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Abstract

The phase-out of hydrofluorocarbons triggered by the enforcement of new environ-

mental regulations forces the search for new substances that comply with the stricter en-

vironmental requirements, while offering similar thermodynamic performance and safety

features. Olefins containing fluorine and/or chlorine have the potential to be used as re-

placement fluids with sufficient performance. Currently, only a few halogenated olefins are

available on the market for their use as refrigerants or working fluids, but the potential

of all other possible olefinic molecules has not yet been studied. In this work we present

a comprehensive evaluation of halogenated olefins of up to five carbon atoms, containing

fluorine and/or chlorine, as potential working fluids for use in organic Rankine cycle power

systems. To this end, tailored predictive models for the thermophysical properties of the

considered olefins are used to explore the potential use of halogenated olefins having low

global warming potential and low ozone depletion potential as working fluids for organic

Rankine cycle power systems. The results indicate that options with good thermodynamic

performance exist for both low and high temperature applications, each of them implying

the use of more fluorinated or more chlorinated olefins, respectively. Preliminary estimates

indicate reasonable environmental and safety features for these options, however, a deeper

study to confirm their compliance with regulations on ozone protection or global warming

should be carried out for their future use. Furthermore, these options may be consid-

ered as future replacements for current flammable working fluids for high temperature

applications, where they may even outperform them in terms of net power output.

Keywords: halogenated olefins; organic Rankine cycle; thermophysical properties;
fluid screening; property prediction.

∗Corresponding author
Email address: maemmo@mek.dtu.dk (Maria E. Mondejar)

Preprint submitted to Applied Energy March 30, 2020



Nomenclature

Q̇ heat rate, kW

Ẇ power, kW

τ atmospheric lifetime, years

T temperature, K

p pressure, bar

Abbreviations

CFC chlorofluorocarbons

GCM group contribution method

GWP global warming potential over 100 years
relative to CO2

HCFO hydrochlorofluoroolefins

HFC hydrofluorocarbons

HFO hydrofluoroolefins

ODP ozone depletion potential relative to
CFC-11

ORC organic Rankine cycle

PR-EoS Peng-Robinson equation of state

RE radiative efficiency, Wm−2ppb−1

SP turbine size factor, m

Subscripts

b boiling

c critical

net net

pred predicted

r reduced magnitude

ref reference value

1. Introduction

Since the early 1930s, when chlorofluorocarbons (CFCs) were introduced
as synthetic refrigerants, replacing hydrocarbons (HCs), refrigerants have fol-
lowed an evolution through different chemical categories driven primarily by
the environmental impact of each group. When CFCs were found to be re-
sponsible for the ozone layer depletion [1], an agreement was signed under the
Montreal Protocol [2] to replace them with substances with lower ozone de-
pletion potential (ODP) and thus hydrochlorofluorocarbons (HCFCs), with
lower ODP, came to the scene. However, the high global warming potential
of HCFCs provoked their rapid phase-out in favor of a new group, the hy-
drofluorocarbons (HFCs), which featured null ODP and lower, although still
high, global warming potential (GWP).

Although HFCs are still in use today, recent rules stricter on greenhouse
gases emissions are bringing their days to an end. It is estimated that HFCs
contribute to 2-19 % of the total greenhouse gases emissions [3, 4]. On this
basis, on the 15th October 2016, the European Parliament prompted the
amendment of the European regulation on fluorinated substances (i.e., the
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F-gas regulation) to the Montreal Protocol, thus enforcing a phasing-out
schedule for HFCs in a total of 197 countries. Under this agreement, the
involved countries committed to a transition phase for HFCs by gradually
decreasing their use until their final phase-out by January 2020 (in the case of
developed countries). Within this regulatory scene, new chemicals are being
investigated for their use as replacement fluids in refrigeration systems, heat
pumps, and organic Rankine cycle (ORC) power systems.

A number of candidate fluids for the replacement of HFCs, such as hy-
drofluoroolefins (HFOs), hydrochlorofluoroolefins (HCFOs), the so-called nat-
ural refrigerants (i.e., HCs, CO2, ammonia), siloxanes, and hydrofluoroethers
(HFEs), are being investigated. However, none of the proposed replacements
is free from shortcomings, and this makes the selection of the optimal fluid a
trade-off between multiple criteria (e.g., thermodynamic performance, safety
characteristics, environmental properties). McLinden et al. [5] stated re-
cently that only a limited number of fluids have the combination of chemi-
cal, environmental, thermodynamic, and safety properties required for their
viable utilization in refrigeration systems. This results from the observa-
tion that, while some working fluids present excellent thermodynamic per-
formance in refrigeration cycles, their environmental or safety characteristics
hinder their use, forcing the utilization of other fluids with lower perfor-
mance. On the contrary, some fluids present acceptable environmental fea-
tures and thermodynamic performance, but they exhibit high flammability
(i.e., HCs), or their use is restricted to specific temperature ranges. Fig-
ure 1 shows the distribution of the critical temperature and critical pressure
of fluids containing up to ten carbon atoms belonging to different chemi-
cal groups, based on the database of the CRC handbook of Chemistry and
Physics [6]. The working fluid critical temperature determines the maximum
evaporation temperature for subcritical ORC units, so that only fluids with
high critical temperatures can be used for high temperature applications.
Although fluids with high critical temperatures may also be used for low
temperature applications, this often implies higher operation pressures to be
considered for the unit design, and working fluids with low critical temper-
atures are most often found as optimal for these cases [7, 8]. As it can be
observed, fluids under a phase-out schedule, such as HFCs, HCFCs or per-
fluorocarbons (PFCs), cover a critical temperature range from (350 to 450)
K. Natural refrigerants (e.g., HCs) cover a wider temperature range, which
allows them to be used in both low-temperature and high-temperature ap-
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plications 1. Siloxanes stand out for their high critical temperatures, which
makes them suitable for high-temperature applications. Commercially avail-
able halogenated olefins (olefins containing fluorine and/or chlorine atoms),
such as HFOs or HCFOs, cover a similar temperature range as that of HFCs,
making some of them suitable for drop-in replacement of HFCs. Although in
principle some natural refrigerants can serve, as well, as replacement fluids
in the range of application of HFCs, their different operating pressures (as-
sociated to the critical pressures seen in Figure 1.b) require a specific design
of all the components in the cycle for their use.

a) b)

Figure 1: Boxplots representing the critical temperature Tc and critical pressure pc ranges
of refrigerants of different chemical groups. Data from the database of the CRC Handbook
of Chemistry and Physics [6].

Although the temperature range of the applications using HFCs falls
within the operating ranges of some HCs and halogenated olefins, some of
the features associated with each group raise concerns regarding their ap-
plicability. In this sense, HCs present high flammability that requires extra
measures to warranty their safe use, and hinders their practical use under
current regulations. Siloxanes, which are used as working fluids for ORC
units operating at high temperatures, are moderately flammable and oper-
ate at very low pressures, this last feature requiring a customized design

1It must be noted that there is no clear definition of a low- and a high-temperature
application in the literature. Here, by low-temperature applications we refer to those
applications of organic Rankine cycle power systems where the heat source temperature
is below 373 K.
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of the cycle components with respect to other fluids. Halogenated olefins,
such as HFOs and HCFOs, have been pointed out as the fourth generation
of refrigerants given their null or nearly-null ODP and low GWP. However,
their current low availability and high cost, together with concerns about the
potential environmental effects of their degradation products, raise contro-
versy regarding their suitability as replacements for HFCs [9]. This shows
that halogenated olefins can present both benefits and shortcomings that
need to be considered and analyzed, so that their potential as working fluids
can be fairly evaluated depending on the application conditions, practical
constraints, and available alternatives.

A literature review of the main research activities on halogenated olefins
reveals the following:

• Currently, only seven halogenated olefins are available on the market,
and they consist of six HFOs and one HCFO, derived from ethene,
propene or butene (2 to 4 carbon atoms).

• The thermophysical behavior of halogenated olefins is only accurately
known for a few substances (included in the software Refprop [10]), and
this prevents investigation of the potential use of other halogenated
olefins for which no experimental data is yet available.

A number of research works on the selection of optimal working fluids
for thermodynamic cycles has been published in recent years[11, 12]. These
works typically consist of fluid screenings over limited datasets for which ther-
mophysical properties are known [13–15], and conclusions are constrained by
the extent of the studied datasets. Only a couple of studies have used ex-
tensive datasets of several thousands fluids. In this sense, Preissinger et al.
[12] conducted an optimization fluid screening over the PubChem database,
of which 3174 fluids of varied chemical nature were simulated in an ORC
unit for waste heat recovery of a truck engine. The ranking of fluids by
thermodynamic performance showed that hydrocarbons, alcohols, siloxanes
or even HFCs were among the most promising fluids, while some commer-
cial halogenated olefins used as reference fluids appeared at the bottom of
the list. The fact that in many studies only the top performing fluids are
listed, prevents the reader from having an assessment on the performance of
halogenated olefins, and from knowing how many of them were considered as
candidates in the screening. Also, McLinden et al. [5] presented a screening
of potential refrigerants for vapor compression cycle units, including 184,000
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molecules of up to 18 atoms and comprising the elements C, H, F, Cl, Br,
O, N or S. Further filtering of these fluids, based on the critical temperature
range of interest for refrigeration cycles and a GWP based on a 100-year
period with reference to CO2 of 1000 (which is considered as high), reduced
the number of potential fluids to 138. The authors concluded that few fluids
present an optimal combination of chemical, environmental, thermodynamic,
and safety properties, and that these fluids are at least slightly flammable.
Besides this, molecular design has also been used as a way to expand the
study of potential working fluids to molecules for which little information
is available. In this sense, Papadopoulos et al. [16] started the research on
the optimization of working fluids for ORC power systems by using group
contribution methods. Afterwards, several authors built on this concept by
implementing the simultaneous optimization of fluid properties and cycle
parameters [17], or using different equations of state for property prediction
[18, 19].

Many of these works conclude that optimal working fluids are mostly rep-
resented by HCs and HFCs, while few HFOs outperform these ones under
the selected optimization criteria [13–15, 20]. However, it must be noted
that although many of the HFCs currently in use are now under a phase-out
schedule in many countries, they are still considered as valid in many re-
search studies on optimizing the fluid of thermodynamic cycles such as heat
pumps or ORC units. Given the upcoming more restrictive conditions for
the use of greenhouse gases, and the still unresolved safety issues of natural
refrigerants, it is obvious to question what optimal solutions may be avail-
able if HFCs or HCs are no longer considered for the optimization and design
of thermodynamic cycles. The conventional approach of optimizing working
fluids and refrigerants for their performance in thermodynamic cycles con-
sidering large databases of fluids of different chemical nature, presents the
risk of overlooking candidates from certain chemical classes whose perfor-
mance may be close to that of the optimal fluids but may present better
environmental or safety features. In this sense, including HCs and HFCs
in the screening of optimal fluids may hinder cases in which halogenated
olefins present performances close to those achieved by HCs or HFCs, but
offer better environmental and/or safety features.

Only a few works have aimed at performing fluid optimization only within
the group of HFOs. For instance, Brown [21] and Brown et al. [22] performed
analyses on the potential use of HFOs as refrigerants, based on limited lists
of less than ten HFOs. Similarly, Liu et al. [23] analyzed the performance of
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eight HFOs in an organic Rankine cycle (ORC) unit, based on their predicted
properties. Nevertheless, a patent knowledge gap exists on the implications
of the molecular structure of a wide range of halogenated olefins in their
thermophysical properties, environmental and safety features, and thermo-
dynamic performance in ORC power systems.

The majority of the recent research regarding the use of HFOs focuses on
the study of fluoropropenes (e.g., R-1234ze(Z) and R-1234yf) [24], which are
mostly intended to be used in refrigeration applications for temperature op-
erating ranges below 450 K. Other commercially available halogenated olefins
contain chlorine atoms as well (e.g., R-1233zd(E)), and a recent commercial
HFO is butene-based (R-1336mzz). Nevertheless, halogenated olefins also of-
fer possibilities as working fluids for the ORC technology. For instance, a few
experimental laboratory facilities use HFOs today: R-1336mzz(Z) [25] and
R-1233zd(E) [26]. Despite the refrigerant market being dominated by fluo-
ropropenes, in principle, olefins containing both fluorine and/or chlorine and
with a greater number of carbon atoms, could offer a number of interesting
possibilities as refrigerants or working fluids [27].

Moreover, fluids should have chemical stability over the temperature
range of their applications, and should be compatible with the materials
of the end-use devices, which indicates that extensive work for the evalua-
tion of new halogenated olefins is needed. The work presented here provides
the first screening of the most promising halogenated olefins for their use as
working fluids in ORC power systems, which should be followed by further
evaluation for their practical use and economic viability.

The objective of this work is to present an evaluation of the potential of a
broad range of halogenated olefins, regardless of their current availability, as
candidate working fluids for ORC power systems, based on their predicted
thermodynamic performance, and environmental and safety features. The
main aim is to provide a comprehensive analysis of the features that halo-
genated olefins can offer based on their molecular structure, using the most
accurate prediction models available for this type of fluids, and considering
the prediction uncertainty. The potential of the analyzed fluids is evaluated
in a model of an ORC unit for two representative case studies of waste heat
recovery applications to assess potential options for both low-temperature
and high-temperature applications. The novelty of this work lies on three
main aspects: i) first, the screening over a dataset of fluids containing all the
possible halogenated olefins existing in the range from 3 to 5 carbon atoms
(regardless of their current availability). This extends the evaluation of halo-
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genated olefins beyond the few studied propene- and butene-based olefins;
ii) second, the consideration of olefins containing both chlorine and/or fluo-
rine atoms in the analysis, thus extending the scope of the screening beyond
previous works that only covered HFOs; and iii) third, the establishment of
relationships between the potential of halogenated olefins for ORC power sys-
tems and their molecular structure, so that guidelines for the design of new
halogenated olefins can be drawn. The results of this work provide insight
on the future potential of halogenated olefins as working fluids for ORC
power systems, and indicate directions for the commercial development of
new halogenated olefins based on their intended temperature application.

First, the implications of molecular structure and thermophysical, en-
vironmental, and safety properties of halogenated olefins are compiled in
Section 2. Next, the methods used to generate the study set of halogenated
olefins and the models used to predict their features and simulate their be-
havior are described in Section 3. The results are presented and discussed in
Sections 4 and 5, and the key outputs of the work are summarized in Section
6.

2. Halogenated olefins

The term olefin refers to an unsaturated hydrocarbon, cyclic or linear,
that contains at least one carbon-carbon double bond. If some (or all) of the
hydrogen atoms are replaced by halogens, the thermophysical properties of
the olefin will change, thus giving place to a secondary fluid group known as
halogenated olefins. In this work, we will refer to halogenated olefins as those
olefins in which one or more hydrogen atoms have been replaced by either flu-
orine atoms (i.e., hydrofluoroolefins (HFO) or fluoroalkenes), chlorine atoms
(i.e., hydrochloroolefins (HCO) or chloroalkenes), or both (i.e., hydrochlo-
rofluoroolefins (HCFO) or chlorofluoroalkenes). This is because only these
fluids have shown some potential as refrigerants or working fluids [5]. It must
be noted that despite chlorine and bromine have been proven to be catalysts
that destroy the ozone layer when decomposed from stable compounds, some
olefins containing chlorine have shown negligible ODP values due to a very
reduced atmospheric lifetime [5].

Moreover, it is important to remark that not all substances containing
fluorine can be considered fluorinated greenhouse gases. In this sense, con-
trary to HFCs or HCFCs, HFOs present low or even null values of GWP,
despite containing fluorine atoms in their molecular formula. This is because
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the introduction of carbon double bonds in the molecule facilitates break-
down of the molecule in the troposphere, as H atoms in the molecule react
with atmospheric OH radicals, thus reducing the atmospheric lifetime of the
molecule and decreasing its impact on global warming [28]. In fact, many
of the analyzed fluorinated olefins have GWP lower than that of CO2 as a
consequence of having atmospheric lifetimes of less than two weeks. There-
fore, although different organizations have complained about HFOs being
given a preferential status by the current Kigali amendment while still be-
ing fluorinated gases [29], these compounds cannot be necessarily considered
to contribute to global warming. Figure 2 shows the molecular structure of
halogenated olefins and their main differences from HFCs and HCFCs.

As a matter of fact, although halogenated olefins have the same atomic
composition as HFCs or HCFCs, the presence of the carbon-carbon double
bond lends the olefin two main features:

• The carbon double bond increases the reactivity of the substance, which
in turn reduces the atmospheric lifetime of the molecule, thus conferring
lower GWP and ODP values to the molecule, even despite the presence
of fluorine and/or chlorine.

• The increased reactivity may prompt the thermal degradation of the
molecule or polimerization if exposed to high temperatures, although
the molecule can still be considered relatively stable.

2.1. Advantages and disadvantages

Despite halogenated olefins present a high potential for becoming replace-
ment fluids of HFCs in many applications [24], their development and in-
tegration is not free from challenges and/or incompatibilities. For instance,
besides a potential contribution to ozone destruction, the presence of chlorine
in a substance is normally associated with high toxicity levels. Nevertheless,
commercial R-1233zd(E), which contains Cl, is reported as a low-toxic fluid
[30].

Table 1 summarizes the main aspects to consider when evaluating the
use of halogenated olefins. The main feature claimed in favor of halogenated
olefins refers to their suitable environmental features (i.e., null ODP, low
GWP) [24]. However, the environmental impact of harmful by-products gen-
erated during the thermal or stratospheric degradation of halogenated sub-
stances may have been disregarded in this claim, and needs to be considered.
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One of the main criticisms of the claimed environmental neutrality of
halogenated olefins is the potential formation of trifluoroacetic acid (TFA),
which originates from the degradation of fluorinated substances (e.g., HFCs,
HCFCs, HFOs) in the atmosphere [31]. TFA is a strong acid, not easily
biodegradable, which is miscible with water, meaning that it can be washed
out from the atmosphere and accumulate in oceans and water reservoirs.
The presence of TFA in deep ocean waters reveals that natural sources of
TFA may exist; however, anthropogenic sources are believed to be the main
contributor. The main concern about HFOs as a TFA source arose from the
fact that, while it is estimated that only 7-20% of HFCs emissions degrade
to TFA, some HFOs fully degrade to TFA [32]. So far, TFA has been found
to have low toxicity, and current levels are well below the threshold con-
centration considered as harmful [33]. Moreover, a number of studies have
estimated that the expected increase of TFA levels due to the full replace-
ment of HFCs by HFOs would be still below this limit, although these results
should be taken carefully as it is not fully known how toxic TFA would be
for ecosystems [31].

Table 1: General advantages and disadvantages of halogenated olefins.
Advantages Disadvantages
Null or nearly null ODP

• Compliance with the Montreal
Protocol

Thermal degradation
• Possible degradation at high tem-

peratures or in contact with spe-
cific materials

Null or nearly null GWP
• Compliance with the Kigali amendment to

the Montreal Protocol

Potential polimerization
• Possible formation of polymers at

high temperatures
Mild flammability

• Lower flammability than natural alternatives

• Potential generation of hazardous products

Potential emission of trifluoroacetic acid
(TFA)

• Potential emission of fluoric acid
(HF)

Drop-in replacement for HFC systems
• Similar operating pressure ranges

Low availability
• Only five manufacturers world-

wide and seven commercialized
pure products

Low toxicity
• Low toxicity of HFOs or olefins with low Cl

content

High cost
• Due to greater manufacturing

costs and effects derived from
lower demand

Great availability of potential candidates
• Only a few of all possible combinations are

investigated

The multiple combinations of fluorine, chlorine, and hydrogen atoms in
alkene molecules open a wide range of potential working fluids to optimize
ORC power systems. However, only the halogenated olefins gathered in
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Table 2: Halogenated olefins commercially available or investigated in labs, and their
suppliers (*: distributors).

Halogenated olefin Suppliers
R-1234yf Chemours, Honeywell, Linde*
R-1234ze(E) Honeywell, Linde*
R-1233zd(E) Arkema, Honeywell
R-1336mzz Chemours
R-1123 Asahi Glass Co., Ltd [37]
R-1224yd(Z) Asahi Glass Co., Ltd [38]
R-1243zf Mexichem, Ltd. U.K [39]

Table 2 are currently available commercially (i.e., others may be available
for laboratory applications). Additionally, the cost of many of the commercial
halogenated olefins is still significantly higher than that of the replaced HFCs.
In a previous investigation at our group [34] it was found that, at that time
on average, the price of R-1234ze and R-1234yf could be two and three times
higher than that of some of the phasing-out HFCs. For instance, it has
been indicated that many chlorinated propenes may have limited commercial
availability, and/or may only be available at prohibitively high cost due to
the high cost of the starting materials for their production [35]. In addition
to this, the current lower production levels and growing demand may affect
negatively their introduction in the market. However, as pointed out by
McLinden [36], any new refrigerant will be a more complex molecule, and
therefore it would be more difficult to manufacture and less stable.

Another matter of concern regards the safety of use of halogenated olefins,
mainly concerning their toxicity and flammability. The toxicology of halo-
genated olefins has not been investigated in detail due to the lack of long-term
studies on chronic exposure [28] as a consequence of the novelty of their use.
The available data show that toxicity can be very diverse among different
olefins, and can vary even among isomers [40]. The increased reactivity of
the double bond can promote biological and toxicological activity, as well
as chemical instability, as there is a correlation between toxicity and high
reactivity. For instance, toxicity results of R-1225yeZ and R-1225yeE were
found significant, thus discouraging their use as working fluids [28]. These
two fluids share the functional group CF3, which has been related to poten-
tial toxic effects. Based on reported data, Lindley and Noakes [28] pointed
out that the toxicity of propene-derived HFOs can hardly be expected to be
below that of R-134a or R-227ea.
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When it comes to flammability, it has been observed that while some halo-
genated olefins are considered as flammable (e.g., R-1234yf and R-1234ze(E)),
others are not (e.g., R-1336mzz(Z) or R-1233zd(E)). As a general rule, the
replacement of hydrogen atoms with fluorine atoms in alkenes reduces the
flammability of the molecules. In agreement with this statement, Lindley
and Noakes [28] indicated that the only clearly non-flammable HFOs are
pentafluoropropenes, while tetrafluoropropenes are within the boundary of
what can be considered as mildly flammable, and trifluoropropenes would
have moderate flammability.

Flammable refrigerants are widely used today in refrigeration systems and
ORC power systems. In fact, of the 46 refrigerants with null ODP and GWP
below 500 currently registered in the international standard on refrigerant
numbering and safety classification ISO 817, only five are non-flammable
[41], and recently, Mclinden et al. [5] pointed out that additional low GWP
refrigerants that may be adopted for common use in the near future are also
expected to be flammable. However, the main additional concern with the
flammability of halogenated substances is the risk of emission of harmful sub-
stances. Refrigerants containing fluorine can produce highly toxic substances
during the combustion process such as hydrogen fluoride (HF), which appears
by thermal decomposition at high temperatures, or carbonyl fluoride (COF2)
(e.g., these potential risks with R-1234yf raised concerns among different car
manufacturers regarding its use for automotive refrigeration [42]).

Figure 2: Summary of general molecule properties.
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3. Methods

3.1. Working fluids dataset

For this study, a fluid dataset containing all possible combinations of
linear alkenes containing fluorine and/or chlorine atoms, with a number of
carbon atoms between 3 and 5, has been generated. Chlorine was included in
the screening because although the presence of chlorine is related to higher
toxicity levels and ozone depletion potential, some commercial olefins with
a great potential do contain it (e.g., R-1233zd(E)). In fact, the presence of
chlorine together with low atmospheric lifetimes, could result in low ODP
and, therefore, acceptable molecules. Similar to chlorine, bromine is associ-
ated with high ODP values, and given the lesser extent of knowledge about
its compounds, it is excluded from this study. Iodine generally increases re-
activity, which raises concerns over its components’ long-term stability and
toxicity [43], and therefore is also excluded from this study. The size of the
studied molecules was selected based on the recommendation in McLinden et
al. [44], which suggested that the molecules of refrigerants typically contain
less than 15 atoms.

Afterwards, the dataset was filtered according to a series of criteria re-
garding the stability or toxicity of the molecules, and further fluids were
removed from the study based on the arguments specified as follows:

• Presence of the group –– CF2: this group is considered nonviable based
on Lindley and Noakes [28] (R-1255zc) due to its high reactivity, which
is in turn associated with toxic effects. [5].

• Dienes and trienes (molecules with two or three double bonds) were not
included in the dataset due to their high reactivity (e.g., Diels-Alder
reaction) and polimerization activity. For instance, the presence of the
group –C––C––C– (allenes) is considered difficult to produce and very
reactive [5]. An example of it can be 1,3-butadiene, which has been
found to be a powerful carcinogen [45].

• The groups CFCl, CF and CCl2 are not highly present among fluids for
which thermophysical properties are well known, and as a consequence
their definition is underrepresented in the available group contribu-
tion methods (GCMs) used for property prediction in this work [46].
Although, in principle, the contributions for these groups could be esti-
mated by the atom connectivity index method [47], this would increase
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uncertainty of the prediction, and therefore fluids with these groups
were not further considered.

After this filtering the dataset contained 3255 fluids, encompassing 164
HFOs, 299 HCOs, and 2792 HCFOs. All the studied fluids showed a dry
behavior. The expected molecular formulas of the considered halogenated
olefins have the following forms:

Propene derivatives (3 C atoms):
CA1A2A3 − CA1 = CA1A2

Butene derivatives (4 C atoms):
CA1A2A3 − CA1A2 − CA1 = CA1A2

CA1A2A3 − CA1 = CA1 − CA1A2A3

Pentene derivatives (5 C atoms):
CA1A2A3 − CA1A2 − CA1A2 − CA1 = CA1A2

CA1A2A3 − CA1A2 − CA1 = CA1 − CA1A2A3

CA1A2A3 − CA1 = CA1 − CA1A2 − CA1A2A3

where A1,A2, and A3 can be atoms of H, F or Cl.

3.2. Thermophysical properties

Among the thermophysical properties of an ideal working fluid for ORC
technology, the following can be enumerated:

• The fluid normal boiling temperature and critical temperature should
be close to the temperature of the intended application heat source, to
maximize the conversion efficiency.

• The evaporation and condensation pressures should not be too high
(i.e., to avoid increased material costs of the system) or too low (i.e.,
to avoid air infiltration to the system).

• The specific volume ratio during expansion should be as low as possible
to ensure expanders of minimal size.

• The thermal conductivity should be high in order to reduce the required
heat transfer area in the evaporator and condenser.
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The thermophysical behavior of substances for which only their molecular
structure is known can be easily predicted by using a cubic equation of state
(cEoS), such as the Peng Robinson equation of state (PR-EoS), for which
only the critical temperature Tc , critical pressure pc , acentric factor ω
and ideal gas heat capacity as a function of temperature cp,0(T ) are needed.
These properties, if not available experimentally, can be predicted by using
models that only require the molecular structure as an input (such as models
based on group contribution methods). In our previous work [46], two models
based on a group contribution approach were developed to predict the above
mentioned properties of halogenated organic compounds. One of the models
used the classical approach of group contribution methods, and the other one
made use of neural networks for the property function. Both models showed a
better prediction ability than similar available models. Results yielded lower
relative deviations between the predicted and the experimental properties
for the neural network based model, for all properties except for the acentric
factor. However, a later work by Mondejar et al. [48] revealed slightly lower
uncertainty values for the first approach. In this work, we used the first GCM
approach model developed for halogenated substances containing F and Cl
for the estimation of the Tc , pc , ω and cp,0(T ), and the PR-EoS to calculate
the thermophysical behavior of each fluid. The uncertainty of the predicted
properties was estimated using the bootstrap methodology as described by
Mondejar et al. [48].

Transport properties of halogenated olefins were not considered in this
work, since it is expected that the large uncertainties of their predicted val-
ues will not provide accurate information for the screening regarding the heat
exchangers’ dimensions. A review of the general predictive models available
for the thermal conductivity of fluids yields relative deviations of up to 15%
to 20% if no fluid-specific parameters are used [49]. Similarly, generalized
models for the prediction of the dynamic viscosity rely on the use of equa-
tions of state, which if kept to simple cubic equations of state, can still yield
relative deviations from experimental values of up to 40%. These reported
relative deviation values, together with the fact that most of the general-
ized correlations for thermal conductivity and viscosity need predictions of
the critical parameters, may result in an increase of the uncertainty of the
property predictions through propagation. Therefore, transport properties
should be further studied for pre-selected olefins with more advanced meth-
ods such as molecular simulations, as suggested by Raabe [50]. Nevertheless,
as a general rule, it is expected that the viscosity of fluorinated compounds
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may increase because of the increased polarity due to the dipole moment of
the C–F bond [51]. In this sense, the C–Cl bond would have a lighter effect
on the polarity [52].

3.3. Environmental and safety properties

3.3.1. Ozone depletion potential and atmospheric lifetime

The ozone depletion potential of a substance accounts for the degradation
of the ozone layer caused by the substance, with relation to that caused by
trichlorofluoromethane (R-11), which is defined as a reference. This magni-
tude became widely accepted to quantify the environmental hazard potential
of refrigerants with the enforcement of the Montreal Protocol [2]. However,
the calculation of a substance’s ODP is complex and requires a derivation
using a variety of atmospheric models [53], making its prediction challeng-
ing for new substances. Although several works attempted to develop ODP
estimation methods [54], no appropriate method has been yet developed [5].
This is due to several reasons. For instance, some of the developed models
target only a specific chemical group, such as in the work of Patten et al.
[55]. Another model, developed by Hukkerikar et al. [54] and based on a
group contribution approach, is based on a dataset of 28 halogenated flu-
ids with high ODP, which dismisses the low impact on the ozone layer of
halogenated olefins associated with their low atmospheric lifetime. For this
reason, it is generally accepted that molecules that contain Cl or Br might
have a negligible ODP if they have very short atmospheric lifetimes [5].

Based on the aforementioned considerations, to account for the ozone
impact of halogenated olefins, atmospheric lifetimes were calculated for the
analyzed fluids, following the method proposed by Kazakov et al. [56], by
which the value of the atmospheric lifetime can be obtained as indicated in
Eq. 1:

τ = α/(kOH · [OH]) (1)

Here α is an empirical adjustable parameter whose value was assumed to
be α = 2.1 [56], and [OH] is the annual global average OH concentration,
which was assumed to be 1 · 106moleculescm−3. kOH is the estimated OH
rate coefficient, which was estimated for each component by using the models
from the module AOPWIN [57], of the EPI SuiteTMsoftware [58]. EPI Suite
is claimed to have an acceptable accuracy for a screening-level tool [56]. The
used model for the OH rate coefficient is claimed to yield predictions within
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a factor of 2 from the experimental values in 90% of the cases. In this work,
the lifetime predictions of selected HFCs and HFOs were validated against
reference values from Ref. [59], and their agreement is shown in Figure 3,
where the shaded area is limited by a logarithmic standard deviation of 4.

Figure 3: Lifetime predicted values τpred of HFCs and HFOs versus their reference values
from Ref. [59]. The shaded area corresponds to the standard deviation band.

3.3.2. Global warming potential

The GWP is widely used in environmental policy to quantify the global
warming effect of a substance with respect to that of CO2 over a specific
period of time. Although widely used, its definition cannot account for
the indirect effects of sub-products, which represent a great part of the
global warming impact of a substance [60], and is inappropriate for very-
short-atmospheric-life substances [61], which is the case of many halogenated
olefins. However, and as suggested in Ref. [62], it can still be used as an
approximate index to set a framework for comparison even for very-short-
atmospheric-life substances, and it is used here to compare qualitatively the
greenhouse effect of new halogenated olefins. In this sense, it must be noted
that the indirect effect on the global warming is, in this case, mostly asso-
ciated with the conversion efficiency of ORC units when using the specific
substance, and according to Domanski [63], this is normally the dominant
contribution.

Kazakov et al. [56] stated that the GWP could be associated with the
molecular structure of fluids, and applied a modified version of the model
developed by Pinnock et al. [64] for the estimation of the GWP based on the
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estimated atmospheric lifetime and radiative efficiencies of the substances,
reporting a logarithmic root mean squared error (RMSD) for the predicted
GWP of 3. Hukkerikar et al. [54] used a GCM approach to predict the
GWP based on the values from the Environmental Protection Agency (EPA)
database, reporting a standard deviation of 0.41 for the log(GWP ). Given
the low presence of halogenated olefins in the dataset of the later method,
and the theoretical derivation of the former, the method of Pinnock et al.
[64] was used in this study to estimate the GWP over 100 years with respect
to CO2 for the halogenated candidates.

In brief, the GWP was obtained by using Eq. 2, where REi is the radiative
efficiency of the molecule i, τi is the atmospheric lifetime of the gas i, TH is
the time horizon (100 years in this case), and MWi is the molecular weight
of the substance i.

GWPi =
RE

RECO2

τ ·MWCO2

τCO2 ·MWi

1 − exp(−TH/τ)

1 − exp(−TH/τCO2)
(2)

The RE values were obtained as described by Pinnock et al. [64], as
the approximation to the numerical integral of the radiative intensity of the
molecule versus the vibration frequency. The vibrational frequencies and
intensities for each molecule were obtained by using the PM7 functional and
the B3LYP method for the simulation of infrared spectra of Gamess [65,
66]. Openbabel [67] was used to generate the input files from the molecules
SMILES. The predicted GWP of HFCs and HFOs selected from Ref. [68]
were validated against their reference values, and can be seen in Figure 4, ,
where the shaded area is limited by a logarithmic standard deviation of 8.
Here it can be observed that the prediction method agrees with experimental
values even for short-lifetime substances (such as halogenated olefins).
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Figure 4: Predicted values of the GWP100 versus the experimental values obtained from
Ref. [68]. Dark circles represent substances with very short lifetime.

3.3.3. Flammability

Flammability is an ambiguous term that refers to the potential of a fluid
to generate an open fire, but that lacks a unique quantifiable definition. Inter-
estingly, the features that are used to quantify flammability are determined
according to defined test methods that vary amongst different standards gen-
erating a large variety of values from different sources [41]. The main reason
for this lack of unique standard is that the likelihood and severity of a po-
tential combustion in the presence of a fluid highly depend on the operating
conditions, the fluid state, and the presence or not of ignition sources. In
an attempt to quantify how flammable a substance is, different magnitudes
such as the flash point (FP), the autoignition temperature (AIT), or the
flammability limits are defined and determined experimentally [69].

Frutiger et al. [70] developed models for the estimation of different
flammability parameters of organic fluids, based on a GCM. While this
method yielded low relative deviations of the predictions from the experimen-
tal data, and it was developed based on an extensive dataset, it is tailored for
fluids of known flammability, so it often predicts, for instance, flash tempera-
tures for fluids that do not flash (e.g. as in R-1233zd(E)). The complexity of
defining the limits of what is considered flammable or not has been already
discussed elsewhere [41]; however, a series of general rules can be applied to
determine the relative flammability of some fluids with respect to others. For
instance, it is well known that in alkane-derived molecules, the substitution
of H atoms (by, for instance, F or Cl atoms) reduces the flammable character
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of the molecule. This rule would explain the high flammability of alkanes,
and the neutrality of perfluorocarbons and perchlorocarbons. However, the
content of hydrogen atoms cannot explain by itself the behavior of different
fluids with respect to flammability magnitudes. In this sense, Linteris et al.
[71] recently presented an analysis in which the relative content of fluorine
in refrigerant molecules and their adiabatic flame temperature were used to
correlate their flammable character according to the ASHRAE Standard 34
flammability classification [72]. Additionally, a recent review on the flamma-
bility of HFOs has found a flammability suppressant effect in molecules with
the group CF3.

Given the above explained complexity in the determination of flamma-
bility for new substances, in this work we followed a qualitative assessment
of the risk of flammability of halogenated olefins, following the Linteris et
al. approach [71]. In this approach, the ratio of fluorine atoms to the sum
of fluorine and hydrogen atoms in the molecule is used as an indicator of
the risk of flammability. Despite this value is correlated with flammability if
considered together with the adiabatic temperature of the fluid (which is of
complex determination), results in Ref. [71] suggest that values of the ratio
below 0.5 (F/(F + H) < 0.5) have high chances of presenting flammability.
Although nothing has been clearly stated with regards to the presence of
chlorine in the molecule, literature shows that chlorine has a similar impact
as fluorine in reducing the flammability of molecules, this being the main
reason for the use of organic solvents for decades [73]. Therefore, in this
work, the risk of flammability was assessed by evaluating the ratio of fluo-
rine and chlorine atoms in the molecule, to the number of possible hydrogen
substitutes (i.e., (F + Cl)/(F + Cl +H)).

3.3.4. Toxicity

The toxicity of a substance can be defined on the basis of a number of
parameters, such as its impact on diverse living animals when inhaled or
ingested, or their reactivity when being in contact with the skin. In general,
it is a difficult property to predict. In this regard, McLinden et al. [5]
stated that many predictive tools for toxicity magnitudes fail at predicting
the effect of highly toxic substances. Therefore, although even GCM models
have been developed to predict the toxic effects of substances [54], the most
reliable strategy for fluid screening so far relies on the elimination of fluids
containing functional groups of highly known toxicity effect, as explained in
Section 3.1.
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It is generally accepted that the introduction of Cl substituents into or-
ganic compounds leads to increased chemical and biological reactivity, and
thus, to increased toxicity [45]. When it comes to chlorinated propene deriva-
tives, some of them have been the subject of intensive toxicological study be-
cause of their use as pesticides (e.g., 1,3-dichloropropene). The mutagenecity
of chlorinated propenes has been also extensively studied, finding that many
compounds with a Cl leaving group are mutagens, and that the introduction
of a second Cl increases their mutagenicity. This supports the idea that the
number of Cl atoms in a molecule tends to increase toxicity [45]. In this
sense, the following groups were pointed out as having genotoxic properties:
C––CCl, CCl––CCl, CCl2 ––CCl. However, these results should be taken care-
fully, as for instance, the trans isomer of R-1233zd is said to exhibit lower
genotoxicity compared to the cis isomer [74], but it is normally classified as a
non-toxic refrigerant. Similarly, the toxicity of fluorinated olefins is claimed
to be proportional to their reactivity toward nucleophiles [75].

In conclusion, halogenated olefins should be considered slightly to highly
toxic, and therefore should be handled with care. In this work, olefins with
groups associated with high toxicity have been removed from the screening.
For promising candidates, a deeper evaluation of their toxicity should be
performed.

3.3.5. Thermal degradation

The inherent instability of the molecules of halogenated olefins is linked
to their potential degradation, which may affect their properties during stor-
age or operation [76]. Results of previous works indicate that it is difficult
to quantify the thermochemical stability of working fluids with a single ab-
solute value. Although many times a maximum temperature is provided by
suppliers as the operating burden for degradation, this value may be altered
by the presence of containment materials, air, humidity, or lubrication oils
[77].

It is known that the molecular structures of HFCs strongly affect the
fluid thermal stability. For instance, among fluids with the same carbon chain
structures, larger F atom numbers lead to higher decomposition temperatures
[78]. Although an equivalent result is not mentioned for hydrochlorocarbons,
studies on the effect of incineration for the disposal of halogenated substances
point out that fluorinated compounds are in general more thermally stable
than chlorinated organics thanks to the strength of the C–F and H–F bonds
[79]. Nevertheless, both perfluorination and perchlorination are in general
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Table 3: TFA generation of selected halogenated olefins.
Halogenated olefin Molecular formula TFA generation
R-1234yf CF3CF = CH2 Yes (100 %) [83]
R-1234ze CHF = CHCF3 (trans) No [81]
R-1225ye CF3CF = CHF Yes (100 %) [84]
R-1233zd(E) CF3CH = CHCl No %

associated with increased thermal stability [77]. In conclusion, it can be
said that although thermal decomposition is expected for most of the fluids
studied in this work, those containing more fluorine and chlorine atoms can
be expected to resist better higher operation temperatures, the former being
in general more stable.

3.3.6. Trifluoroacetic acid formation

Setting a general rule that predicts the possibility of formation of TFA
from the degradation of halogenated olefins is a complex task, as other fac-
tors such as the environmental NOx regime and the availability of ultraviolet
radiation determine the different degradation paths. However, literature sug-
gests that only the presence of the group CF3− in the molecule can lead by
degradation into TFA formation. Table 3 shows the TFA generation of sev-
eral halogenated substances containing the group CF3, and shows that the
group’s presence does not always lead to the formation of TFA [80]. How-
ever, the presence of the group CF3 can be well considered as a warning
sign during the screening of halogenated olefins, indicating the possible risk
of TFA generation. Nevertheless, it should be noted that several authors
have pointed out that, similar to HCFCs and HFCs [81], the degradation
initiated by OH radicals for a series of short-chain HFOs (e.g. CF3CF––X
or (Z/E)–CF3CH––Y, where X––CH2, CHF, or CF2 and Y––CHCl) will not
result in atmospheric levels of TFA that could cause environmental or ecosys-
tem damage [82].

3.4. Organic Rankine cycle simulation: case studies

In this work two case studies, considering both a high- and a low-temperature
waste heat source, were used for the simulation with a Matlab model of an
ORC unit. The high-temperature case study (HTC) is representative of a
standard configuration for the waste heat recovery from the exhaust gases
from a truck internal combustion engine [85]. Pentane is considered as the
reference working fluid for later comparison of the results, as it was found
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Magnitude Units LTC HTC
Average heat source temperature K 358.15 590.15
Average heat source mass flow rate kg s-1 36.000 0.249
Pump isentropic efficiency - 0.4 0.4
Turbine isentropic efficiency - As in Ref. [[88]]
Sink temperature K 308.15 333.15
Condenser temperature K 303.15 333.15
Pinch point in evaporator and condenser K 5 5
Superheating at turbine inlet K 5 5

Table 4: Main simulation parameters for the ORC model.

to yield the best performance in Ref. [85]. The low-temperature case study
(LTC) represents the waste heat recovery from the jacket cooling water of a
two-stroke Diesel engine for marine propulsion [86]. In this case, 1,1,1,3,3-
pentafluoropropane (R-245fa) was used as the reference working fluid, as it is
of common use for similar applications due to its moderate GWP [20, 86, 87].
Table 4 shows the main simulation data for the two cases.

In both cases, an ORC unit without regeneration was considered (in the
HTC, a regenerator was not considered due to space limitations for the spe-
cific application [89]). Figure 5 depicts the schematic diagram of the ORC
model. The condensation temperature was kept fixed during optimization,
while the evaporation temperature was optimized for each fluid to maxi-
mize the net power output from the cycle Wnet. Heat exchanger dimensions
and pressure drops were not considered in the optimization during the fluid
screening, (a general discussion on their relation to the fluid transport prop-
erties was provided in Section 3.2).

For practical reasons, too low operating pressures in either the evaporator
or the condenser were avoided; that is, all the possible halogenated olefins
were first screened by their expected saturation pressure at a temperature of
T = 353.15K in the LT case, and T = min(Tsource, Tc)− 10K, and a conden-
sation temperature as indicated in Table 4. The acceptable minimum limits
for the obtained saturation pressures were 1 bar and 0.05 bar for the evap-
oration and condensation pressures, respectively. These limits were selected
based on previous works [14] and practical constrains.
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Figure 5: Schematic diagram of the two ORC unit configurations considered in this work.

The performance of the ORC units was evaluated in terms of the max-
imum net power output Wnet, calculated as indicated in Eq. 3 and the
expander size factor SP, as defined by Astolfi and Macchi [90] and expressed
in Eq. 4.

Ẇnet =
Ẇt − Ẇp

Q̇in

=
h2 − h3 − (h1 − h0)

h2 − h1

(3)

SP = V̇3
0.5
/∆h0.25

s (4)

Here, Wt and Wp represent the turbine power production and the pump
power consumption, respectively, Qin is the heat transfer rate from the source
in the evaporator, and their calculation in terms of the state points enthalpies
is shown on the right side of Eq. 3. V̇3 refers to the volumetric flow at
the turbine outlet, and together with the isentropic enthalpy drop during
expansion ∆hs provides a qualitative measure of the required size for the
expander. While the Wnet, as a performance indicator, allows the comparison
of the maximum attainable power for different working fluids under specific
conditions, the SP is associated with the expected size of the expander, which
in turn may be related to the expender cost, this being the main contributor
to the total cost of an ORC unit [91].

The utilized ORC model does not account for pressure losses and heat
exchanger sizes as these depend on the prediction of transport properties,
which are associated with higher uncertainties and are not covered in this
work. Moreover, simulations are made on a steady-state basis. Though
the results from this model may differ from those of real units as genera-
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tor performances and other losses are not accounted for, its validity for a
screening process is justified as the same conditions are applied for all the
working fluids. In order to evaluate the validity of using the PR-EoS and
estimated properties in this ORC model, simulations were carried out with
R-1234ze(E) by using the PR-EoS with estimated parameters, the PR-EoS
with experimental parameters, and the EoS from Refprop [92]. While the
difference in the calculated properties and ORC magnitudes between the two
last cases was negligible (<2%), the evaporation and condensation pressures
calculated as functions of temperature showed a significant deviation from
those of Refprop. This is due to the deviations in the estimated critical pa-
rameters with respect to the experimental ones, which propagate through
the use of the EoS. However, the calculated Wnet differed by less than 1%,
as its calculation depends on the calculated properties at the two pressures
levels, thus canceling the individual deviations for each pressure level. Con-
trary to this, the calculation of the SP is dependent on the outflow specific
volume, and therefore can show greater deviations if the estimation of the
critical parameters differs significantly from the experimental values. This
validation shows that while calculated Wnet values may provide a good basis
for comparison among different fluids, SP values should be interpreted more
carefully as uncertainties could be greater.

4. Results

In this section, the obtained results from the simulations are discussed
from the standpoints of the expected thermophysical properties of new halo-
genated olefins, their estimated safety and environmental characteristics, and
their potential as working fluids for power production in ORC units. Results
obtained during the simulations are provided in the Supporting Information.
Here, a summary of the main results is given, and the most promising fluid
candidates are discussed.

4.1. Thermophysical properties of new olefins

Halogenated organic compounds often show unusual properties and be-
havior in comparison with non-halogenated parent compounds [93]. For in-
stance, while critical temperatures and pressures of alkenes increase with the
number of carbon atoms in the molecule, it is reported that for a specific num-
ber of carbon atoms in the molecule, the addition of chlorine atoms produces
an increase of the critical temperature, while the addition of fluorine atoms
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reduces both the critical temperature and pressure. This is in agreement
with the results observed in Figure 6, where the predicted critical tempera-
ture, critical pressure, and expected condenser pressure are represented for
olefins with different carbon atom number. Here, the number of F or Cl
atoms in the molecule greater than the number of carbon atoms minus one is
represented in red and blue tone, respectively, showing a clear distribution of
the values. This would initially suggest that chlorinated olefins may be more
suitable for their use in ORC units working with high-temperature sources
given their greater critical temperatures, while fluorinated olefins may be
more appropriate for low-temperature applications. On the other hand, the
observed average decrease in critical pressure and increase in critical temper-
ature for an increasing number of carbon atoms may result in lower operating
pressures in the ORC unit for olefins with greater molecular weight.

When it comes to the normal boiling temperature, the behavior of halo-
genated olefins is in agreement with the intuitive idea that boiling points of
structurally similar compounds increase with their molecular weights [93].

However, contrary to this rule, and as observed for PFCs, per-fluorinated
and per-chlorinated olefins present lower boiling temperatures than expected.
This fact is attributed to the low polarity and low intermolecular attractive
forces of per-fluorinated and per-chlorinated substances [52]. In the presented
fluid screening, per-fluorinated or per-chlorinated olefins were not analyzed
due to the initial pre-screening restrictions.

4.2. Environmental characteristics

The radiative efficiency RE and the global warming potential GWP of a
dataset of 180 selected fluids, including 3C, 4C and 5C fluids, were estimated
as described in Section 3.3.2. The calculated values of RE show a reasonable
correlation with some of the parameters of the molecules. For instance, it was
found, as expected, that RE values have a noticeable correlation (R2 ≈ 0.6)
with the ratio of the number of halogen atoms to the total atoms number
in the molecule. In this sense, given that the energy required by vibrational
transitions typically corresponds to the infrared region of the spectrum, it
appears that the C–F bond frequencies increase with the total number of
fluorine atoms attached to the carbon atom [94].

Although it is difficult to establish a more exact relationship between the
RE and the GWP and the molecule properties, it is clear that a major pro-
portion of fluorine content indicates an increased infrared absorption, and
together with a long lifetime, this may result in more potential for global
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a)

b)

c)

Figure 6: Boxplots of the predicted Tc , pc , and condenser pressure for the fluids generated
with a number of C atoms of 3 (3C), 4 (4C), and 5 (5C). The limits of the box mark the
25% and 75% quartiles of the data and the red line is the median. Circles represent the
predicted values for each fluid, and they are horizontally homogeneously distributed within
the Kernel smoothing function of the data to show the values distribution as in a violin
plot. The red color indicates that the molecules have a number of F atoms of at least the
number of carbons minus one. The blue color indicates the equivalent for Cl atoms. The
errorbars in a) and b) represent the estimated uncertainties of the predicted values of Tc
and pc .



warming effect. This can be observed in Figure 7, where the estimated ra-
diative efficiency is plotted against the ratio of fluorine atoms to total carbon
atoms number. Given this correlation between the fluorine content and the
GWP , in this analysis the number of F atoms in the molecule is considered as
an indicator of the potential for global warming effect. However, it must be
noted that this value should be assessed together with the estimated lifetime
of the molecule for a more fair assessment of its environmental impact.

Trends in the rates of ozone reactions with olefins have been studied
to a considerably smaller extent than GWP , but it is clear that the rate
of ozone attack decreases strongly as the number of chlorine atoms in the
olefin molecules is increased [95]. However, halogen-substituted olefins react
faster, and their rate constants are smaller. Estimated lifetimes of the studied
molecules do not exceed 10 days and do not show a direct correlation with
molecular structure, meaning that halogenated olefins are expected to have a
fast degradation in the atmosphere, so in principle the ODP of halogenated
olefins can be assumed to be radically lower than those of HFCs or HCFCs.
However, a detailed and complete determination of the ODP of any promising
substance should be carried out before its large-scale utilization. In relation
to this, the German Federal Environment Agency (UBA) seeks the ban of
R-1233zd(E) due to its non-zero ODP value (ODP=0.00034) [96].

Figure 7: Calculated radiative efficiency versus the ratio of fluorine to carbon atoms in
the molecule. Molecular weight in g mol-1 is indicated in the colorbar.

4.3. Performance in ORC units

In this section, the estimated performance of different halogenated olefins
is presented in terms of the net power output Ẇnet and the expander size
factor SP (thus ’optimum working fluid’ refers to the fluid that yields the
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highest net power output and lowest size factor.) Figures 8 to 9 present the
results from the screening for the LTC and HTC, and for fluids containing
3, 4 and 5 carbons atoms. It must be noted that the axes of the figures are
adapted so that only those substances with net power output and size factor
ratios closer to the reference fluid are shown. Figures on the left side depict
the scatter of the ratios of the expander size and net power output to those
of the reference fluids (i.e., R-245fa for the LTC, and pentane for the HTC).
The colorbar represents the ratio of halogenated atoms in the molecule, so
that fluids with a higher number of hydrogen atoms are represented in red
tones. Error bars, which denote the estimated uncertainty for each of the
magnitudes, are represented together with the molecular formula only for
those fluids with a ratio (F + Cl)/(F + Cl + H) > 0.5, which are expected
to exhibit low flammability. Figures on the right side depict the ratio of the
expander size to the reference value, with respect to a reduced temperature
value, which is obtained by dividing the heat source temperature by the esti-
mated critical temperature of each fluid (i.e., reduced source temperature).
The colorbar indicates the ratio of net power output with respect to the ref-
erence value, so that blueish tones are closer to that of the reference. Tables
5 to 10 present the results of the six fluids that yield the highest net power
output for each case and molecular size, considering that they have an SP
ratio closer to 1, and at least half of the atoms are halogens. Results for the
reference fluid are also included. Alhoutgh uncertainties in the properties
estimation and parameters need to be considered, these selected fluids could
be identified as fluids with a more promising potential for the studied cases.

First, a remark on the estimated values of the isentropic efficiency of
the turbine is given. The isentropic efficiency of the expander, which highly
influences the calculated net power output, was obtained as a function of
the olefin thermodynamic properties. This parameter showed variations less
than 2% between the different fluids in each dataset, and averaged 92% in
the LTC, and 78% in the HTC. The values of the reference fluids were of the
same order. This means that, although the working fluid properties influ-
ence the performance of the turbine [90], these differences can be considered
mostly negligible when it comes to the comparison of substances with very
similar molecular structure. Moreover, the fact that the estimated isentropic
efficiency is greater for the LTC than for the HTC is in agreement with the-
ory, as the larger pressure ratios and volume flow ratios in the HTC increase
stage loading, and the smaller size of the expander due to the lower source
mass flow rate in the HTC increases clearance losses, thus both affecting the
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efficiency in the HTC.

Figure 8: Left side: reduced expander size factor versus reduced net power output. The
colorbar corresponds to the ratio of F atoms with respect to the F and H in the molecule.
Right side: reduced expander size factor versus reduced source temperature (Tsource/Tc).
The colorbar shows the reduced net power output. The reference values for the reduction
are those corresponding to R-245fa. Labels represent the compressed molecular formula
of the fluid; for the detailed formula, consult the Supporting Information. Note that only
results close to the reference are represented.
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Figure 9: Left side: reduced expander size factor versus reduced net power output. The
colorbar corresponds to the ratio of F atoms with respect to the F and H in the molecule.
Right side: reduced expander size factor versus reduced source temperature (Tsource/Tc).
3C: a),b); 4C: c),d); 5C: e),f). The colorbar shows the reduced net power output. The
reference values for the reduction are those corresponding to pentane. Labels represent the
compressed molecular formula of the fluid; for the detailed formula, consult the Supporting
Information. Note that only results close to the reference are represented.
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With regards to the expander size, it can be seen that in most of the
simulated cases, the calculated size factor of the turbine is greater than the
reference values, especially in the HTC, meaning that to a greater extent,
the use of new halogenated olefins may commonly lead to larger expanders.
This increase in expander size is greater for the HTC and for increasing
number of carbon atoms. The closer molecular nature of halogenated olefins
with R-245fa may be the reason for more similar size factors, while the in-
creased difference in the volume expansion ratio with hydrocarbons may ex-
plain the high values in the HTC. This implies that finding a halogenated
olefinic drop-in replacement for current working fluids may be complex, as
cycle modification may be needed in most of the cases. However, some of
the studied olefins with lower flammability potential yield a size factor ratio
close to 1 (e.g., CHF2CCl––CH2, CF3CHFCH––CH2 in the LTC, and isomers
of C4H4F3Cl in the HTC).In the case of CF3CHFCH––CH2, a lower flamma-
bility may be expected thanks to the presence of the CF3 group, though the
potential formation of TFA will need to be investigated.

In all the studied fluids in the LTC, the calculated net power output is
lower than that provided by the reference fluid. This suggests that replacing
R-245fa with new halogenated olefins may result in a loss of performance, or
alternatively a change in operating conditions. However, two aspects must
be considered. First, net power outputs achieved by halogenated olefins
with 5 carbon atoms show values within a 4% band of the obtained value
for R-245fa. Second, looking at the error bars for Wnet it becomes patent
that the uncertainties in the calculated values are significant, especially for
chlorinated fluids, so that a clear conclusion on the achieved performance
cannot be made. However, in this regard, it is important to notice that some
fluids exhibit less uncertainty in the calculated net power output value (e.g.,
CHF2CH––CHF). This lower uncertainty value is due to the lower net power
output to which it is associated, as a result of the ratio to the reference fluid
value. In principle, greater uncertainty values in the predicted Tc and pc lead
to larger uncertainties in the calculated net power output; however, for many
of the presented fluids, this trend is not as obvious due to the little differences
between the values of the critical parameters of different fluids. Nevertheless,
it should be noted that estimated uncertainties for many of the represented
fluids overlap each other, so that categorical conclusions should not be made.
Instead, it is interesting to observe the molecular structures of the fluids that
are expected to perform better for each temperature case. In this sense, the
presence of chlorine among the represented fluids is more patent in the HTC,
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where greater critical temperatures are expected to provide lower expander
sizes. In those cases, the estimated lifetime remains of the order of days,
despite the presence of chlorine.

No clear relation between the Wnet and the SP was found for the evalu-
ated cases, indicating that no trade-off between these two magnitudes applies
to the ORC units. Nevertheless, a clear trend of the turbine size SP and
the reduced source temperature can be observed on the right-side plots in
Figures 8 and 9. Here, it can be concluded that even by considering the
uncertainty of calculated SP, a fluid with critical temperature much greater
than the source temperature may result in an increased expander size. This
may be explained by the increased volume ratio when expansion occurs far
from the critical point. Therefore, fluids with critical temperatures closer to
that of their intended application should be sought.

It must be also noted that, for the represented fluids, the amount of
replacement options with similar net power output increases as the number
of carbon options increases, especially for the HTC. This great availability
of molecule combinations provides a range of promising options for working
fluid replacement, though the impact on expander size should be considered.

The results presented here are in agreement with the outputs from a
few previous works where some halogenated olefins are compared to pentane
or R-245fa as working fluids for ORC units. For instance, the compound
CF2ClCH––CHCl in the HTC (R1232zd in ASHRAE nomenclature) provides
89% of the net power output yielded by the reference fluid pentane. A similar
figure is found in Imran et al. [85], where it was observed that R-1233zd(E),
an HCFO, provided approximately 88% of the net power output of that of
pentane when used as the working fluid for a high-temperature ORC unit.
It must also be noted that, although some references show that some halo-
genated olefins, such as R-1233zd(E) and R-1233zd(Z), perform better than
R-245fa in ORC units [87], in those analyses the evaporation temperature is
kept constant, contrary to this work, which follows the standard approach
for ORC unit design optimization.
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Molecular Extended Tc pc Ẇnet SP τ (F+Cl)/(F+Cl+H) GWP RE
formula formula K bar kW m days - - Wm−2ppb−1

C3H3F2Cl CF2ClCH––CH2 429(39) 37.6(1.1) 319 0.22 2.7 0.50 0.01 0.03
C3H2F3Cl CF3CCl––CH2 451(37) 36.2(0.8) 315 0.30 1.2 0.67 0.01 0.04
C3H4Cl2 CH3CCl––CHCl 559(32) 44.2(1.6) 284 0.55 6.1 0.33 0.05 0.06
C3H2F3Cl CF2ClCH––CHF 470(31) 35.8(1.0) 289 0.38 1.2 0.67 0.01 0.07
C3H3F2Cl CH2FCCl––CHF 518(41) 40.9(1.6) 286 0.46 6.1 0.50 0.06 0.07
C3H2F4 CF3CH––CHF 427(30) 35.7(0.8) 289 0.24 3.0 0.67 0.01 0.10
R-245fa CF3C––CF2 397(31.6) 28(0.67) 345 0.21 818.09 1.00 392 0.15

Table 5: Selected results for the LTC and propene derivatives.

Molecular Extended Tc pc Ẇnet SP τ (F+Cl)/(F+Cl+H) GWP RE
formula formula K bar kW m days - - Wm−2ppb−1

C3H3F2Cl CH3CH––CHCl 524(30) 46.6(1.1) 11 0.02 2.0 0.17 0.01 0.05
C3H2F2Cl2 CHF2CH––CHCl 527(35) 41.1(1.1) 11 0.03 2.7 0.50 0.01 0.05
C3H2F2Cl2 CHFClCCl––CHF 540(32) 38.8(2.2) 11 0.03 8.2 0.67 0.05 0.05
C3H4F2 CF2ClCH––CHCl 535(32) 36.5(0.9) 11 0.04 2.7 0.67 0.02 0.07
C3H4FCl CH2FCH––CHF 477(40) 43.0(1.2) 10 0.01 2.7 0.33 0.02 0.07
C3H3F2Cl CH2FCH––CHCl 540(41) 43.9(1.3) 11 0.02 2.7 0.33 0.10 0.07
pentane C5H10 500(14.1) 35(1.64) 12 0.02 2.64 0.00 0.00 0.00

Table 6: Selected results for the HTC and propene derivatives.

Molecular Extended Tc pc Ẇnet SP τ (F+Cl)/(F+Cl+H) GWP RE
formula formula K bar kW m days - - Wm−2ppb−1

C4H3F5 CF3CF2CH––CH2 412(39) 31.3(0.6) 358 0.25 1.2 0.63 0.04 0.28
C4H4F4 CF3CHFCH––CH2 435(41) 32.4(1.2) 329 0.28 1.2 0.50 0.03 0.24
C4H6FCl CH3CH2CCl––CHF 535(22) 37.4(1.4) 286 0.54 4.9 0.25 0.13 0.22
C4H7F CH3CHFCH––CH2 461(39) 40.9(1.9) 288 0.21 1.2 0.13 0.01 0.21
C4H5F3 CF3CH2CH––CH2 433(34) 32.7(0.8) 326 0.24 0.9 0.38 0.01 0.17
C4H3F4Cl CF2ClCF2CH––CH2 458(39) 31.5(0.8) 325 0.41 1.2 0.63 0.01 0.30
R-245fa CF3C––CF2 397(31.6) 28(0.67) 345 0.21 818.09 1.00 392 0.15

Table 7: Selected results for the LTC and butene derivatives.
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Molecular Extended Tc pc Ẇnet SP τ (F+Cl)/(F+Cl+H) GWP RE
formula formula K bar kW m days - - Wm−2ppb−1

C4H3F3Cl2 CH3CF2CCl––CHCl 576(31) 36.4(1.2) 13 0.04 3.0 0.50 0.03 0.24
C4H5FCl2 CF2ClCH2CCl––CHF 547(23) 30.1(1.1) 13 0.04 2.7 0.63 0.03 0.19
C4H7F CHFClCH2CCl––CH2 554(27) 35.9(1.8) 13 0.04 2.7 0.38 0.03 0.12
C4HF5Cl2 CH3CHFCH––CH2 461(39) 40.9(1.9) 9 0.01 1.9 0.13 0.04 0.20
C4H3F3Cl2 CF2ClCF2CCl––CHF 534(31) 28.9(1.0) 13 0.05 5.9 0.88 0.19 0.32
C4H2F5Cl CF3CHClCCl––CH2 544(33) 31.2(0.8) 13 0.04 6.2 0.63 0.01 0.18
pentane C5H10 500(14.1) 35(1.64) 12 0.02 2.64 0.00 0.00 0.00

Table 8: Selected results for the HTC and butene derivatives.

Molecular Extended Tc pc Ẇnet SP τ (F+Cl)/(F+Cl+H) GWP RE
formula formula K bar kW m days - - Wm−2ppb−1

C5H3F7 CF3CF2CF2CH––CH2 443(38) 26.6(0.6) 342 0.46 1.2 0.70 0.00 0.04
C5H5F5 CF3CH2CF2CH––CH2 454(34) 27.8(0.7) 329 0.43 1.2 0.50 0.01 0.06
C5H4F6 CF3CHFCF2CH––CH2 463(39) 27.5(1.0) 325 0.53 1.2 0.60 0.00 0.04
C5H4F6 CF3CF2CHFCH––CH2 463(39) 27.5(1.0) 325 0.53 1.2 0.60 0.01 0.22
C5H5F5 CF3CF2CH2CH––CH2 462(31) 27.7(0.7) 325 0.47 0.9 0.50 0.00 0.19
C5H3F6Cl CF2ClCF2CF2CH––CH2 484(37) 26.7(0.8) 323 0.72 1.2 0.70 0.01 0.32
R-245fa CF3C––CF2 397(31.6) 28(0.67) 345 0.21 818.09 1.00 392 0.15

Table 9: Selected results for the LTC and pentene derivatives.

Molecular Extended Tc pc Ẇnet SP τ (F+Cl)/(F+Cl+H) GWP RE
formula formula K bar kW m days - - Wm−2ppb−1

C5H7FCl2 CH3CHFCH2CH––CHCl 586(20) 34.5(1.4) 12 0.05 2.0 0.20 0.01 0.08
C5H5F5 CH3CHFCH2CCl––CHCl 614(21) 33.0(1.5) 12 0.07 5.7 0.30 0.04 0.09
C5H7F2Cl CH3CF2CF2CH––CHF 505(25) 31.4(0.9) 12 0.03 2.7 0.50 0.03 0.23
C5H7F3 CH3CHFCHFCCl––CH2 552(34) 34.1(2.3) 13 0.04 2.9 0.30 0.02 0.11
C5H6F3Cl CH3CHFCHFCH––CHF 536(27) 33.6(2.5) 12 0.04 2.7 0.30 0.01 0.12
C5H7F2Cl CH3CHFCHFCCl––CHF 569(28) 32.2(2.4) 13 0.05 8.1 0.40 0.13 0.11
pentane C5H10 500(14.1) 35(1.64) 12 0.02 2.64 0.00 0.00 0.00

Table 10: Selected results for the HTC and pentene derivatives.

5. Discussion

The results suggest that a range of potential options exist to replace
working fluids for organic Rankine cycle power systems, which may achieve
close or even greater performance than current fluids, but at the expense
of larger units. Higher temperature applications may require halogenated
olefins containing chlorine, for which toxicity and ODP should be especially
characterized, or the use of pentene derivative highly fluorinated olefins, for
which GWP should be evaluated carefully. In the case of low-temperature
applications, fluorinated options are widely available; however, many of them
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contain the functional group CF3, which has been associated with TFA degra-
dation, though it may lower the flammability of the molecule. In general,
predicted GWPs are low or moderately low, and comply with the current
restrictions for greenhouse gases, but those fluids with higher content in flu-
orine require a more detailed evaluation to confirm compliance with even
stricter regulations.

5.1. Limitations of this study

5.1.1. Predictions identifiability

As mentioned by Frutiger et al. [97], the use of GCM for property predic-
tion is accompanied by the problem of poor parameter identifiability, which
is mostly due to a reduced amount of data for the model fitting or the cor-
relation between parameters. This means that, if data points used in the
development of the models were not sufficient, the confidence interval of
the parameters may be too large, and they will not be practically identifiable
(i.e., group contributions individually may not have a practical meaning with
the molecular structure of the functional group).

In this work, the practical identifiability of model parameters for critical
parameters, acentric factor, and heat capacity prediction has been accounted
for by introducing the estimation of the uncertainty of the properties. There-
fore, even if the results are sometimes analyzed in terms of the molecular
structure, namely, the presence of certain functional groups, the validity of
the obtained conclusions can be only confirmed by the uncertainty of the
analyzed magnitude. Moreover, it was observed that the obtained predicted
values for critical parameters (which have the greatest impact on the calcu-
lated properties from the equation of state) matched well with the molecular
theory found in the literature (see, for instance, section 4.1).

For the other models used in this study (i.e., to predict the atmospheric
lifetime and the GWP), it must be noted that their predictions have associ-
ated uncertainties which have been pointed out in their respective sections,
which must be considered for the interpretation of the obtained results. More-
over, the empirical character of these methods raises the potential of larger
errors if the nature of the analyzed fluids differs considerably from that of
the fitting datasets (e.g., more presence of Cl in the molecule). Nevertheless,
it must be noted that the used methods are in line with those applied by
other relevant works [5, 98].
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5.1.2. Uncertainty propagation

The prediction of the critical temperature is of high importance, since
its uncertainty or deviation is the largest contribution to the uncertainties
of properties calculated through the PR-EoS [48]. In this regard, the av-
erage uncertainty of the prediction of Tc in this work, which accounts for
approximately 6%, results in uncertainties of around 30% for the calculated
net power output. Although this figure may look significant, given the fact
that the great majority of the investigated substances are new and no exper-
imental data exists for them, the methods used for their property prediction
justify their suitability for the screening process.

5.1.3. Stereoisomerism

One of the features brought by the double carbon bond in olefins is
stereoisomerism, which consists of different geometrical connectivities of the
atoms in the molecule and results, sometimes, in radically different prop-
erties. Stereoisomers cannot be differentiated in GCMs, meaning that the
varied isomers due to the double carbon bond are not covered in this work.
The estimation of the impact of isomerism on molecule properties is complex,
and it often requires of more complex simulations such as molecular simula-
tions [99]. A look at the critical properties and acentric factors of four pairs
of halogenated stereoisomers indicates that the impact of the stereoisomery
on these properties is not clear. While (1E)-1,3,3,3-tetrafluoropropene and
(1Z)-1,3,3,3-tetrafluoropropene show a difference of more than 30 K in the
critical temperatures and less than 1 bar in the critical pressures, (2Z)-1,3-
dichlorobut-2-ene and (2E)-1,3-dichlorobut-2-ene have almost the same val-
ues. Also, the stereoisomers of HFO-1234ze(E) and HFO-1234ze(Z) present
significantly different boiling points [28]. The findings of these comparisons
suggest that it is not possible to predict the potential deviations of these
properties for isomers. However, the predicted properties should be seen as
representative of at least one of the isomers, and therefore can provide an
insight into the properties for the specific molecular formulation.

6. Conclusions

In this work, a comprehensive evaluation of the potential of halogenated
olefins as working fluids for organic Rankine cycle technology has been pre-
sented. The thermophysical behavior, safety and environmental features, and
performance in an ORC unit, of a wide range of potential olefins containing
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fluorine and/or chlorine, were analyzed considering their uncertainties and
identifying relationships with the molecular structure of each fluid. Based
on the results obtained, the following conclusions are drawn:

• The presence of fluorine and/or chlorine atoms in olefins alters signifi-
cantly their thermophysical, safety and environmental behavior.

• The addition of fluorine atoms to the molecule results in a reduction
of the critical temperature and pressure, and this in turn, leads to an
increase of the operating pressures in a hypothetical organic Rankine
cycle unit using the olefin as a working fluid. Furthermore, an increased
number of fluorine atoms reduces the flammability risk of the substance,
but increases its radiative efficiency in the atmosphere.

• The addition of chlorine atoms increases the critical temperature of the
molecule, and substantially, its molecular weight. This addition is also
expected to reduce flammability of the substance and has no significant
contribution to the radiative efficiency; however, atmospheric lifetimes
and toxicity may increase.

• In general, potential halogenated olefins may yield performances for
organic Rankine cycle systems similar to those of current working fluids,
but expander sizes are likely to become larger.

• The presence of the CF3 offers the possibility of reducing the flamma-
bility of the molecule, but its possible implication in the formation of
TFA should be considered.

• Solutions for high-temperature applications imply the use of fluids with
the presence of chlorine, or the use of high carbon-olefins, while low-
temperature applications may imply options among fluorinated olefins.

• The results suggest that halogenated olefins should be considered as
part of the solution to the environmental problems associated with
current refrigerants, as their performance for specific applications may
be superior than that of other alternative fluids. However, it is too early
to determine whether halogenated olefins are a long-term solution.
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