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ARTICLE INFO ABSTRACT
Keywords: An urgent action to mitigate climate change is the replacement of hydrofluorocarbons used in refrigeration
Synthetic refrigerant blend systems, for low-global warming potential (GWP) alternatives, with stringent legislations in place. However, very

Polar soft-SAFT

Drop-in replacement

Low-GWP refrigerant

Regional environmental impact
Techno-economic analysis

limited options exist for single-component low-GWP refrigerants with similar technical performance. This work
presents an integrated approach for the rational design of low-GWP refrigerant blends, focused on replacing
R134a (GWP 1430), and R410A (GWP 2088), used in automotive and domestic air-conditioning, and in high
pressure commercial and industrial refrigeration, respectively. A 4 E analysis (energy, exergy, economic and
environmental) was employed to select suitable candidates. The molecular polar soft-SAFT theory was used in a
predictive manner to fill the gap in thermodynamic data required for evaluating the technical performance based
on initial selection criteria including GWP, toxicity, flammability, and degree of azeotropy. Potential candidates
from a pool of 432 options were narrowed down and evaluated using a drop-in analysis to replace the working
fluids R134a and R410A in today’s refrigeration and air conditioning cycles, resulting in seven promising blends.
Environmental and cost rate evaluation (geographically dependent based on electricity cost, HFC utilization
taxes, and carbon emission factors) quantified the impact associated with their use and emissions, allowing to
identify suitable replacements: three blends for replacing R134a: (90/10) wt.% R1243yf + R152a, (90/10) wt.%
R1243yf + R134a, and (60/40) wt.% R1243zf + R1234ze(E), and one for replacing R410A: (90/10) wt.% R1123
+ R32. This work showcases the importance of using robust thermodynamic models in the search of low-GWP
refrigerants blends, considering the 4 E criteria.

regulations to mitigate climate change [4,5]. Although their atmo-
spheric levels are substantially lower than CO, (i.e., 237 ppt for HFCs vs.

1. Introduction 410 ppm for CO5 in 2019) [6], they significantly contribute to climate
change due to their high global warming potential (GWP), 10-10,000

Climate change is one of the major environmental issues of the 21st times higher than CO,. HFCs emissions originate from their use as
century resulting from the atmospheric emissions of anthropogenic working fluids in commercial refrigeration and air conditioning circuits
greenhouse gases (GHGs). With its recognized severity and need for (RAC), and heating equipment, following the ban from the Montreal
immediate solutions, several countries worldwide have pledged net-zero Protocol on the high ozone depleting predecessors, chlorofluorocarbons
emissions policies by 2050 [1,2]. Different alternatives to reduce at- (CFCs) and hydrochlorofluorocarbons (HCFCs). Recently, with the
mospheric GHGs emissions have been proposed, including low to zero implementation of Kigali’s Amendment [5], the majority of global
carbon energy sources, design of low emitting alternative novel pro- long-term initiatives on HFCs phase-out have become a reality. The
cesses, and capturing and utilizing or sequestering the produced COs, European Union (EU) legislation (EU No. 517,/2014) [4] enforced a ban
while new clean energy technologies take off [3]. on the commercial marketing of refrigerants with GWP >2500 in 2020,
Among the emitted GHGs, fluorinated compounds such as hydro- with a more stringent limit on GWP <150 in 2022, targeting an 80-95 %
fluorocarbons (HFCs), used in refrigeration and cooling systems, are reduction of HFCs emissions by 2050 [7,8]. Concurrently, other regional

targeted for immediate phase-out due to mandatory environmental
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List of nomenclature

Abbreviations

AAD Absolute Average Deviation
AOT Operational hours in a year
AUT Austria

BEL Belgium

BUG Bulgaria
CCUS Carbon Capture, Utilization and Storage
CFC ChloroFluoroCarbons

cop Coefficient of Performance
COP¢qmoe  Cycle’s effectiveness in reversible conditions
CRF Capital Recovery Factor

CYpP Cyprus
CZE Czech Republic
DEU Germany

DLT Discharge Line Temperature (K)
DNK Denmark

EEV Electronic Expansion Valve

EoS Equation of State

EST Estonia

ESP Spain

EU European Union

EU-ETS European Union-Emissions Trading System
FIN Finland

FRA France

GHG GreenHouse Gases

GRC Greece

GWP Global warming potential
HCFC HydroChloroFluoroCarbons
HCFO HydroChloroFluoroOlefins
HFC HydroFluoroCarbons

HFO HydroFluoroOlefins

HOC Heat of Combustion (kJ ~kg_1)
HP High Pressure side

HRV Croatia

HUN Hungary

JPN Japan

IND India

IRL Ireland

ITA Italy

LFL Lower Flammability Level (g-m~%)
LJ Lennard-Jones

LP Low Pressure side

LTU Lithuania

LVA Latvia

LUX Luxembourg

MLT Malta

NBP Normal Boiling Point (K)

NLD The Netherlands

OoDP Ozone Depleting Potential

PH Pressure-Enthalpy

POL Poland

PPTD Pinch Point Temperature Difference (K)
PPTR Power Per Ton of Refrigeration (kW-TR™ D)
PRC People’s Republic of China

PRT Portugal

ROU Romania

RE Refrigeration Effect (kJ-kg ")
SAFT Statistical Associating Fluid Theory
SC SubCooling degree (K)

SH Superheating degree (K)

Soft-SAFT soft-Statistical Associating Fluid Theory
SS-VCRC Simple System
SVK Slovakia

SVN
SWE
TAC
TEWI
TS
vcc
USA
VCRC
VLE

Slovenia

Sweden

Total Annualized Cost ($.y’1)

Total Equivalent Warming Impact (tCOx-eq)
Temperature-Entropy

Volumetric Cooling Capacity (kJ L™
United States of America

Vapor Compression Refrigeration Cycle
Vapor-Liquid Equilibria

Notations and Symbols

A
¢
Cco,
CCIIV
Cop
> Gk
Cset—up
E,

F
(7a)

H

Tc, out
Tcond, in
Tcond, out
Tev, in
Tev, out
Tg

Thin

Th, out

T

U

w
wt.%
Xp

a

Heat transfer area (m?)

Total cost rate (US$-y’l)

Unit cost of CO, avoided (US$-kgC02—eq*1)
Penalty cost rate of CO, emissions (US$~y’1)
Operational cost rate (US$-y’1)

Capital and maintenance cost rate (US$~y’1)

Set-up cost (US$)

Yearly energy consumption (kWh)

Ratio of fluorine atoms to the total number of fluorine and
hydrogen atoms

Specific enthalpy (kJ-kg™1)

Annual interest rate

Annual leakage rate

Refrigerant charge load (kg)

Chain length

Mass flow rate (kg-s’l)

Total amount of refrigerant used throughout the system
lifecycle (kg)

Annual greenhouse gas emissions (kgCO5-eq-y 1)

System lifetime (y)

Atmospheric Pressure (MPa)

Condenser Pressure (MPa)

Evaporator Pressure (MPa)

Pressure Ratio

Retail price (US$4kg*1)

Heat flow (kW)

Heating capacity (kW)

Cooling capacity (kW)

Specific entropy (kJ-kg '-K™1)

Dead-state temperature (K)

Adiabatic flame Temperature (K)

Evaporator entropy-averaged temperature of the auxiliary
fluid (K)

Condenser entropy-averaged temperature of the auxiliary
fluid (K)

CO,, tax (US$-tCO5-eq 1)

HFC tax (US$-kg™)

Temperature of auxiliary fluid entering the condenser (K)
Temperature of auxiliary fluid departing the condenser (K)
Condenser inlet temperature (K)

Condenser outlet temperature (K)

Evaporator inlet temperature (K)

Evaporator outlet temperature (K)

Glide Temperature (K)

Temperature of auxiliary fluid entering the evaporator (K)
Temperature of auxiliary fluid departing the evaporator
)

Evaporator boundary Temperature (K)

Overall heat transfer coefficient (W-m 2K 1)
Compressor power (kW)

Weigh percentage

Fraction of dipolar segment

Recovery factor
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e Unit electricity cost (US$-kwh™)

p Indirect emission factor (kgCOz—eq~kWh’1)

13 Intercooler effectiveness

&i/kg Dispersive energy (K) parameter in the soft-SAFT equation

Nis Compressor isentropic efficiency

Nt Second law efficiency

Ny Adjustable size binary parameter

u Experimental dipole moment (C-m)
& Adjustable energy binary parameter
II

Normalized flammability index
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Py Suction density (mol-L™1H)

o; Segment diameter (A) parameter in the soft-SAFT equation
@ Maintenance factor

W Specific exergy (kJ-kg™1)

Dcomp Net cycle compressor’s work (kJ-kg™1)

b4 Physical Exergy (kW)

Xa Exergy Destruction (kW)

Xdi Exergy Destruction of component i (kW)

initiatives have been implemented, such as developing green technolo-
gies, HFCs utilization taxes, and HFCs allowance allocation and trading
programs [9-11].

Thus far, the complete removal of HFCs from market circulation is
imminently close, begging an immediate answer to the elusive question
“what are the alternative sustainable refrigerants replacing the technically
efficient HFCs?” The National Institute of Standards and Technology
(NIST) developed a framework to investigate new classes of potential
refrigerants meeting imposed environmental and safety regulations, and
maintaining technical efficiencies of widely used high-GWP HFCs such
as 1,1,1,2-tetrafluoroethane (R134a) and R410A (blend of difluoro-
methane (R32) + pentafluoroethane (R125)) [12]. From a pool of 56,
000 single-component refrigerants, limited options for low GWP re-
frigerants existed, with 27 potential candidates balancing environ-
mental, safety, and technical trade-offs, mainly from hydrofluoroolefins
(HFOs) [13]. Additional investigations on the operational compatibility
of pure 4th generation refrigerants HFOs and hydrochlorofluoroolefins
(HCFOs) as drop-in replacements (i.e., with minimal modifications to
existing systems) identified their potential to only replace a small pool of
commercial single-component HFCs (e.g, R134a, 1,1-difluoroethane
(R152a), and 1,1,1,3,3-pentafluoropropane (R245fa)), with no viable
replacements for the majority of widely used HFCs [14]. Moreover, the
most promising HFOs such as, 2,3,3,3-tetrafluoroprop-1-ene (R1234yf)
and trans-1,3,3,3-tetrafluoroprop-1-ene (R1234ze(E)), are
mildly-flammable (A2L ASHRAE classification) [15] compared to
non-flammable HFCs in use (A1l class) [15] R134a and R410A, which
might be reflected on the costs required for additional safety layers [16,
17]. Though several low GWP refrigerants have been recently identified

[7,17-19], their market deployment is constrained by several barriers in
global and country-specific contexts, spanning across (1) technical
barriers of safety-related properties and limited range of applications,
(2) technological barriers related to high investment costs either for
retrofitting existing systems or deploying newly designed systems with
low GWP refrigerants, and (3) commercial barriers associated with
misaligned commercial interests of industrial sectors with imposed
regulations [20-23].

Refrigerant blends are promising alternatives that can circumvent
existing barriers towards deployment of low GWP refrigerants, with a
summary of promising replacements that are ready for commercializa-
tion based on GWP <600 listed in Table 1. This is attributed to the
additional degrees of freedom during blend design, facilitating a tar-
geted fine-tuning of blend properties within environmental/safety con-
straints and technical requirements. The use of refrigerant blends is not
uncommon, as seen with the release of R410A with the phase-out of
chlorodifluoromethane (R22) and dichlorodifluoromethane (R12) [24,
25]. Similarly, synthetic medium-GWP blends (i.e., GWP ~ 500-750)
exploiting low-GWP HFOs and non-flammable HFCs [26] such as R513A
and R450A, have been proposed as mid-term replacements for R134a
(GWP = 1300), given their high technical performance [27,28]. None-
theless, their adequacy has to be re-evaluated with the realigned GWP
constraints [4], hence, the need for alternative low-GWP synthetic
blends.

For promising drop-in replacement blends, the same criteria for
single-component candidates applies, wherein the blend should: (1)
minimize GWP, (2) minimize/eliminate flammability, (3) be non-toxic
and have null ozone depleting potential (ODP), (4) maximize/

Table 1
Summary of alternative drop-in replacement blends, specifying their proportion, GWP, normal boiling point (NBP) and glide temperature (Tg).

Blend wt.% GWP ASHRAE Class NBP (°C) T (K) Baseline Ref.
R1234ze(E) + R152a 10/90 112.2 A2 —24.41 0.013 R134a/R410A [29,30]
R600a + R1234ze(Z) 90/10 18.6 A3 —-11.77 0.001 R134a/R410A [29]
R600a + R1233zd(E) 90/10 31.4 A3 —11.92 0.031 R134a/R410A [29]
R450A (R1234ze(E) + R134a) 58/42 547 Al —23.36 0.640 R134a [29,31-33]
R513A (R1234yf + R134a) 56/44 573 Al —29.58 0.000 R134a [31]
R1234ze + R134a 90/10 150 A2L —21.40 0.930 R134a [34,35]
R430A (R152a + R600a) 76/24 107 A3 —27.60 0.200 R134a [36]
R431A (R290 + R152a) 71/29 43 A3 —43.20 0.000 R134a [36]
R435A (RE170 +R152a) 80/20 30 A3 —26.00 0.200 R134a [36]
R436A (R290 + R600a) 56/44 <3 A3 —34.30 8.200 R134a [36]
R600a + R1224yd(Z) 90/10 18.1 A2L - A3 —12.03 0.081 R134a/R410A [29]
R1243zf + R152a 10/90 111.7 A2 —24.88 0.103 R134a/R410A [29]
R600a + R236ea 90/10 138 A2L - A3 -12.18 0.217 R134a/R410A [29]
R1234yf + R152a 10/90 112 A2L - A2 —25.13 0.236 R134a/R410A [29,35]
R600a + R245fa 90/10 121 A3 —-12.97 0.756 R134a/R410A [29]
R152a + R600 90/10 99.8 A2 —25.92 0.194 R134a/R410A [29]
R454A (R32 + R1234yf) 35/65 238 A2L —47.80 5.000 R404A [37,38]
R454C (R32 + R1234yf) 21.5/78.5 146 A2L —45.50 6.000 R404A [37-39]
R32 + R1234yf + R744 22/72/6 149 A2L —57.50 14.120 R410A [40]
R455A (R744 + R32 +R1234yf) 3/21.5/75.5 146 A2L —52.00 9.860 R404A [38,39]
R457A (R32 + R1234yf + R152a) 18/70/12 139 A2L —42.60 6.140 R404A [39]
R459B (R32 +R1234yf + R1234ze(E)) 21/69/10 143 A2L —45.00 7.040 R404A [39]

*R600 (n-butane), R600a (i-butane), R774 (CO,), RE170 (Dimethyl ether).
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maintain circuit efficiency, and (5) possess equivalent volumetric cool-
ing capacity (VCC) to ensure minimal retrofitting to key cooling cycle
units, such as the compressor [41]. Accordingly, a drop-in replacement
has to meet imposed environmental and safety regulations and ensure
meeting technical specifications that can maintain or further enhance
the system efficiency, which in turn is reflected on the energy con-
sumption and environmental footprint. This is a complex task for
single-component refrigerants considering the trade-offs between the
multiple desirable properties, becoming more complicated for blends as
their appropriate individual constituents and proportions must be
determined. An additional selection criterion for blends is their degree
of azeotropy, with preference for azeotropic or near-azeotropic blends
that behave as pure fluids in the cooling system. Although zeotropic
blends can be used, such as the ternary mixtures R407C (blend of R32 +
R125 + R134a) and R404A (blend of R125 + R134 + (1,1,1-trifluoro-
ethane) R143a), several operational challenges arise, including glitches
through refrigerant charging, flooded evaporators, blend composition
shifts during leakages, lower heat transfer efficiency, and lower overall
efficiency [38,42,43]. Fully azeotropic blends are very limited, with
only 17 mixtures registered and classified in the R500 series, part of
which have either high-ODP or high-GWP [44]. Consequently, devel-
oping alternative near-azeotropic blends is more flexible [45].

Indeed, the design of blends is a daunting task considering the
multiple desirable properties and range of possible blend constituents
and proportions suitable for a specific application, requiring detailed
knowledge of their thermodynamic properties [43,46]. A recent survey
of experimental data for refrigerant blends containing 4th generation
refrigerants noted the sparsity in measured properties due to the taxing
nature of experimental investigations, hindering their detailed technical
evaluation [47].

Computational modeling tools can be pragmatically employed for
the rational design of refrigerant blends under imposed environmental
and technical constraints [43,48-50]. With these tools, a multitude of
possible blends can be rapidly and efficiently screened with minimal
need for experimental data, while being sufficiently flexible to examine
diverse ranges of applications and amendments in environmental leg-
islations. However, the developed screening framework would be as
reliable as the chosen thermodynamic model, with a broad spectrum of
available models such as empirical correlations, classical cubic equa-
tions of state (cEoSs), and advanced molecular-based EoSs [51]. Mick-
oleit et al. [51], examined the effect of thermodynamic models on
parameters of interest for the design of refrigeration processes, high-
lighting the impact of the chosen model on the predicted performance
parameters, and subsequently, conclusions on the technical adequacy of
the working fluid. A review by Bell et al. [47] noted the adequacy of
NIST’s REFPROP semi-empirical model [52] for engineering applica-
tions, however, raising concerns on its predictive accuracy, parameters
transferability, and extensive need for experimental data for new blends.

Concurrently, molecular-based EoSs formulated based on the Sta-
tistical Associating Fluid Theory (SAFT) [53] have demonstrated success
in accurately predicting thermodynamic properties of 3rd and 4th gen-
eration refrigerants, providing an attractive tool for the rational design
of refrigerant blends [54-67]. This is attributed to their ability to
explicitly account for micro-level characteristics (i.e., molecular struc-
ture, and intermolecular interactions) and their impact on observable
macro-level phenomena. The accuracy and predictive capabilities of the
polar soft-SAFT EoS [68,69] in characterizing the thermodynamic
behavior of pure 3rd and 4th generations refrigerants has been
demonstrated in previous studies [14,70].

This research presents for the first time the application of polar soft-
SAFT as a reliable platform to rationally design new low-GWP azeo-
tropic/near-azeotropic refrigerant blends as drop-in replacements for
the widely used commercial refrigerants R134a and R410A. The scope of
this work is limited to binary blends with available phase equilibria
experimental data to demonstrate the reliability of the model and pro-
posed blend design framework. A total of 48 blends of binary mixtures
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composed of HFCs + HFCs, HFCs + HFOs, HFOs + HFOs, and HFOs +
HCFOs were evaluated using the molecular modeling tool. Once the
validity of the model against experimental data was established, an
initial screening was performed to narrow-down possible blend combi-
nations and proportions, focusing on non-toxic and low-GWP blends
with near-azeotropic behavior and non-to mild-flammability. Subse-
quently, shortlisted potential blends were evaluated for their technical
compatibility as drop-in replacements to R134a and R410A in a simple
refrigeration cycle based on selected key performance indicators (KPIs)
to ensure minimal system retrofitting. The evaluation of the promising
blends was concluded with a 4 E analysis, examining their energetic and
exergetic performance, environmental impact, and projected blends
economics for a holistic view on the impact associated with their
deployment as alternatives to those in current circulation. With this
modeling approach, new alternative blends are designed meeting
imposed environmental and safety regulations, while having better en-
ergetic, environmental, and economic impact compared to current sys-
tems using R134a and R410A for cooling applications.

2. Methodology
2.1. The polar soft-SAFT equation

In polar soft-SAFT the residual Helmholtz energy of a fluid (™) is
calculated considering the different intra- and intermolecular features of
the molecules comprising it, as:

are.x :aLl +achmn +aa.&.mc +apalm (l)

with, a’ representing the Lennard-Jones (LJ) reference fluid

segment-segment repulsive and attractive interactions of the groups
forming the molecules, a®@™ accounting for the formation of chains
from connected segments, a®*°° denoting the contribution from
hydrogen bonding or association, and @@ accounting for the polar
nature of the fluid. In this work, a®** is not considered, as refrigerants
present a permanent dipole moment rather than hydrogen bonding.
The reference term is computed using Johnson’s LJ EoS [71], while
the expressions for the chain and association terms are those derived by
Chapman et al. [72,73] from Wertheim’s 1st order thermodynamic
perturbation theory [74-77]. The polar term is based on the theory of
Gubbins and Twu [78,79] for spherical molecules, and its extension to
chainlike fluids using the segment-approach of Jog and Chapman [80,
81], computing dipole-dipole, quadrupole-quadrupole, and
dipole-quadrupole interactions in the Padé approximation [82], as:

1l
alo'

polar __ 2
a - 1 polar | _polar (2)
—day / a,

where &’ and &', are the second and third order perturbation terms,
respectively, related to two-body and three-body interactions, with the
pair- and triplet-integral correlation functions for the LJ reference fluid
from Luckas et al. [83] Additional details on the expressions of the
model can be found elsewhere [68,69,84-87].

The chain and polar terms are explicitly written for mixtures, while
the generalized Lorentz-Berthelot combining rules are used to calculate
the crossed energy, ¢;;, and size, o of the reference term for mixtures, as:

£ =E;\/€ii€ji (3.2)
i + 0
0= ’7ij( 5 ]]) (3.]))

where ¢; and n; are the adjustable energy and size binary parameters,
respectively. Their values are fixed to unity when using the model in a
predictive manner, otherwise they are regressed to binary mixture
vapor-liquid equilibria (VLE) data.

To apply polar soft-SAFT to experimental systems, a molecular model
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representative of key molecular features is required. Reliable molecular
models for the ten HFCs, four HFOs, and HCFO included in this work,
listed in Table 2, are used from previous works [14,88] (see Table S1 in
the Supporting Information (SI)). Refrigerants were modeled as
non-associating chainlike fluids with a chain length (m;), segment
diameter (o;), dispersive energy (¢;), and a dipole moment (x). The
values of m;, o;, &; were regressed using saturated liquid density and
vapor pressure data of the pure refrigerants, while for the polar pa-
rameters the experimental dipole moment (4) was used, as well as an a
priori fixed fraction of dipolar segments (x,), based on established pro-
cedures [69,84-86].

Thorough examination of available experimental VLE data for re-
frigerants binary blends of HFCs + HFCs, HFCs + HFOs, HFOs + HFOs,
and HFOs + HCFOs comprised of the 15 refrigerants in Table 2, estab-
lished data availability for 48 binary mixtures listed in Table 3.

The reliability of polar soft-SAFT for modeling refrigerant binary
blends was validated by comparing the model performance to experi-
mental data, needed to ensure high fidelity in the model’s predictions for
all thermodynamic state variables used in the technical evaluation of
identified promising refrigerant blends. The phase equilibria of selected
binary mixtures with R32, R134a, R1234yf, and R1234ze(E), depicted in
Fig. 1, demonstrated the predictive accuracy of polar soft-SAFT from the
highly precise correlations of experimental VLE data (see Table S2 in the
SI for absolute average deviation (AAD) in % of selected binary mix-
tures) with minimal to no-calibration to the data, simply from the mo-
lecular parameters of the pure refrigerants. Similar plots are included in
Fig. S1 in the SL In the few cases where the model required calibration,
temperature-independent binary energy parameters (&) close to unity
were fine-tuned to experimental VLE data by minimizing the AAD. This
was needed to correct the crossed dispersive interactions between the
individual components of the blend, on account of approximating their
dipolar interactions rather than their explicit parametrization.
Notwithstanding, the &; energy binary parameter, when needed, proved
highly transferable as seen with blends of R1234ze(E) with R152a,
R161, and R1243zf in Fig. 1d, modeled with the same binary parameter
(éij = 1.010). These results ensure the reliability of the model as a
platform for the rational design of refrigerant blends with highly accu-
rate calculations deviating within 0.32-3.76 % from available VLE
experimental data from Table S2 in the SI.

2.2. Initial screening criteria of near-azeotropic refrigerant blends

The proportions of the blends listed in Table 3 were examined in the

Table 2
Summary of the HFCs, HFOs, and HCFOs included in this work.
ASHRAE IUPAC Name ASHRAE IUPAC Name
designation designation
3rd gen. HFCs 4th gen. HFOs
R41 Fluoromethane R1123 1,1,2-trifluoroethene
R32 Difluoromethane R1243zf 3,3,3-trifluoroprop-1-
ene
R23 Trifluoromethane R1234yf 2,3,3,3-
tetrafluoroprop-1-ene
R161 1-fluoroethane R1234ze(E) trans-1,3,3,3-
tetrafluoroprop-1-ene
R152a 1,1-difluoroethane 4th gen. HCFOs
R134a 1,1,1,2- R1233zd(E) trans-1-chloro-3,3,3-
tetrafluoroethane trifluoropropene
R125 1,1,1,2,2-
pentafluoroethane
R245fa 1,1,1,3,3-
pentafluoropropane
R236fa 1,1,1,3,33-
hexafluoropropane
R227ea 1,1,1,2,3,3-
heptafluoropropane
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composition range of 10-90 wt%, discretized with 10 wt%; resulting in
432 possible blends. An initial screening in Fig. 2 based on GWP, degree
of azeotropy, toxicity, and flammability class was conducted to deter-
mine blends for further evaluation as potential drop-in replacements.

For the environmental criterion, the blend GWP was computed as the
sum of the weighted average of the individual components’ GWP [125].
The constraints on GWP were set to (1) GWP <150, termed study A,
based on 2022 EU legislation limits [4], and (2) 150 < GWP <500, study
B, emulating 2020 interim stage transitionary legislations [4]. For safety
constraints, blends comprised of toxic components were eliminated,
while those with flammable components (A2/A3) were still included,
pending a flammability assessment dependent on their proportions, if
satisfying remaining criteria.

The technical criteria on degree of azeotropy was evaluated based on
the blend glide temperature (temperature variation between dew and
bubble points at constant pressure and single-phase composition), ob-
tained from VLE predictions for the binary blends using the molecular
model. As highlighted earlier, blends with null (azeotropic) or small
(near-azeotropic) glide temperatures are preferred, behaving as pure
fluids in cooling systems. In this study, acceptable T; was set to 0.1 K,
benchmarked to the Tg of the near-azeotropic blend R410A at atmo-
spheric pressure [126], although this criterion can be less stringent for
other applications. This was used to the entire pressure spectra to ensure
applicability within common industrial operating pressures (i.e., 0.1-3
MPa), accounting for pressure fluctuations in system operations.

The flammability of the short-listed blends was evaluated using
Linteris et al. [127] empirical approach. With this method a normalized
flammability index (TI) is estimated using the adiabatic flame temper-
ature (Tqq), and degree of fluorination, expressed as the ratio of fluorine
atoms to the total number of fluorine and hydrogen atoms (7). The
values for the pure refrigerants were obtained from other studies
[127-129], and used to predict the flammability class for the selected
blends. The flammability class for blends in-line with the ASHRAE
classification are grouped based on their TI values, with non-flammable
class 1 (TT < 0), mild-flammable class 2 L. (0 < IT < 50), and flammable
classes 2 and 3 (IT > 50), shortlisting blends with either 1 or 2 L flam-
mability classes.

2.3. Technical evaluation of potential drop-in replacement blends based
on key performance indicators

The short-listed refrigerant blends satisfying the initial screening
criteria (Section 2.2) were evaluated based on their technical compat-
ibility as drop-in replacements for R134a and R410A in a simple single-
stage vapor compression refrigeration cycle (SS-VCRC), represented in
Fig. 3a. The SS-VCRC operates with the non-isentropic compression of
superheated vapor (85 %) in the single-stage reciprocating air
compressor (1-2), followed by the isobaric de-superheating of the
working fluid in a series of shell-and-tube air-to-refrigerant heat ex-
changers (2-2*%). Condensation occurs afterward, releasing both its
latent (2% — 3SAT) and specific (38AT — 3) heats to deliver a subcooled
liquid phase working fluid. This is followed by temperature and pressure
reductions in the electronic expansion valve (EEV) (3-4), with the
multiphase mixture cooling the high-temperature heat sink in the
evaporator coil by releasing its latent and sensible heats, reaching a
single-phase superheated vapor (4-1). Note that the temperature-
entropy (TS) diagrams for near-azeotropic blends depicted in Fig. 3c
account for their phase change (i.e., evaporation and condensation)
along their Tg rather than at constant temperature as with pure re-
frigerants and azeotropic blends. The assumptions for simulating SS-
VCRC cycle include outlet evaporator temperature (T, = T7) of 263.1 K,
discharge condenser temperature (Tcong = T3) of 293.1 K, isentropic
compression, and zero pressure drop in the heat exchangers. As reflected
in Fig. 3b—c, a 5 K superheating and subcooling were applied to lengthen
the lifespan of the compressor and EEV. Simulations were performed



C.G. Alba et al.

Table 3
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The forty eight binary blends studied in this work with their experimental data, divided into HFCs + HFCs, HFCs + HFOs, and HFOs + HCFOs, and ¢ fitted to

experimental VLE data with 7 fixed to unity.

Mixture & Ref. Mixture & Ref. Mixture & Ref.
HFCs + HFCs HFCs 4 HFOs HFOs + HCFOs

R32 + R23 1.000 [89] R41 + R1234yf 0.980 [90] R1123 + R1234yf 1.000 [91]
R32 + R161 1.050 [92] R32 + R1123 0.985 [91] R1123 + R1234ze(E) 1.000 [91]
R32 + R152a 0.975 [93] R32 + R1234yf 0.970 [94] R1243zf + R1234ze(E) 1.010 [95]
R32 + R134a 0.980 [93] R32+ R1234ze(E) 1.000 [96] R1234yf + R1234ze(E) 1.000 [97]
R32 + R125 0.985 [93] R23 + R1234yf 0.970 [98] R1234yf + R1233zd(E) 0.990 [99]
R32 + R236fa 1.000 [100] R161 + R1234yf 1.010 [94]

R32 + R227ea 1.000 [101] R161 + R1234ze(E) 1.010 [92]

R23 + R152a 1.000 [102] R152a + R1243zf 1.000 [103]

R23 + R134a 1.000 [104] R152a + R1234yf 0.980 [105]

R23 + R125 0.975 [89] R152a + R1234ze(E) 1.010 [106]

R23 + R227ea 0.960 [107] R134a + R1243zf 0.980 [108]

R161 + R134a 1.045 [109] R134a + R1234yf 0.983 [110]

R161 + R125 1.030 [111] R134a + R1234ze(E) 1.000 [96]

R161 + R227ea 1.030 [112] R125 + R1234yf 1.000 [110]

R152a + R134a 1.000 [113] R125 + R1234ze(E) 1.000 [114]

R152a + R125 1.000 [115] R245fa + R1234ze(E) 1.000 [116]

R152a + R245fa 1.000 [117] R227ea + R1234yf 1.000 [118]

R152a + R227ea 1.000 [101] R227ea + R1234ze(E) 1.000 [119]

R134a + R125 0.993 [120]

R134a + R245fa 1.000 [121]

R134a + R236fa 1.000 [122]

R134a + R227ea 0.990 [101]

R125 + R245fa 0.985 [123]

R125 + R236fa 0.980 [100]

R125 + R227ea 0.990 [124]

using PH and TS diagrams predicted from the molecular model at the
chosen conditions with ideal gas enthalpy (H6) and entropy (8™ cor-
relations from NIST REFPROP database for each refrigerant [52], with
the iteration subroutines developed using polar soft-SAFT included in
Fig. S2 in the SI.

The non-monetized key performance indicators (KPIs) for technical
evaluation of drop-in replacement blends are based on volumetric
cooling capacity (VCC), discharge line temperature (DLT), and
condenser pressure (P.onq), which should be like the replaced refrigerant
to ensure high system compatibility and minimal retrofitting. Other
thermodynamic properties and performance criteria were included to
assess the degree of blend compatibility including NBP, pressure ratio
(PRr), suction density (p,), refrigeration effect (RE), power per ton of
refrigeration (PPTR) and coefficient of performance (COP), predicted in
a similar manner as in previous work [14]. Promising blends are those
minimizing NBP, Pr and PPTR, while maximizing RE, p, and COP.
Additionally, the exergetic efficiency (1) was also estimated to gain
additional insight on the effectiveness of the designed blends [130-134],
computed with the mathematical formulation in Eqs. S1 and S2 in the
SI. The accuracy of computing these KPIs depends on the accuracy of
the thermodynamic model in predicting the required thermody-
namic properties for their calculations, which are within 0.05 % for
enthalpy, 0.86 % for entropy, and 2.11 % for density based on
evaluation for predicted blend properties from polar soft-SAFT
compared to those available from REFPROP [52].

These technical criteria were used to determine the compatibility of
the short-listed blends in SS-VCRC cycles operated with R134a and
R410A, with potential blends having a KPI value equal to, less than, or
larger than those predicted for R134a or R410A from polar soft-SAFT,
depending on the KPI. For the sake of simplicity, these technical KPIs
were lumped in a single value based on equal weights given for each
metric included in Table 4, with promising blends selected based on a
90 % compatibility ratio, for further evaluation in terms of overall
environmental impact, and projected yearly system cost.

2.4. Environmental evaluation of promising drop-in replacement blends

The environmental impact associated with their utilization and

emissions to replace R134a and R410A was evaluated employing the
total equivalent warming impact (TEWI) metric [135]. TEWI is a mea-
sure of the global warming impact derived from the direct (i.e., refrig-
erant leakage and end-of-life disposal) and indirect (i.e., compressor
energy consumption) GHGs emissions related to the utilization of the
refrigerant in the intended application, in terms of yearly tons of
equivalent CO5 emissions, as:

TEWI ={GWP-((L-m-n) + (m-(1 — @)))} pirecs + {Ea"P 1} priivecs (4.2)
Ey=0comp - 11 - AOT = @y - Q— -AOT = Qe -AOT (4.b)
a comp comp RE C 0 P

where, L is the annual leakage rate, m is the refrigerant charge load, n is
the system operating life, a is the recovery or recycling factor, E, is the
system yearly energy consumption, f is the country-dependent indirect
emission factor, @compressor is the net cycle compressor’s work, m, is the
refrigerant mass flow rate, Q,, is the cooling capacity, RE is the refrig-
eration effect, and AOT is the annual operation time. The values for
these parameters are provided in Table S3 in the SI. Notice that, with this
metric, the environmental assessment of these blends not only accounts
for their GWP, but also includes the indirect impact associated with the
energy consumption of the VCRC cycle (Eg). This is dependent on the
type and efficiency of the cooling system, the properties of the refrig-
erant blend, and the level of decarbonization in the energy mix (i.e., fuel
type) within a specific country by considering the country-dependent
indirect emission factor ().

2.5. Economic analysis of promising drop-in replacement blends

The total annualized cost (TAG, C) for deploying the promising re-
frigerants blends in the VCRC cycle includes the capital (CAPEX, 3" Cy),
operating and maintenance (OPEX, C},p), environmental (Enviro, Cony),
and set-up (C;—p) costs, utilized as monetized KPIs for determining the
optimal drop-in refrigerant blend, calculated according to Eq. 5 as:

TAC ($ ' y*I)C: Z Ck + Cop + Crnv + Cspr—up (Sa)
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Criteria

o) e ) o)

AZL Accept

No

Wt.% A+B
i={10—90}; 10

150 < GWP <500

\

Fig. 2. Initial screening criteria for blend selection based on environmental, technical, and safety criteria.



C.G. Alba et al.

Renewable and Sustainable Energy Reviews 188 (2023) 113806

Condenser P T
3 @T i t b) c) ”
ZID
a) 2*
3 3SAT 2* 2D R
Pcond T, d 3 4
° con ’7is
m E
2 1 ﬁ QD Nis
I ]
i il 4 15AT 1 Tev 1
I 4 15AT
L __________ |
4 Evaporator | 1
| »>H > S
Fig. 3. A) Schematics for the basic SS-VCRC refrigeration cycle simulated in this work with its corresponding b) PH and ¢) TS diagrams.
for different regions.
Table 4

KPIs for technical evaluation of drop-in replacement refrigerant blends for
R134a and R410A.

Criteria Definition Variation to

HFCs

Drop-in KPIs

Volumetric Cooling Capacity (VCC)
Discharge Line Temperature (DLT) DLT = T

Condenser Pressure (P.onq) Piong =P2 =Py =P3
Other thermodynamic properties and performance metrics

VCC = (Hy — Hs)-py Equalized (=)

Normal Boiling Point (NBP) NBP = T54T Minimized (—)
Pressure Ratio (Pg) Pr = Peona-P;}
Power Per Ton of Refrigeration PPTR = 3.5167-
(PPTR) cop!
Suction Density (py) Py =p1 Maximized (+)
Refrigeration Effect (RE) RE =H; — H3
Coefficient of Performance (COP) cop — H, — Hs
Hoxx — Hy

Exergetic Efficiency () 1 (&)

i > i

. Cix @ Ckx @
CAPEX (§-y~ 1)} Ce= 355 a0T “RF =600 x AGT

OPEX ($-y—1)Cop= > W x AOT x g (5.0)
Enviro ($-y — 1)Ceny = Mco, e X Cco, = (B X Ey) X cco, (5.d)
Set —up ($)Coerup = m x (RP + Taxygc)

+ Taxco, (GWP x [m x L x n+m(1 — a)]) (5.e)
Lifetime load (kg)mr =m+mxLxn (5.0)

In estimating the capital cost of the SS-VCRC cycle with the different
promising blends, the main equipment shown in Fig. 3 were considered,
employing the unit cost functions provided in Table S4 in the SI
[136-138]. Notice that the expression for the CAPEX accounts for the
installation cost of each equipment in the cycle with a capital recovery
factor with a 14 % annual interest rate (i) over the life time of the system
(n) of 15 years with an annual operating time (AOT) of 8760 h, in
addition to an allowance for system maintenance with a maintenance
factor (¢) of 1.06 [137-140]. The operating cost accounts for the elec-
tricity consumption required for running work-consuming devices such
as compressors in terms of compressor work (W), with an additional
allowance for the variation in electricity unit cost (ay) [137,139,140],

An additional monetized metric was included to account for the CO4
penalty cost rate based on the annual GHGs emissions (mco, ) resulting
from the energy consumption required for the VCRC cycle startup and
operation, dependent on parameters affecting the indirect emissions in
the TEWI assessment (i.e., E, and $) [137,139]. Additionally, the envi-
ronmental cost accounts for the country-dependent average costs of CO»
emissions avoidance (c¢o,) from the integration of natural gas combined
cycle power plants with carbon capture plants.

The last considered monetized metric was the set-up cost of the
cooling unit inclusive of the cost of initial refrigerant load charged in the
startup of the cooling cycle (RP), cost for additional 12.5 % per annum
recharge load accounting for refrigerant leakage rate over the unit’s
lifecycle, taxes on utilization of HFC-based refrigerants based on the
most restrictive legislation found under the Spanish restrictive tax law
on F-gases [141], and taxes on direct COy-equivalent emissions associ-
ated with the refrigerant annual leakage over the system’s life cycle and
the end-of-life disposal of the remaining refrigerant load. The HFC uti-
lization tax is a measure to reduce the import of bulk HFCs, while
incentivizing the development and consumption of next-generation re-
frigerants. Comparable levies are applied in Denmark since 2001,
leading to a significant decline in the import of bulk HFCs whilst moving
towards a low carbon-based economy. The COj-eq tax might seem
analogous to HFC utilization tax, however, the latter merely accounts for
the tariff imposed on importing high-GWP cooling agents, while the
former accounts for the associated negative environmental impacts from
their emissions via leakage or end-of-life disposal (partial recycling), a
factor typically overlooked in economic analysis of next generation re-
frigerants. This is added as a monetized KPI to allow examining the role
of governmental policies on the development of consistent regulation to
discourage the utilization of HFCs primarily focused on their environ-
mental impact. The values for the parameters estimating the TAC of
VCRC systems employing promising designed blends are provided in
Table S3 in the SI.

3. Results and discussions
3.1. Short-listed refrigerant blends based on initial screening criteria

The initial screening of the 432 combinations of blends encompass-
ing the 48 mixtures with different proportions was based on three
conditions: (1) non-toxic low-GWP blends, either GWP <150 (study A),
or 150 < GWP <500 (study B), (2) Tg < 0.1 K at a pressure range of
(0.1-3 MPa), and (3) Al or A2L flammability class. 12 candidates were
identified, with 8 blends for study A, and 4 for study B, included in
Table 5.

The environmental constraints on GWP accounted for the largest
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Table 5
Short-listed refrigerant blends and their compositions based on initial screening
criteria.

D Blend wt.%* GWP T (K)* ASHRAE class
Study A

1 R1123 + R32 90.0 70 0.099 Al
2 R1234yf + R134a 90.0 130 0.010 Al
3 R1234yf + R152a 90.0 14 0.004 A2L
4 80.0 28 0.067

5 R1243zf + R1234ze(E) 60.0 <1 0.041 A2L
6 70.0 0.012

7 80.0 0.002

8 90.0 0.000

Study B

1’ R1234yf + R134a 70.0 390 0.019 Al
2’ 80.0 260 0.000

3 R1234ze(E) + R227ea 90.0 336 0.013 Al
4 R152a + R134a 80.0 370 0.084 A2L

*The mass fraction for the 1st component in the blend.
2 Obtained at atmospheric pressure (0.1 MPa).

exclusion rate (=62 %). Note that the acceptable combinations under EU
guidelines [4] on GWP <150 include HFCs + HFOs, and HFOs + HFOs
blends, with the latter type achieving diminished pollutants capacities
(GWP <1). Conversely, transitionary limits on GWP, study B, allowed
for the inclusion of HFCs + HFCs blends as those commercially avail-
able. However, blends with R245fa were excluded on account of its
toxicity. The limits on GWP in study A are in line with those imple-
mented in developed countries including USA, UK, and EU states, with
the stringent guidelines on allowable GWP limits playing a major role by
including HFOs in the pool of promising replacement refrigerants, the
lowest GWP seen for blends 5-8 (from Table 5), fully composed of HFOs.
Although blends 1-4 possess GWP below required EU limits, their
adoption in developed countries might be limited considering tariffs on
HFCs utilization and import [22]. This will impact the imports of HFCs
from major producers such as China and India. Conversely, the more
relaxed limits in study B in developing countries such as China and
India, might ensure the sustenance of HFCs manufacturers and their
resistance to switch to HFOs production and manufacturing, considering
that the HFCs market still endures with the production of pure HFCs, or
HFCs-based blends. However, blends 1- 4" have nearly 50 % lower GWP
compared to the commercial R134a in circulation. These blends, if
compatible as drop-in replacements, might present a compromise solu-
tion that permits HFC manufacturers to continue with their busi-
ness-as-usual agendas, while circulating low GWP refrigerants.

In terms of degree of azeotropy, the formulation of near-azeotropic
blends was more flexible than fully azeotropic blends, with only two
blends recognized as fully-azeotropic (Tg = 0.000 K). Predictions from
polar soft-SAFT established that dipolar refrigerants with relatively
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similar normal boiling points (ANBP <5 K) and high structural similarity
can easily result in near-azeotropic blends [142]. This can be seen in
Fig. 4 from the reduced T magnitude for blends with R134a compared
to R152a, denoting increased azeotropy for R1243yf + R134a due to
similar molecular structures and polarity. The T predictions for the
remaining blends in Table 5 are provided in Fig. S3 in the SI.

The flammability assessment for blends satisfying GWP and T limits
is provided in Fig. 5. Plotting Tyq vs. zX; conveniently allowed grouping
the pure refrigerants and blends into different flammability regions
corresponding to the ASHRAE classifications (Al, A2L, A2, and A3)
[15]. The validity of the empirical approach is assured from the
consistent flammability rating of known pure refrigerants and com-
mercial blends with ASHRAE Standards [143-146], with Al class for
R134a and commercial blends (i.e., R410A, R513A and R450A), and A2L
classification for R32, R1234yf and R1234ze(E).

Based on Fig. 5, non-flammable A1 blends with IT < 0 include those
composed of R1234yf + R134a at different compositions (blends 2, 1/,
and 2)), in-line with research findings [143]. The increase in II for these
blends is from the increased proportion for the A2L R1234yf. Another
non-flammable blend is R1234ze(E) + R227ea (blend 3'), with similar
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Fig. 5. Flammability assessment using T,q and F/(F + H) for pure refrigerants
and blends. The dashed lines represent the regions of different flammability.
Colors and symbols correspond to the flammability of the refrigerants and
blends: green circles for Al, yellow triangles for A2L, red squares for A2, and
dark red diamonds for A3, while the numbers correspond to the blends pre-
sented in Table 5 and Table S5 in the SI.
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+ R152a (right) as predicted from polar soft-SAFT. Dashed vertical lines denote blends from Table 4.
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formulation to the commercial A1 blends R515A (88 wt% R1234ze(E))
and R515B (91 wt% R1234ze(E)) [144,145]. Other potential blends are
those in the mild-flammability region (A2L), including blends 3 and 4
with R1234yf + R152a, similar to R32. However, these blends are
positioned in the lower mild-flammability area, promising lower rates of
increasing pressures in the case of explosion than R32 [146]. Addi-
tionally, blends composed of R1243zf + R1234ze(E) (blends 5-8) are
within the mild-flammability region, with increasing degree of flam-
mability with higher content of the A2 R1243zf. Interestingly, the
presence of 10 wt% of the A2L R1234ze(E) was sufficient to reduce the
flammability of blend 8. Several low-GWP blends with the required Tg
(see Table S5 in the SI) were rejected due to their flammability including
R152a + R1234ze(E) (blends 9 and 10), R152a + R1243zf (blends
11-19), and R152a with R227ea or R134a (blends 5 and 6°), due to the
high content of A2 R152a, and R1243zf.

The flammability of R32 4+ R1123 (blend 1) cannot be assessed with
this method due to the lack of R1123 adiabatic flame temperature data.
However, a recent study [16] clarified that similar blends with more
than 60 mol% R1123 can be safely operated at typical operating con-
ditions. As such, blend 1 can be expected to be Al class owing to its 10 wt
% R32 content.

3.2. Drop-in assessment and technical compatibility of low-GWP blends in
SS-VCRC

The short-listed blends in Table 5 were evaluated as drop-in re-
placements for R134a and R410A. Additionally, the single-component
refrigerants (i.e., R32, R1234yf, R1234ze(E), and R1225ye(Z)) [14],
and commercial blends R450A, and R513A were included for compar-
ative purposes. The drop-in KPIs in Table 4 include equivalent VCC,
DLT, and P,.ng, to ensure minimal system retrofitting.

For the drop-in assessment for replacing R134a, several low-GWP
designed blends, mostly HFCs + HFOs, proved to be highly compat-
ible with similar VCC and P,,q values to R134a albeit lower DLT values
as shown in Fig. 6. These include blends of R1234yf with 10-20 wt% of
either R134a or R152a (blends 2-4). The compatibility of these blends
was slightly better than the proposed alternative R513A for most drop-in
KPIs, indicative of minimal compressor retrofitting. This can be attrib-
uted to the increased presence of R1234yf, which as a pure working fluid
demonstrated a high potential for replacing R134a in some applications
[14]. Although pure R1234yf was slightly better than its blends in terms
of VCC and P4, the presence of other refrigerants in these mixtures
helped increase the DLT. The advantage offered by these blends also
includes their low-GWP (14-130) compared to the higher GWP of
R513A (GWP = 608), facilitating the full transition to low-GWP
refrigerants.

Concurrently, increasing the content of R134a (20-30 wt%) in its
blend with R1234yf (e.g, blends 1' and 2) was also technically
compatible for replacing pure R134a, with a lower GWP in-line with
interim transition stages (i.e., study B with 150 < GWP <500). The
compatibility of these blends was within 5 % increased VCC and P nq,
however, with lower DLT values, also resulting in minimal system ret-
rofitting. Notice the improved lower flammability rating of HFC +
R1234yf blends, moving from A2L (blends 3 and 4) to Al (blends 2, 1’
and 2’) with increasing proportions of the A1 R134a as opposed to the
A2 R152a. Moreover, the only HFO + HFO blend with negligible GWP
offering an acceptable compromise among the three KPIs was 60 wt %
R1243zf + R1234ze(E) (blend 5), however, with an A2L flammability
similar to R32 (see Fig. 5).

Finding a replacement for R410A was a more challenging task as
shown in Fig. 6. The single-component R32 was the most compatible
drop-in replacement with its similar VCC and P,ynq4, however, with larger
DLT, which would present an environmental advantage to R410A, but
remains infeasible considering the upcoming GWP requirements.
Among the designed blends, 90 wt% R1123 + R32 (blend 1) had the only
acceptable KPI magnitudes as R410A replacement, due to the presence
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Fig. 6. Drop-in assessments for blends in Table 5 based on KPIs, a) VCC, b)
DLT, and ¢) P.ong, for replacing commercial R134a and R410A. Note the bar
color corresponds to the flammability class, with A1 (green), low A2L (yellow),
and high A2L (red). The bars with denote refrigerants and blends with GWP
>500. The numbers on the lines and in the bars correspond to the values of
each KPL

of R32, yet being capable of meeting environmental and safety targets
(GWP = 70 and Al rating). Note the complete absence of suitable al-
ternatives for the transitionary stage. System retrofitting would be
inevitable when replacing R410A with low-GWP alternatives. In recent
studies, operational challenges for R32 as a replacement for R410A were
highlighted such as hazardous compressor DLT and shortened
compressor lifetime, require several retrofits to enhance the system
lifetime [147,148]. Therefore, it is reasonable to carry out such
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modifications with blend 1, or any other suitable candidates.

Additional thermophysical and technical performance properties (i.
e., NBP, Pg, p,, RE, PPTR, 7, and COP) for the most promising blends
based on the drop-in KPIs are shown in Fig. 7, for a comparative analysis
based on the criteria rating provided in Table S6 in the SI. A closer ex-
amination of these properties revealed relative similarities with R134a
for all promising blends (i.e., blends 2-5, 1" and 2’) with acceptable
changes within 5 % for NBP, Pg, PPTR, and COP. Larger changes were
observed for py, and RE, indicative of lower system efficiency, and
increased refrigerant mass flow rate directly affecting operational costs
[149]. A similar outcome was seen for blend 1 for replacing R410A, with
slightly better thermophysical properties than R32, however, signifi-
cantly lower RE, PPTR, 7y, and COP values.

The most compatible blends (>90 %) for replacing R134a, in Table 6,
include blends 2-5, and blends 1’ and 2’, with the highest compatibility
for blend 3, outperforming commercial blends R513A and R450A, and
single-component refrigerants. In contrast, the only feasible blend for
replacing R410A was blend 1, achieving a similar compatibility ratio
(73 %) to R32. These results were consistent irrespective of the oper-
ating conditions in Fig. S4 in the SIL

3.3. Environmental impact of promising low-GWP blends

The previous results established the viability of blends 1-5, 1’ and 2’
designed in this work as drop-in replacement blends for R134a and
R410A. This section focuses on the overall environmental impact of
these blends associated with their utilization and emissions in refriger-
ation cycles quantified in terms of the TEWI metric. The analysis
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considered major global HFCs producers including the People’s Re-
public of China (PRC), United States of America (USA), European Union
(EU), Japan, and India [150], some of which have significantly
contributed to current legislations on HFCs emissions and consumption
(ie.,, USA, EU and Japan) [151]. The parameters required for the TEWI
evaluation are included in Table S3 in the SI, with the technical cycle
performance evaluated from polar soft-SAFT, and results are presented
in Fig. 8.

The level of direct emissions related to the leakage rate and end-of-
life cycle disposal of the refrigerants were similar across all examined
geographical areas (see Fig. 8, top), as the parameters concerning their
estimations were fixed beforehand. This is simplistic for the sake of
convenience; however, it suffices for a comparative analysis.
Conversely, indirect emissions related to the energy consumption for
system operation using the examined refrigerants varied across the
different regions, attributed to the carbon footprint of the different en-
ergy resources, with the largest impact seen for India (dependent on
fossil fuels), while the lowest was for EU (mostly dependent on renew-
able energy resources). Additional evaluation for the top-12 most
densely populated EU states, with more than 85 % of the EU’s overall
population (see Fig. 8, bottom), demonstrated the high level of direct
emissions in Poland (POL) compared to the lowest levels in Sweden
(SWE) and France (FRA), as the former largely depends on fossil fuels for
energy consumption, while the latter two are more oriented towards
renewable, particularly hydro and offshore wind power, and nuclear
energy consumption, respectively. The dissimilar contributions of direct
and indirect emissions demonstrate the relevant role of the degree of
decarbonization of the energy mix, the effect of the refrigerant on cycle

Commercial NBP Performance Study A NBP Performance
5 referenced to 5 referenced to
R134a R134a
N M Py
cop AVavES oy cop Py
1 Poor 1 Poor
2 Bad 2 Bad
—R513A 3 Fair —2 —4 3 Fair
—R450A RE PPTR 4 Good _3_5 RE PPTR 4 Good
—R1234yf 5 Excellent 5 Excellent
Study B NBP Performance NBP Perfor: ma‘t;ce
5 referenced to 5 referenced to
R134a R4104
N Py L Py
3
cor Py corp Py
1 Poor
121:;); 2 Bad
- Joos | TR RE PPTR i Go
00
—2 RE PPTR § Excellent —1 5 Excellent

Fig. 7. Comparative analysis for thermophysical properties and technical performance criteria of promising drop-in blends compared to R134a and R410A. Top left:
available commercial refrigerants performance referred to R134a; top right: selected refrigerants included in study A referred to R134a; bottom left: selected
refrigerants included in study B compared to R134a; bottom right: refrigerant 1 and R32 performance referred to R410A.
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Table 6
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Compatibility analysis of promising blends designed in this work for replacing R134a and
R410A. Compatibility codes designate null (>90 % - green), partial (yellow), and complete

(<60 % - red) - retrofitting required.

energy consumption and its efficiency in reducing the environmental
footprint for deploying low GWP refrigerants. Surely, a higher benefit
can be obtained through combining low GWP refrigerants with renew-
able energy resources and high system efficiency to reduce both direct
and indirect emissions levels. Both commercial refrigerants R134a and
R410A presented the highest direct emissions of 7.07 and 10.46 tCO2-eq,
respectively, closely related to their high GWP. Additionally, lower
direct emissions were obtained with proposed commercial replacements
R32 (1.77 tCOz-eq), R450A (2.97 tCOz-eq), and R513A (3.11 tCOz-eq)
within 50 % lower than 3rd generation refrigerants. Clearly, the syn-
thetic blends from this work present a major reduction in direct emis-
sions, being almost 90 % lower than R134a and R410A, with nearly
negligible direct contributions for blends 1, 3, 4, and 5 due to the large
proportion of low-GWP HFOs in these blends (i.e., R1123, R1243yf, and
R1243zf).

Overall, the environmental burden for blends 2-5 are the lowest with
8.9-11.4 % reduced environmental footprint from R134a. These are
attractive alternatives, given also their high technical compatibility
(>90 %) with R134a-operated systems indicative of lower retrofitting
costs.

Regardless of the producing country, the market availability and
current relative prices for these refrigerants are additional decision
criteria to be included. For instance, the estimated price for blends 2’
and 2-4 can be approximately 5 times that of R134a ($12.9 per kg),
based on the retail price of the individual constituents [152,153]. The
cheapest R134a drop-in replacement corresponds to blend 5 with a
relative cost of $45 per kg. Though HFC prices are lower, their economic
attractiveness drops due to imposed utilization taxes [4], with an
additional cost of $21.5-31.3 per kg for R134a or R410A [141]. Surely,
the economics of scale will eventually play its role in reducing the prices
of alternative refrigerants once their adoption becomes more
widespread.
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3.4. Economic evaluation for deploying promising low-GWP blends

The last evaluation is focused on the economic assessment of
designed blends using monetized KPIs associated with capital, oper-
ating, environmental, and setup. Provided in Fig. 9 is the total annual
cost for deploying the designed blends and their benchmark commercial
alternatives including cost variability in terms of country of deployment,
computed on the basis of the SS-VCRC cycle for the major producers of
R134a (Fig. 9a) and R410A (Fig. 9b). Similar assessment for each
member of the EU is provided in Fig. S5 in the SIL.

The capital and maintenance costs had the largest contributions to
TAC, consistent within the different countries, as they are dependent on
the cost of manufacturing the operating units. The OPEX associated with
the energy consumption for the operation of the cooling cycles are the
second largest, affected largely by geographical location and its associ-
ated cost of electricity, and to a smaller degree by the type of refrigerant
and its impact on the cycle’s efficiency. Higher operating costs are
associated with EU and Japan, due to the higher cost of electricity, as
opposed to lower OPEX in India due to the consumption of coal. The
variation in OPEX due to refrigerants are less effective compared to cost
of electricity, with the variation attributed to the impact of the refrig-
erant on the energy consumption, with similar OPEX levels to R134a
seen with blend 5 due to similar COP, and slightly higher OPEX for blend
1 replacing R410A due to lower COP than R410A.

Conversely, the lowest contributions are seen for the environmental
and setup costs associated with the taxes on the CO; emissions from
power consumption, the environmental impact of the refrigerant and its
retail price, accounting for approximately 5.7 % of the total costs. These
cost factors are more indicative of the role of governmental and regu-
latory agencies on instilling barriers on adoption and deployment of
technologies with high carbon footprint. Among major HFC producers,
the largest environmental costs are seen in India, owing to the envi-
ronmental burdens from the utilization of the high-carbon emitting coal
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Fig. 8. TEWI analysis for most promising alternatives for R134a (a and c¢) and
R410A (b and d), with the bar colors corresponding to the studied benchmark
refrigerants and designed blends, as per the legend inside the figures. a) and b):
the different major HFCs producers, sorted by emission rates, and ¢) and d):
selected EU countries, sorted by population from left to right. The strong color
represents indirect emissions, while the light-equivalent color stands for
direct emissions.
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Fig. 9. Economic analysis for most promising alternatives for a) R134a and b)
R410A, for the different major HFCs producers based on total annual costs. The
colors represent the different refrigerants and blends, as per the legend inside
the figures. The different portions of the bars represent the split of the total
annual cost, from bottom to top (darker to lighter colors): CAPEX, OPEX, En-
viro, and set-up costs, calculated from Eq. 5, utilized as monetized KPIs for
determining the optimal drop-in refrigerant blend.

as a primary energy resource, though cheaper.

The economic viability of promising blends is in Fig. 10 as a country-
dependent heatmap of additional TAC incurred from replacing current
systems with R134a and R410A. Although blend 3 is highly compatible
with R134a, the economic assessment showed additional retrofitting
costs of 57.7-105.3 $-y 1. Conversely, blend 5 is a better alternative
than blend 3, resulting in cost savings (—18.3 $-y 1) or marginal addi-
tional retrofitting costs, being more economically viable with relatively
similar technical performance. Notice, that blend 5 is also more favor-
able based on environmental impact, with GWP <1 from its HFOs
formulation, as opposed to blend 3 with GWP = 14, containing HFC. In a
similar fashion, replacing R410A with the only feasible blend identified
in this work, blend 1, would result in retrofitting costs in the range of
55.4-101.1 $-y L.

The economic viability of replacing R134a with blend 5, and R410A
with blend 1 affected by geographical location with special emphasis on
operating and environmental costs is provided in Fig. 11, as CAPEX
remained country independent. A trade-off is observed between both
monetized KPIs. The OPEX in India are among the lowest, however, the
environmental cost is the highest. This is attributed to its reliance on the
cheaper coal for power generation, however, with high CO, emission
factor, also seen with Poland in the EU. This was not found in the USA,
given its reliance on the relatively cleaner natural gas, resulting in 38.8

% reduced environmental costs on average. The picture is diverse for the
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Fig. 10. Heat map for the variation in TAC (calculated from Eq. 5) of drop-in
candidates benchmarked to R134a and R410A, respectively, ordered from
highest to lowest. The main producers of HFCs are highlighted in light blue in
the left column.

environmental costs in the USA due to varying electricity sources
depending on the states, with cheaper environmental costs seen in
Washington and Idaho states, and high costs similar to India seen in
Wyoming state. Conversely, for the EU extremely low CO5 emissions
penalties are reported at the expense of elevated OPEX with the higher
electricity prices, being a mixture of increased cost of imported energy
resources for power generation and imposed environmental legislation
on climate change. Within the EU, the lowest cost rates are found in
Malta, Lithuania, and Slovakia with cheaper electricity prices, as
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opposed to Germany, Denmark, Belgium, and Ireland. Similar analysis
for blends (2-4, and 1’ — 2’) is in Figs. S6 and S7 in the SI.

3.5. Sensitivity analysis on the role of policy to promote adoption of
designed blends

A sensitivity analysis is presented here based on legislative agendas
imposed on current HFC utilization that can be realistically imple-
mented in upcoming years to boost the economic viability of next-
generation refrigerants and effectively promote a transition to their
manufacturing and market deployment. These involves examining the
implementation of a tax-law analogues to CO; tax focused on direct HFC
emissions through leakage and end-of life disposal, dubbed CO»-eq tax,
(Taxco,), in addition to a multiplier on the current HFC utilization tax
enacted in Spain to date (Taxyrc), provided in Fig. 12, which has been
applied on all studied systems with their baseline costs for EU provided
in Fig. 10.

In this manner and taking the EU-ETS’s pan-European carbon tax of
49.7$-tCOz-eq’1 as a benchmark (see Table S3 in the SI), a significant
variation in the cycle cost rate with change in the HFC tax multiplier was
obtained, as depicted in Fig. 12. Blend 5 demonstrated baseline annual
cost savings of —10.4 $-y ! compared to R134a in EU, with increased
savings with larger tax multiplier due to the absence of HFC from its
composition. Additionally, considering that blends 1 and 4 had slightly
higher annual costs compared R134a and R410A, respectively, it is
observed that implementing a tax multiplier of 3.2 and 2.3, respectively
would reduce the annual costs of blends 1 and 4 to those of their
respective benchmarks, with higher tax multiplier promising annual cost
savings compared to R134a and R410A.

If the Swedish carbon tax on direct emissions of 137.2$-tCO5-eq " is
enacted, blends 1, 4, or 5 would result in cost savings compared to
R134a and R410A without the implementation of additional taxes on
HFC utilization. Additionally, the use of blend 3 to be economically
competitive to R134a would require a HFC utilization tax multiplier
between 1.9 and 5.7 when the carbon tax on direct GHG emissions in-
creases from $49.7 tCOz-eq (EU-ETS) to $137.2 tCO5-eq (SWE). Irre-
spective of the carbon tax limits, economic viability of blends 2, 1, and
2’ compared to R134a is achieve with HFC utilization tax multiplier
>5.0 in Fig. S8 in the SI.

In summary, only blend 5 exhibits beneficial retrofitting costs when
applying the EU-ETS carbon pricing proposal and the Spanish case law
on HFC manufacturing. In essence, the high technical compatibility of
blend 5 with current cycles operated with R134a, even with a potentially
higher blend cost compared to R134a, alongside the impact of its ther-
modynamic properties on enhanced cycle efficiency and energy con-
sumption are sufficient to ensure investment costs comparable to R134a.
Notice that drop-in blends 4 and 1 are also covered by such selection
criterion, yet with a 2.2 % increase HFC tax rate from those currently
enacted by Spanish authorities. Accordingly, minor adjustments to
current policies would be required to adjust the economics of scale to
enhance the attractiveness of low GWP refrigerants.

4. Conclusions

A 4 E approach has been developed and implemented in this work for
identifying low GWP refrigerants as drop-in replacements for R134a and
R410A for cooling and refrigeration applications, based on technical
KPIs, flammability, environmental and economic impact. The
molecular-based polar soft-SAFT EoS was used as a reliable platform for
generating missing properties needed for the rational design of binary
blends composed of combinations of HFCs + HFCs, HFCs + HFOs, HFOs
-+ HFOs, and HFOs + HCFOs. The validity of the thermodynamic model
was proven from the excellent agreement with experimental data for the
studied mixtures, allowing the reliable prediction of properties needed
for further evaluation. The potential blends were narrowed down based
on low-GWP, low temperature glide characterizing near-azeotropic
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Fig. 11. Geographical variation in annualized operating (top) and environmental (bottom) costs for blend 1 (left), and blend 5 (right).

blends (<0.1 K), and Al or A2L safety classes.

Within the designed procedure, twelve potential blends were iden-
tified for further technical evaluation as drop-in replacements focused
on KPIs, thermophysical properties, and technical performance criteria
in SS-VCRC cycles. The most compatible designed blends for replacing
R134a are those composed of R1234yf HFO with a small content (10 wt
%) of HFCs such as R134a (blend 2) or R152a (blend 3), alongside HFO-
based blend of (60/40) wt.% R1243zf + R1234ze(E), promising similar
system performance with minimal modifications, although presenting
mild-flammability versus the non-flammable R134a. Alternatively,
limited options were found for replacing synthetic blend R410A, with
the most acceptable trade-off established for pure R32 and its blend with
R1123 (blend 1 of (90/10) wt.% R1123 + R32), highlighting the need
for examining other refrigerant families to design suitable alternatives
for R410A.

The deployment of the designed blends promises a 9-15 % reduction
in environmental impact in terms of TEWI associated with direct
refrigerant emissions via leakage and disposal, and indirect CO2 emis-
sions from energy required for operation. This is attributed to the low
GWP of the designed blends, 100-1000 times lower than R134a and
R410A.

Lastly, the total annualized costs for the deployment of the proposed
replacements in existing systems operated with R134a and R410A were
accounted for, considering country-related parameters for major HFC
producers and consumers. Overall, larger country-related impacts were
seen for OPEX and environmental costs, closely related to the energy mix
and level of decarbonization, with developing countries such as India
incurring lower OPEX on the expense of larger environmental costs, due
to the consumption of high carbon fuels, while the opposite trends were
seen with countries adoption low-carbon fuels. The deployment of blend
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5 as replacement for R134a presented the most economically favorable
performance, resulting in retrofitting cost savings, while higher costs are
required for replacing R410A with blend 1. Moreover, blend 5 would not
require modifications to current legislations or tax levels to ensure
economic feasibility, as opposed to higher HFC utilization tax multiplier
and installation of new taxing system on HFC emissions to ensure eco-
nomic viability of blends 1-4.

The procedure presented here can be applied in the search for
refrigerant blends for other cooling applications. Some restrictions
imposed in this study can be relaxed or different weights can be given to
the different KPIs, depending on the desired application. Overall, the
strength of the methodology is based on the robust thermodynamic
model to generate the required data for the design of the refrigeration
cycles, without the need of further experiments. The next steps will be to
experimentally test the validity of the proposed blends for the selected
applications and their scale up, outside the scope of this work.
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Fig. 12. Sensitivity analysis for change in TAC (in k$) of selected blends a) 1, b) 3, ¢) 4, and d) 5 based on HFC utilization tax multiplier on the Spanish framework
(x-axis), and CO, equivalent tax for HFC emissions (y-axis). The dashed lines represent the cost variation compared to the baseline cost for EU in Fig. 10, with
negative values representing increased savings, while positive values denote additional annual costs from the baseline cost.
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