investigate the thermal efficiency of the
CD-ORC system. Simulations with EBSILON@Professional were carried out for a wide range
of heat source temperature. The relation between the thermal efficiency and the critical
temperature of the working fluids was analyzed. In the HT-ORC, the thermal efficiency is
highly affected by the critical temperature, molecular mass and critical pressure. The results
confirm that cyclic alkanes may achieve a higher thermal efficiency than linear alkanes. Thus,
the thermal efficiency of alkanes rises with the critical temperature of same group. Among the
HT-ORC working fluids, cyclohexane provided the best thermal efficiency of 19.13%, while
pentane achieved the worst thermal efficiency of 13.92%. The LT-ORC analysis with respect
to the thermal efficiency was carried out by employing low GWP refrigerants as working fluids.
Refrigerants with a high critical temperature are superior to other refrigerants. Relatively,
R1366mzz(Z), R1233zde(E), cyclopropane, butane and R1234ze(Z) showed the highest
thermal efficiency in the LT-ORC and refrigerant mixtures were found to be less suitable. The
CD-ORC system achieved a total thermal efficiency of 25.24%, 24.88%, 24.60%, 24.44% and
24.11% Dby utilizing the combinations (cyclohexane-R1366mzz(Z)), (cyclohexane-
R1233zd(E)), (cyclohexane-butane), (cyclohexane-R1234ze(Z)) and (cyclohexane-isobutane),
respectively. The CD-ORC system with a heat source temperature in the range from 170 °C to
330 °C exhibited a favorable performance when using refrigerants with a high critical

temperature. Compared to the regular ORC, the CD-ORC system may lead to an increase of the
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thermal efficiency by up to a quarter. The results indicate that HFO refrigerants (namely
R1366mzz(Z), R1233zd(E) and R1234ze(Z)) and HC refrigerants (namely butane,
cyclopropane and isobutane) may be good alternatives for the refrigerants that are excluded by
environmental regulations. Future work will include testing low GWP refrigerants as working
fluids in CORC systems practically, since our department has a CORC test rig. Emphasis will
also be placed on the simulation of environmentally friendly refrigerants under different

conditions as working fluids in ORC as an alternative to excluded refrigerants.
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Nomenclature

C1
C2
HEI
HE2
GWP
Gl
G2
LNG

MHC
WHT

mLr

HT-ORC condenser [-]

LT-ORC condenser [-]

HT-ORC heat exchanger [-]
LT-ORC heat exchanger [-]
Global warming potential [-]
HT-ORC generator [-]

LT-ORC generator [-]

Liquefied natural gas [-]

Heating cycle pump [-]

HT-ORC pump [-]

LT-ORC pump [-]

Cooling cycle pump [-]

Isobaric heat capacity [kJ/(kg K)]
Exergy flow input [kW]
Enthalpy [kJ/kg]

Mass flow rate in heating cycle [kg/s]
Mass flow rate in HT-ORC [kg/s]
Mass flow rate in LT-ORC [kg/s]
Molar mass [g/mol]

Critical pressure [bar]
Evaporation pressure [bar]

Heat flow [kW]

Entropy [kJ/(kg K)]

Critical temperature [°C]

Net power output [kW]

Pump power [kW]

Turbine power output [kW]
Exergy efficiency of HT-ORC [%]
Turbine efficiency [%]

Thermal efficiency [%]
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Table 1. Properties of working fluids considered in this work.

Substance IUPAC name / Composition* T. [°C] pe[bar] M [g/mol] ODP GWP Refs.
Alkanes
Octane Octane 295.59 24.836 114.23 0 ~20 [85,40]
Cyclohexane Cyclohexane 280.45 40.805 84.159 0 ~20 [87,40]
Heptane Heptane 267.05 27.357 100.2 0 ~20 [85,40]
Cyclopentane Cyclopentane 238.57 45.828 70.133 0 ~20 [88,40]
Hexane Hexane 234.67 30.441 86.175 0 ~20 [85,40]
R601 Pentane 196.55 33.675 72.149 0 ~20 [85,40]
HFO
R1366mzz(Z) (Z2)-1,1,1,4,4,4-Hexaflouro-2-butene 171.35 29.03 164.06 0 9 [85,98]
R1233zd(E) trans-1-chloro-3,3,3-trifluoro-1-propene 166.45 36.237 130.5 0 4.5 [89,98]
R1234ze(Z) cis-1,3,3,3-Tetrafluoropropene 150.12 35.306 114.04 0 7 [91,98]
R1234z¢(E) trans-1,3,3,3-Tetrafluoropropene 109.26 36.349 114.04 0 7 [94,98]
R1243zf 3,3,3-Trifluoropropene 103.78 35.179 96.051 0 149 [85,98]
R1234yf 2,3,3,3-Tetrafluoroprop-1-ene 94.7 33.822 114.04 0 4 [97,98]
HC
R600 Butane 151.98 37.96 58.122 0 4 [90,98]
R600a Isobutane 134.66 36.29 58.122 0 3 [90,98]
RE170 Dimethyl ether 127.23 53.368 46.068 0 3 [92,98]
Cyclopropane Cyclopropane 125.15 55.797 42.081 0 ~20 [85,40]
R290 Propane 96.74 42.512 44.096 0 3 [96,98]
R1270 Propylene 91.061 45.55 42.08 0 2 [85,98]
HFC
R152a 1,1-Difluoroethane 113.26 45.168 66.051 0 124 [93,98]
R161 Fluoroethane 102.1 50.46 48.06 0 12 [95,98]

*The composition is given in terms of the mass fraction.
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Substance IUPAC name / Composition* T. [°C] pe[bar] M [g/mol] ODP GWP Refs.
HC mixtures
R510 0.88 RE170, 0.12 R00a 125.67 51.186 47.244 0 3 [85,99]
R441A 0.031 R170, 0.548 R290, 0.06 R600a, 0.361 R600  118.47  44.928 48.305 0 0 [85,98]
R436B 0.52 R290, 0.48 R600a 117.43 42.509 49.873 0 20 [85,99]
R436A 0.56 R290, 0.44 R600a 115.89 42.728 49.334 0 20 [85,99]
R432A 0.8 R1270, 0.2 RE170 97.256 47.564 42.821 0 16 [85,99]
R511A 0.95 R290, 0.05 RE170 96.977 42.879 44.19 0 9 [85,98]
R433A 0.3 R1270, 0.7 R290 94.416 43.454 43.471 0 20 [85,99]
HC/HFC mixtures
R435A 0.8 RE170, 0.2 R152a 123.07 51.919 49.035 0 27 [85,98]
R429A 0.6 RE170, 0.1 R152a, 0.3 R600a 121.95 47.297 50.762 0 14 [85,98]
R430A 0.76 R152a, 0.24 R600a 107.2 40.891 63.957 0 110 [85,98]
R431A 0.71 R290, 0.29 R152a 89.591 42.069 48.8 0 53 [85,98]
HFC/HFO mixtures

R444A 0.12 R32, 0.05 R152a, 83 R1234z¢E 106.36 44.728 96.696 0 150 [85,98]
R451A 0.898 R1234yf, 0.102 R134a 94.364 34.43 112.69 0 149 [85,98]
R457A 0.18 R32, 0.12 R152a, 0.7 R1234yf 90.046 43.08 87.605 0 139 [85,98]
R459B 0.21 R32, 0.69 R1234yf, 0.10 R1234z¢(E) 87.468 43.606 91.208 0 145 [85,98]
R454C 0.215 R32, 0.785 R1234yf 85.669 43.188 90.776 0 148 [85,98]
R455A 0.03 CO2, 0.215 R32, 0.755 R1234yf 85.609 46.538 87.453 0 145 [85,98]

*The composition is given in terms of the mass fraction.
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Table 2. Assumptions and operational conditions.

Parameter value
Isentropic efficiency of turbines 75%
Mechanical efficiency of turbines 98%
Isentropic efficiency of pumps 75%
Mechanical pump efficiency 98%
Electric pump efficiency 85%
Efficiency of generators 90%
Power factor of generators 85%
Motor efficiency of pumps 85%
Minimum condensation temperature (HT-ORC) 50 °C
Minimum condensation temperature (LT-ORC) 35°C
Minimum condensation pressure 1 bar
Mass flow rate of the HT-ORC 0.120-0.165 kg/s
Mass flow rate of the LT-ORC 0.05-0.10 kg/s
Minimum PPTD in evaporators 5°C
Minimum PPTD in condensers 5°C

Table 3. Comparison with the work by Uusitalo et al. [86].

Thermal efficiency [%]

Working fluids This work Ref. [86] Absolute difference
Cyclohexane 19.13 18.70 0.43
Cyclopentane 18.03 17.78 0.25

Octane 17.22 17.04 0.18
Heptane 16.23 16.52 0.29
Hexane 15.21 15.69 0.48
Pentane 13.92 14.08 0.16
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Table 4. Different conditions for comparison the thermal efficiency of regular and CD-ORC.

Condition 1

Heat source temperature
Regular ORC working fluid
CD-ORC working fluids

320 °C
Cyclohexane
Cyclohexane-R1366mzz(Z)

Condition 2

Heat source temperature
Regular ORC working fluid
CD-ORC working fluids

270 °C
Cyclopentane
Cyclopentane-R1366mzz(Z)

Condition 3

Heat source temperature
Regular ORC working fluid
CD-ORC working fluids

330 °C
Octane
Octane-R1366mzz(Z)

Condition 4

Heat source temperature
Regular ORC working fluid
CD-ORC working fluids

300 °C
Heptane
Heptane-R1366mzz(Z)

Condition 5

Heat source temperature
Regular ORC working fluid
CD-ORC working fluids

270 °C
Hexane
Hexane-R1366mzz(7)

Condition 6

Heat source temperature
Regular ORC working fluid
CD-ORC working fluids

250 °C
Pentane
Pentane-R1366mzz(Z)
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S.1 Uncertainties analysis of simulation

Working fluid properties in the simulation software (Ebsilon@Professional) are based on
REFPROP, which is a Helmholtz energy equation of state library. Typical uncertainties of the
thermodynamic properties of the selected working fluids vary from 0.01% to 0.1% in terms of
speed of sound, from 0.5% to 2% in terms of heat capacity and from 0.02% to 1% in terms of
vapor pressure [1]. The uncertainties are larger for most of the selected working fluids in their

critical region, but that range of states was avoided in this study.
S.2 Simulation assumption

In this simulation, the heat source temperature was set for each working fluid such that the
turbine inlet temperature was below the critical temperature with a small superheating degree.
A screw expander was assumed with an isentropic efficiency of 0.75, which is a common value
[2]. The minimum condensation temperature in both cycles was between 35 °C and 50 °C,
which is reasonable for most ORC systems and allows to validate the present results with those
of reference [3]. No recuperator or internal heat exchanger was adopted in this investigation
due the design of the CORC system [2]. The pinch point temperature difference in the heat
exchangers and condensers was set to 5 °C following literature practice [4,5]. The maximum
evaporation pressure was set to be lower than the critical pressure. The mechanical efficiency
of turbines and pumps, efficiency and power factor of generators were assumed to be standard

values as in most simulation and experimental works.
S.3 Exergy loss analysis

The exergy analysis was assessed for each component in the CD-ORC in cases where the
highest total exergy efficiency was reached. From Fig. S4, it can be seen that the highest exergy
loss occurs in the evaporator due to the irreversibility during heat transfer. The exergy loss in
the evaporator was 69.4%, 70.1%, 72.5% and 72.8% using the combinations (cyclohexane-
R1233zd(E)), (cyclohexane-butane), (cyclohexane-R1234ze(Z)) and (cyclohexane-isobutane),
respectively. These results agree with the analyses of Safarian et al. [6] and Li et al. [7].
Moreover, the evaporator represents the critical component in the CD-ORC and has a more

dominating effect on the system performance than other components.

The exergy loss of the element i can be calculated
li= EM-Eo%

where E/™ is the exergy flow into element i and E% is the outlet exergy of element i.
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Fig. S1. (a) Variation of the LT-ORC maximum thermal efficiency by using hexane as a
working fluid in the HT-ORC and (b) relation between maximum thermal efficiency and
critical temperature of the working fluid in the LT-ORC.
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Fig. S2. (a) Variation of the LT-ORC maximum thermal efficiency by using pentane as a
working fluid in the HT-ORC and (b) relation between maximum thermal efficiency and
critical temperature of the working fluid in the LT-ORC.



Build CORC system in
Ebsilon(@ Professional

h 4

Select working fluids
alkanes + low GWP refrigerants

¥

Set assumptions and simulation
parameters

Y

Simulation process

Error

NO

Calculate of thermal and exergy
efficiencies

Fig. S3. Methodological approach diagram of the present simulation procedure.



Evaporator §9.4% Evaporator 70.1%

Pump 1.3% Pump 1.8%

Eundenser 8% Condenser 4.5%

Turl‘:i ne 23.8%

Turbine 26.5%

(a) (b)

Evaporator 72.5% Evaporator 72.8%
4 \\

\

\

Pump 1.3% Pump 1.4%

Condenser 3.6% Condenser 4.1%

\

Turbine 22.6% Turi)ine 21.7%

Fig. S4. Percentage of exergy loss in the components of the CD-ORC using the working fluid
combinations (a) (cyclohexane-R1233zd(E)), (b) (cyclohexane-butane), (c) (cyclohexane-
R1234ze(Z)), (d) (cyclohexane-isobutane).



Table S1. Properties of Therminol 66 [44].

Properties
Autoignition temperature (DIN 51794) 399°C
Maximum film temperature 375°C
Normal boiling point 359°C
Recommended bulk temperature 345°C
Flash point 184°C
Average molecular weight 252 g/mol
Chlorine content, ppm (DIN 51577) <10 ppm
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