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ABSTRACT: The use of hydrofluorocarbons (HFCs) as an
alternative for refrigeration units has grown over the past decades
as a replacement to chlorofluorocarbons (CFCs), banned by the
Montreal’s Protocol because of their effect on the depletion of the
ozone layer. However, HFCs are known to be greenhouse gases
with considerable global warming potential (GWP), thousands of
times higher than carbon dioxide. The Kigali Amendment to the
Montreal Protocol has promoted an active area of research toward
the development of low GWP refrigerants to replace the ones in current use, and it is expected to significantly contribute to the Paris
Agreement by avoiding nearly half a degree Celsius of temperature increase by the end of this century. We present here a molecular-
based evaluation tool aiming at finding optimal refrigerants with the requirements imposed by current environmental legislations in
order to mitigate their impact on climate change. The proposed approach relies on the robust polar soft-SAFT equation of state to
predict thermodynamic properties required for their technical evaluation at conditions relevant for cooling applications. Additionally,
the thermodynamic model integrated with technical criteria enable the search for compatibility of currently used third generation
compounds with more eco-friendly refrigerants as drop-in replacements. The criteria include volumetric cooling capacity, coefficient
of performance, and other physicochemical properties with direct impact on the technical performance of the cooling cycle. As such,
R1123, R1224yd(Z), R1234ze(E), and R1225ye(Z) demonstrate high aptitude toward replacing R134a, R32, R152a, and R245fa
with minimal retrofitting to the existing system. The current modeling platform for the rapid screening of emerging refrigerants offers
a guide for future efforts on the design of alternative working fluids.

KEYWORDS: Polar soft-SAFT, Environmentally friendly refrigerants, Drop-in replacements, Vapor compression refrigeration,
Molecular structure−thermophysical properties, Hydrofluoroolefins

■ INTRODUCTION

Within the context of sustainable development, climate action
is one of the vital topics in the United Nations’ (UN) goals for
sustainable future, focusing on increased awareness and
mobilization to resist the adverse ecological effects of climate
change.1 The main culprit responsible for the emergence of
this notorious problem was the utilization of highly active
ozone depleting chlorofluorocarbons (CFCs) in the refriger-
ation and cooling industries, leading to their global ban with
the enacting of the Montreal Protocol.2 At that stage, the dire
industrial need for replacements identified third generation
refrigerants hydrofluorocarbons (HFCs) as viable options
based on their zero ozone depletion potential (ODP)
compared to their banned predecessors.3 However, an
unforeseeable consequence, further aggravating the climate
change problem, was their high global warming potential
(GWP), as HFCs are potent greenhouse gases, with projected
CO2-equivalent emissions of 6%−9% of total CO2 emissions
by 2050.4 Once again, stricter environmental legislations5−9

were passed to gradually phase out and restrict the usage of

third generation refrigerants in upcoming years, targeting
replacements with low GWP.
Even though environmentally friendly refrigeration and

cooling technologies are being developed such as absorption
refrigeration,10−12 adsorption refrigeration,13 and other novel
systems,14 the cooling industry is still heavily reliant on the
more efficient vapor compression refrigeration cycles (VCRCs)
with fluorinated compounds as working fluids. As such, in lieu
of the current targets of environmental legislations, the search
for alternative refrigerants replacing HFCs for today’s market is
solely dictated by eco-friendly properties such as zero ODP,
low GWP, and moderate safety-related properties (i.e.,
flammability, and toxicity), examining a wide array of
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substances both natural and synthetic as potential replace-
ments to the currently used third generation refrigerants. The
resurged interest in the use of well-known natural fluids
identified NH3, CO2, n-alkanes, and water as possible working
fluids for air-conditioning applications. However, the commer-
cialization of these natural fluids is hindered either by their
poor safety-related properties or inability to operate at specific
conditions applicable to currently available refrigeration
systems. As such, these options are deemed infeasible single-
component drop-in replacements, entailing additional retrofit-
ting of refrigeration cycles using third generation refrigerants.15

Conversely, synthetic fourth generation refrigerants such as
hydrofluoroolefins (HFOs), hydrochlorofluoroolefins
(HCFOs), hydrofluoroethers (HFEs), and even selected
blends with third generation HFCs, have demonstrated
potentiality in replacing currently used third generation
working fluids.16,17 DuPont and Honeywell developed
2,3,3,3-tetrafluoroprop-1-ene (R1234yf) as an eco-friendly
replacement for 1,1,1,2-tetrafluoroethane (R134a) and exam-
ined its application for mobile air conditions systems (MAC),
identifying its potentiality as a replacement working fluid
satisfying environmental and safety constraints, at the price of a
reduced system efficiency18 and higher cost. In spite of these
limitations, R1234yf is already used as a refrigerant for
automobile applications in Europe, with a long list of model
vehicles using it, following the implementation of the EU
Directive 2006/40/EC6 in 2013, banning the use of R134a for
this application. In a similar fashion, trans-1,3,3,3-tetrafluor-
oprop-1-ene (R1234ze(E)) was also identified as a viable
replacement for R134a in commercial refrigeration cycles and
medium temperature heat pumps based on its eco-friendly
properties,19 yet with the expense of additional capital costs for
retrofitting systems to maintain a similar level of perform-
ance.20 As opposed to natural refrigerants, a drawback
associated with fourth generation refrigerants such as
R1234yf and R1234ze(E), is their rapid degradation and
formation of stable trifluoroacetate (TFA), potentially
contaminating surrounding soil and terminal water bodies.21,22

However, recent studies established that the expected
concentrations of these degradation products will have a
negligible impact on the ecosystem.22,23 Thus, far, finding a
single-component refrigerant encompassing all desirable
properties remains an elusive and difficult feat.
Although the previous examples demonstrate the potential-

ity of some fourth generation synthetic refrigerants with regard
to environmental and safety-related properties in line with
environmental regulations, the lingering question to be
answered is whether these alternatives can satisfy the technical
(and safety) demand of the market for different cooling
applications. Ascertaining the potentiality of these alternative
refrigerants on technical facets is relevant but given a
secondary priority as opposed to the more urgent environ-
mental facets, hence their limited availability in the
literature.20,24−30 Replacing the current commercially used
third generation refrigerants with a low GWP alternative is not
straightforward and might lead to retrofitting the existing
system, resulting in a trade-off, often overlooked, between
meeting environmental constraints and incurring additional
costs or compromising system performance.31−34 To blame for
this is the lack of experimental data on the physicochemical
properties of alternative refrigerants, essential for their accurate
technical evaluation and projection on industrial scale.35 This
is expected as experimentally obtaining all relevant properties

is quite taxing in temporal and monetary terms, given the
number of different properties, varying operating conditions,
and possible working fluids.
As such, pragmatic and robust computational tools provide a

possible remedy to overcome this hurdle, with the capability of
rapidly determining potential HFCs replacements, satisfying
environmental and technical requirements. With the rise of
thermodynamic modeling approaches and computational
power, such paradigms have been successfully developed for
varying applications such as screening of materials for CO2
capture36−40 and solvents for other separation processes.41−44

The success of these paradigms is entirely dependent on the
accuracy and robustness of the chosen thermodynamic
model.24 In this regard, molecular-based equations of state
(EoSs) such as those routed on the statistical associating fluid
theory (SAFT)45 have become indispensable tools in modeling
the thermodynamic behavior of complex fluids. These models
have rigorous physical basis from statistical mechanics,
enabling them to accurately capture the effect of intermo-
lecular interactions (i.e., dispersive, associating, polar) on
macrolevel phenomena. This is an added edge over conven-
tional EoSs, that are incapable of explicitly modeling polar
interactions governing the behavior of third and fourth
generation refrigerants and other green substances of polar
nature.46−48 The adoption of SAFT-based models as a central
pillar for screening tools has been steadily growing,49−53

holding the promise of similar success when applied to
screening alternative eco-friendly refrigerants as drop-in
replacements under the same operating conditions and
technical criteria. This is fueled by the demonstrated success
of our group in accurately modeling the holistic thermody-
namic behavior of third and fourth generation refriger-
ants.54−58 On another front, the physical basis of SAFT-
based models can enable the extraction of microlevel
tendencies linked with observable physicochemical properties
and technical performance. This fundamental level knowledge
can effectively guide future efforts on the search of promising
low GWP alternative refrigerants.
Other molecular-based approaches have also been employed

for predicting the thermodynamic behavior of fourth
generation refrigerants, such as the series of contributions by
Raabe and Maginn59−65 on the use of molecular simulations
for determining thermodynamic properties of these com-
pounds. Although molecular simulations provide a good detail
of physical insights, the required computational time to fully
characterize any refrigerant and blends with the required
properties for implementing them in cooling applications
solely with molecular simulations becomes prohibit expensive.
Alternatively, molecular-based EoSs use a coarse-grained
approach, preserving the key features of the molecular
structure, including their polar nature, with very modest
computational requirements. Hence, they have proven to be a
successful platform for the assessment of potential low GWP
alternative working fluids, primarily due to very limited
computational requirements when compared with molecular
simulations, while showing excellent extrapolative and
predictive power.54−58

In this contribution, we present for the first time a robust
framework for rapidly assessing the feasibility of replacing
single-component third generation refrigerants HFCs with low
GWP fourth generation refrigerants HFOs and HCFOs,
connecting features of their molecular structure to their
performance. The framework is built on the use of a molecular-
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based EoS, namely, polar soft-SAFT,66 for the holistic
thermodynamic characterization of the investigated refriger-
ants. Once the accuracy of the model is established through
comparison with available experimental data, the compatibility
of third generation refrigerants with their low GWP fourth
generation replacements is determined through a drop-in
analysis with the objective of minimal retrofitting to the
existing system. This analysis is done using technical criteria
computed from properties predicted by the thermodynamic
model. In addition to these technical criteria, the compatibility
of refrigerants is examined in terms of molecular characteristics
obtained from the model.

■ METHODOLOGY
Selected Technical Criteria for the Drop-in Assess-

ment. Taking third generation refrigerants as benchmarks, it is
granted that their fourth generation replacement should satisfy
imposed environmental criteria7 including low GWP (<150),
non- or very low ODP < 0.01, null toxicity (A), and either non-
or midflammability (1 or 2 L). These constraints are applicable
to all fourth generation refrigerants examined in this work, with
the exception of R1243zf, being highly flammable (2), as
provided in Table S1 in the Supporting Information (SI).
Toward assessing the compatibility of fourth generation

drop-in replacements, several technical criteria can be included,
granted that the technical assessment is done under the same
refrigeration cycle and operating conditions. The performance
of third generation HFCs and their fourth generation
replacements HFOs and HCFOs is assessed in this work
using a vapor compression refrigeration cycle as the showcase,
displayed in Figure 1. The cooling process is comprised of a

single-stage compressor, condenser, evaporator, and thermo-
static expansion valve (TXV). The cycle starts with the
isentropic compression of the refrigerant (1−2), with the
superheated vapor flowing through the condenser, and
releasing its sensible (2−3) and latent (3−4) heats to
surrounding air to reach the saturation temperature at the
condenser’s pressure (2−4). Subsequently, the saturated liquid
is expanded resulting in two phase vapor−liquid mixture, with
the TXV regulating the refrigerant mass flow rate (4−5),
routed to the isobaric evaporator with the refrigerant reaching
its saturated vapor phase (5−1). The implementation of the
VCRC requires assumptions on the process conditions such as,
steady-state flow, fixed evaporator temperature (Tevap = 270

K), fixed condenser temperature (Tcond = 300 K), negligible
heat transfer in piping, negligible superheating and subcooling
effects, zero pressure drop and isobaric conditions in both
condenser and evaporator, ideal isentropic efficiency in the
compressor, and isenthalpic flow across the TXV, in a manner
consistent with our previous work.67 These conditions were
chosen to simulate a cooling cycle with a medium evaporation
temperature (i.e., in the range of 268−283 K)68 and a lift
temperature of 30 K69 to prevent heat cross between external
heat sink and the corresponding heat source.70

The chosen technical criteria for evaluating compatibility of
drop-in replacements include volumetric cooling capacity
(VCC), and coefficient of performance (COP). The VCC
refers to the amount of cooling per unit volume of the vapor
refrigerant at the evaporator outlet, computed as

VCC RE Vρ= × (1)

where RE is the refrigeration effect as the difference between
the enthalpies of the refrigerant at evaporator outlet and inlet,
while ρV is the density of the saturated vapor exiting the
evaporator, otherwise known as suction density.
Conversely, the COP quantifies the overall efficiency of the

refrigeration cycle, expressed as the cooling effect produced per
unit of work, as

w

H H
COP

RE RE
w H H

c

evap,out cond,out
cs comp,out evap,out

= = =
−

η η

−
(2)

where wc is the actual compressor work, wcs is the specific work
required by the compressor, and η is the real compressor
efficiency, which in this work is assumed to be ideal (i.e., η =
1.0). The computations of these criteria require pressure-
enthalpy (PH), and temperature-entropy (TS) diagrams and
physicochemical properties predicted using polar soft-SAFT
for all studied refrigerants, under the imposed conditions of the
cooling cycle.
Refrigerants are deemed compatible if the values of their

VCC are similar, denoting equivalent refrigerant volume
handled by the compressor without need for compressor
retrofitting. Additionally, the replacement refrigerant should
possess either a similar or higher COP value compared to the
refrigerant to be replaced, denoting either a similar or higher
cycle efficiency. For the most compatible refrigerants, other
properties with impact on technical performance are examined
to gain additional insight on other possible technical trade-offs.
These properties include normal boiling point (NBP),
condenser pressure (Pcond), suction density (ρV), liquid specific
heat (cP), and refrigeration effect (RE). The normal boiling
point measures the ease of vaporizing the refrigerant upon
absorbing heat, which should be minimized for low-medium
temperature applications, as high NBP would require operating
the compressor at low pressures or even vacuum to facilitate
vaporization, at the expense of higher operating costs.
Similarly, the condenser pressure should also be minimized
to reduce the compression power and the operating costs,
while the suction density relates to the density of the saturated
vapor exiting the evaporator, which should be maximized to
reduce the size of the compressor and required capital costs.
The specific heat of the refrigerant at liquid state represents the
amount of heat required to increase the temperature of the
refrigerant by one temperature unit (e.g., 1 K), with lower
specific heat being preferred as it reduces the amount of heat
required to change the temperature of the refrigerant. This is

Figure 1. Process flow diagram of the vapor compression refrigeration
cycle (VCRC) studied in this work.
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defined as the enthalpy difference of the saturated liquid
leaving the condenser at Tcond (Hcond,out) and the subcooled
liquid leaving the condenser at (Tcond − 1 K) (Hcond,out

−1K ) at
isobaric conditions.
Lastly, the refrigeration effect is a measure of the amount of

latent heat absorbed in the evaporator, corresponding to the
cooling capacity of the refrigerant, which should be maximized
to ensure higher extracted heat or lower refrigerant mass flow
rates.
It is important to remark that all systems discussed in this

contribution require the use of polyolester (POE)-based
lubricant oils, more precisely pentaerythritol esters (PECs),
to ensure miscibility, lubricity, and chemical stability of the
resulting refrigerant−PEC oil pair. All of the examined drop-in
replacements are compatible with PEC; otherwise, a thorough
refrigerant−PEC oil compatibility analysis would be re-
quired.67

Polar Soft-SAFT Equation. All thermophysical properties
of the selected refrigerants considered in this work have been
modeled using the polar soft-SAFT Equation of State (EoS),66

an extension of the original soft-SAFT equation.71,72 Within
the framework of polar soft-SAFT,66 the residual Helmholtz
energy (ares) of a pure fluid is represented as the sum of various
microscopic contributions accounting for its different molec-
ular features, expressed as

a a a a ares ref chain assoc polar= + + + (3)

The reference term (aref) denotes the contribution arising
from repulsive and dispersive interactions between individual

segments of the reference fluid (a Lennard-Jones (LJ)
intermolecular potential). The chain term (achain) refers to
the contribution resulting from the formation of chains
through connectivity of individual segments, while the
association term (aassoc) takes into account the highly
directional and short-range interactions such as hydrogen-
bonding. Lastly, the polar term (apolar) explicitly accounts for
the contribution from multipolar interactions such as a
permanent dipole or quadrupole. The reader is referred to
the original contributions for additional details on the
expressions of soft-SAFT and its polar extension.46,47,66,71−73

The application of polar soft-SAFT to molecular systems
entails describing a pure fluid using a coarse-grained
representation of its key structural and energetic features,
captured through a specific set of molecular parameters.
Generally, the model contains a maximum of seven molecular
parameters to describe pure fluids, although in most of the
cases three or five molecular parameters are used, depending
on the governing intermolecular interactions. The most
essential parameters required for any pure chain-like fluid
include the chain length (mi), LJ segment diameter (σi), and LJ
segments dispersive energy (εi). Two additional parameters are
needed to model fluids capable of hydrogen bonding, one
related to the volume (κα−β, i

HB ) and a second one taking into
account the energy of association (εα−β, i

HB ). Alternatively,
modeling fluids with dipolar or quadrupolar interactions
requires, in addition to mi, σi, and εi, two extra parameters,
which are the dipole/quadrupole moment (μ/Q), and the
fraction of segments affected by the polar moment (xp).

Table 1. Summary of Refrigerants Modeled in This Work, with Their Commercial Name in Bold and CAS No. in Italic
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Typically, these polar molecular parameters are either fixed a
priori based on physical arguments or regressed to the
saturated liquid density and vapor pressure of the pure fluid.
Hence, for polar compounds, such as those studied in this
work, only mi, σi, and εi are fitted to experimental data, usually
vapor−liquid equilibria.
In this work, a total of 18 different pure refrigerants were

studied, provided in Table 1. The studied refrigerants include
10 of the most commonly used single-component third
generation refrigerants, along with eight fourth generation
refrigerants with demonstrated potential as low GWP
alternatives. Although other fourth generation refrigerants
have been recently synthesized, some of their environmental
and safety properties and thermodynamic properties required
for molecular model parametrization are missing, hence, their
exclusion from the current work.
The polar soft-SAFT coarse-grained molecular model of

these fluids represents them as homonuclear nonassociating LJ
chain-like fluids with explicit consideration of their dipole
moment, with three representative examples from each family
provided in Figure 2. The polar treatment is required due to

the presence of halogen atoms (i.e., fluorine, chlorine) in these
molecules, leading to the formation of permanent dipole
moments arising from the asymmetrical charge distribution.
Such explicit treatment is paramount as it ensures high
predictive accuracy in modeling pure polar fluid properties and
their multicomponent mixtures as demonstrated for other
polar fluids in our earlier contributions.46,47,66,73 It should be
noted that the association term was not included, as the dipolar
nature of these refrigerants is far more influential on their
thermodynamic behavior.
For the required polar molecular parameters, the dipole

moment (μ) was fixed to the experimental value in vacuum,
while the fraction of dipolar segments (xp) was determined a
priori based on a physical argument taking into account the
molecular charge distribution.46,66 With this approach, the
robustness of the model is preserved, as only three parameters
(i.e., σi, mi, εi) need to be fitted to pure refrigerant
experimental saturated liquid density and vapor pressure.
Subsequently, these parameters can be used to predict
thermodynamic properties required for technical evaluation
and even extended to obtain phase equilibria and properties of
their multicomponent mixtures. The parametrization of the

pure refrigerants has been done using the soft-SAFT
proprietary software developed and validated over the past
two decades.74

■ RESULTS AND DISCUSSION

Polar Soft-SAFT Characterization of HFCs, HFOs, and
HCFOs. Toward assessing the compatibility of low GWP
refrigerants as drop-in replacements, their thermodynamic
behavior needs to be characterized, which has been done in
this work using polar soft-SAFT EoS. As previously high-
lighted, the CG molecular models of the examined refrigerants
explicitly account for dipolar interactions governing their
macroscopic behavior. The optimized polar soft-SAFT
parameters for the examined pure refrigerants are provided
in Table 2, using the parametrization approach highlighted in
the methodology section. Notice that these are nonassociating
fluids; hence, aassoc in eq 3 is neglected in all calculations.
The adequacy of these regressed parameters can be

established through comparing polar soft-SAFT calculations
for coexisting densities and vapor pressure against experimental
data75,79−87 used in the parametrization procedure, as provided
in Figure 3, for selected fourth generation refrigerants (HFOs
and HCFOs). These parameters accurately capture the
experimental trends for these properties with an average
deviation for saturated liquid density (AAD% ρL

Sat.) below
0.80% in all cases, while for vapor pressure, the average
absolute deviation (AAD% PSat.) is below 2% in most cases,
with some few exceptions that are within an acceptable 4.5%. It
should be noted that in the vicinity of the critical region, polar
soft-SAFT overestimates the critical properties of the pure
fluids, due to the mean-field formulation of the theory. This
limitation is shared by all SAFT-based EoSs and can be solved
through the addition of the crossover term,88 which is outside
the scope of this work. Similar model performance was
obtained for third generation HFCs, with their polar soft-SAFT
computed coexisting densities and vapor pressure included in
Figure S1 in the SI

Effect of Refrigerants Molecular Features on Their
Physicochemical Properties. The advantage of the
previously optimized parameters is their physical meaning,
related to the size and energy of the molecule, allowing
extraction of molecular features, and understanding their effect
on macrolevel properties. This is of paramount importance as
it helps in guiding experimental efforts in the synthesis of
alternative refrigerants with desirable physicochemical proper-
ties affecting the technical efficacy of the working fluids in their
intended applications.
The change in the liquid density of the studied refrigerants,

predicted at T = 250 K, is closely related to the volume
occupied by the molecule (mσ3) as provided in Figure 4. The
increase in molecular volume results in lower liquid molar
densities, which also means higher vapor molar densities. This
change is dependent on structural features such as the number
of carbons in the chain, number and type of halogenated
atoms, and the type of carbon−carbon bonds, with varying
degrees of contribution. The most notable structural features
with distinct impact on the size of the molecule are the carbon
number and degree of halogenation, with their increase leading
to increased magnitude for molecular volume, as seen in the
case of the single carbon R41, R32, and R23, with increasing
fluorine atoms, as well as for increasing number of carbons
seen in case of R32 and R152a (both with two fluorine atoms).

Figure 2. Selected pure refrigerants modeled in this work, with their
molecular structure and corresponding polar soft-SAFT coarse-
grained molecular model. The beige spheres denote the segments
affected by the dipole moment, needed to estimate the fraction of
dipolar segments (xp).
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Less noticeable effects are associated with the presence of
double bonds vs single bonds, the type of halogen atom, and
their position in the molecule. The presence of double bonded
carbons marginally reduces the molecular size as opposed to
single-bonded carbons, due to their lower bond length, as seen
for the unsaturated R1225ye(Z) compared to the saturated

R245fa. In similar notions, the presence of chlorine marginally
increases the molecular size due to its larger atomic radius
compared to the fluorine atom, observed for the R1234ze(E)
HFO and its counterpart R1233zd(E) HCFO.
On the basis of these trends, and in view of the objective of

maximizing the suction density of the refrigerant (vapor
phase), it can be expected that larger refrigerants such as
R227ea can be an adequate refrigerant judging solely by this
criterion, reflective of smaller compressor sizing.
It should be noted that, for practical applications, the

analysis can be done on the basis of liquid mass densities, with
similar results albeit reversed trends, with refrigerants with
lower molecular volumes having lower liquid mass densities
consistent with their lower molecular weights.
To better elucidate the importance of explicitly accounting

for the polarity of the refrigerants investigated herein, the
relative contribution of the different terms (i.e., LJ reference,

Table 2. Polar Soft-SAFT Molecular Parameters for HFCs, HFOs, and HCFOs Studied in This Work

Compound m σ (Å) ε/kB (K) μ × 10−30 (C m)a xp AADP
b (%) AADρ

c (%) T range (K)

HFCs
R41 1.371 3.400 180.3 6.17427 0.50 1.494 0.763 200−280
R32 1.376 3.506 164.5 6.59790 0.75 0.565 0.255 200−316
R23 1.397 3.610 147.9 5.50047 0.90 1.327 0.155 200−270
R161 1.577 3.693 232.3 6.47014 0.33 1.374 0.414 200−340
R152a 1.662 3.754 202.3 7.54522 0.50 0.993 0.792 200−356
R134a 1.813 3.770 169.5 6.86475 0.70 1.443 0.389 200−344
R125 1.887 3.790 165.1 5.21360 0.90 1.618 0.274 200−310
R245fa 2.479 3.675 197.1 5.16690 0.80 1.593 0.596 230−395
R236fa 2.056 4.012 172.4 6.61124 0.90 2.410 0.554 270−370
R227ea 2.131 4.033 190.7 4.85669 1.00 4.224 0.260 230−345

HFOs
R1123 1.527 3.760 175.3 5.73730 0.80 2.963 0.199 230−300
R1243zf 1.904 3.880 170.0 8.16890 0.50 1.092 0.295 270−345
R1234yf 1.740 4.082 191.6 6.70790 0.70 1.150 0.314 250−331

R1234ze(E) 2.044 3.821 204.0 4.80330 0.75 3.016 0.555 250−351
R1225ye(Z) 2.077 3.845 172.4 6.03750 0.80 1.018 0.260 250−355
R1336mzz(Z) 1.806 4.430 195.6 10.6406 0.60 3.287 0.565 325−415

HCFOs
R1233zd(E) 2.331 3.819 232.6 3.81190 0.80 2.936 0.506 250−400
R1224yd(Z) 2.278 3.899 202.4 5.63720 0.85 1.358 0.237 280−375

aExperimental dipole moments.54,61,75−78 bExperimental vapor pressure from refs 75, 79−84. cExperimental saturated densities from refs 75, 79, 80,
82, 84−87.

Figure 3. Coexisting densities (top) and vapor pressure (bottom) of
pure HFOs and HCFOs studied in this work, with polar soft-SAFT
calculations using parameters from Table 2 (solid lines) compared to
experimental data (symbols). References for the experimental data are
provided in Table 2.

Figure 4. Effect of molecular volume on predicted molar liquid
density at T = 250 K for refrigerants using polar soft-SAFT. Notice
that the size of the sphere reflects the molecular volume as shown in
the heat scale.
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chain, and polar) to the residual Helmholtz free energy (eq 3)
were predicted from the thermodynamic model at T = 250 K
and P = 0.1 MPa, as provided in Figure 5.

For the majority of the refrigerants, the polar contribution to
the Helmholtz energy has a large impact in the range of 25%−
67%, with the exception for R1233zd(E) and R161, clearly
demonstrating the importance of explicitly including the effect
of dipolar interactions in their CG molecular models. These
predictions can help in understanding the relative importance
of the different intermolecular interactions on the physico-
chemical properties, similar to the aforementioned case with
density. For saturated HFCs with similar carbon number such
as R161, R152a, R134a, and R125 (all with two carbon atoms),
the increasing degree of fluorination is accompanied with
increased contribution of dipolar interactions compared to
dispersive, provided in Figure 5 (top). This is distinctly seen
moving from R161 (1 F) and R152a (2 F) to R134a (4 F),
associated with the assumed increase in molecular segments
influenced by the dipole moment (mxp). Notice that the move
from R134a (4 F) to R125 (5 F) resulted in a reduction in the
polar contribution attributed to the reduced dipole moment of
the latter owing to the effect of the additional fluorine atom on
making the charge distribution more symmetrical. The same
trends were also observed for HFCs with one carbon atom
(i.e., R41, R32, and R23), and three carbon atoms (i.e., R245fa,
R236fa, and R227ea).
Shifting the focus on the effect of the carbon number with

similar degrees of halogenation, R41 vs R161 (1 fluorine atom)
and R32 vs R152a (two fluorine atoms), it is observed that the
polar contribution decreases with increasing carbon chain

length, as the increased size of the molecule (Figure 4) reduces
the portion of the molecule influenced by the dipole moment,
irrespective of its magnitude. This behavior has also been
previously observed for the 2-ketones family.66

The effect of the degree of fluorination is quite different in
the case of unsaturated HFOs and HCFOs, shown in Figure 5.
For HFOs with a similar carbon number (i.e., three carbons)
such as R1243zf, R1234yf, R1234ze(E), and R1233zd(E), the
polar contribution is reduced with increasing the degree of
fluorination. This can be associated with the higher polar-
izability of the double bonded carbons compared to single-
bonded carbons, leading to a more symmetrical charge
distribution, dampening the effect of the dipole moment.
The type of halogen atom also has an influence on the polar
contribution, with HCFOs having a lower impact compared to
their HFOs counterparts (i.e., R1233zd(E) vs R1234ze(E)),
consistent with the lower electronegativity of chlorine
compared to fluorine. Also, notice the effect of the position
of fluorine atoms seen in the case of R1234yf vs R1234ze(E),
with the increased polar contribution of R1234yf due to the
proximity of the isolated fluorine to the fully fluorinated
carbon, increasing the overlapping electrostatic potential and,
consequently, the polarity of the molecule.
These molecular tendencies will manifest on properties such

as vapor pressure and enthalpy of vaporization. For example,
the low vapor pressure for R1336mzz(Z) is due to its high
dipole moment resulting in the highest polar contribution
(Figure 3). Still, it remains quite difficult to distinctly isolate
the effect of polar interactions on these properties as they are
affected by the combined contribution of structural effects and
intermolecular interactions. Note that the contributions
reported in Figure 5 are relative rather than absolute,
normalized to each refrigerant’s residual energy.

Validation of Refrigerant Coarse-Grained Molecular
Models. The strength of using molecular-based EoSs, even if
some limited experimental data are needed for parametrization,
is that once the CG molecular models are developed, they can
be used in a fully predictive manner to obtain other
thermodynamic properties not included in the parametrization.
These predictions typically serve as another layer of reliability
and accuracy testing, especially in the case of first and second
order derivative properties, due to their heightened sensitivity
to errors in modeling the vapor−liquid equilibria (VLE) of the
pure fluid.89,90 Additionally, explicit inclusion of dipole−dipole
interactions in the model is paramount for accurate predictions
of these derivative properties, as demonstrated in other
contributions.48,66

The additional predicted properties for the modeled
refrigerants, include enthalpy of vaporization (ΔHvap), single-
phase density, isobaric heat capacity (CP), and speed of sound
(ω), as provided in Figure 6, for selected fourth generation
refrigerants, R1234yf, R1234ze(E), and R1233zd(E), while
those for the remaining refrigerants can be found in Figures
S2−S5 in the SI. It should be noted that predictions for the
isobaric heat capacity require the inclusion of the ideal gas
isobaric heat capacities (Cp

IG), obtained from available
literature data.75,91 The agreement between polar soft-SAFT
predictions and experimental data75,92−94 is excellent (AAD =
1.5%) for enthalpy of vaporization, single-phase density, and
speed of sound, while the deviations for predicted isobaric heat
capacity are within an acceptable 5%, further attesting the
accuracy and predictive capability of the equation in modeling
refrigerants. The enthalpy of vaporization is another measure

Figure 5. Relative contribution of the various terms (LJ reference,
chain, and polar) to the residual Helmholtz energy (ares) in the CG
models for HFCs (top), HFOs, and HCFOs (bottom) predicted from
polar soft-SAFT at T = 250 K and P = 0.1 MPa.
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for the strength of the intermolecular interactions, with higher
values reflective of stronger intermolecular interactions, as seen
in the case of R1233zd(E), with its larger dipole moment and
higher dipolar molecular segments compared to the others,
requiring more energy to transition the molecule from liquid to
vapor phase. Additionally, the change in single-phase densities
for the three refrigerants is consistent with their molecular
volumes (Figure 4), with R1233zd(E) having the lowest single-
phase density due to its larger molecular volume compared to
the former two.
The last demonstration of the accuracy of the model in

capturing the effect of dipolar interactions is demonstrated
through predicting the VLE for binary mixtures of dipolar +
nonpolar fluids. In this manner, the ability of the model to
correctly approximate the contribution of dipole−dipole
interactions can be isolated, as dipole interactions have a
larger effect on the nonideality of their VLEs with nonpolar
fluids.46,47 For this end, binary mixtures of dipolar refrigerants
with nonpolar n-alkanes (modeled as a chain-like LJ fluid,
using parameters included in Table S2 in the SI)74 were
predicted from the thermodynamic model for mixtures
including ethane with R23 or R1234ze(E) and n-butane with
R32, R152a, R134a, and R1234yf as dictated by available
experimental data.95−100 Indeed, the agreement between the
experimental VLE data and model predictions is excellent with
AADs = 1.0%, as seen in Figure 7, merely from the accurate
representation of the behavior of the pure refrigerants.
These behaviors can also be better explained from the

microlevel insights provided in Figure 5. For binary mixtures
with ethane, the prominent polar contribution of R23 resulted
in the formation of a distinct azeotropic mixture at nearly
equimolar concentrations, while the lower polar contribution
of R1234ze(E) due to its larger molecular volume resulted in

an almost ideal VLE behavior. Conversely, the formation of
azeotropes at high refrigerant concentrations was seen for all
binary mixtures with n-butane, with the degree of nonideality
associated with the magnitude of the polar contributions of the
refrigerant. For saturated R134a, its high polarity compared to
R1234yf resulted in a more distinct positive azeotrope, due to
the increased asymmetrical energy scale between the stronger
polarity of R134a with the nonpolar n-butane. Notice, both
refrigerants possess relatively similar dipole moments and
fraction of polar segments; however, the larger molecular
volume of R1234yf contributes to reducing its overall dipolar
interactions. A similar observation is seen in the case of R32
and R152a, with a higher deviation from nonideal behavior for
mixture with R32 manifested in the form of a larger spread for
the VLE. Even though the magnitude of the dipole moment of
R152a is higher than R32, still its larger size reduces the
portion of the molecule influenced by the dipole moment.

Drop-In Assessment for Low GWP Refrigerants. In this
section, we present results on the drop-in assessment for the
most compatible low GWP fourth generation refrigerants as
replacements for the currently used third generation
refrigerants. The assessment is done employing the technical
criteria highlighted in the methodology for the examined
VCRC systems. The PH- and TS-diagrams for all the pure
refrigerants as predicted from polar soft-SAFT EoS, under the
imposed operating conditions for the VCRC, for all the
examined refrigerants are shown in Figures S6 and S7 in the SI.
The values for the ideal gas enthalpy (HIG), and entropy (SIG)
required for these predictions from the thermodynamic model
were taken from literature.75 Moreover, all other physicochem-
ical properties needed to complete the assessment were also
obtained from polar soft-SAFT in a predictive manner.

Figure 6. Thermodynamic properties of low GWP refrigerants,
including (a) enthalpy of vaporization, (b) single-phase density, (c)
isobaric heat capacity, and (d) speed of sound, for R1234ze(E),
R1234yf, and R1233zd(E), with polar soft-SAFT predictions (solid
lines) compared to experimental data75,92−94 (symbols).

Figure 7. Predicted VLE for binary mixtures of (a) ethane + R23, (b)
ethane + R1234ze(E), (c) n-butane + R134a or R1234yf at T = 323
K, and (d) n-butane + R32 or R152a at T = 293 K. In all cases, polar
soft-SAFT predictions (solid lines) are compared to experimental
data95−100 (symbols).
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The most convenient criterion for analyzing compatibility of
drop-in replacements would be merely using VCC under the
same VCRC operating conditions, as currently implemented in
most works on searching for alternative refrigerants.83,101,102

Similar VCC values between benchmark third generation
refrigerant, and low GWP fourth generation replacement
signifies their compatibility without the need to retrofit units in
existing refrigeration cycle, in particular the compressor.103

Prior to implementing this criterion, it is worthwhile to test
the validity of VCC predictions using polar soft-SAFT EoS (eq
1). This is done through linearly correlating predicted VCC
values with the critical properties (i.e., critical temperature and
pressure) of the pure refrigerants,104 indicating the accuracy of
the predicted VCC values. The critical properties for each
refrigerant were obtained from the literature,75,81−83,105−108

while VCC were directly predicted from polar soft-SAFT. As
provided in Figure 8, the predicted VCC values and critical

properties of the studied refrigerants indeed followed a linear
correlation (R2 > 0.997), with the exception of R23. This
outlier was expected as the critical temperature of R23 (Tc =
299.29 K) is very close to the condenser operating temperature
for the VCRC (Tcond = 300 K). It should be noted that a
refrigerant with a low-critical temperature such as R23 most
likely would require the use of a transcritical cycle if operated
at medium-temperature conditions.109 Notwithstanding, this
simple test affirms the accuracy and predictive power of polar
soft-SAFT in capturing the behavior of key technical criterion
for evaluating the compatibility of drop-in replacements.
Highlighted in Figure 9 are the most compatible fourth

generation refrigerants with the 10 third generation single-
component refrigerants (HFCs) as benchmarks. It can be seen
that for some distinct cases, such as those for replacing R32,
R152a, R134a, and R245fa, fourth generation refrigerants are
nearly compatible as drop-in replacements using working fluids
such as R1123, R1234yf, and R1224yd(Z), with their VCC
values being within 10% of those for the benchmark
refrigerants to be replaced. Conversely, other refrigerants are
available, such as replacing R41 or R23 with R1123; however,
the low VCC value of R1123 indicates that the refrigeration
cycle needs to be retrofitted. These dissimilar VCC values
require an increase in the compressor size for equivalent

volumes of compressor-displaced refrigerant. In this aspect,
rational design of refrigerant blends might prove efficient for
the replacement of those refrigerants without compatible low
GWP single refrigerants. This assessment has also been done at
different evaporator and condenser temperatures to evaluate
their impact, as included in Figure S8 in the SI, yielding
relatively similar outcomes to the most compatible fourth
generation drop-in replacements. Notice the effect of
increasing the lift temperature on decreasing the corresponding
VCC values.
On the basis of the previous compatibility assessment, we

further investigate drop-in replacements for R32, R152a,
R134a, and R245fa, inclusive of other technical criteria often
overlooked. This is done through estimating the corresponding
trade-off between COP versus VCC as well as a thorough
review of their main thermophysical properties. The drop-in
assessment is performed considering potential drop-in replace-
ments with VCC and COP values within 25% of the reference
refrigerant to be replaced. It should be mentioned that for
R1336mzz(Z) and R1224yd(Z), the COP is predicted as an
average based on available experimental data under similar
conditions,110,111 due to the nonavailability of isothermal ideal
gas entropies needed to compute the TS-diagrams involved in
the COP calculations. The COP values for these refrigerants
are within those obtained for highly efficient refrigerants
R1233zd(E) and R245fa. Moreover, the outcome of this
evaluation has been done at arbitrary conditions, which may
not be optimal for each refrigerant. However, the results
established the benefit associated with the evaluation platform
developed in this work for the rapid assessment of drop-in
replacement refrigerants, allowing a more targeted evaluation
and optimization for the most promising ones.
The initial focus for the detailed drop-in analysis was on

R134a, shown in Figure 10, being the most widely used
working fluid in a diverse range of applications such as
domestic refrigerators, commercial chillers, stationary refriger-
ation equipment, and medium temperature mobile air
conditioning systems, with the urgent need to find a suitable
replacement.6,7,112,113 Among the examined possible replace-
ments, R1234yf and R1243zf, as well as R1234ze(E) and
R1225ye(Z) to a lesser extent, emerged as attractive options
solely based on their technical performance with nearly similar
VCC values, albeit more reduced COP. This might

Figure 8. Correlation for polar soft-SAFT predicted VCC values of
refrigerants examined in this work and their experimental critical
properties from the literature.75,81−83,105−108

Figure 9. Compatibility test for replacing third generation refrigerants
with fourth generation refrigerants based on polar soft-SAFT
predicted VCC shown in Figure 8. The dashed line denotes similar
VCC for third generation benchmark and its fourth generation drop-
in replacement.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.1c05985
ACS Sustainable Chem. Eng. 2021, 9, 17034−17048

17042

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c05985/suppl_file/sc1c05985_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c05985?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c05985?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c05985?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c05985?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c05985?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c05985?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c05985?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c05985?fig=fig9&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c05985?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


demonstrate that their usage has the possibility of not incurring
additional capital cost associated with altering the design of the
compressor but on the expense of reduced system efficiency,
which can be acceptable (performance drop inferior to 3.2% in
all cases) considering their significantly lower GWP. Judging
by additional technical criteria, R1234yf is indeed an attractive
technical option with the limited need for adjusting the design
of the compressor as supported by its NBP, its suction density
being higher than that for R134a, and relatively similar

condenser operating pressure and liquid specific heat. Briefly, it
might seem that the incurred costs might be mainly
operational due to the higher energy demand for compression,
as demonstrated from its lower RE. On another front,
especially with the inclusion of the flammability of these
options, it is established that R1225ye(Z) might prove a better
option owing to its safer operation due to its nonflammable
nature (similar to that of R134a) as opposed to the mildly
flammable R1234yf (though more technically compatible) or
the highly flammable R1243zf, which would be reflected on the
cost needed for the installation of additional safety layers. This
exemplifies the difficulty in finding a single-component
refrigerant encompassing environmental/safety requirements
and technical performance.
Recent publications32,114 on searching for replacements for

R134a (GWP = 1300)115 indicated the promising use of the
third generation refrigerant R152a (GWP = 138)115 for oil-free
automotive air conditioning, guided by its lower GWP, low
cost, and minimal equipment change. Nonetheless, its highly
flammable nature is a concern; hence, based on the outcome of
the analysis in this work, R1225ye(Z) (GWP = 3115 and with
nonflammability 1) is a more competent alternative to replace
R134a, as opposed to R152a. The required modifications

Figure 10. Drop-in analysis for replacing R134a based on VCC and
COP benchmarked to R134a (left), including other technical criteria
relative to R134a for promising replacements (right). See text for
details.

Figure 11. Drop-in analysis for replacing R32, R152a, and R245fa with fourth generation refrigerants, based on VCC and COP benchmarked to
each refrigerant (left), including other technical criteria relative to each refrigerant (right). See text for details.
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might include enlarging the compressor rotation speed or use
of an internal heat exchanger (IHX) to ensure similar
operation to cycles using R134a.116 Other hardware
modifications can be included such as tuning the TXV (Figure
1) and setting up a variable displacement compressor control
valves, which cannot be exceedingly expensive if compared to a
complete system redesign.26 It is worth remarking that for
drop-in replacements with higher flammability such as the case
for R1234yf, safe operation can be ensured through reducing
the refrigerant load in the cooling cycle.117

In line with the previous analysis, the ability of drop-in
replacements for other third generation refrigerants R32,
R152a, and R245fa is included in Figure 11, to demonstrate
the flexibility of the approach proposed in this work. In the
current market, R32 (GWP = 677)115 is used as a medium-
GWP drop-in replacement to R410A (GWP = 2088),115 which
will also be phased out soon. The most compatible drop-in
replacement for R32 proved to be R1123, with a relatively
similar VCC value, albeit an 8.2% reduction in its COP.
Although other fourth generation refrigerants have similar
COPs to R32, their significantly lower VCCs indicated the
need to fully retrofitting systems operating with R32.
Notwithstanding, the prospect analysis of using R1123 as a
drop-in replacement for R32 in terms of other KPIs showed
that the only concerning factors would be the higher condenser
pressure and lower RE of R1123, translated to increased
operating costs. Moreover, the nonflammability of R1123
would not require any adjustments in the pre-existing risk
control measures.
The working fluid R152a is currently deployed in cascade

refrigeration configurations with transcritical CO2; however,
even though its GWP is within acceptable environmental
requirements, its high flammability is a concern, requiring its
immediate replacement.118−120 In the case of drop-in
replacement for R152a, several options are available including
R1234yf, R1243zf, R1234ze(E), and R1225ye(Z), with
comparable VCCs and nearly 6.0% reduction in COPs.
Although R1234yf seemed like a good option judging solely
on its VCC and safety concerns, other technical criteria
showed a reduced performance compared to R152a. On the
other hand, a better compromise on COP, liquid specific heat,
and condenser pressure is achieved when employing
R1234ze(E) and R1225ye(Z) as drop-in replacements.
Lastly, R245fa is considered as the reference working fluid

for high-temperature heat pumps and organic Rankine
cycles.121 For replacing R245fa, high-NBP fourth generation
refrigerants such as R1224yd(Z) and R1233zd(E) were found
to be appropriate, along with demonstrated enhanced COP.
These refrigerants are more applicable to high-temperature air
condition applications or systems operating under low-pressure
centrifugal configurations, due to their similar saturated vapor
pressures and critical properties, promising high efficiency and
reduced VCCs.25,109 The most compatible option would be
R1224yd(Z) owing to its improved COP and suction density
resulting in enhanced cooling cycle efficiency, while reducing
the mass flow rate of the working fluid in the compressor line.
Moreover, R1224yd(Z) as a drop-in replacement maintains
relatively similar VCC, condenser pressure, RE, and normal
boiling point, without incurring any costs for system
retrofitting. Larger improvements are gained with this drop-
in replacement owing to its low GWP, along with its
nonflammable nature and lower toxicity. Similar findings
were demonstrated by Mateu-Royo et al.101 reinforcing the

potentiality of R1224yd(Z) as an attractive replacements for
R245fa. Notice that for R245fa drop-in assessment, the NBP
performance is computed with reference to its maximization
owing to its use in high-temperature applications, as opposed
to the low-medium temperature application of the aforemen-
tioned cases when finding replacements for R134a, R32 and
R152a.
All these possible alternatives can be rationalized in view of

their microlevel features. Notice that the replacements of a
third generation with a fourth generation refrigerant is possible
for those with similar structural characteristics such as carbon
number and degree of fluorination. For example, compatibility
of R134a and R152a with R1234yf is due to them being within
the same molecular space in terms of carbon number and
degree of fluorination, with a fine balance between structure
and energy affecting the thermodynamic properties. Their
similar VCC values relative to R134a or R152a are due to the
reduced vapor density of the replacements (owing to their
slightly larger molecular volume), compensated with their
increased enthalpy due to their higher polarity. Shifting farther
from these structural features, such as seen in the case of the
larger and less polar HCFOs such as R1224yd(Z) and
R1233zd(E), skewed the fine balance of molecular features
on their properties compatible with R134a or R152a.
Furthermore, they proved to be compatible with R245fa due
to similar structural characteristics.
The outcome of this analysis clearly demonstrates not only

the power of polar soft-SAFT as a robust and predictive
thermodynamic model enabling the systematic evaluation of
next generation refrigerants but also its capability of providing
molecular level insight on the influence of structure and
interactions on the compatibility of drop-in replacements. As
such, future efforts on the synthesis of alternative replacements
should build on the molecular features of the refrigerant to be
replaced, by ensuring that the replacement maintains relatively
similar features within the same molecular space.

■ CONCLUSIONS
In this work, polar soft-SAFT molecular-based equation of
state was used as a platform to rapidly assess the suitability of
fourth generation refrigerants over their third generation
counterparts from their technical performance, taking into
account the influence of their molecular structure on their
performance, while also considering their compatibility with
current environmental legislations. The evaluation framework
accounted for an extensive number of technical criteria for the
utilization of these low GWP refrigerants as drop-in replace-
ments in a vapor compression refrigeration cycle, as a
showcase. Toward the implementation of the technical
evaluation, the polar soft-SAFT EoS established itself as a
crucial thermodynamic model by fully characterizing thermo-
dynamic properties of 18 different third and fourth generation
refrigerants. The explicit inclusion of the dipolar interactions of
these refrigerants ensured a highly accurate and robust model
as demonstrated from predicted first and second order
thermodynamic derivative properties of the refrigerants,
along with accurate representation of binary mixtures of
refrigerants with n-alkanes. The physical basis of the model
enabled the extraction of molecular characteristics of the
studied refrigerants and their effect on the physicochemical
properties impacting their technical efficacy.
The subsequent drop-in assessment established that R32,

R152a, R134a, and R245fa, some of the most commonly
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commercialized working fluids, could be potentially replaced
with lower GWP fourth generation refrigerants, without
incurring on additional capital cost associated with compressor
modifications. The most viable replacements included R1123,
R1225ye(Z), R1234ze(E), and R1224yd(Z); however, the
expected downfall might be the additional operating costs
associated with required compression energy. After establish-
ing the relationship between their molecular features and their
performance, it can be concluded that the compatibilities of
these replacements with their predecessors are attributed to
their relatively similar molecular features. Additionally, for the
remaining third generation refrigerants (R41, R23, R161,
R125, R236fa, R227ea), although no suitable replacement was
found, rational design of blended refrigerants might prove
feasible for their replacement, entailing a detailed blend
analysis expected in future contributions.
The collective results presented herein not only demonstrate

the ability of the proposed approach, built on molecular
modeling, but also assists in rapidly examining the inherent
trade-offs or possible issues in selecting next generation
sustainable drop-in replacements. It should be noted that an
important factor remains missing in this drop-in analysis, which
is the cost of the replacement refrigerants. However, as the
current market is shifting toward deploying alternative
compounds in line with environmental laws, it can be expected
that the production costs of these emerging refrigerants will
become cheaper with increased productivity.
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Peris, B.; Verdu,́ G. A Review of Refrigerant R1234ze(E) Recent
Investigations. Appl. Therm. Eng. 2016, 95, 211−222.
(21) Russell, M. H.; Hoogeweg, G.; Webster, E. M.; Ellis, D. A.;
Waterland, R. L.; Hoke, R. A. TFA from HFO-1234yf: Accumulation
and Aquatic Risk in Terminal Water Bodies. Environ. Toxicol. Chem.
2012, 31 (9), 1957−1965.
(22) Solomon, K. R.; Velders, G. J. M.; Wilson, S. R.; Madronich, S.;
Longstreth, J.; Aucamp, P. J.; Bornman, J. F. Sources, Fates, Toxicity,
and Risks of Trifluoroacetic Acid and Its Salts: Relevance to
Substances Regulated under the Montreal and Kyoto Protocols. J.
Toxicol. Environ. Health, Part B 2016, 19 (7), 289−304.
(23) Im, J.; Walshe-Langford, G. E.; Moon, J.-W.; Löffler, F. E.
Response to Comment on “Environmental Fate of the Next
Generation Refrigerant 2,3,3,3-Tetrafluoropropene (HFO-1234yf).
Environ. Sci. Technol. 2015, 49 (13), 8265−8266.
(24) Goetzler, W.; Sutherland, T.; Rassi, M.; B. J Research &
Development Roadmap for Next-Generation Low Global Warming
Potential Refrigerants; Office of Energy Efficiency & Renewable
Enerergy, U.S. Department of Energy, 2014.
(25) McLinden, M. O.; Brown, J. S.; Brignoli, R.; Kazakov, A. F.;
Domanski, P. A. Limited Options for Low-Global-Warming-Potential
Refrigerants. Nat. Commun. 2017, 8, 1−9.
(26) Zilio, C.; Brown, J. S.; Schiochet, G.; Cavallini, A. The
Refrigerant R1234yf in Air Conditioning Systems. Energy 2011, 36
(10), 6110−6120.
(27) Cho, H.; Lee, H.; Park, C. Performance Characteristics of an
Automobile Air Conditioning System with Internal Heat Exchanger
Using Refrigerant R1234yf. Appl. Therm. Eng. 2013, 61 (2), 563−569.
(28) Feng, B.; Yang, Z.; Zhai, R. Experimental Study on the
Influence of the Flame Retardants on the Flammability of R1234yf.
Energy 2018, 143, 212−218.
(29) Gullo, P.; Cortella, G. Theoretical Evaluation of Supermarket
Refrigeration Systems Using R1234ze(E) as an Alternative to High-
Global Warming Potential Refrigerants. Sci. Technol. Built Environ.
2016, 22 (8), 1145−1155.
(30) Daviran, S.; Kasaeian, A.; Golzari, S.; Mahian, O.; Nasirivatan,
S.; Wongwises, S. A Comparative Study on the Performance of HFO-
1234yf and HFC-134a as an Alternative in Automotive Air
Conditioning Systems. Appl. Therm. Eng. 2017, 110, 1091−1100.
(31) Roy, Z.; Halder, G. Replacement of Halogenated Refrigerants
towards Sustainable Cooling System: A Review. Chem. Eng. J. Adv.
2020, 3, 100027.
(32) Calm, J. M. The next Generation of Refrigerants - Historical
Review, Considerations, and Outlook. Int. J. Refrig. 2008, 31 (7),
1123−1133.
(33) Wang, H.; Zhao, L.; Cao, R.; Zeng, W. Refrigerant Alternative
and Optimization under the Constraint of the Greenhouse Gas
Emissions Reduction Target. J. Cleaner Prod. 2021, 296, 126580.

(34) McLinden, M. O.; Huber, M. L. (R)Evolution of Refrigerants. J.
Chem. Eng. Data 2020, 65 (9), 4176−4193.
(35) Bobbo, S.; Nicola, G. D.; Zilio, C.; Brown, J. S.; Fedele, L. Low
GWP Halocarbon Refrigerants: A Review of Thermophysical
Properties. Int. J. Refrig. 2018, 90, 181−201.
(36) Yan, T.; Lan, Y.; Tong, M.; Zhong, C. Screening and Design of
Covalent Organic Framework Membranes for CO2/CH4 Separation.
ACS Sustainable Chem. Eng. 2019, 7 (1), 1220−1227.
(37) Barzagli, F.; Giorgi, C.; Mani, F.; Peruzzini, M. Screening Study
of Different Amine-Based Solutions as Sorbents for Direct CO2
Capture from Air. ACS Sustainable Chem. Eng. 2020, 8 (37), 14013−
14021.
(38) Leperi, K. T.; Chung, Y. G.; You, F.; Snurr, R. Q. Development
of a General Evaluation Metric for Rapid Screening of Adsorbent
Materials for Postcombustion CO2 Capture. ACS Sustainable Chem.
Eng. 2019, 7 (13), 11529−11539.
(39) Jing, G.; Qian, Y.; Zhou, X.; Lv, B.; Zhou, Z. Designing and
Screening of Multi-Amino-Functionalized Ionic Liquid Solution for
CO2 Capture by Quantum Chemical Simulation. ACS Sustainable
Chem. Eng. 2018, 6 (1), 1182−1191.
(40) Song, Z.; Hu, X.; Wu, H.; Mei, M.; Linke, S.; Zhou, T.; Qi, Z.;
Sundmacher, K. Systematic Screening of Deep Eutectic Solvents as
Sustainable Separation Media Exemplified by the CO2 Capture
Process. ACS Sustainable Chem. Eng. 2020, 8 (23), 8741−8751.
(41) Peng, D.; Kleiweg, A. J.; Winkelman, J. G. M.; Song, Z.;
Picchioni, F. A Hierarchical Hybrid Method for Screening Ionic
Liquid Solvents for Extractions Exemplified by the Extractive
Desulfurization Process. ACS Sustainable Chem. Eng. 2021, 9 (7),
2705−2716.
(42) Song, Z.; Zhou, T.; Qi, Z.; Sundmacher, K. Systematic Method
for Screening Ionic Liquids as Extraction Solvents Exemplified by an
Extractive Desulfurization Process. ACS Sustainable Chem. Eng. 2017,
5 (4), 3382−3389.
(43) Wang, Y.; Yang, X.; Bai, W.; Zhang, J.; Zhou, X.; Guo, X.; Peng,
J.; Qi, J.; Zhu, Z. Screening of Imidazole Ionic Liquids for Separating
the Acetone-n-Hexane Azeotrope by COSMO-SAC Simulations and
Experimental Verification. ACS Sustainable Chem. Eng. 2020, 8 (11),
4440−4450.
(44) Liu, X.; Nie, Y.; Liu, Y.; Zhang, S.; Skov, A. L. Screening of
Ionic Liquids for Keratin Dissolution by Means of COSMO-RS and
Experimental Verification. ACS Sustainable Chem. Eng. 2018, 6 (12),
17314−17322.
(45) Chapman, W. G.; Gubbins, K. E.; Jackson, G.; Radosz, M.
SAFT: Equation-of-State Solution Model for Associating Fluids. Fluid
Phase Equilib. 1989, 52, 31−38.
(46) Alkhatib, I. I. I.; Vega, L. F. Quantifying the Effect of Polarity
on the Behavior of Mixtures of N-Alkanes with Dipolar Solvents
Using Polar Soft-SAFT. AIChE J. 2021, 67 (3), e16649.
(47) Alkhatib, I. I. I.; Vega, L. F. Quantifying the Effect of Polar
Interactions on the Behavior of Binary Mixtures: Phase, Interfacial,
and Excess Properties. J. Chem. Phys. 2021, 154 (16), 164503.
(48) Zhu, C.; He, M.; Liu, X.; Kontogeorgis, G. M.; Liang, X.
Quantification of Dipolar Contribution and Modeling of Green Polar
Fluids with the Polar Cubic-Plus-Association Equation of State. ACS
Sustainable Chem. Eng. 2021, 9 (22), 7602−7619.
(49) Alkhatib, I. I. I.; Pereira, L. M. C.; Vega, L. F. 110th
Anniversary: Accurate Modeling of the Simultaneous Absorption of
H2S and CO2 in Aqueous Amine Solvents. Ind. Eng. Chem. Res. 2019,
58 (16), 6870−6886.
(50) Alkhatib, I. I. I.; Pereira, L. M. C.; Alhajaj, A.; Vega, L. F.
Performance of non-aqueous amine hybrid solvents mixtures for CO2
capture: A study using a molecular-based model. J. CO2 Util. 2020,
35, 126−144.
(51) Bahamon, D.; Alkhatib, I. I. I.; Alkhatib, N.; Builes, S.;
Sinnokrot, M.; Vega, L. F. A Comparative Assessment of Emerging
Solvents and Adsorbents for Mitigating CO2 Emissions from the
Industrial Sector by Using Molecular Modeling Tools. Front. Energy
Res. 2020, 8, 165.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.1c05985
ACS Sustainable Chem. Eng. 2021, 9, 17034−17048

17046

https://doi.org/10.1016/j.energy.2019.116147
https://doi.org/10.1016/j.energy.2019.116147
https://doi.org/10.1016/j.energy.2019.116147
https://doi.org/10.1021/acssuschemeng.9b04214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b04214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie3016126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie3016126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie3016126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijrefrig.2012.12.014
https://doi.org/10.1016/j.ijrefrig.2012.12.014
https://doi.org/10.1016/j.ijrefrig.2012.12.014
https://doi.org/10.1016/j.ijrefrig.2016.09.020
https://doi.org/10.1016/j.ijrefrig.2016.09.020
https://doi.org/10.1016/j.applthermaleng.2015.09.055
https://doi.org/10.1016/j.applthermaleng.2015.09.055
https://doi.org/10.1002/etc.1925
https://doi.org/10.1002/etc.1925
https://doi.org/10.1080/10937404.2016.1175981
https://doi.org/10.1080/10937404.2016.1175981
https://doi.org/10.1080/10937404.2016.1175981
https://doi.org/10.1021/acs.est.5b01970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b01970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms14476
https://doi.org/10.1038/ncomms14476
https://doi.org/10.1016/j.energy.2011.08.002
https://doi.org/10.1016/j.energy.2011.08.002
https://doi.org/10.1016/j.applthermaleng.2013.08.030
https://doi.org/10.1016/j.applthermaleng.2013.08.030
https://doi.org/10.1016/j.applthermaleng.2013.08.030
https://doi.org/10.1016/j.energy.2017.10.078
https://doi.org/10.1016/j.energy.2017.10.078
https://doi.org/10.1080/23744731.2016.1223996
https://doi.org/10.1080/23744731.2016.1223996
https://doi.org/10.1080/23744731.2016.1223996
https://doi.org/10.1016/j.applthermaleng.2016.09.034
https://doi.org/10.1016/j.applthermaleng.2016.09.034
https://doi.org/10.1016/j.applthermaleng.2016.09.034
https://doi.org/10.1016/j.ceja.2020.100027
https://doi.org/10.1016/j.ceja.2020.100027
https://doi.org/10.1016/j.ijrefrig.2008.01.013
https://doi.org/10.1016/j.ijrefrig.2008.01.013
https://doi.org/10.1016/j.jclepro.2021.126580
https://doi.org/10.1016/j.jclepro.2021.126580
https://doi.org/10.1016/j.jclepro.2021.126580
https://doi.org/10.1021/acs.jced.0c00338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijrefrig.2018.03.027
https://doi.org/10.1016/j.ijrefrig.2018.03.027
https://doi.org/10.1016/j.ijrefrig.2018.03.027
https://doi.org/10.1021/acssuschemeng.8b04858?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b04858?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c03800?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c03800?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c03800?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b01418?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b01418?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b01418?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b03467?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b03467?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b03467?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c02490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c02490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c02490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c07866?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c07866?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c07866?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b00024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b00024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b00024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b07358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b07358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b07358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b04830?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b04830?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b04830?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0378-3812(89)80308-5
https://doi.org/10.1002/aic.16649
https://doi.org/10.1002/aic.16649
https://doi.org/10.1002/aic.16649
https://doi.org/10.1063/5.0046034
https://doi.org/10.1063/5.0046034
https://doi.org/10.1063/5.0046034
https://doi.org/10.1021/acssuschemeng.1c01545?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c01545?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b00862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b00862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b00862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcou.2019.09.010
https://doi.org/10.1016/j.jcou.2019.09.010
https://doi.org/10.3389/fenrg.2020.00165
https://doi.org/10.3389/fenrg.2020.00165
https://doi.org/10.3389/fenrg.2020.00165
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c05985?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(52) Alkhatib, I. I. I.; Ferreira, M. L.; Alba,̀ C. G.; Bahamon, D.;
Llovell, F.; Pereiro, A. B.; Arauj́o, J. M. M.; Abu-Zahra, M. R. M.;
Vega, L. F. Screening of Ionic Liquids and Deep Eutectic Solvents for
Physical CO2 Absorption by Soft-SAFT Using Key Performance
Indicators. J. Chem. Eng. Data 2020, 65 (12), 5844−5861.
(53) Pereira, L. M. C.; Vega, L. F. A Systematic Approach for the
Thermodynamic Modelling of CO2-Amine Absorption Process Using
Molecular-Based Models. Appl. Energy 2018, 232, 273−291.
(54) Fouad, W. A.; Vega, L. F. Next Generation of Low Global
Warming Potential Refrigerants: Thermodynamic Properties Molec-
ular Modeling. AIChE J. 2018, 64 (1), 250−262.
(55) Alba,̀ C. G.; Vega, L. F.; Llovell, F. A Consistent
Thermodynamic Molecular Model of N-Hydrofluoroolefins and
Blends for Refrigeration Applications. Int. J. Refrig. 2020, 113, 145−
155.
(56) Alba,̀ C. G.; Vega, L. F.; Llovell, F. Assessment on Separating
Hydrofluoroolefins from Hydrofluorocarbons at the Azeotropic
Mixture R513A by Using Fluorinated Ionic Liquids: A Soft-SAFT
Study. Ind. Eng. Chem. Res. 2020, 59 (29), 13315−13324.
(57) Vilaseca, O.; Llovell, F.; Yustos, J.; Marcos, R. M.; Vega, L. F.
Phase Equilibria, Surface Tensions and Heat Capacities of Hydro-
fluorocarbons and Their Mixtures Including the Critical Region. J.
Supercrit. Fluids 2010, 55 (2), 755−768.
(58) Asensio-Delgado, S.; Jovell, D.; Zarca, G.; Urtiaga, A.; Llovell,
F. Thermodynamic and Process Modeling of the Recovery of R410A
Compounds with Ionic Liquids. Int. J. Refrig. 2020, 118, 365−375.
(59) Raabe, G. Parameterization Approach for a Systematic
Extension of the Hydrofluoroolefin Force Field to Fluorinated
Butenes and Hydrochlorofluoroolefin Compounds. J. Chem. Eng.
Data 2020, 65 (3), 1234−1242.
(60) Raabe, G. Purely Predictive Vapor-Liquid Equilibrium
Properties of 3,3,4,4,4-Pentafluoro-1-Butene (HFO-1345fz),
2,3,3,4,4,4-Hexafluoro-1-Butene (HFO-1336yf), and Trans-1-
Chloro-2,3,3,3-Tetrafluoropropene (HCFO-1224yd(E)) from Molec-
ular Simulation. J. Chem. Eng. Data 2020, 65 (9), 4318−4325.
(61) Raabe, G. Molecular Simulation Studies on the Vapor−Liquid
Equilibria of the Cis - and Trans -HCFO-1233zd and the Cis - and
Trans -HFO-1336mzz. J. Chem. Eng. Data 2015, 60 (8), 2412−2419.
(62) Raabe, G. Molecular Simulation Studies on the Vapor−Liquid
Phase Equilibria of Binary Mixtures of R-1234yf and R-1234ze(E)
with R-32 and CO 2. J. Chem. Eng. Data 2013, 58 (6), 1867−1873.
(63) Raabe, G. Molecular Modeling of Fluoropropene Refrigerants.
J. Phys. Chem. B 2012, 116 (19), 5744−5751.
(64) Raabe, G.; Maginn, E. J. Molecular Modeling of the Vapor-
Liquid Equilibrium Properties of the Alternative Refrigerant 2,3,3,3-
Tetrafluoro-1-Propene (HFO-1234yf). J. Phys. Chem. Lett. 2010, 1
(1), 93−96.
(65) Raabe, G.; Maginn, E. J. A Force Field for 3,3,3-Fluoro-1-
Propenes, Including HFO-1234yf. J. Phys. Chem. B 2010, 114 (31),
10133−10142.
(66) Alkhatib, I. I. I.; Pereira, L. M. C.; Torne, J.; Vega, L. F. Polar
Soft-SAFT: Theory and Comparison with Molecular Simulations and
Experimental Data of Pure Polar Fluids. Phys. Chem. Chem. Phys.
2020, 22 (23), 13171−13191.
(67) Alba,̀ C. G.; Llovell, F.; Vega, L. F. Searching for Suitable
Lubricants for Low Global Warming Potential Refrigerant R513A
Using Molecular-Based Models: Solubility and Performance in
Refrigeration Cycles. Int. J. Refrig. 2021, 128, 252−263.
(68) Bortolini, M.; Gamberi, M.; Gamberini, R.; Graziani, A.; Lolli,
F.; Regattieri, A. Retrofitting of R404a Commercial Refrigeration
Systems Using R410a and R407f Refrigerants. Int. J. Refrig. 2015, 55,
142−152.
(69) Domanski, P. A.; Steven Brown, J.; Heo, J.; Wojtusiak, J.;
McLinden, M. O. A Thermodynamic Analysis of Refrigerants:
Performance Limits of the Vapor Compression Cycle. Int. J. Refrig.
2014, 38, 71−79.
(70) Arpagaus, C.; Bless, F.; Uhlmann, M.; Schiffmann, J.; Bertsch,
S. S. High Temperature Heat Pumps: Market Overview, State of the

Art, Research Status, Refrigerants, and Application Potentials. Energy
2018, 152, 985−1010.
(71) Blas, F. J.; Vega, L. F. Thermodynamic Behaviour of
Homonuclear and Heteronuclear Lennard-Jones Chains with
Association Sites from Simulation and Theory. Mol. Phys. 1997, 92
(1), 135−150.
(72) Blas, F. J.; Vega, L. F. Prediction of Binary and Ternary
Diagrams Using the Statistical Associating Fluid Theory (SAFT)
Equation of State. Ind. Eng. Chem. Res. 1998, 37 (2), 660−674.
(73) Alkhatib, I. I. I.; Llovell, F.; Vega, L. F. Assessing the Effect of
Impurities on the Thermophysical Properties of Methane-Based
Energy Systems Using Polar Soft-SAFT. Fluid Phase Equilib. 2021,
527, 112841.
(74) Pam̀ies, J. C. Bulk and Interfacial Properties of Chain Fluids: A
Molecular Modelling Approach. Ph.D. Thesis, Universitat Rovira i
Virgili, 2004.
(75) Lemmon, E. W.; Huber, M. L.; McLinden, M. O. NIST
Reference Fluid Thermodynamic and Transport Properties  REFPROP,
Version 9.0; National Institute of Standards and Technology,
Gaithersburg, MD, 2013.
(76) Di Nicola, G.; Coccia, G.; Pierantozzi, M.; Tomassetti, S.
Equations for the Surface Tension of Low GWP Halogenated Alkene
Refrigerants and Their Blends. Int. J. Refrig. 2018, 86, 410−421.
(77) Hanwell, M. D.; Curtis, D. E.; Lonie, D. C.; Vandermeersch, T.;
Zurek, E.; Hutchison, G. R. Avogadro: An Advanced Semantic
Chemical Editor, Visualization, and Analysis Platform. J. Cheminf.
2012, 4 (1), 17.
(78) Raabe, G. Molecular Simulation Studies on Refrigerants Past −
Present − Future. Fluid Phase Equilib. 2019, 485, 190−198.
(79) Bell, I. H.; Wronski, J.; Quoilin, S.; Lemort, V. Pure and
Pseudo-Pure Fluid Thermophysical Property Evaluation and the
Open-Source Thermophysical Property Library CoolProp. Ind. Eng.
Chem. Res. 2014, 53, 2498−2508.
(80) Raabe, G. Molecular Simulation Studies in Hydrofluoroolefine
(HFO) Working Fluids and Their Blends. Sci. Technol. Built Environ.
2016, 22 (8), 1077−1089.
(81) Brown, J. S.; Di Nicola, G.; Fedele, L.; Bobbo, S.; Zilio, C.
Saturated Pressure Measurements of 3,3,3-Trifluoroprop-1-Ene
(R1243zf) for Reduced Temperatures Ranging from 0.62 to 0.98.
Fluid Phase Equilib. 2013, 351, 48−52.
(82) Genetron Properties Software, Version 1.4; Honeywell, 2010.
(83) Fedele, L.; Nicola, G. Di; Brown, J. S.; Colla, L.; Bobbo, S.
Saturated Pressure Measurements of Cis-Pentafluoroprop-1-Ene
(R1225ye(Z)). Int. J. Refrig. 2016, 69, 243−250.
(84) Tanaka, K.; Akasaka, R.; Sakaue, E.; Ishikawa, J.; Kontomaris,
K. K. Thermodynamic Properties of Cis-1,1,1,4,4,4-Hexafluoro-2-
Butene (HFO-1336mzz(Z)): Measurements of the PρT Property and
Determinations of Vapor Pressures, Saturated Liquid and Vapor
Densities, and Critical Parameters. J. Chem. Eng. Data 2016, 61 (7),
2467−2473.
(85) Kondou, C.; Nagata, R.; Nii, N.; Koyama, S.; Higashi, Y.
Surface Tension of Low GWP Refrigerants R1243zf, R1234ze(Z), and
R1233zd(E). Int. J. Refrig. 2015, 53 (7), 80−89.
(86) Brown, J. S.; Fedele, L.; Di Nicola, G.; Bobbo, S.; Coccia, G.
Compressed Liquid Density and Vapor Phase PvT Measurements of
Cis −1,2,3,3,3-Pentafluoroprop-1-Ene (R1225ye(Z)). J. Chem. Eng.
Data 2015, 60 (11), 3333−3340.
(87) Kondou, C.; Higashi, Y.; Iwasaki, S. Surface Tension and
Parachor Measurement of Low-Global Warming Potential Working
Fluid Cis-1-Chloro-2,3,3,3-Tetrafluoropropene (R1224yd(Z)). J.
Chem. Eng. Data 2019, 64 (12), 5462−5468.
(88) Llovell, F.; Pam̀ies, J. C.; Vega, L. F. Thermodynamic
Properties of Lennard-Jones Chain Molecules: Renormalization-
Group Corrections to a Modified Statistical Associating Fluid Theory.
J. Chem. Phys. 2004, 121 (21), 10715−10724.
(89) Colina, C. M.; Turrens, L. F.; Gubbins, K. E.; Olivera-Fuentes,
C.; Vega, L. F. Predictions of the Joule - Thomson Inversion Curve
for the n-Alkane Series and Carbon Dioxide from the Soft-SAFT
Equation of State. Ind. Eng. Chem. Res. 2002, 41 (5), 1069−1075.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.1c05985
ACS Sustainable Chem. Eng. 2021, 9, 17034−17048

17047

https://doi.org/10.1021/acs.jced.0c00750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c00750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c00750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apenergy.2018.09.189
https://doi.org/10.1016/j.apenergy.2018.09.189
https://doi.org/10.1016/j.apenergy.2018.09.189
https://doi.org/10.1002/aic.15859
https://doi.org/10.1002/aic.15859
https://doi.org/10.1002/aic.15859
https://doi.org/10.1016/j.ijrefrig.2020.01.008
https://doi.org/10.1016/j.ijrefrig.2020.01.008
https://doi.org/10.1016/j.ijrefrig.2020.01.008
https://doi.org/10.1021/acs.iecr.0c02331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.0c02331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.0c02331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.0c02331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.supflu.2010.10.015
https://doi.org/10.1016/j.supflu.2010.10.015
https://doi.org/10.1016/j.ijrefrig.2020.04.013
https://doi.org/10.1016/j.ijrefrig.2020.04.013
https://doi.org/10.1021/acs.jced.9b00588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.9b00588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.9b00588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c00325?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c00325?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c00325?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c00325?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c00325?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.5b00286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.5b00286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.5b00286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/je4002619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/je4002619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/je4002619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp300991t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz900070h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz900070h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz900070h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp102534z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp102534z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CP00846J
https://doi.org/10.1039/D0CP00846J
https://doi.org/10.1039/D0CP00846J
https://doi.org/10.1016/j.ijrefrig.2021.04.010
https://doi.org/10.1016/j.ijrefrig.2021.04.010
https://doi.org/10.1016/j.ijrefrig.2021.04.010
https://doi.org/10.1016/j.ijrefrig.2021.04.010
https://doi.org/10.1016/j.ijrefrig.2015.02.015
https://doi.org/10.1016/j.ijrefrig.2015.02.015
https://doi.org/10.1016/j.ijrefrig.2013.09.036
https://doi.org/10.1016/j.ijrefrig.2013.09.036
https://doi.org/10.1016/j.energy.2018.03.166
https://doi.org/10.1016/j.energy.2018.03.166
https://doi.org/10.1080/00268979709482082
https://doi.org/10.1080/00268979709482082
https://doi.org/10.1080/00268979709482082
https://doi.org/10.1021/ie970449+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie970449+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie970449+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fluid.2020.112841
https://doi.org/10.1016/j.fluid.2020.112841
https://doi.org/10.1016/j.fluid.2020.112841
https://doi.org/10.1016/j.ijrefrig.2017.11.023
https://doi.org/10.1016/j.ijrefrig.2017.11.023
https://doi.org/10.1186/1758-2946-4-17
https://doi.org/10.1186/1758-2946-4-17
https://doi.org/10.1016/j.fluid.2018.12.022
https://doi.org/10.1016/j.fluid.2018.12.022
https://doi.org/10.1021/ie4033999?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie4033999?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie4033999?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/23744731.2016.1206796
https://doi.org/10.1080/23744731.2016.1206796
https://doi.org/10.1016/j.fluid.2012.09.036
https://doi.org/10.1016/j.fluid.2012.09.036
https://doi.org/10.1016/j.ijrefrig.2015.10.012
https://doi.org/10.1016/j.ijrefrig.2015.10.012
https://doi.org/10.1021/acs.jced.6b00169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.6b00169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.6b00169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.6b00169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijrefrig.2015.01.005
https://doi.org/10.1016/j.ijrefrig.2015.01.005
https://doi.org/10.1021/acs.jced.5b00562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.5b00562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.9b00613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.9b00613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.9b00613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1809112
https://doi.org/10.1063/1.1809112
https://doi.org/10.1063/1.1809112
https://doi.org/10.1021/ie010382x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie010382x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie010382x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c05985?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(90) Llovell, F.; Vega, L. F. Prediction of Thermodynamic Derivative
Properties of Pure Fluids through the Soft-SAFT Equation of State. J.
Phys. Chem. B 2006, 110 (23), 11427−11437.
(91) Yokozeki, A.; Sato, H.; Watanabe, K. Ideal-Gas Heat Capacities
and Virial Coefficients of HFC Refrigerants. Int. J. Thermophys. 1998,
19 (1), 89−127.
(92) Liu, Y.; Zhao, X.; He, H.; Wang, R. Heat Capacity of
R1234ze(E) at Temperatures from 313 to 393 K and Pressures up to
10 MPa. J. Chem. Eng. Data 2018, 63 (1), 113−118.
(93) Liu, Y.; Zhao, X. Measurement of the Heat Capacity of
R1233zd(E). Int. J. Refrig. 2018, 86, 127−132.
(94) Liu, Y.; Zhao, X.; Lv, S.; He, H. Isobaric Heat Capacity
Measurements for R1234yf from 303 to 373 K and Pressures up to 12
MPa. J. Chem. Eng. Data 2017, 62 (3), 1119−1124.
(95) Zhang, Y.; Gong, M.; Zhu, H.; Wu, J. Vapor−Liquid
Equilibrium Data for the Ethane + Trifluoromethane System at
Temperatures from (188.31 to 243.76) K. J. Chem. Eng. Data 2006,
51 (4), 1411−1414.
(96) Liu, Y.; Valtz, A.; El Abbadi, J.; He, G.; Coquelet, C. Isothermal
Vapor−Liquid Equilibrium Measurements for the (R1234ze(E) +
Ethane) System at Temperatures from 272.27 to 347.52 K. J. Chem.
Eng. Data 2018, 63 (11), 4185−4192.
(97) Lim, J. S.; Seong, G.; Byun, H. S. Vapor-Liquid Equilibria for
the Binary System of 1,1-Difluoroethane (HFC-152a) + n-Butane (R-
600) at Various Temperatures. Fluid Phase Equilib. 2007, 259 (2),
165−172.
(98) Im, J.; Kim, M.; Lee, B. G.; Kim, H. Vapor-Liquid Equilibria of
the Binary n-Butane (HC-600) + Difluoromethane (HFC-32), +
Pentafluoroethane (HFC-125), + 1,1,1,2-Tetrafluoroethane (HFC-
134a) Systems. J. Chem. Eng. Data 2005, 50 (2), 359−363.
(99) Fedele, L.; Bobbo, S.; Scattolini, M.; Camporese, R.; Stryjek, R.
Vapor−Liquid Equilibrium for the Difluoromethane (R32) + n
-Butane (R600) System. J. Chem. Eng. Data 2005, 50 (1), 44−48.
(100) Hu, P.; Zhang, N.; Chen, L.-X.; Cai, X.-D. Vapor−Liquid
Equilibrium Measurements for 2,3,3,3-Tetrafluoroprop-1-Ene +
Butane at Temperatures from 283.15 to 323.15 K. J. Chem. Eng.
Data 2018, 63 (5), 1507−1512.
(101) Mateu-Royo, C.; Mota-Babiloni, A.; Navarro-Esbrí, J. Semi-
Empirical and Environmental Assessment of the Low GWP
Refrigerant HCFO-1224yd(Z) to Replace HFC-245fa in High
Temperature Heat Pumps. Int. J. Refrig. 2021, 127, 120−127.
(102) Heredia-Aricapa, Y.; Belman-Flores, J. M.; Mota-Babiloni, A.;
Serrano-Arellano, J.; García-Pabón, J. J. Overview of Low GWP
Mixtures for the Replacement of HFC Refrigerants: R134a, R404A
and R410A. Int. J. Refrig. 2020, 111, 113−123.
(103) Saleh, B.; Wendland, M. Screening of Pure Fluids as
Alternative Refrigerants. Int. J. Refrig. 2006, 29 (2), 260−269.
(104) Yan, H.; Ding, L.; Sheng, B.; Dong, X.; Zhao, Y.; Zhong, Q.;
Gong, W.; Gong, M.; Guo, H.; Shen, J. Performance Prediction of
HFC, HC, HFO and HCFO Working Fluids for High Temperature
Water Source Heat Pumps. Appl. Therm. Eng. 2021, 185, 116324.
(105) Wu, J.; Zhou, Y. An Equation of State for Fluoroethane
(R161). Int. J. Thermophys. 2012, 33 (2), 220−234.
(106) Higashi, Y.; Akasaka, R. Measurements of Thermodynamic
Properties for R1123 and R1123 + R32 Mixture. In 16th International
Refrigeration and Air Conditioning Conference, 2016.
(107) Sakoda, N.; Higashi, Y.; Akasaka, R. Measurements of PvT
Properties, Vapor Pressures, Saturated Densities, and Critical
Parameters for Trans −1,1,1,4,4,4-Hexafluoro-2-Butene (R1336mzz-
(E)). J. Chem. Eng. Data 2021, 66 (1), 734−739.
(108) Sakoda, N.; Higashi, Y. Measurements of PvT Properties,
Vapor Pressures, Saturated Densities, and Critical Parameters for Cis
−1-Chloro-2,3,3,3-Tetrafluoropropene (R1224yd(Z)). J. Chem. Eng.
Data 2019, 64 (9), 3983−3987.
(109) McLinden, M. O.; Kazakov, A. F.; Steven Brown, J.;
Domanski, P. A. A Thermodynamic Analysis of Refrigerants:
Possibilities and Tradeoffs for Low-GWP Refrigerants. Int. J. Refrig.
2014, 38 (1), 80−92.

(110) Mateu-Royo, C.; Navarro-Esbrí, J.; Mota-Babiloni, A.; Amat-
Albuixech, M.; Molés, F. Thermodynamic Analysis of Low GWP
Alternatives to HFC-245fa in High-Temperature Heat Pumps:
HCFO-1224yd(Z), HCFO-1233zd(E) and HFO-1336mzz(Z). Appl.
Therm. Eng. 2019, 152, 762−777.
(111) Yang, J.; Gao, L.; Ye, Z.; Hwang, Y.; Chen, J. Binary-Objective
Optimization of Latest Low-GWP Alternatives to R245fa for Organic
Rankine Cycle Application. Energy 2021, 217, 119336.
(112) Mota-Babiloni, A.; Navarro-Esbrí, J.; Barragán-Cervera, Á.;
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