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Abstract: Low global warming potential (GWP) refrigerants for the next-generation air conditioning
systems have been investigated with target domestic applications. High-GWP refrigerants are mostly
used in climate control applications such as heating, ventilation and air conditioning (HVAC) and
refrigeration systems. The majority of refrigerants are responsible for significant environmental
issues such as ozone layer depletion and global warming. The Montreal Protocol and the Kyoto
Protocol have been implemented to address such issues. In the meantime, authorities in many
countries have taken the initiative to phase out the usage of environmentally harmful refrigerants
in vapor compression refrigeration systems. Following the global warming mitigation scheme by
many signatory countries, research interest has been focused on finding alternative refrigerants with
low or ultra-low GWP. This study considered the research trend and development of low-GWP
refrigerants while examining system performance, safety issues, and the equivalent environmental
impact as the critical assessment parameters. Here, the focus is primarily set on the potential of
refrigerant blends (HFCs + HFOs) where the GWP value of 300 is set as the threshold value. Targeted
for domestic heat pump systems, the performance of such systems using various refrigerant blends is
collated and discussed. Many blends offer innovative drop-in replacements for R410A-conforming
F-gas regulations. The technical difficulties and realistic remedies for the existing refrigerants are
also discussed.

Keywords: air conditioning; COP; global warming; next-generation refrigerants

1. Introduction

Refrigerants as working substances considerably influence the performance of air
conditioning and refrigeration systems [1]. The thermal and physical properties of such
refrigerants starting from the PVT relationships are crucial in designing efficient yet cost-
effective heat pump systems. Apart from the excellent performance requirement, other
characteristics such as flammability, toxicity, and, most importantly, environmental friendli-
ness must be accounted for in ranking refrigerants. Most of the early-generation refrigerants,
such as CFCs and HCFCs, offer favorable flammability and toxicity but unfavorable ozone
depletion potential (ODP) and GWP characteristics. Despite excellent technological ad-
vancement in pushing the COP of the mechanical vapor compression cycle closer to the
Carnot limit, the adverse impacts of refrigerants on the environment, especially the GWP,
remain a huge concern. Following the Montreal Protocol (signed in 1987), a successive
phase-out of refrigerants that are responsible for depleting the ozone layer has been carried
out: they have been replaced with a new type of ozone-friendly refrigerants [2,3]. During
this time, air conditioning and refrigeration industries have undergone and overcome
many complications in developing appropriate refrigerants to replace CFC and HCFC
refrigerants [4-9]. Notably, the developed countries achieved the CFCs phase-out target in
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1996, though the deadline for the developing countries was extended to 2010. On the other
hand, the HCFCs phase-out will be accomplished by 2030 [10]. During the 28th meeting of
the Montreal Protocol, known as the Kigali Amendment (MOP28-2016), the Parties agreed
to work on phasing out HFCs based on the compromise consensus of MOP28 targeting to
avoid 0.5 °C global warming by the end of the century.

R134a, R1234yf, R410A, R407C, and other refrigerants are currently the best alterna-
tives to ozone-depleting refrigerants (CFCs and HCFCs), especially for household and car
heat pump applications. Table 1 shows the most commonly used refrigerants in home and
automotive applications together with their ODP and GWP values.

Table 1. Commonly used refrigerants in residential and automobile applications.

Application Area

Mostly Used Refrigerant Mostly Adopting
in the System Regions (IPCC5)

ODP Comments

Residential air
conditioning

Automobile air
conditioning

R22 [11-18] (retrofitting R22
are R134a (GWP-1300),

R407C (GWP-1624), R407A Developing countries 0.034 1760 Banned in January 2020
(GWP-1923) and R404A

(GWP-3942))

R410A [19-21] Developed countries 0 1923 Will be phased out soon
R32 [22] Developed countries 0 677 DAIKIN Tec. introduced
R134a [23-28] (retrofitting Developed and

Replaced R12, but will be

Rl34a al;;lléiz)’ R152a, dfgjrlgfiler;g 0 1300 restricted very soon [29]
R1234yf [30-32] Developed countries 0 <1 Low volumetric capacity

2 GWPyg9 (IPCC5) values based on the IPCC ARS report (IPCC, 2014) for pure refrigerants; values for mixtures
calculated based on the mixture ratio of pure refrigerants.

It can be noticed from Table 1 that the global warming potential (GWP) of these
refrigerants is considerably high. For instance, hydrofluorocarbon refrigerants R410A and
R134a have no ODP but high GWP values of 1300 and 1923, respectively. That is why
their environmental effect is significant in case of leakage during maintenance. Though
the GWP of R410A is high, it has good thermophysical properties, which are favorable for
air conditioning applications. The Kyoto Protocol (signed in 1997, COP3) [33] implements
the objective of the United Nations Framework Convention on Climate Change (UNFCCC
1992). In the first commitment period (2008 to 2012), the state Parties assured to decrease the
global warming gas emission to the environment by at least 5% below 1990 levels. In 2012,
most developed countries, including the European Union, approved the Doha amendment
to the Kyoto Protocol to reduce greenhouse gas emissions by 18% by 2020. The European
Environment Agency [34] reported that the emission of fluorinated gases, including HFCs,
PFECs, and SF¢, will decrease by two-thirds of its 2014 value by 2030. The European Union
Mobile Air Conditioning Directive [35] inhibits fluorinated gases with the GWP greater
than 150 in all new passenger cars and light commercial vehicles manufactured in 2017 and
later. New vehicles using these gases will not be registered, sold, or entered into service
in the EU region. The US Environmental Protection Agency (EPA) is implementing the
Clean Air Act, which is similar to the Montreal Protocol. This legislation requires common
sense when managing refrigerants, implying that refrigerants cannot be released into the
atmosphere during equipment installation, service, or retirement. The EPA [36] planned to
phase out R134a in newly factory-made light-duty vehicles in model year 2021, but it will
no longer be accepted in the MVAC system after model year 2025. However, the commercial
production of R134a for servicing older vehicles would not be stopped. The Australian
government has committed to reduce the import of greenhouse gases by 85% between
the years 2018 and 2036. It has already imposed a $50/kg carbon tax for R410A [37]. The
Paris Agreement (2015) also wishes to keep the global average temperature well below 2 °C
above the preindustrial levels by reducing greenhouse emissions while pursuing efforts to
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limit the temperature increase to 1.5 °C [38]. The plan for phasing out high-GWP gases in
Japan and other countries is listed in Table 2.

Table 2. Current GWP and target low-GWP refrigerants implementation plan [34,36,37,39,40].

. Current Refrigerants and Year of
Designated Products GWP;g (IPCC5) Target GWP Implementation
Room air conditioning R410A 1923 750 2018
Commera.al air conditioning for RA10A 1923 750 2020
offices and stores
Japan R404A 3942
Condensing unit and R410A 1923
refrigeration unit R407C 1624 1500 2025
R744 (CO,) 1
Cold storage warehouse R4O4A. 3985 100 2019
Ammonia
Mobile air conditioning R134a 1300 150 2023
HFC-245fa 1030
Urethane foam HEC-365mfc 795 100 2020
HFC-134a 1300
Dust blowers HFC152a 124 10 2019
CO, 1
o . R12 10900
USA Mobile air conditioning R134a 1300 2021
R22 1760 2020
Residential air R410A 1923 N/A
conditioning/refrigerator R134a 1300 2025
R407C 1624 N/A
EU Mobile air conditioning R134a 1300 150 2017
Room air conditioning 750 2021
Canad Domestic refrigeration 150 2025
anada AC chillers 700 2025

The search for environment-friendly refrigerants with higher energy efficiency has
emerged as a critical task. The overall impact of a refrigerant on our environment includes
both direct and indirect emissions. Direct emissions include the refrigerant amount in
the system and emissions due to leakages, servicing, and disposal, and indirect emissions
are related to operational time and hardware manufacturing, emissions during electricity
production, i.e., kg CO;-equivalent emissions generated per unit of electricity produced.
Recognizing the importance of environmental commitments as well as the need to comply
with international rules and regulations, the relevant industry and research community
began looking for low-GWP refrigerants around 2011. We have a few low-GWP refrigerants
in the market, but they are not suitable for replacing the existing halogenated refriger-
ants [41,42]. This study was concentrated on ultra-low and low-GWP refrigerants providing
system performance comparable to or better than that of the existing refrigerants in resi-
dential air conditioning. GWP1qy values are classified into five levels based on the RTOC
2014 taxonomy, which is shown in Table 3.

Table 3. Classification of GWPqqq levels [2].

GWPqgg Classification
>1000 High

300-1000 Medium
<300 Low
<100 Very low

<30 Ultra-low or negligible
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2. Low-GWP Refrigerants (Pure and Blended)
2.1. Pure Refrigerants
2.1.1. R1234yf

The hydrofluoroolefin 2,3,3,3-tetrafluoro-1-propene (R1234yf; CF3CF=CH)) is an ultra-
low-GWP refrigerant. It is mildly flammable (A2L) and low-toxic [43-45]. Compared to
R134a and R744, it has zero ODP and excellent life cycle climate performance (LCCP) [46].
The refrigerant’s critical temperature and pressure are 94.7 °C and 3.38 MPa, respec-
tively [47-50]. To address the safety and performance of R1234yf considering its application
in mobile air conditioning, SAE International started the CRP 1234 program in 2007. It
has received attention from the research community as a potential replacement candidate
for R134a, the most commonly used refrigerant in vehicles [51-55]. The performance of
R11234yf is found to be slightly lower than that of R134a [31,32,56,57]. General Motors
introduced R1234yf for vehicles in 2012, and presently such vehicles have numbered more
than 100,000 worldwide [30]. However, when researchers analyzed the performance of
R1234yf to replace R410A, a widely used refrigerant in residential applications, they found
the COP was lower and required larger unit bodies as compared to R410A [58,59]. These
differences are mainly due to its smaller volumetric capacity because a greater volumetric
flow is required to maintain a similar cooling/heating load, resulting in a higher irre-
versible loss. Barve [59] concluded that refrigerant R1234yf is unsuitable for direct drop-in
replacement of R410A without modifications of commercial heat pump systems or charge
management in a high-temperature test. However, regarding power consumption by the
compressor, R1234yf shows a better performance due to low refrigerant flow rates and
lower pressure ratios. Insufficient production capacity and cost are the main limitations to
using this refrigerant on a larger scale.

2.1.2. R1234z¢(E)

Because of its ultra-low GWP (<1), the hydrofluoroolefin 1,3,3,3-tetrafluoro-1-propene
(R1234ze(E); CFsCH=CHEF) has gained interest as a prospective refrigerant for industrial cen-
trifugal chillers [60,61]. The critical pressure and temperature of the refrigerant are 3.63 MPa
and 109.3 °C, respectively [62,63]. It is a promising refrigerant for high-temperature heat
pumps that act as hot dryers and steam generators for industrial applications, includ-
ing beverage concentration, sterilization of foods, drying lumber, solvent recovery, and
distillation of petrochemical products. Fukuda et al. [64] experimentally studied the fea-
sibility of R1234ze(E) and also R1234ze(Z) in a high-temperature heat pump system. In
the same laboratory, Koyama et al. [65] investigated the compatibility of R1234ze(Z) with
plastic, elastomers, metal, and its thermal stability. The authors found that the flammability
of R1234ze(Z) is appropriate for its commercial use. Brown et al. and Li et al. [66,67]
recommended R1234ze(Z) for high-temperature heat pump applications. The authors
recommended an additional study to use it as an alternative to R114. To replace the widely
used R410A with R1234ze(E), Koyama et al. noticed pure R1234ze(E) is not appropriate
because of its limited volumetric capacity [68], but it is recommended for turbo refrigeration
systems. In that case, the impeller size of the compressor is recommended to be enlarged
as compared to that for R134a [69,70]. When compared to R134a, the refrigerant has a
9-15% energy-saving potential [70,71]. R1234ze(E) is also studied as a potential replace-
ment of R134a [72,73]. Figure 1 shows the schematic layout of a water-cooled experimental
setup used at the Koyama laboratory to investigate the performance of pure and blended
refrigerants [74,75].
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Figure 1. Prototype of a next-generation refrigerant performance study [75].

Figure 2 shows the experimental COP of R1234ze(E) as compared to the widely used
R410A and promising R32, where it is found that the COP of R1234ze(E) is lower in both
the heating and cooling modes, notably in higher heating loads. The COP is considered for
both the cycle (COPyje) and the system (COPsystem) level following the equations below:

Thermodynamic COP for heating : COPp_cycle = iR, COND in — IR COND,_out 1

hcomp_out — hcomp_in

_ hREVA_out — R /EVA_in

Thermodynamic COP for cooling : COP;_¢ycle = u 7 2)
COMPR,out — "COMPR,in
System COP for heating : COPp,_system = COPp_cycle X (#inv * 7COMPR) 3)
System COP for cooling : COP;_system = COP;_cycle X (iny * 7COMPR) 4)
eating mode at optimum charge condition 0oling mode at optimum charge conaition
@ Heat de at opt h dit (b) Cool de at opt h dit
g ® m ® 55
¢ ¢ ¢ o
= 5T
A, + R410A "
24.5 " N nm
A = R32 oL YR .
A A R1234z¢(E) S . A
A A +R410A
35 A " R32
AR1234z¢(E)
. . . 3 . LA . .
05 15 2 25 3 05 1 15 2 25 3
Qcono [kW] Qeva [kW]

Figure 2. The coefficient of performance of the R1234ze(E), R410A, and R32 refrigerants in a drop-in
experiment in (a) the heating mode and (b) the cooling mode [75].
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Irreversible loss is calculated using the following equations [58]

100

Leonp = Y [{(Triz1 — Tw,i—1) + (Tr,i — Tw,i) } X As;/2] x mg ®)
i=1
100

Leva = Y [{(Tw,i—1 — Tri-1) + (Tw,i — Tri)} X As;/2] x mg (6)
i-1

Lexp = (TrEVA,in + TREVA out) X (SREVAout — SREVA,in)/2 X MR 7)

Leompr = (Tr,cOMPRin + TR,COMPRout) X (SR,COMPR out — SR, COMPRin) /2 X MR (8)

Lpp. = Lpp.,conD + Lrp.Eva + Lpp ExP_1 + LD, EXP_2 + LP.D.,LOSS )
Lm = Ecomprr — Weycle (10)
Linv = Emvv — Ecompr (11)

A double tube-type counter flow heat exchanger was used in the experiment. In the
heating mode, the heat sink water temperatures at the inlet and the outlet of the condenser
were set at 20 °C and 45 °C, respectively, and the corresponding inlet and outlet water
temperatures in the evaporator were kept constant at 15 °C and 9 °C, respectively. In the
cooling mode, the heat sink water temperature at the inlet and the outlet of the condenser
was maintained at 30 °C and 45 °C, respectively, and the inlet and outlet water temperatures
in the evaporator were maintained at 20 °C and 10 °C, respectively.

The heat transfer rate varied from 1.4 kW to 2.6 kW by adjusting the refrigerant flow,
compressor rotational speed, and water flow. The degree of superheat was kept constant at
3—4 °C over the entire range of test conditions.

2.1.3. R152a

R152a (1,1 difluoroethane, CoH4F,) has been considered as a refrigerant blend for a
long time, but not as a pure refrigerant. The refrigerant’s critical pressure and temperature
are 4.52 MPa and 115 °C, respectively [76-78]. It does not have any ODP. Compared to
the HFC and HFO refrigerants, R152a has a low global warming potential (138 [79]) and
a lower price. The volumetric capacity and pressure of R152a are quite close to those
of R134a. On the other hand, the energy efficiency, mass flow, and vapor density are
much better than those of R134a [80]. The system performance in a vapor compression
system was found to be higher than that of R134a [27,81]. Test results demonstrated a
4.7-13% improvement in the COP, with a decrease in the cooling capacity of about 0-10%.
Figure 3 shows the comparison of the (a) COP and (b) energy consumption between R134a,
R152a, and R32 in 120 L refrigerators for different charge amounts. It was found the COP
increases with the increase in refrigerant amount, but the minimum power consumption
reached 100 g. R152a is commonly used as an aerosol spray propellant and foam-blowing
agent. It is also used as a component in a variety of refrigerant blends (R401A, R415A,
R430A, R500, etc.) [82]. However, its flammability is rated as A2 by the ASHRAE [83], and
hence flammable dangers may have been the primary factor preventing its use as a pure
refrigerant up until now [81]. The minimum ignition energy for this refrigerant is 0.38 MJ,
which is slightly higher than that for flammable hydrocarbons. Cabello et al. [84] also
studied cascade refrigeration plants using R152a/R744 and R134a/R744 pairs for industrial
and commercial applications. Though the comparative energy results did not show a great
difference, its low GWP can be a great advantage from the environmental point of view.
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Figure 3. (a) Coefficient of performance (COP) and (b) energy consumption as a function of the
refrigerant’s charged amount [27].

2.1.4. R744

R744 (carbon dioxide, CO,) has been utilized in various types of vapor compressor
systems for over 130 years [85-88]. It is a low-cost and natural refrigerant. However, it
works at an exceptionally high-pressure level and operates in a transcritical cycle. The
decline of using R744 started in the mid-1950s after the invention of high-performance CFC
refrigerants. When the adverse effect of synthetic refrigerants was found in the late 1980s,
there was a renewed interest in R744 as it is not toxic and flammable [86,89]. In the early
1990s, Gustav Lorentzen revived R744 as a refrigerant [90,91]. To assess the COP of R744
and R12, Lorentzen and Pettersen [92] designed a laboratory prototype considering its
application in vehicle air conditioning systems. The authors speculated that the increased
energy density might have a high cost but provide practical benefits due to their smaller
size and weight. Koyama et al. [93] and Xue et al. [94] constructed a steady-state model
where they assessed the heating and cooling performance of R744. Many researchers have
studied theoretically and empirically the performance of R744. The performance has also
been compared with other refrigerants as a feasible alternative to synthetic fluids [23,95-99].
Hwang et al. [100] tested the performance of several two-stage compressor R744 cycles
and observed an 18-35% improvement in the COP over the basic cycles. Girotto et al. [96]
calculated the COP of all-CO, systems for a supermarket in northern Italy, estimated the
annual energy consumption and the cost of CO; installation. Even though the installation
cost was 20% greater, the authors discovered a way to raise the efficiency of the CO; system
to match that of the R404A system. According to Maina and Huan [89] and Neksa [101],
this refrigerant has been used for different purposes, including hot water generation,
commercial refrigeration, heat pump dryers, etc.

2.1.5. R1336mzz(Z)

New refrigerant R1338mzz(Z) has been found very promising for high-temperature
heat pump cycles. It is non-flammable, and the GWP of this refrigerant is only 2 [102-104].
The boiling and critical temperatures of R1336mzz-Z are 33.5 and 171.3 °C, respectively.
Therefore, it can be potentially considered as an alternative to refrigerants HFC-245fa
and HCFC-123. The pool boiling performance of R1336mzz(Z) on a flattened horizontal
Turbo-ESP surface has been studied for air conditioning and industrial heat recovery
applications [104]. The potential application of these refrigerants has also been studied for
transcritical Rankine power cycles [105].

2.1.6. HC (Propane R290, N-Butane R600, Isobutane R600a)

In general, the natural refrigerant known as HC (hydrocarbon) has great efficiency,
good miscibility with mineral oils, a lower compressor discharge pressure, and strong heat
transfer properties. However, because of its significant flammability, this refrigerant cannot
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be used on a larger scale. Because many other nations have outlawed using flammable
gases in the public, HCs are only used as refrigerants in Europe following some regulations.
The theoretical and practical performance of R290 in contrast to R22 was examined by Lam-
pugnani and Zgliczynski [106]. According to the experimental findings, R290 is a superb
candidate to replace R22 from the thermodynamic standpoint. Granryd [107] discussed
the advantages and disadvantages of employing HC as a refrigerant for refrigeration and
heat pump applications. Numerous HCs have been discovered to exhibit advantageous
properties as refrigerants from the thermodynamic and heat transport perspective. In their
investigation, Halimic et al. [108] came to a conclusion that, after addressing technical
operation and safety concerns, R290 is a desirable replacement for R12 in small residential
refrigerators. Bjerre and Larsen [109] assessed the potential usage of R600 for residential
applications and discovered that it performed 10% better than R134a. Palm and Somchai
and Chimres [110,111] found the excellent performance of hydrocarbon compared with
R134a, R22, and ammonia. According to the authors, the safety risk may be decreased by
constructing systems hermetically with the least amount of connections and refrigerant
charge or by using an indirect system. The accepted practice of employing HC in a vapor
compression system was examined by Corberan et al. [112]. According to the IEC355.2.20
standard, up to 150 g of HC can be sealed in a regular refrigerator, and tiny freezers can
be placed anywhere, regardless of the size of the room, with a few additional safety pre-
cautions. Some European refrigerator producers now have access to flammable HCs to
make residential refrigerators. However, the failure rate of the compressor is increased
with the vast commercialization of such refrigerants. Table 4 summarizes the flammability
properties of pure refrigerants studied at many laboratories.

Table 4. Flammability characteristics of some pure low-GWP refrigerants [46,61,107].

> ey 5 ) < —_ Y
= > k1t ) « '~ ] g
g g 3 g 83 & g E %
3 = Q a o £ 5 2
~ & = A~ < = O]
Lower flammable limit (% 6.2 7 144 22 39 15 33 14
volume in air)
L
Upper flammable limit (% 123 95 293 10 169 28 19 76
volume in air)
Minimum ignition energy (m]) >5000, <10,000 61,000-64,000 >30, <100 0.25 0.38 100-300 0.65 0.29
Heat of combustion (kJ/g) 10.7 - 94 46.3 16.5 18.6 29.8 47
Burning velocity (cm/s) 1.5 - 6.7 46 23 7.2 58 34
Safety class (ISO 817 and A2L A2L A2L A3 A2 B2L A3 A3

ASHRAE 34)

A—lower chronic toxicity, occupational exposure limit of 400 ppm or greater; B—higher chronic toxicity, occupa-
tional exposure limit of less than 400 ppm; 2L—lower flammability, burning velocity not higher than 10 cm/s,
energy of combustion below 19 MJ/kg, not flammable below 3.5% volume concentration.

2.1.7. Other Natural Refrigerants

In home and automotive heat pump applications, water, ethanol, ammonia, and
methanol, known as natural refrigerants, are receiving attention [87,113-116]. The ther-
modynamic properties of ammonia (R717) are excellent, and it is energy-efficient when
applied in large industrial systems and commercial buildings, but its toxic behavior limits
its usage as a refrigerant in domestic and automobile applications [117,118]. Due to their
low volumetric efficiency, water (R718) and ethanol are not common refrigerants in con-
ventional vapor compression systems, but they can be regarded as common refrigerants in
sorption-based systems [119-124].

2.2. Refrigerant Mixtures

Due to their azeotropic character and generally well-developed thermophysical prop-
erties, pure refrigerants are a good choice for vapor compression systems. HFOs are
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reasonable alternatives regarding their toxicity, flammability, and ultra-low GWP. Accord-
ing to Bella and Kaemmer [125], pure HFOs are inefficient substitutes for R410A from
the perspective of system performance. For drop-in replacement, rebuilding the system
with a larger compressor, pipe, and heat exchangers is necessary. It has also been found
that the volumetric capacity of the refrigerant is low, which leads to larger mass flow
rates, larger pressure drops in the heat exchangers and connection pipes, and, ultimately,
lower coefficients of performance (COP) [126,127]. The volumetric capacity as well as
the COP can be improved by adding some other refrigerants with HFOs. In China, R32
has been investigated due to its lower cost as compared to R410A, while blends of R32
with HFOs have been studied in Japan and the USA [37]. A blend is often defined as a
combination of two or more single-component refrigerants. Blends can be either azeotropic
or zeotropic. Azeotropic blends act like pure refrigerants in such a way that they boil
and condense at consistent temperatures at any given pressure. As opposed to azeotropic
blends, zeotropic blends boil and condense at a variety of temperatures at a given pressure
(see Figure 4a). This temperature range is known as temperature glide, which is essentially
the difference between the refrigerant compound’s bubble point and dew point. Figure 4b
shows the formation of temperate glides of the R32/R1234ze(E) and R32/R1234yf blends
at a constant pressure. The maximum temperature glides (AT) of the R32/R1234yf and
R32/R1234ze(E) mixtures at 0.5 MPa are 7.6 and 12.2 °C, respectively (source of thermo-
physical properties—REFPROP V9.1) [128]. Despite the vast possibilities of the mixing
strategy, a few mixtures, such as binary and ternary mixtures, remain popular due to the
possible complexity involved in the thermophysical properties of the mixtures.

T T T
0.5MPa (b)
[ 1.5MPa 1
10 LT E
= S osmpa .
g = , ~ N R32/R1234z(E)
E 2 7 - - 1
= ~ ! -7 ~ -
b ' [f+/,” LMPa ™ -, AN 1
& z5r(; S N .
g & L ffr) ) ]
) R32/R1234yf
0 1 . 1 1 . T e ]
0 0.2 0.4 0.6 0.8 1
Traa [-]

p conposition (X)

Figure 4. Temperature glides of a binary mixture. (a) Temperature vs. mass fraction diagram of a
zeotropic mixture, (b) temperate glides of the R32/R1234ze(E) and R32/R1234yf binary blends.

2.2.1. Binary Mixtures
R32/R1234ze

Numerous studies have demonstrated that R1234ze(E) has a poorer coefficient of per-
formance (COP) than other widely used refrigerants like R410A or R134a, mostly because of
its limited volumetric capacity and greater pressure drop [129]. R32 is typically blended in
a variety of ratios to improve the performance of R1234ze(E) and the vapor density [69,130].
Table 5 lists the mixing techniques for various refrigerants and their corresponding GWP
values, which are considered to be less than 300. The cycle performance analysis showed
that the inclusion of R32 (50% mass) with R1234ze(E) boosted the volumetric capacity
while maintaining the COP greater than that of R410A, suggesting this mixture is a strong
contender to replace R410A [131]. The thermodynamic properties of the mixture developed
by Akasaka [132] were used in the study. Kojima et al. [58] also studied the R32/R1234ze(E)
mixture with the 42/58 and 28/72 (by mass) ratios keeping in mind the GWP values around
300 and 200, respectively. They found that these mixtures show comparable performance
to that of R410A in the heating mode for the heat sink water temperature of 20—45 °C and
heat source water temperature of 15—9 °C. The same authors reported that the COP of the
R32/R1234ze(E) mixtures improved significantly for both modes of operation, which can
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be clearly found in Figures 2 and 5. In Figure 5, it is further observed that the COP of the
system improves with the increase in the R32 composition.

Table 5. Literature review of pure/binary/ternary mixtures of low-GWP refrigerants.

o, GWPqgp with the Volumetric e
Refrigerant C(()lr\n/[posy;) n Safety Class in l(ilél; Capacity * AFI;%%" References
ass %o Brackets (MJ/m3)
R410A
(R32/R125) 50/50 1900 —51.36 8.78 0.11 [133]
R32 100% 677 (A2L) —51.65 9.04 0 [65]
R1234ze(E) 100% <1 (A2L) —18.95 2.92 0 [65]
R1234yf 100% <1 (A2L) —29.45 3.80 0 [32]
R290 100% 5 (A3) —42 497 0 [130]
R600a 100% ~20 (A3) —11.75 2.02 0
42/58 285 (A2L) —35.2 7.98 10 [58]
28/72 190 (A2L) -30.2 7.14 13.1 [133]
R32/R1234ze(E) 20/80 140 (A2L) —27.14 6.42 12 [134]
50/50 338 (A2L) —38.1 5.65 9.68 [65]
5/95 40 (A2L) —214 3.11 7.7 [135]
42/58 285 (A2L) —44.2 8.27 44 [133]
28/72 190 (A2L) —39.9 7.72 6.75 [133]
40/60 272 (A2L) —43.6 8.21 4.65 [130,136]
R32/R1234yf 29/71 199 (A2L) —403 7.78 6.44
36/64 246 (A2L) —42.46 8.08 5.32 [130]
35/65 239 (A2L) —42.15 8.04 5.48
ASHRAE,
R134a/R1234yf 11.2/88.8 146 (A2L) —-29 3.92 0 proposed
10.2/89.8 133 (A2L) —-29 3.92 0 ASHRAE,
proposed
R290/R600a 68/32 11 (A3) —36 4.1 5.7 [137]
55/45 11 (A3) —25 3.73 6.5 [138]
45.2/54.8 11 (A3) —23 3.45 6.6 [139]
60/40 11 (A3) —35.15 3.88 6.4 [140]
4/43/53 292 (A2L) —375 9.29 13.5
R744/R32/R1234z¢(E) 9/29/62 197 (A2L) —348 10.4 214 4]
4/44/52 29 8(A2L) —46.4 9.49 7.6
R744/R32/R1234yf 5/28/67 190 (A2L) —42.2 9.39 11.9
R744/R32/R1234ze(E) 7/30/63 206 (A2L) —43.4 10.13 13.3 AHR],
R32/R152a/R1234ze(E) 12/5/83 92 (A2L) proposed
R134a/R152a/R1234yf 7/11/82 117 (A2L) [130]
* Volumetric capacity (VC) = Ahgya X pv at 10 °C; ** ATglide = Taew — Toulb-
6 @) Heating mode at optimum charge condition 49 t (b) Cooling mode at optimum charge condition
55 4.7
= S cf gﬂ OD OD o 45 g c? 5o
=5t = N g
< 3 &
2 g3 | s 0
g4,5 I 0 R32/R1234ze(E)(80/20 mass%) DC; 41 + o
s} 0 R32/R1234z¢(E)(50/50 mass%) o 2R 12342(E)(B0/20 mass)
4 L O R32/R1234ze(E)(43/57 mass%) 39 1 DESZ/RlZSdze(E)(SO/SO mass¥h)
R32/R1234ze(E)(28/72 mass%) OR32/R1234z¢(E)(43/57 mass%)
©RA10A 3.7 | AR32/R1234z¢(E)(28/72 mass%b)
35 . . . s L RAIA ‘ ‘
1 15 2 25 3 1 15 2 25 3
Qconp [kW] Qeva [kW]

Figure 5. Variation of the COP of the R32/R1234ze(E) mixtures with the heat transfer rate in the
condenser and the evaporator in a drop-in experiment at the optimum charged condition in (a) the
heating mode and (b) the cooling mode [75].
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R32/R1234yf

Due to its extremely low GWP and performance that is equivalent to that of R134a,
refrigerant R1234yf can be regarded as a promising next-generation refrigerant. Prior to
now, R1234yf has had a few drawbacks, most notably a volumetric capacity that was much
smaller than that of R134a. However, pure R32 exhibits a very high temperature at the
compressor output and a significantly greater GWP, making it a poor candidate for home
air conditioning. In order to address their respective weaknesses, these two refrigerants
are combined with different ratios. Akasaka [132,141] and Kamiaka et al. [126] developed
the thermodynamic characteristics of the blend. Two blends, considering GWP 300 and
200, were studied in a drop-in experiment to replace R410A [133], and the performance of
the R32/R1234yf binary mixture of 42/58 (by mass) was found to be considerably higher
than that of R410A, whereas the 28/72 (by mass) mixture showed a lower performance
due to the higher irreversible losses associated with pressure drop (Figure 6). Some similar
mixtures with different mass percentage ratios are shown in Table 5, which have been
studied under the AHRI research program [130], but the findings from their research are
not available in the open literature. Figure 6 also shows the performance comparison
in both the heating-1 and heating-2 conditions of the R32/R1234ze(E) and R32/R1234yf
mixtures [58]. It was noted that both pairs showed a higher COP in heating 2, so it could
be selected as an alternative to R410A under the heating-2 conditions. The irreversible
loss properties for different mixtures are also compared with R410A in Figure 7. Figure 7a
shows that the irreversible loss for the R32/R1234yf (42/58) mixture is minimum, whereas
R32/R1234ze(E) (28/72) shows a higher irreversible loss among the studied pairs. Figure 7b
shows that the total irreversible loss almost linearly increases with the heat load. The higher
irreversible loss of a low-GWP mixture compared to R410A means the higher pressure drop
caused by HFOs. Basically, the smaller irreversible loss indicates a higher COP.

6

(a) Heating 1 mode at optimum charge composition (b)  Heating 2 mode at optimum charge composition
*
LI * o . 55
° 4 ; o —_ o O o 8
A o ®low o s 2 ¢ S ﬁ
= A O | <300 5 5 - "y A
- A - GWP Qf:)
0 R32/R1234z¢e(E)(42/58mass%) <200 8 0 R32/R1234ze(E)(42/58mass%)
A R32/R1234ze(E)(28/72mass%) a5 | 2 R32/R1234z¢e(E)(28/72mass%)
® R32/R1234yf(42/58mass%) ' ® R32/R1234yf(42/58mass%)
R32/R1234yf(28/72mass%) R32/R1234yf(28/72mass%)
¢ R4A10A ¢ R410A
\ \ 4 \ \ \
15 2 25 3 1 15 2 25 3
QCOND [k\N] QCOND [kVV]

Figure 6. Comparison of the COP with the heating load at the optimum charge condition in (a) heating
mode 1, (b) heating mode 2 (for modes 1 and 2, the condenser water inlet-outlet temperatures were
20—30 and 20—45, respectively, while the evaporator water inlet-outlet temperatures were constant
at 15—9) [58].

R32/R1123

AGC (Asahi Glass Co., Ltd., Japan) developed a novel refrigerant for air conditioning
systems in 2014 that uses hydrofluoroolefin R1123 as its primary component and can cut
GWP even further. Trifluoroethylene, or R1123, has a performance that is comparable
to that of common refrigerants and a very low GWP (0.3) [142]. However, the R1123
refrigerant has disproportionate properties at a higher temperature. To make the system
safe, the blend of R1123 and R32 was proposed to replace R410A. Higashi and Akasaka [143]
measured the thermodynamic properties of the 60/40 and 40/60 R32/R1123 mixtures (by
mass). When R410A is replaced in residential and commercial air conditioning systems,
the new refrigerant blend, which is azeotropic, can provide good performance, according
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to AGC [39]. The performance of this mixture is being tested at many laboratories in Japan;
however, cycle performance results are not available in the open literature.

r Heating1 2.2 kW

300
: (a) ] O INV
2 250 1a M
- [ 1@ PD.
¢ 200F 1w PIPE
o [ ] m COMPR
o - 1 EXP
D | -
= 190 1m EVA
0 i 153 COND
S 100F ]
o [ ;
~ 50F ;
ot
Q 2
& ¢ & & O
< ® o P
350 : -
(b) Irreversible loss at heating 1 mode
300
250 r
=200
E150 |
‘OR32/R1234ze(E)(42/58mass%)
100 | A R32/R234ze(E)(28/72mass%)
@ R32/R1234yf(42/58mass%)
50 r 4 R32/R1234yf(28/72mass%)
4 R410A
O 1 1 1
1 15 2 2.5 3
QCOND [kW]

Figure 7. Irreversible loss of R32/R1234ze(E) and R32/R1234yf mixtures in a drop-in experiment.

(a) Irreversible loss in each component of the system. (b) Total irreversible loss for promising binary

mixtures [58].

HC Mixtures

HC blends are ecofriendly refrigerants that may be employed in already-built systems.
Due to their high flammability (A3), HC blends are recommended over halogenated
refrigerants for usage in small systems with low charge amounts. Many studies investigated
the R290/R600a combination as a replacement for R12 and discovered that it has a greater
COP and refrigeration capacity than R12. R290/R600a mixtures have been investigated to
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replace R134a; it was found the mixtures are an appropriate alternative to R134a in terms
of power consumption, charge amount, and cooling rate [111,137,138,140,144-146]. When
the temperature glide matches the fluid temperature change, the 75/25 mixture (by mass)
of R744/R290 increases the COP 12.8% more than R744 [147,148]. The performance of
R32/R290 mixtures (68/32) as a drop-in replacement for R410A was found to be 6-7% lower
than that of R410A, but the charge amount is reduced by 30-35%. In their assessment of the
development of HC mixtures, Mohanraj et al. [149] found that few mixtures might work as
viable replacements for halogen-based refrigerants. Figure 8a shows the schematic of the
vapor compression cycle with the subcooling and superheating concept. Figure 8b shows
the area of the subcooled and desuperheated enthalpy zone of an ideal thermodynamic
cycle. The uncertainty of the measurements is not considered. The enthalpy change in
this two-phase region for different pure and blended refrigerants are shown in Figure 9.
It can be seen that the desuperheater heat for R32 and the R32/R1123 blend is higher; on
the other hand, the subcooled heat for hydrocarbons and their blends are comparatively
higher. The significant difference between these heats sometimes requires modification of
the heat exchanger design for safe and efficient operation.

(b} .
() f + \ w
abenlal # Compressor | S
\ 2
-+ 3|3 Condenser -+ o0 T =l0°C T _=35°C ",I S
. Compressor @ ;
Subcooling
. s = 1Y,
valve T =%C
a [
| &
Superheating Exraporator |
4r ."I iy
> Evaporstor | 1 -
+ * Enthalpy. h

Figure 8. (a) Schematic of the vapor compression cycle with subcooled heat and superheat.
(b) Conceptual P-h diagram where the subcooled and desuperheated areas are textured.

50
45 |
0r = Subcooled

m Desuperheated

Ah [kJ/kg]
5 8 &8 8 &

10

R32
R152a

< 5+
s 3
< -
x 24

R1234yf
R1234zeE
R32/ze(42/58)
R32/z6(28/72)
R32/1123(42/58)
R32/yf(42/58)
R32/yf(28/72)
R134alyf(11/89)
R290(propane)
R600a(isobutane)
R290/600a(68/32)
R290/600a(45/55)

Figure 9. Subcooled and desuperheated enthalpy of pure and blended refrigerants.
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Figure 10 shows the COPs for the ideal cycle are almost steady for the studied pure and
binary blends, whereas the volumetric capacities are significantly different. Formation of a
blend improves the volumetric capacity. Moreover, the operation pressure for pure HFOs
is considerably lower than that of R410A, which requires a new design of the compressor
and the heat exchanger for drop-in replacement.
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Figure 10. COP and volumetric capacity of pure and blended refrigerants.

2.2.2. Ternary Mixtures
R744/R32/R1234ze(E)

For the case of binary blends of R32/R1234yf and R32/R1234ze(E), more than 50%
R32 always shows a better performance than R410A. To maintain a GWP less than 300, the
mass fraction of R32 must be below 50%, resulting in a lower COP, which is a consequence
of limited volumetric capacity. To improve the volumetric capacity, Fukuda et al. [74,150]
added R744 into the blend. In a drop-in experiment, the COP of the R744/R32/R1234ze(E)
mixtures having GWP 300 was found comparable to that of R410A in both the heating and
cooling modes (shown in Figure 11). However, the mixture with GWP 200 showed a lower
performance than R410A in both modes due to higher irreversible losses strongly related to
the volumetric capacity and temperature glide.

55 5
@) o o o (b)
x x X & e 45 | & &
X
A A Z %: “ f ¥ *
5 A A A 4 A A &
= = XX x4 A
£ X X X £ X
& X X x 235 1
ot o
8 0 R32/R1234ze(E)(42/58mass%) 8 O R32/R1234ze(E)(42/58mass%)
45 1 4 R32/R1234ze(E)(28/72mass%) 31 A R32/R1234z¢e(E)(28/72mass%)
X R32/R1234ze(E)/R744(43/53/4mass%) X R32/R1234ze(E)/R744(43/53/4mass%)
X R32/R1234ze(E)/R744(26/62/9mass%) 25 [ xR32/R1234ze(E)/R744(26/62/9mass%)
¢ R410A + R410A
4 : : : 2 : : :
1 15 2 25 3 1 15 2 25 3
Qconp [kW] Qeva [kW]

Figure 11. Variation of the COP with the heating and cooling load for R1234ze(E)-based binary and
ternary mixtures in a drop-in experiment in (a) the heating mode and (b) the cooling mode at the
optimum charge condition [151].
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R744/R32/R1234yf

Two ternary blends were formed by adding R744 into binary blend R32/R1234yf
to enhance the volumetric capacity of the binary blend. The coefficient of performance
of the ternary blends was experimentally studied, and their performance was compared
with R410A [74]. For the blends, the authors considered the GWP value of 200 and 300.
Temperature glide was a concern during the condensation and evaporation procedures since
these combinations are zeotropic. The inclusion of R744 lowers the GWP but increases the
temperature glide. The irreversible loss is minimized by matching the gliding temperature
with the temperature changes in the heat sink and the heat source. Figure 12 shows
the ternary blend with the GWP of nearly 300 performs very well in both the heating
and cooling modes. This indicates the ternary 4/44/52 blend (by mass) can be used as
a drop-in alternative to R410A [74]. In another study, Kondou et al. [152] showed that
the boiling and condensation heat transfer coefficient decreased due to the mass transfer
resistance in zeotropic binary and ternary mixtures. The AHRI research group performed
their experimental study with a 7/30/63 ternary mixture (by mass) of R744/R32/R1234yf
(GWP 206), but the results are not yet available in the open literature [130].
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Figure 12. Variation of the COP with heating and cooling load for R1234ze(E)-based binary and
ternary mixtures in a drop-in experiment at the optimum charged condition in (a) the heating mode
and (b) the cooling mode [133].

Other Ternary Mixtures

Ternary blend R744/R32/R134a (7/31/62) was studied theoretically and experimen-
tally and compared with R32 [153]. This blend was found as a promising alternative to
R22 as a drop-in replacement. It shows a 10% better COP. The blend is recommended for
the use of low-temperature heat pumps because the condensing pressure is too high. The
main problem with this blend is its GWP value (~1100). The performance of R410A was
compared with R744/R32/propane (10/80/10, GWP ~540) [154], and the heating capacity
of the blend was found to be higher than that of R410A. Two low-GWP refrigerant mixtures
R32/R152a/R1234ze(E) (12/5/83) and R134a/R152a/R1234yf (7/11/82) have also been
chosen as a promising alternative for next-generation heat pump systems [130].

3. Total Equivalent Warming Impact (TEWI) of a Refrigerant

The TEWTI is related to the refrigerants used in refrigeration and air conditioning
systems and comprises direct and indirect contributions to greenhouse gas emissions. The
direct contribution is associated with the refrigerant’s GWP, charge amount, and leakage
rates, including during servicing and decommissioning of the system. The indirect contribu-
tion accounts for the kg CO,-equivalent emissions generated during the production of the
energy consumed by air conditioning and refrigeration systems. The TEWI also depends
on the type of the system (e.g., domestic or automobile), its operating characteristics, and
the system’s lifetime. TEWI calculation is sometimes simplified by neglecting the broader
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effects of manufacturing the refrigerant and equipment and of disposal of the refrigerant
and equipment after decommissioning.

In this study, the TEWI was calculated as the sum of the kg CO;-equivalent emissions
(direct effect, DE) due to refrigerant leakage into the atmosphere, disposal, and system
lifetime and the CO,-equivalent emissions (indirect effect, IDE) during the production of
the energy which is consumed by the system.

TEWI = DE + IDE (12)

—LL+LE
= GWP x M X [1 —(1- a/lOO)Y} +GWP x M x (1—a/100)" x (1 —b/100)

(13)

Here, a is the annual refrigerant leakage rate (%/year), b is the refrigerant recovery
rate (%), M is the charge amount (kg), and Y is the system lifetime (years).

The indirect effect consists of the CO,-equivalent emissions due to the energy con-
sumption of the system during the heating and cooling modes of operation.

IDE =H+C
=cXxY x (Ey+ E) (14)
=c¢xY x (HC x t,/COP, + CC x t./COP;)

Here, c is the carbon dioxide emission coefficient (kg CO,/kWh), HC—rated heating
capacity (kW), CC is the rated cooling capacity (kW), ¢, is the annual use in the cooling
mode (h/year), tj, is the annual use in the heating mode (h/year), and COP is the coefficient
of performance in the heating or cooling mode.

Table 6 shows the operation condition used during the TEWI calculation for different
refrigerants.

Table 6. Operation condition considered for the TEWI calculation.

Parameters Value Assumed
t (h/year) 1183
t ¢ (h/year) 1008

HC (kW) 2.4

CC (kW) 2.0

Y (year) 10
a (%/year) 2

b (%) 30
¢ (kg COy) 0.599
M (kg) 0.7-0.85 (depends on refrigerant)

3.0-5.5 (depends on the refrigerant and the

cop operation mode)

Figure 13 shows that the direct equivalent emissions for the newly proposed blend are
significantly lower than for the widely used refrigerants R410A and R134a. Direct emissions
can be reduced considerably if low-GWP blends are considered as an alternative. But for
the TEWI, the R1234ze(E) shows a very high value because of its low system performance.
The TEWI can be reduced by mixing HFOs with other HFCs. Figure 14 shows the TEWI
values for conventional and newly developed blended refrigerants.
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Figure 13. Direct equivalent CO, emissions for refrigerants when used in domestic applications.
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Figure 14. TEWI for different refrigerants considered for domestic applications.

4. Technical Difficulties and Remedies to Use Low-GWP Refrigerants

> Lack of thermophysical property data (experimental) for the mixtures to select/study
different binary or ternary mixtures.

> Most of the low-GWP refrigerant mixtures are non-azeotropic, so it has higher temper-
ature glide, which avoids the pinch point formation in the condenser and evaporators
during the two-phase flow.

> Irreversible loss as well as pressure drops in the condenser and evaporator increases
due to the lower volumetric capacity of the mixture refrigerants [74].
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>  The lower volumetric capacity of these refrigerant mixtures requires a higher volu-
metric flow rate to maintain a similar capacity resulting in higher compressor speed
and, thus irreversible losses.

>  Large non-linear variation of two-phase enthalpy with temperature during phase

change in some zeotropic mixtures.

Lack of compatibility data of refrigerant mixtures and lubricant oil.

Changes in the temperature glide of the zeotropic mixture due to possible leakage

and thus altering the mixing ratio. Therefore, refilling cannot guarantee that the new

mixture has the same proportion as it had before the leakage.

vy

The following measures can be taken to solve the above problems; it is noted that
some difficulties can be made advantageous for the system.

> When the temperature glide of the mixture is comparable with the temperature change
in the heat sink and the heat source of a counter-flow heat exchanger, the irreversibility
of heat transfer can be reduced [74,155-157].

> When the refrigerant temperature changes in parallel with the heat source/sink fluids,
that allows the ideal Lorentz cycle [156] and helps to reduce the mean temperature
difference and irreversible losses in the condenser and evaporator. Kondou et al. [152]
and Wang et al. [158] observed a negative effect on the heat transfer coefficient due to
mass transport phenomena during the evaporation and condensation of the zeotropic
refrigerant mixtures. High turbulence and good mixing in the heat exchanger can
neutralize this negative effect.

> By choosing the proper compressor size and suitable lubricant oil, the irreversible loss
can be reduced for a new mixture.

> Tubes with larger diameters and branches of refrigerant circuits in the heat exchangers
can be employed to reduce the pressure drop.

> The compressor efficiency curve for the mixtures, the solubility with lubricant oil, and
their effect on the isentropic efficiency data are needed to find the best combination.

> Research and technological development is required for a compressor when it uses
blend refrigerants.

5. Conclusions

Refrigerants having low GWP and higher energy performance are required to reduce
both direct and indirect contributions to environmental issues. However, most of the newer
zero ODP, low-GWP alternatives suffer from one or more undesirable characteristics, such
as greater flammability, toxicity, or lower volumetric capacity than the widely used HFC
refrigerants. Based on the literature review, it can be understood that HFC and HFO mix-
tures (R32/R1234yf, R32/R1234ze, and R32/R1123) can be good substitutes for replacing
the currently used refrigerants. The addition of R744 in the binary mixture increases the
volumetric flow without increasing the GWP. This addition, i.e., ternary mixtures, offers
improved system performance, but the increase in the temperature glide of the mixture is
possible. The use of counterflow heat exchangers with an appropriate length can be advan-
tageous when the temperature difference between the heat exchange media matches the
temperature glide. In this study, R744/R32/R1234ze(E) and R744/R32 /R1234yf were found
to be promising ternary mixtures. A simple modification of the system can compensate for
the temperature glide to switch the system to the next generation of low-GWP refrigerants.
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Nomenclature

copP Coefficient of performance (-)
H Enthalpy (k] /kg)

Ah Enthalpy change during evaporation (k] /kg)
L Irreversibly low (W)

Q Cooling/heating load (kW)

S Entropy (J/kg/K)

T Temperature (°C or K)
Subscripts

COMPR Compressor

COND Condenser

EVA Evaporator

EXP Expansion valve

H Heating

inv/INV Inverter

PD Pressure drop

R Refrigerant

R Cooling

v Vapor

1% Water

Greek symbols

| Efficiency (-)

p Density at evaporator output (kg/m?3)
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