
INTERNATIONAL INSTITUTE OF REFRIGERATION
INSTITUT INTERNATIONAL DU FROID

IIF
IIR

LOW-GWP REFRIGERANTS : 
STATUS AND OUTLOOK

June 2022

48th Informatory Note
on Refrigeration 

Technologies

©
 U

lr
ic

h
U

lr
ic

h



Copyright © 2022 IIR/IIF All rights reserved/Tous droits réservés

177, boulevard Malesherbes - 75017 Paris - France
Tel. +33 (0)1 42 27 32 00 / Fax +33 (0)1 47 63 17 98

iif-iir@iifiir.org

IIF
IIR

DOI : 10.18462/iif.NItec48.06.2022

“When selecting new 
refrigerants, a holistic 

approach such as  
life cycle performance 

should be used.”
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Low-GWP Refrigerants: 
Status and Outlook

At the outset of mechanical refrigeration, the 
selection of refrigerants was based on satisfying 
two main requirements: performance and material 
compatibility. Then, safety – including flammability 
and toxicity – as well as environmental protection 
became essential selection criteria, to which must 
be added refrigerant cost.

This Informatory Note outlines the requirements 
and options available for low Global Warming 
Potential (GWP) refrigerants for eight refrigeration 
applications. It also presents performance 
simulation results obtained using an advanced 
simulation model with the latest known refrigerant 
properties.

In addition, a series of recommendations for 
refrigerant selection criteria, research and 
personnel training are presented.

Finally, the methods for estimating the performance 
of refrigerants as well as the discussed refrigerant 
blends and their compositions are detailed in two 
annexes.
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1. Introduction

Refrigeration – including air conditioning (AC) 
– contributes substantially to the modern life of 
the 21st century and its economy.  The food cold 
chain, air conditioning, healthcare, and energy 
are examples of sectors for which refrigeration 
is indispensable. About 5 billion refrigeration 
systems – of different types and sizes– operate 
worldwide in various applications [1]. The dominant 
share of refrigeration equipment works on the 
vapor-compression-cycle principle and uses 
fluorocarbon refrigerants. Concerns about 
environmental safety have become the driving 
force for refrigerant changes within the last 35 
years. The phased-out schedule of stratospheric-
ozone-depleting fluids was first formulated by the 
Montreal Protocol (MP) in 1987 and was made 
more stringent during the follow-up international 
meetings [2]. The affected chlorofluorocarbon (CFC) 
and hydrochlorofluorocarbon (HCFC) refrigerants 
were primarily replaced by hydrofluorocarbons 
(HFCs).

The 2016 Kigali Amendment to the MP [3] responds 
to the concerns about climate change. The 
refrigeration and AC sectors are estimated to 
account for about 7.8 % of global greenhouse 
gas emissions  [4]. This contribution comes in the 
form of direct effect, which is related to refrigerant 
emissions from refrigeration systems (37 %), and in 
the form of indirect effect, which is related to CO2 
emissions from fossil fuel power plants producing 
electricity to power refrigeration systems (63 %) [4]. 
The Kigali Amendment aims at reducing the direct 
effect. The effect of a given molecule on climate 
change is quantified in a simplified manner by its 
Global Warming Potential (GWP). It is a relative index 
referencing the effect produced over a specified 
time horizon to that of the same mass of carbon 
dioxide released to the atmosphere. Consistent 
with the Kigali Amendment, we use GWP values for 
the 100-year timeframe. By definition, the GWP of 
carbon dioxide is equal to one.

While HFC refrigerants have, on average, a lower 
GWP than the CFCs and HCFCs they replaced, 
they are still potent greenhouse gases (GHGs). 
The Kigali Amendment phases down the use of 
HFCs by imposing a schedule for reducing the 
consumption of listed HFCs, to be implemented 
by a country through the year 2047 (Figure 1). It 
provides four paths depending on the country 
location and category assigned in the MP and 
prescribes a method for establishing the baseline 
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consumption used for calculating GWP reductions. 
For developing countries, it is expected to bring the 
weighted GWP across all refrigeration applications 
down to about 300 from the baseline value of about 
2000. The Kigali Amendment aims to reduce the 
future warming due to HFCs from the predicted range 
of 0.3 °C to 0.5 °C to less than 0.1 °C [5]. While this 
reduction may seem to be minor, it must be viewed 
in the context of the 2015 Paris Agreement [6], which 
calls for holding global warming to well below 2 °C  
and pursuing to limit global warming to 1.5 °C  
relative to pre-industrial levels [6]. Considering that 
average global temperatures reached 1 °C above 
pre-industrial levels for the first time in 2015 [7], the 
Earth is already within 0.5 °C of the “1.5 °C limit”, 
hence the implementation of the Kigali Amendment 
provides a significant contribution to the goal of the 
Paris Agreement.

The low-GWP requirement narrows the pool of 
fluids that can be considered for application as a 
refrigerant [8]. This Informatory Note discusses low-
GWP refrigerant options for major applications and 
presents their selection merits.

Figure 1:

Kigali Amendment phase-down schedule for the two groups of non-Article 5 parties 
and the two groups of Article 5 parties [9]

2. Evolution of 
Refrigerants Applications

2.1. REFRIGERANT SELECTION CRITERIA

At the outset of mechanical refrigeration, the  
selection of refrigerants was based on satisfying 
two main requirements: Performance and 
Material  compatibility. With growing market  
penetration of refrigeration equipment and 
occurring accidents, Safety became an essential 
selection requirement encompassing flammability 
and toxicity. The advent of international agreements 
controlling ozone depletion substances (ODPs) 
(Montreal Protocol) and high-GWP refrigerants 
(Kyoto Protocol and Kigali Amendment) 
added Environment Protection to the list of main 
requirements. Refrigerant Cost has always played 
a role in refrigerant selection but is typically 
considered after the first four criteria have 
been already applied. As explained below, the 
refrigerant selection process involves extensive 
technical activities performed along with the above 
requirements.
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Performance:

•	 For the initial screening of refrigerants, 
fundamental studies look at fluid properties [10] 

and relate their merit based on normal boiling 
temperature, critical temperature, latent heat, 
specific heat, and molecular mass (related to 
vapor density).

•	 The above properties ultimately define the 
main system parameters, which are efficiency 
(coefficient of performance, COP), volumetric 
capacity, discharge temperature, compression 
ratio, and two-phase temperature glide in the 
case of blends. These parameters are established 
through cycle simulations and exploratory tests 
in a laboratory.

•	 Furthermore, manufacturers use the 
above parameters to fulfill energy-efficiency 
standards  [11,  12] and reasonable cost of the 
equipment for the end-users.

Material Compatibility:

•	 Refrigerant/oil interaction (miscibility, 
solubility, lubricity) has always been considered. 
It can affect the integrity of system components 
such as the compressor (metals, plastics, varnish 
insulating the wiring) and plugging of expansion 
valves.

•	 Thermal stability of the refrigerant/oil 
combination inside the system has also always 
been considered. There is always some reactivity 
inside the system as it was already well known 
for CFCs. E.g., during the transition to HFCs, the 
Total Acid Number (TAN) was used to measure 
the level of acidity inside the system. Excessive 
acidity would result in damage of compressor 
components and degradation of the oil lubricity. 
Hence, the industry needs to evaluate the thermal 
stability of the new refrigerants to ensure that any 
chemical reactions inside the system are under 
control.

Environment Protection:

Three key metrics are used to evaluate this 
requirement: ODP, GWP and formation of pollutants. 

•	 ODP levels are evaluated on a relative 
basis compared to CFC-11. To be acceptable, 
a refrigerant’s ODP should be small enough to 
be considered negligible. The Montreal Protocol 
includes a list of regulated ozone-depleting 
substances.

•	 GWP is evaluated on a relative basis 
compared to CO2. The direct refrigerant impact is 
related to emissions (due to leaks during operation 

and end-of-life disposal) and GWP values. The 
indirect effect is related to energy consumption 
and the type of electricity generation. Regional 
and national regulations exist in addition to the 
phase-down schedule described in the Kigali 
Amendment, which impose GWP limits for specific 
applications. E.g., residential air conditioning 
may have a GWP limit of 750, and mobile air 
conditioning and small refrigeration appliances 
may have more stringent limits with GWP < 
150. Still, there is a considerable debate about 
possible future limits in the Kigali Amendment 
and how they may impact the environment and 
cost of the equipment.

While GWP is relevant, we should note that energy 
consumption may have the dominant impact 
depending on the electricity generation mix. For 
example, in the US, 90 % of emissions are from 
energy consumption and 10 % from refrigerant 
emissions for the air-conditioning sector. But for 
the refrigeration sector, the split is 40 % and 60 % 
between the energy consumption and refrigerant 
emissions, respectively, when equipment life 
is considered  [13, 14]. On the other hand, in the 
countries where electricity generation relies to a 
small degree on fossil fuels (Brazil, Norway), the 
contribution of refrigerant emissions is dominant. 
The largest refrigeration and air-conditioning 
markets in Europe, N. America, and Asia still 
rely on fossil fuel electricity generation. Hence, 
energy consumption should be considered in 
environment protection measures.

•	 The formation of harmful pollutants may 
occur during refrigerant degradation after being 
emitted from the system. Some of the new low-
GWP refrigerants, hydrofluoroolefins (HFOs, 
unsaturated HFCs), produce trifluoroacetic acid 
(TFA) in more significant amounts than HFCs, 
which may affect aquatic life if exist in excessive 
quantities. TFA has been the subject of many 
studies. Per the 2018 WMO report  [5], there is 
increased confidence that TFA produced from the 
degradation of HFCs, HCFCs, and HFOs will not 
harm the environment over the next few decades. 
However, future re-evaluation is prudent, given the 
uncertainties in the sources and sinks of TFA and 
because of its persistence in the environment.

Safety:

The mandated ODP and GWP criteria to ensure the 
Environment Protection significantly limit fluid options 
for application in refrigeration systems. Most of 
the new low-GWP alternatives are flammable and 
classified as 2L (lower flammability), 2 (flammable) 
and 3 (higher flammability) by refrigerants safety 
standards ASHRAE Standard 34  [15] and ISO 
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Standard 817  [16]. The emergent use of mildly 
flammable class 2L refrigerants has driven intense 
research on flammability. Investigations have 
been performed on fundamental flammability 
characteristics  [17], full-scale experiments, and 
risk assessments. The results have informed the 
updates of safety standards used by the mobile 
AC, stationary AC, and refrigeration industries. 
These updates included standards for refrigerants 
designation and classification (ASHRAE Standard 
34 and ISO 817), installation standards (ASHRAE 
Standard 15  [18] , ISO 5149  [19]) and equipment 
standards (IEC 60335-2-40  [20], IEC 60335-2-
89  [21], UL 60335-2-40  [22],UL 60335-2-89  [23]). Also, 
building codes are in the process of being updated 
where appropriate. Some of the most relevant 
developments have been:

•	 The electric components (motors, switches, 
etc.) used in 2L systems must comply with the 
concept of the MSG (Minimum Safety Gap) [20]. 
The enclosure would not allow the flame to reach 
outside for practical purposes, stopping any 
propagation.

•	 Hot surfaces (HSIT) related to heaters used in 
AC and refrigeration systems were investigated. 
The standard [20] adopted a temperature limit of 
700 °C for all 2L fluids.

•	 Modeling and experimental understanding 
of refrigerant concentration have allowed the 
increase of the allowable refrigerant charge in a 
system. As a result, some small-charge systems 
will be fully exempted from any mitigation.

•	 Large-scale experiments verified the reduced 
severity of deflagration events, even when the 
ignition is forced using high-energy devices. 
The findings were incorporated in guidelines 
for firefighters and other trades that could be 
exposed to fumes in the event of a deflagration [24].

Cost:

The initial cost of new refrigerants is typically high, 
but the cost tends to decrease with time due to 
production process improvements and economies 
of scale [25]. Total Life Cycle Cost of a system has 
become increasingly important in recent years as 
the cost of the system to acquire, install, operate, 
and maintain gained focus. Often the refrigerant 
cost is a small part of the total life cycle cost.

2.2. GENERATIONS OF REFRIGERANTS

The initial stage of mechanical refrigeration 
coincides with the era of Industrial Revolution. 
From the beginning of the 19th century, machines 
based on different refrigeration cycle concepts 
and using a variety of refrigerants were proposed.  
The majority of them disappeared from use when 
better alternatives were introduced.  For almost 
two centuries, the stimulus for these changes 
was the growing market demand for “artificial 
cold" development of component technologies, 
economics, and personal safety. These drivers 
changed the preferred refrigeration technology 
from absorption to vapor-compression systems 
using ammonia and fluorinated fluids. In the last 
three decades, environmental concerns became 
the dominant factor prompting the transition to 
environment-safe refrigerants.

The progression of refrigerants is a crucial aspect of 
the history of mechanical refrigeration, and several 
papers are available with a historical overview of 
refrigerant development  [10,  26]. Here, we limit our 
discussion only to key issues for completeness 
of the presentation. We follow the concept coined 
by Calm [26], describing the refrigerant progression 
within the last two hundred years in four refrigerant 
generations.  The First Generation (1830 – 1930) 
comprised solvents and other volatile fluids familiar 
to the inventors from other applications. Nearly all 
the early fluids were either toxic or flammable, or 
both. Accidents were common. The most popular 
refrigerants later used commercially for an extended 
time were carbon dioxide, ammonia, sulfur dioxide 
(SO2), methyl chloride (CH3Cl), and isobutane.

The beginning of the Second Generation (1931-
1990s) is marked by the start of commercial 
production of CFC-12 and the subsequent 
introduction of other CFCs and HCFCs. Due to their 
safety and high efficiency, they gradually became 
the preferred refrigerants for most applications 
except for industrial liquid chillers employing 
ammonia and aerospace applications using air. The 
use of hydrocarbons was also limited to industrial 
applications. The dominant position of CFCs and 
HCFCs in most sectors was unchallenged until they 
were implicated in the depletion of the ozone layer. 

The phase-out of CFCs and HCFCs mandated 
by the Montreal Protocol precipitated the Third 
Generation (1990-2010s). HFCs were chosen 
as primary replacements of CFCs and HCFCs. 
Still, they soon became a target of regulatory 
measures to reduce the use of potent GHGs, 
which started with the Kyoto Protocol of 1997  [27] 
and were followed by various regional and national 
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regulations of different degrees of stringency. These 
actions brought about the 4th Generation (2010 – 
present) characterized by a low GWP. The 2016 
Kigali Amendment became an additional driver 
for the transition to low-GWP fluids. According to 
a recent report, 83 % of global vapor compression 
refrigerants are fluorocarbons, 11 % are inorganic 
fluids, and 6 % are hydrocarbons [25].

In the course of refrigerant progression, the safety 
and high efficiency of 2nd Generation (1931-1990s) 
fluids, CFCs and HCFCs, facilitated significant 
growth of the refrigeration sector in terms of both 
new products and their market penetration. Outside 
the industrial refrigeration dominated by ammonia, 
four fluorinated refrigerants – R-11, R-12, R-22, 
and R-502 – became dominant fluids in different 
pressure systems, as shown by the following 
prominent application examples:

R-11: water chillers using centrifugal compressors

R-12: domestic refrigerators, coolers, medium 
temperature freezers, automotive ACs

R-22: residential and small commercial ACs, 
commercial refrigeration

R-502: low-temperature commercial and 
transport refrigeration.

These refrigerants have been progressively 
replaced by alternatives, as shown in Figure 2. 
The figure includes the normal boiling point (NBP), 
a temperature at which a liquid refrigerant starts 
to boil under atmospheric pressure (referred to 
as a bubble point for blends). When looking for 
a replacement fluid with similar thermodynamic 
properties, a similar NBP of a candidate 
replacement is a convenient first-order estimate of 
the candidate’s suitability.

The transition from the 2nd Generation to the 3rd 

Generation offered relatively minor difficulties. 
R-123, an HCFC with a minuscule ODP, was allowed 
on a short-term basis; however, most water chiller 
manufactures moved to R-134a and were able to 
produce competitive products. Looking for R-22 
replacements, R-407C received the most attention 
originally. Still, it was later supplanted by a higher-
pressure near-azeotropic blend R-410A, which 
can achieve comparative performance to that of 
R-22 once new system components are optimized. 
As for R-134a and R-404A, they are fairly close 
thermodynamically to their predecessors.

Intense searches for low-GWP fluids (4th Generation) 
pointed to HFOs, which have a carbon double 
bond (C=C). This structural feature of the molecule 
ensures a short atmospheric lifetime (below a few 
weeks), which results in a low value of GWP. This 
contrasts with the atmospheric lifetime of HFCs, 
which is tens or hundreds of years.

The 4th Generation box in Figure 2 shows all single-
compound HFO fluids currently classified by 
ASHRAE Standard 34  [15]. The list shows two low-
pressure, non-flammable fluids, R-1233zd(E) and 
R-1336mzz(Z) that can serve as a replacement 
for R-123. Two fluids, R-1234ze(E) and R-1234yf, 
have their NBPs close to that for R-134a and could 
be considered as its replacements, although their 
flammability classification is 2L. The above list lacks 
HFOs with a NBP close to those of R-410A and 
R-404A that would qualify them as straightforward 
replacements.  Moreover, a screening study 
employing a database with over 60 million chemical 
structures did not identify suitable candidate fluids 
implying that finding such replacements in the 
future is very unlikely [27, 28].

Figure 2

Progression of fluorinated refrigerants from 2nd Generation to 3rd Generation and 4th 
Generation fluids. NBP shown in °C. Color code for refrigerant flammability classification: 
blue = (1), no flame propagation; orange = (2L), lower flammability; pink = (2), flammable.
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These observations indicate that low-GWP replace-
ment options for R-410A and R-404A probably will 
need to include blends with high-pressure HFCs 
with markedly higher GWPs than those of HFOs, with 
R-32 (GWP=675) being the primary component can-
didate. Considering that there is a trade-off between 
a low GWP and flammability, a new reality for a sys-
tem designer, owner, and service personnel is that 
medium and high-pressure low-GWP replacements 
may have to be flammable.

3. Low-GWP 
Refrigerants Options

When exploring new refrigerants for systems 
with air-to-refrigerant heat exchangers, which 
are the most common applications, the industry 
preference is to identify a single-component fluid 
with a similar NBP to that of the refrigerant to be 
replaced because such a refrigerant change would 
require minor product redesign and retooling of 
the production line. Finding an azeotrope (blend 
with no temperature glide during phase change) 
or near-azeotrope (zeotropic blend with a small 
glide) is also a favorable situation. Zeotropes with a 
large temperature glide are less desirable because 
optimizing air-to-refrigerant heat exchangers 
working with such blends is challenging. Also, 
zeotropic blends present a substantial application 
challenge for shell-and-tube heat exchangers, which 
practically eliminates them from consideration for 
such equipment. On the contrary, zeotropic blends 
may offer a performance benefit for systems using 
liquid-to-refrigerant heat exchangers, in which 
counter-flow evaporator and condenser can be 
applied, and refrigerant glide can be matched with 
that of a heat source and sink, respectively.

Over the last several years, multiple fluids have 
been proposed as low-GWP substitutes for every 
application. Facing limited single-component and 
azeotropic options, most of the new proposed 
refrigerants are zeotropic blends; the 2019 edition 
of ASHRAE Standard 34 lists just four new single-
compounds and one new azeotrope but as many as 
15 new zeotropic blends over the 2016 edition. The 
relative merits of alternative refrigerants depend 
on a combination of several factors discussed in 
Section 2.1. The weighting of these factors varies 
between regions (climates), countries (economic 
development, regulations), and types of equipment. 

The sections below list low-GWP refrigerants for 
eight main applications, along with estimates of 
their performance. The presented  simulation results 

R-134a replacement candidates offer trade-
offs between flammability, GWP, efficiency, and 
volumetric capacity.  Among the two fluids with 
an ultra-low GWP, R-1234ze(E) has a low Qv but 
is more attractive than R-1234yf because of its 
better efficiency. R-516A and R-513A show a 
similar efficiency and volumetric capacity and 
present a trade-off between flammability and COP. 
Overall, the non-flammable R-513A is a good 
interim option while R-516A may be considered a 
long-term solution. Possibly, R-515B may also see 
a long-term interest because it is non-flammable, 
and its moderate GWP (293) may be considered 
acceptable [33, 34].

are COP and Qv values referenced to those of the 
original refrigerant, i.e., COP/COPref and Qv/Qv,ref. 
Among many new refrigerants proposed, we limited 
the presentation to fluids judged to be the strongest 
contenders in each application. In the tables we 
provide two sets of GWP values. The ‘regulatory 
values’ are used in the Kigali Amendment [3] and the 
F-Gas regulation [29]. The ‘latest values’ were taken 
from the recent IPCC 6th Assessment Report [30] or 
WMO report  [5]. Outside the tables, we are using 
the ‘regulatory values’ exclusively. The method for 
simulating refrigerant performance is presented in 
Appendix A. Composition of refrigerant blends are 
given in Appendix B.

3.1. CENTRIFUGAL WATER CHILLERS

Several good low-GWP options exist for centrifugal 
water chillers. They are shown in Table 1 and Table 
2 for R-123 and R-134a replacements, respectively, 
with performance parameters obtained from 
simulations at conditions corresponding to the 
rating test for chillers operating with a water tower [31]. 
All candidates are either single-compound fluids 
or azeotropic mixtures. The three replacements 
for R-123 are non-flammable, with the R-514A 
blend being the closest ‘drop-in’ replacement for 
R-123 having a very similar NBP. The B1 safety 
classification of R-514A is the same as that of R-123, 
and it is not difficult to accommodate since water 
chillers offer good containment of refrigerant and 
are operated in designated machine rooms with 
advanced monitoring systems. Besides R-514A, 
R-1233zd(E) and R-1224yd(Z) are also very good 
choices both in terms of efficiency and low GWP.
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Table 2

R-134a replacements for centrifugal chillers

Refrigerant GWP
Reg. value

GWP
Latest value SafetyClass COP

COPR-134a

Qv

Qv,R-134a

PD

PS
NBP (°C)

R-134a 1430 1530 A1 1 1 2.6 -26.1

R-1234yf 4 0.50 A2L 0.957 0.94 2.5 -29.5

R-1234ze(E) 7 1.37 A2L 0.993 0.74 2.7 -19.0

R-516A 142 153 A2L 0.975 0.99 2.7 -29.6

R-515B 293 322 A1 0.989 0.74 2.5 -19.0

R-513A 631 673 A1 0.972 1.01 2.5 -29.6

Basic system; simulation conditions: Tairevap,in = 12.2 °C; Taircond,in = 29.4 °C; Tevap,sup = 0.0 K; Tc,sub = 0.0 K; ηis = 0.80

Table 1

R-123 replacements for centrifugal chillers

Refrigerant GWP
Reg. value

GWP
Latest value SafetyClass COP

COPR-123

Qv

Qv,R-123

PD

PS
NBP (°C)

R-123 77 90.4 B1 1 1 3.3 27.8

R-1224yd(Z) 1 <1 A1 0.977 1.55 3.1 14.6

R-1233zd(E) 1 3.88 A1 0.990 1.39 2.7 18.3

R-514A* 2 2 B1 close to 1 close to 1 - 29.0

* Based on manufacturer’s statement [32] (insufficient refrigerant property data in the public domain for modeling)
Basic system; simulation conditions: Tairevap,in = 12.2 °C; Taircond,in = 29.4 °C; Tevap,sup = 0.0 K; Tcond,sub = 0.0 K; ηis = 0.80

3.2. STATIONARY AIR CONDITIONERS

Air-conditioning applications have had significant 
development not only with new refrigerants but 
also on the update of safety standards to deal 
with the new class 2L refrigerants. A few low-GWP 
options to replace R-410A exist for air conditioners. 
All candidate fluids have a GWP lower than 750, 
which complies with the current F-Gas regulations 
in Europe  [29] and proposed ones in the US 
(CARB-California, EPA) and Japan. Regarding 
performance, R-32, R-454B, and R-466A are a 
close match in capacity and efficiency while they 
may need some further development to address 
either flammability (R-454B, R-32) or thermal 
stability (R-466A).  Still, they are good options in 
the short term as they can use system components 
of the same size as R-410A and comply with 

current regulations. On the other hand, the long-
term candidates with GWP < 150, R-454C and 
R-455A, require improvements in the compressor, 
heat exchangers and other components to bring 
their performance on par with R-410A. The large 
temperature glides require special attention 
when designing refrigerant circuitry in the heat 
exchangers, especially for reversible heat pumps. 
R-290 shows good efficiency, but it also requires 
compressor improvements. Furthermore, the 
high flammability (class A3) limits its use to low-
charge systems (e.g., portable and window air 
conditioners) and indirect systems.
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Table 3

R-410A replacements for air conditioners

Refrigerant
GWP

Reg. value
GWP

Latest value
Safety Class

COP
COPR-410a

Qv

Qv,R-410a

PD

PS

Evap.Glide#

(°C)
NBP
(°C)

R-410A 2088 2256 A1 1 1 2.7 -0.4 -50.6
R-290 3 0.02 A3 1.026 0.58 2.6 -0.8 -42.1
R-454C 148 166 A2L 0.942 0.622 3.0 4.8 -45.8
R-455A 148 166 A2L 0.923 0.675 3.0 6.8 -52.0
R-454B 466 531 A2L 1.027 0.97 2.7 0.5 -50.7
R-32 675 771 A2L 1.056 1.11 2.6 -0.8 -51.7
R-466A 733 808 A1 1.009 0.98 2.7 0.7 -51.7

# In evaporator accounting for pressure drop
Basic system; simulation conditions: Tairevap,in = 26.7 °C; Taircond,in = 35.0 °C; Tevap,sup = 3.5 K; Tcond,sub = 3.5 K; ηis = 0.72

3.3. MOBILE AIR CONDITIONERS

Table 4 shows a list of refrigerants that had been 
of interest as possible replacements of R-134a in 
mobile air conditioners in a basic system and a 
system with a liquid-line/suction-line heat exchanger 
(ll/sl-hx). Ultimately, R-1234yf has become the 
replacement choice for most currently produced 
cars because of its performance similarity to 
R-134a, the ability to use similar components, and 
low equipment cost. Two EU manufacturers also 
use R-744 (carbon dioxide) in their more expensive 
models. R-744 is not included in Table 4 because 
it operates in the transcritical cycle (other fluids 
use subcritical cycle, see Appendix A for cycle 
modeling), but R-744 performance has been 
reported to be comparable to R-134a. However, the 
cost of an R-744 system is higher [35].

R-1234yf has a significantly lower GWP than other 
fluids listed in Table 4. Its COP is lower than that of 

R-134a partially due to its lower volumetric capacity, 
which rebalances the simulated system at a lower 
saturation temperature of the evaporator to match 
the capacity of R-134a imposed in our simulations. 
This performance deficit can be mitigated by 
increasing the size of the evaporator and condenser 
and by applying a ll/sl-hx [36]. It appears that safety 
concerns related to R-1234yf lower flammability 
(class A2L) have been satisfactorily addressed [37].

Performance-wise, R-152a is the best fluid listed in 
Table 4; however, it is more flammable than R-1234yf 
and presents related application challenges. 
R-744 may see more applications in the future with 
an increased market penetration of electric cars. 
These cars cannot rely on engine waste heat for 
heating, and a heating capacity of an R-744 heat 
pump does not decrease as much at low ambient 
temperatures as a heat pump using a medium-
pressure refrigerant like R-1234yf.

Table 4

R-134a replacements for automobile air conditioners

Refrigerant GWP
Reg.value

GWP
Latest value

Safety 
Class

Basic system System with ll/sl-hx*
Evap.
Glide#

(°C)

NBP
(°C)COP

COPR-134a

Qv

Qv,R-134a

PD

PS

COP
COPR-134a

Qv

Qv,R-134a

PD

PS

R-134a 1430 1530 A1 1 1 5.1 1.078 1.05 4.9 -0.7 -26.1
R-1234yf 4 0.50 A2L 0.897 0.92 5.2 1.025 0.99 4.6 -0.6 -29.5

R-444A 93 102 A2L 0.979 1.00 5.2 1.059 1.07 5.0 4.0 -35.7

R-445A  135 139 A2L 0.941 0.97 5.9 1.009 1.04 5.6 4.9 -49.1

R-516A 142 153 A2L 0.945 0.97 5.0 1.052 1.04 4.6 -0.5 -29.6

R-152a 124 164 A2 1.088 0.99 4.9 1.125 1.00 4.7 -1.4 -24.0

* 50 % ll/sl-hx effectiveness, pressure drop neglected; In the evaporator accounting for pressure drop, basic system
Simulation conditions: Tairevap,in = 26.7 °C; Taircond,in = 43.3 °C; Tevap,sup = 2.0 K; Tcond,sub = 2.0 K; ηis = 0.70



1248th IIR Informatory Note

3.4. DOMESTIC REFRIGERATORS

Isobutane (R-600a) is a decisive long-term 
choice for domestic refrigerators, in which the 
refrigerant charge is less than 150 grams.  Since 
their introduction in Europe in 1994, R-600a 
refrigerators have been gaining market share and 
have established a good safety record implying 
that applied safety measures effectively addressed 
the high flammability of R-600a. R-1234yf is 
receiving a distant second consideration as R-134a 
replacement, mostly for possible application in 
systems with a charge larger than 150 grams.

Table 5 presents attributes for isobutane and 
R-1234yf. Operating conditions for performance 
simulations corresponded to the rating test 
conditions resulting in the evaporator saturation 
temperature of 23.30 °C and condenser saturation 
temperature of 54.4 °C. R-600a shows a better 

performance than R-134a and R-1234yf. We should 
note that simulations by a simple thermodynamic 
model with imposed saturation temperatures in 
the evaporator and condenser, typically used 
in other studies, would show even better R-600a 
performance. This is because R-600a, a lower-
pressure fluid than R-134a, has a lower capacity in 
the evaporator than R-134a at the same saturation 
temperature. The requirement of the same system 
capacity enforced by our CYCLE_D-HX simulation 
model results in a lower R-600a saturation 
temperature than that for R-134a (as it would occur 
in an actual system targeting the same capacity 
using a variable-speed compressor). Providing 
an additional heat transfer area for the evaporator 
would move R-600a saturation temperatures to 
match that of R-134a, which will lead to further 
improvement in the COP and Qv. On the same basis, 
the COP can be further improved by providing an 
additional heat transfer area to the condenser.

Table 5

R-134a replacements for domestic refrigerators

Refrigerant GWP
Reg. value

GWP
Latest value SafetyClass COP

COPR-134a

Qv

Qv,R-134a

PD

PS
NBP (°C)

R-134a 1430 1530 A1 1 1 13.3 -26.1

R-600a 1 0.06 A3 1.013 0.53 13.1 -11.7

R-1234yf 4 0.50 A2L 0.939 1.03 13.3 -29.5

System with ll/sl-hx, 50 % effectiveness, pressure drop neglected
Simulation conditions: Tairevap,in = -18.0 °C; Taircond,in = 32.0 °C; Tevap,sup = 0.0 K; Tcond,sub = K; ηis = 0.58

R-152a (GWP=124) and carbon dioxide (GWP=1) 
are among other low-GWP refrigerants originally 
considered for application in domestic refrigerators. 
The lower GWP provided a winning argument 
for R-600a against R-152a, while the interest in 
R-744 for small capacity systems weakened due 
to manufacturing challenges of small size R-744 
compressors with tight tolerances. There has been 
no interest in class A1 short-term replacement 
options, e.g., the R-513A blend (GWP=573), 
because stringent regional regulations for 
appliances require refrigerants with a GWP < 150.

3.5. COMMERCIAL REFRIGERATION

This section presents refrigerant alternatives 
for R-134a used in coolers and food service 
equipment and alternatives for R-404A used in 
freezers. For these applications, we considered 
two system options: (A) a basic system consisting 
of a compressor, condenser, expansion device, 

and (B) a system, which also includes a ll/sl-hx of 
50% effectiveness. System A had 2.0 °C subcooled 
liquid leaving the condenser, and an additional 
5.0  °C subcooling was assumed due to a heat 
loss from the liquid line to the ambient bringing the 
subcooling to 7.0 °C at the inlet to the expansion 
valve. System B had 2.0 °C subcooled liquid 
leaving the condenser and entering the ll/sl-hx.

Coolers in food preservation

Refrigeration equipment considered here maintains 
products at temperatures between 1 °C and 7 °C. 
Broadly considered R-134a alternatives include 
three single-compound fluids with GWP in a single 
digit. (Table 6). Among them, propane (R-290) has 
a better COP than R-134a in the basic system; 
however, its high flammability will limit its application 
to indirect systems and those with a low charge. 
R-1234yf has a higher volumetric capacity than 
R-1234ze(E), which gives R-1234yf the application 
advantage. R-152a is an excellent performer, 
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but it seems to be less attractive than R-290 
once safety measures have been implemented. 
R-515B, R-450A, and R-513A are non-flammable 
alternatives offering meaningful reductions of 
GWP, which qualifies these fluids as a short-term 
option but not as a long-term solution, maybe with 
exception to R-515B.

We should note that the application of a ll/sl-hx 
improved performance of R-134a and all alternative 
refrigerants; all fluids reached or exceeded the 
COP of R-134a in the basic cycle. The degree 

of performance improvement varies between 
refrigerants as it is dependent on the fluid’s molar 
heat capacity  [38]. Among different replacement 
candidates, propane has the lowest discharge 
pressure-to-suction pressure ratio (PD/PS), which 
may allow for most significant improvement in 
compressor isentropic efficiency through optimized 
compressor design.

Table 6

R-134a replacements for commercial coolers

Refrigerant GWP
Reg.value

GWP
Latest value

Safety 
Class

(A) Basic system (B) System with ll/sl-hx* Evap.
Glide#

(°C)

NBP
(°C)COP

COPR-134a

Qv
Qv,R-134a

PD

PS

COP
COPR-134a

Qv
Qv,R-134a

PD

PS

R-134a 1430 1530 A1 1 1 5.1 1.035 1.03 5.0 -1.0 -26.1

R-290 1 0.02 A3 1.039 1.48 3.8 1.078 1.52 3.7 -0.5 -42.1

R-1234yf 4 0.50 A2L 0.947 0.95 4.8 1.002 1.00 4.6 -0.8 -29.5

R-1234ze(E) 7 1.37 A2L 0.965 0.72 5.5 1.017 0.75 5.3 -1.1 -19.0

R-516A 142 153 A2L 0.970 1.00 4.7 1.022 1.04 4.6 -0.5 -29.6

R-152a 124 164 A2 1.046 0.96 4.9 1.065 0.97 4.8 -1.3 -24.0

R-515B 293 322 A1 0.958 0.70 5.5 1.013 0.74 5.3 -1.2 -19.0

R-450A 605 643 A1 0.980 0.85 5.2 1.023 0.88 5.1 -0.6 -23.6

R-513A 631 673 A1 0.966 1.02 4.8 1.016 1.07 4.7 -1.1 -29.6

* 50 % ll/sl-hx effectiveness, pressure drop neglected;  # In the evaporator accounting for pressure drop, basic system
Simulation conditions: Tairevap,on = 5.0 °C; Taircond,in = 35.0 °C; Tevap,sup = K; Tcond,sub = 2.0 K; ηis = 0.63

Freezers in food preservation

Refrigeration equipment considered here 
maintains products at -23 °C or lower. The available 
replacement options for R-404A are somewhat 
limited (Table 7). Propane is the only fluid with a 
single-digit GWP. Its application will be limited to 
small-charge systems and indirect systems where 
its efficiency will be hampered by irreversibilities 
associated with using a secondary heat-transfer 
fluid. All other listed refrigerants are zeotropic 
blends with a large two-phase temperature glide. 
The three fluids with the A2L safety classification, 
GWP less than 150, and COP better than that of 
R-404A are long-term candidates. However, they 
reach a higher temperature at the compressor 
discharge, which will require mitigation measures. 
The large temperature glides require special 

attention when designing refrigerant circuitry in 
the evaporator and condenser.  Large temperature 
glides may also facilitate a composition shift of the 
blend if a leak from the systems occurs. The other 
three blends with A1 safety designation have been 
already used in new equipment for several years, 
particularly R-452A. However, they are considered 
a short-term solution due to their elevated GWP 
values. We may note that all fluids, including 
R-404A, benefit from implementing the ll/sl-hx. The 
COP and Qv values for a system with the ll/sl-hx are 
referenced to the COP and Qv values for R-404A in 
the basic system.
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Table 7

R-404A replacements for commercial freezers

Refrigerant GWP
Reg. value

GWP
Latest value

Safety 
Class

Basic system System with ll/sl-hx Evap.
Glide#

(°C)

NBP
(°C)COP

COPR-410a

Qv

Qv,R-410a

PD

PS

COP
COPR-410a

Qv

Qv,R-410a

PD

PS

R-404A 3922 4728 A1 1 1 9.9 1.120 1.10 9.3 -0.6 -45.7

R-290A 1 0.02 A3 1.100 0.88 8.9 1.202 0.94 8.6 -2.3 -42.1

R-457A 139 159 A2L 1.050 0.77 11.5 1.149 0.84 11.1 1.2 -42.8

R-454C 148 166 A2L 1.022 0.83 11.2 1.127 0.92 10.7 2.3 -45.8

R-455A 148 166 A2L 1.004 0.91 10.4 1.097 0.99 10.9 3.5 -52.0

R-448A 1387 1494 A1 1.058 0.98 10.9 1.143 1.06 10.5 2.1 -46.3

R-449A 1397 1504 A1 1.058 0.97 10.9 1.144 1.05 10.5 1.6 -45.9

R-452A 2140 2292 A1 0.995 0.96 10.5 1.117 1.07 9.8 1.1 -47.1

# In the evaporator accounting for pressure drop, basic system
Simulation conditions: Tairevap,in = -23.0 °C; Taircond,in = 35.0 °C; Tevap,sup = 3.5 K; Tcond,sub = 2.0 K; ηis = 0.65

In the case of supermarket refrigeration, there 
is a significant number of systems using carbon 
dioxide (R-744), employing  variety of cycles  [9]. 
Initially liquid-pumped and cascade systems were 
applied, but lately transcritical booster systems 
have gained significant traction in the northern 
Europe and U.S. [9, 39].

3.6. LARGE COMMERCIAL AND INDUSTRIAL 
APPLICATIONS

Large commercial and industrial systems employ 
a diversity of technologies, a wide range of 
temperatures, and many safety standards. Hence 
a variety of refrigerants can be used. Although, 
HFCs are often employed, natural refrigerants 
such as ammonia and carbon dioxide are gaining 
significant share of the market. As an example, 
large buildings (airports, hospitals) and industrial 
plants (pharmaceuticals, food processing) use 
ammonia (R-717) as they can address the safety 
required to handle this fluid (class B2L; higher 
toxicity and lower flammability). The trend has been 
to reduce the charge and explore applications 
such as chillers, high-temperature heat pumps, 
and cascade systems with carbon dioxide  [39]. In 
addition, highly flammable hydrocarbons (class 
A3) has been applied in commercial chillers and 
in facilities such as refineries where the handling 
of flammable fluids is already well established. In 
most cases, these industrial uses require large 
cooling capacities, enabling the use of a variety of 
technologies such as absorption systems, screw 
compressors, centrifugal compressors, and others.

3.7. HEAT PUMPS

Heat pump technologies are gaining more attention 
lately. Some of the main applications include 
residential/reversible air-to-air heat pumps, which 
are used globally. Hydronic systems and heat 
pump water heaters are very often used in Europe 
and Japan. Other applications such as high-
temperature heat pumps are being proposed as 
replacements for boilers in commercial uses. As 
far as refrigerants, there is continuous introduction 
of new low-GWP fluids. These new fluids do not 
match the incumbent fluids (R-410A, R-134a) 
so component and system optimization will be 
required. Furthermore, most of the alternatives 
are flammable, and safety standards are under 
revision.

Table 8 depicts an evaluation of R-410A 
replacements for a typical space-heating air-to-
air heat pump working at the AHRI H1 heating 
condition  [40]. Similar to the cooling application 
presented in the stationary air-conditioning Section 
3.3, R-32 and R-454B have acceptable performance 
but present the flammability challenge that needs 
to be addressed. As a non-flammable fluid, R-466A 
may find application as a replacement refrigerant 
in the existing equipment if its reactivity can be 
controlled. R-454C and R-455A with GWP < 150 are 
the long-term candidates. They require technical 
developments to address their lower COP and Qv, 
and to accommodate their two-phase glide in the 
heat exchanger designs, which may result in a 
higher first cost.
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Table 8

R-410A replacements for space-heating heat pumps

Refrigerant GWP
Reg. value

GWP
Latest value SafetyClass COP

COPR-134a

Qv

Qv,R-134a

PD

PS

Evap.
Glide#

(°C)
NBP
(°C)

R-410A 2088 2256 A1 1 1 3.1 -0.3 -50.6

R-290 1 0.02 A3 1.006 0.57 3.0 -0.3 -42.1

R-454C 166 148 A2L 0.952 0.49 3.5 5.3 -45.8

R-455A 166 148 A2L 0.939 0.53 3.5 7.2 -52.0

R-454B 466 531 A2L 1.021 0.96 3.0 0.7 -50.7

R-32 675 771 A2L 1.044 1.08 3.0 -0.4 -51.7

R-466A 733 808 A1 1.009 0.98 3.0 0.9 -51.7

# In the evaporator accounting for pressure drop
Basic cycle; simulation conditions: Tairevap,in = 8.3 °C; Taircond,in = 21.1 °C; Tevap,sup = 3.5 K; Tcond,sub = 3.5 K; ηis = 0.72

4. New possible 
options

During the last few years, new refrigerants have 
been submitted for designation and classification 
by ASHRAE Standard 34 and ISO 817. Some 
of them have a very low NBP (e.g., R-1132a) 
or relatively high one (e.g., R-1336mzz(E), 
R-1336mzz(Z), R-1130(E)). Hence, their use as a 
single fluid to replace R-410A and R-404A would 
be quite difficult without significant changes in the 
equipment design to accommodate their different 
volumetric capacities and system pressures.

Nevertheless, there is a potential to mix new 
refrigerants to obtain a blend with suitable 
thermodynamic properties (e.g., an azeotrope with 
a lower critical temperature) or flammability behavior 
(convert from class 2 to 2L). This is not different 
from what this industry has done in the past (e.g., 
R-32 was mixed with R-125 to reduce flammability). 
Some other compounds like R-13I1 could also 
be used to reduce flammability if their thermal 
stability is improved as shown in  [41]. Overall, the 
development of new blends will continue as there 
is no perfect replacement for some of widespread 
refrigerants like R-410A.
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5. Concluding 
comments

This informatory note discusses refrigerant 
requirements and available options for eight 
applications. It also presents performance 
simulation results obtained using an advanced 
simulation model CYCLE_D-HX with the latest 
refrigerant properties. Cycle simulations 
considered optimized heat exchangers for each 
refrigerant, and available compressor efficiencies. 
Hence, the results are believed to represent relative 
performance merits of the studied fluids.

The considered fluids are judged to be 
leading options as the industry progresses to 
alternative refrigerants to comply with national 
and regional regulations and the phase-down 
schedule mandated by the Kigali Amendment. 
The availability of low-GWP refrigerants varies 
between applications. For example, centrifugal 
chillers, domestic refrigeration, and automotive 
air conditioning, equipment using refrigerants 
with GWP < 10 is already on the market. For other 
applications, in particular for those currently using 
high-pressure refrigerants, R-410A and R-404A, 
the choices are limited, which results in the industry 
opting for interim (medium-GWP) solutions buying 
some time for the development of new low-GWP 
refrigerants or technologies that will enable ultra-
low GWP solutions. For non-article 5 countries, this 
planning strategy corresponds to the reduction 
steps imposed by the Kigali Amendment (Figure 1), 
where medium-GWP refrigerants will satisfy the 
2024-2025 phase-down and much lower-GWP 
refrigerants will be required to comply with the 
additional reduction impending in 2029.

Overall, the existing trade-off between GWP and 
flammability implies that a significant share of future 
equipment will use flammable refrigerants. Natural 
refrigerants are already in use in several applications 
such as small AC, domestic and commercial 
refrigeration, large commercial and industrial 
applications, and the future holds their increased 
market share in other suitable applications. The 
use of cooling/refrigeration equipment based on 
alternative (non-vapor compression) technologies 
may increase in niche applications.

Appendix A: Methods 
for Estimating 
Performance of 
Refrigerants

The coefficient of performance (COP) and 
volumetric capacity (Qv) are two primary 
parameters used in performance screening of 
competing fluids. COP is a ratio of the produced 
refrigeration effect to the energy used; hence, it is 
a measure of the operating cost. Qv is an inverse 
measure of the required compressor size, which 
corresponds to the equipment cost. Different 
methods for estimating refrigerant performance 
are discussed in [44]. Most often, analytical studies 
evaluating alternative refrigerants employ a simple 
thermodynamic model, e.g., [33, 34, 45]. The simulated 
system consists of a compressor, evaporator, 
condenser, expansion device, and may also include 
a liquid-line/suction-line heat exchanger (ll/sl-hx) 
(Figure 3). For these simulations, the evaporator 
and condenser are represented by their refrigerant 
saturation temperatures, which are specified as 
input. Transport properties are not included in 
these simulations.

In this work we estimated refrigerant performance 
using a simulation model referred to as CYCLE_D-
HX, which instead of using saturation temperatures 
uses temperature profiles of heat-transfer fluids 
(HTFs) of the heat sink and heat source along with  
the average effective temperature differences (ΔT

hx
) 

for the evaporator and condenser to establish the 
thermodynamic cycle  [46]. CYCLE_D-HX accounts 
for refrigerant transport properties, pressure drop, 
and heat-transfer performance on relative basis to 
those for the ‘reference refrigerant’, which in our 
simulations was the current refrigerant sought to be 
replaced.

To explain CYCLE_D-HX simulation scheme we note 
that ΔT

hx
 is related to the overall heat conductance 

UA
hx

, UA
hx

 = Q
hx

/ΔT
hx

, where Q
hx

 is the heat exchanger 
capacity. The total resistance to heat transfer in 
a heat exchanger, R

hx
=  1/  UA

hx
, consists of the 

resistance on the refrigerant side R
r
 and combined 

resistances of the tube material, R
tube

, and HTF, 
R

HTF
. Namely, R

hx
  = Rr+  [R

tube
+R

HTF
], where R

r
  =  1/

(h
r
·A

hx), hr
 is the refrigerant heat-transfer coefficient, 

and A
hx

 is the reference heat-transfer area. Since 
the resistances [R

tube
+R

HTF
] are independent of the 

refrigerant, the value of ΔT
hx

 is only affected by the 
value of h

r
, which is calculated for each refrigerant. 



48th IIR Informatory Note 

17

Figure 3

Schematic of basic vapor compression system and system with ll/sl-hx

Once [R
tube

+R
HTF

] are determined from a simulation 
run with a current ‘reference refrigerant’, UA

hx
 values 

for other refrigerants can be calculated.

The modeling of refrigerant pressure drop in the 
heat exchangers involves the development of 
a non-dimensional pressure-drop multiplication 
factor, also from a ‘reference run’, for which the 
pressure drop is known from either direct laboratory 
measurements or manufacturer’s database. The 
model determines the value of the multiplication 
factor as a ratio of the input pressure drop and the 
value predicted by an applicable pressure-drop 
correlation. This multiplication factor is applied 
to pressure drop predictions for each candidate 
refrigerants.

In addition, CYCLE_D-HX includes a refrigerant 
circuitry optimization algorithm for the evaporator 
and condenser.  Reducing the number of circuits 
increases the refrigerant mass flux, which 
enhances the refrigerant heat-transfer coefficient 
while increasing the penalty of pressure drop 
maximum [47]. The program identifies the number of 
condenser and evaporator circuits that maximizes 
COP. This optimization feature is applicable to 
heat exchangers relying on forced-convection 
evaporation and condensation, not for shell-and-
tube heat exchangers which rely on pool boiling 
and space condensation. Our simulation procedure 
started with a ‘reference run’ with the currently used 
fluid. In this simulation we imposed temperature 
differences between the refrigerant and HTF in 
the evaporator and condenser to obtain saturation 
temperatures in these heat exchangers that are 
known for a given system. Once the ‘reference 
run’ was completed, the program could account 
for heat transfer and pressure drop of candidate 
refrigerants in subsequent simulations.

The compressor was represented by an overall 
isentropic efficiency. We used the same isentropic 
efficiency for all fluids for a given application. 
The selected value was representative for a 
conventional compressor using the refrigerant to 
be replaced. According to empirical evidence, 
compressors for fluids with a lower compression 
ratio tend to have a better isentropic efficiency than 
compressors for fluids with a higher compression 
ratio. As a general trend, high-pressure fluids (with 
a low NBP) provide a lower compression ratio than 
low-pressure fluids (with a high NBP). For example, 
carbon dioxide compressors (lower compression 
ratio) can achieve a better isentropic efficiency than 
R-134a compressors (higher pressure ratio)  [48]. 
Also, our review of compressor manufacturers’ 
brochures showed a better isentropic efficiency of 
R-410A compressors than R-134a compressors, 
and R-410A has a lower compression ratio than 
R-134a for the same saturation temperature lift. The 
assumption of the same isentropic efficiency may 
hold well for alternative fluids that were formulated 
to be ‘drop in’ replacements; otherwise, this 
assumption may be biased towards fluids with a 
higher discharge pressure/suction pressure ratio.

In our simulations we followed the postulate of the 
same heat flux in the evaporator as a requirement for 
a fair comparative evaluation of fluids [49]; we used 
the same size heat exchangers and adjusted the 
compressor size so the system cooling capacity for 
each fluid matched the capacity of the ‘reference 
refrigerant’. Hence, our analytical evaluation 
corresponded to a laboratory test program, in 
which (1) evaporator and condenser would be of 
the same size but their refrigerant circuitries would 
be optimized for each fluid, (2) the compressor 
would be sized to provide system capacity equal 
to that of the ‘reference refrigerant’, and (3) the 



1848th IIR Informatory Note

pressure drop and heat transfer between the 
connecting tubing and ambient would be zero. In 
all simulations the evaporator and condenser were 
of the cross-flow configuration.

We should note that low-pressure refrigerants (high 
NBP) tend to have a lower capacity in a given 
heat exchanger than high-pressure refrigerants 
(low NBP). E.g., for the same air parameters and 
the same refrigerant saturation temperature at the 
evaporator exit, the evaporator capacity is the 
highest for R-32 (NBP = -51.7 °C), followed by R-22, 
R-290 (NBP = -42.1 °C), R-134a (NBP =  26.1 °C) 
and R-600a (NBP = -11.7 °C ). To achieve the same 
capacity in a system (as it is enforced by CYCLE_D-
HX), lower-pressure refrigerants must operate at a 
lower saturation temperature in the evaporator than 
higher-pressure refrigerants, which hampers their 
COP. In the design stage, some heat-transfer area 
can be added to the evaporator, which will raise 
its saturation temperature and improve the system 
COP though this increases system size and cost.

Appendix B: Discussed Refrigerant Blends and 
Their Composition

Blend Composition (mass)
R-404A R-125/143a/134a (44/52/4)
R-407C R-32/125/134a (23/25/52)
R-410A R-32/125 (50/50)
R-444A R-32/152a/1234ze(E) (12/5/83)
R-445A  R-744/134a/1234ze(E) (6/9/85)
R-448A R-32/125/1234yf/134a/1234ze(E) (26/26/20/21/7)
R-449A R-32/125/1234yf/134a (24.3/24.7/25.3/25.7)
R-450A R-134a/1234ze(E) (42/58)
R-452A R-32/125/1234yf (11/59/30)
R-454B R-32/1234yf (68.9/31.1)
R-454C R-32/1234yf (21.5/78.5)
R-455A R-744/32/1234yf (3.0/21.5/75.5)
R-457A R-32/1234yf/152a (18/70/12)
R-466A R-32/125/13I1 (49/11.5/39.5)
R-502 R-22/115 (48.8/51.2)
R-513A R-1234yf/134a (56/44)
R-514A R-1336mzz(Z)/1130(E) (74.7/25.3)
R-515B R-1234ze(E)/227ea (91.1/8.9)
R-516A R-1234yf/134a/152a (77.5/8.5/14.0)



48th IIR Informatory Note 

19

6. References

[1] IIR, The Role of Refrigeration in the Global Economy, 38th Informatory 
Note on Refrigeration Technologies. 2019, Int. Institute of Refrigeration: 
Paris, France;
https://iifiir.org/en/fridoc/the-role-of-refrigeration-in-the-global-

economy-2019-142028 (accessed on November 3, 2021).

[2] UNEP, Handbook for the Montreal Protocol on Substances that 
Deplete the Ozone Layer. Ozone Secretariat United Nations Environment 
Programme 2019. 2019.

[3] UN, Kigali Amendment to the Montreal Protocol. 2016:
https://iifiir.org/en/fridoc/amendment-to-the-montreal-protocol-on-

substances-that-deplete-the-142049.

[4] IIR, The Impact of the Refrigeration Sector on Climate Change, 35th 
Informatory Note on Refrigeration Technologies. 2017, Int. Institute of 
Refrigeration: Paris, France;
https://iifiir.org/en/fridoc/the-impact-of-the-refrigeration-sector-on-

climate-change-141135 (accessed on November 3, 2021).

[5] WMO  (World Meteorological Organization), Scientific Assessment 
of Ozone Depletion: 2018,  Global Ozone Research and Monitoring 
Project–Report No. 58. 2018, World Meteorological Organization: 
Geneva, Switzerland.
https://ozone.unep.org/sites/default/fi les/2019-05/SAP-2018-

Assessment-report.pdf.

[6] UN, UN Framework Convention on Climate Change: Paris 
Agreement. 2015, IIR: Paris, France.

https://unfccc.int/sites/default/files/english_paris_agreement.pdf.

[7] Clémençon, R., The two sides of the Paris climate agreement: Dismal 
failure or historic breakthrough? 2016, SAGE Publications Sage CA: 
Los Angeles, CA.

[8] Polonara, F., L. Kuijpers, and R.A. Peixoto, Potential impacts of 
the Montreal Protocol Kigali Amendment to the choice of refrigerant 
alternatives. Int J Heat Technol, 2017. 35(1): p. 1-8.

[9] UNEP, Refrigeration, Air Conditioning and Heat Pumps Technical 
Options Committee 2018 Assessment. 2018.

[10] McLinden, M.O. and D.A. Didion, Quest for alternatives. ASHRAE 
Journal, 1987. 29(12): p. 32-42.

[11] DOE, 10 CFR Part 430 - Energy Conservation Standards for 
Residential Furnaces and Residential Central Air Conditioners and 
Heat Pumps; Direct final rule. 2008, DOE: [EERE-2008-BT-STD-0006]
[EERE-2009-BT-STD-0022].

[12] EU, Directive  2010/30/EU of the  European Parlament and of the 
Council of 19 May 2010 on the Indication by Labelling and Standard 
Product Information of the Consumption of Energy and other Resources 
by Energy-Related Products. 2010.

[13] EPA, Profile of an Average U.S. Supermarket’s Greenhouse Gas 
Impacts from Refrigeration Leaks Compared to Electricity Consumption. 
2021, EPA:
h t tps : / /www.epa .gov / s i t es /de fau l t / f i l e s /documen ts /gc_
averagestoreprofile_final_june_2011_revised_1.pdf (accessed on 

November 3, 2021).

[14] Hanlong, W., et al., A Comprehensive Review of Life Cycle Climate 
Performance (LCCP) for Air Conditioning Systems. International Journal 
of Refrigeration, 2021. 130: p. 187-198.

[15] ASHRAE, ANSI/ASHRAE Standard 34-2019, Designation and 
Safety Classification of Refrigerants. 2019, American Society of Heating, 
Refrigerating and Air-Conditioning Engineers: Atlanta, GA.

[16] ISO, ISO 817:2014 Refrigerants - Designation and Safety 
Classification. 2014, International Organization for Standarization.

[17] IIR, Flammable Refrigerants; 36th Informatory Note on Refrigeration 
Technologies. 2017, Int. Institute of Refrigeration: Paris, France; 
https://iifiir.org/en/fridoc/flammable-refrigerants-36-lt-sup-gt-th-lt-sup-

gt-informatory-note-on-141136 (accessed on November 3, 2021).

[18] ASHRAE, ANSI/ASHRAE Standard 15-2019, Safety Standard for 
Refrigeration Systems. 2019, American Society of Heating, Refrigerating 
and Air-Conditioning Engineers: Atlanta, GA.

[19] ISO, ISO 5149-1:2014 - Refrigerating Systems and Heat Pumps. 
2014, International Organization for Standarization.

[20] IEC, IEC 60335-2-40 ED. 6.0 B:2018; Household and similar 
electrical appliances - Safety - Part 2-40: Particular requirements 
for electrical heat pumps, air-conditionersand dehumidifiers. 2018, 
International Electrotechnical Commission.

[21] IEC, IEC 60335-2-89 ED. 3.0 B:2019; Household and similar 
electrical appliances - Safety - Part 2-89: Particular requirements for 
commercial refrigerating appliances withan incorporated or remote 
refrigerant unit or compressor. 2019, International Electrotechnical 
Commission.

[22] UL, UL 60335-2-40, 3rd Edition, 2019. Particular Requirements for 
Electrical Heat Pumps, Air-Conditioners and Dehumidifiers. 2019, UL.

[23] UL, UL 60335-2-89, 2nd Edition, 2021. Particular Requirements for 
Commercial Refrigerating Appliances with an Incorporated or Remote 
Refrigerant Unit or Compressor. 2021, UL.

[24] AHRI, A2L Refrigerants and Firefighter Tactical Considerations. 
AHRI Report No. 8028. 2021: Arlington, VA.

[25] Booten, C.W., et al., Refrigerants: Market Trends and Supply Chain 
Assessment. 2020, National Renewable Energy Lab. (NREL), Golden, 
CO (United States).

[26] Calm, J.M., The next generation of refrigerants–Historical review, 
considerations, and outlook. international Journal of Refrigeration, 2008. 
31(7): p. 1123-1133.

[27] McLinden, M.O., et al., Limited options for low-global-warming-
potential refrigerants. Nature Communications, 2017. 8.

[28] Domanski, P.A., et al., Low-GWP refrigerants for medium and 
high-pressure applications. International Journal of Refrigeration-Revue 
Internationale Du Froid, 2017. 84: p. 198-209.

[29] EU, Regulation (EU) No 517/2014 of the European Parliament and 
of the Council of 16 April 2014 on fluorinated greenhouse gases and 
repealing Regulation (EC) No 842/2006. 2014.

[30] IPCC, Climate Change 2021, The Physical Science Basis: 
Working Group I Contribution to the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change. 2021.

[31] AHRI, AHRI Standard 550/590; Standard for performance rating of 
water-chilling and heat pump water-heating packages using the vapor 
compression cycle. 2020, Air-Conditioning, Heating and Refrigeration 
Institute: Arlington, VA.

[32] Allgood, C., Johnston, P., Kim, S., Kujak, S., Yana Motta, S., Rydkin, 
I., Roundtable: A Conversation on Refrigerants. ASHRAE Journal, 2021. 
63(3): p. 30-37.

[33] Heredia-Aricapa, Y., et al., Overview of low GWP mixtures for 
the replacement of HFC refrigerants: R134a, R404A and R410A. 
International Journal of Refrigeration, 2020. 111: p. 113-123.

[34] Yang, Z., et al., Analysis of lower GWP and flammable alternative 
refrigerants. International Journal of Refrigeration, 2021. 126: p. 12-22.

[35] Jung, M., Walter, C., Wawzyniak, M., Natural and Environmentally 
Friendly Refrigerant CO2, in SAE 2017 Thermal Management Systems 
Symposium. 2017: Plymouth. MI.

[36] Zilio, C., et al., The refrigerant R1234yf in air conditioning systems. 
Energy, 2011. 36(10): p. 6110-6120.

[37] Lewandowski, T., Additional risk assessment of alternative 
refrigerant R-1234yf. Gradient Corporation, 2013.

[38] Domanski, P.A., D.A. Didion, and J.P. Doyle, Evaluation of Suction-
Line Liquid-Line Heat-Exchange in the Refrigeration Cycle. International 
Journal of Refrigeration-Revue Internationale Du Froid, 1994. 17(7): p. 
487-493.

https://iifiir.org/en/fridoc/the-role-of-refrigeration-in-the-global-economy-2019-142028
https://iifiir.org/en/fridoc/the-role-of-refrigeration-in-the-global-economy-2019-142028
https://iifiir.org/en/fridoc/amendment-to-the-montreal-protocol-on-substances-that-deplete-the-142049. 
https://iifiir.org/en/fridoc/amendment-to-the-montreal-protocol-on-substances-that-deplete-the-142049. 
https://iifiir.org/en/fridoc/the-impact-of-the-refrigeration-sector-on-climate-change-141135
https://iifiir.org/en/fridoc/the-impact-of-the-refrigeration-sector-on-climate-change-141135
https://ozone.unep.org/sites/default/files/2019-05/SAP-2018-Assessment-report.pdf. 
https://ozone.unep.org/sites/default/files/2019-05/SAP-2018-Assessment-report.pdf. 
https://unfccc.int/sites/default/files/english_paris_agreement.pdf.
https://www.epa.gov/sites/default/files/documents/gc_averagestoreprofile_final_june_2011_revised_1.pdf
https://www.epa.gov/sites/default/files/documents/gc_averagestoreprofile_final_june_2011_revised_1.pdf
https://iifiir.org/en/fridoc/flammable-refrigerants-36-lt-sup-gt-th-lt-sup-gt-informatory-note-on-141136
https://iifiir.org/en/fridoc/flammable-refrigerants-36-lt-sup-gt-th-lt-sup-gt-informatory-note-on-141136


2048th IIR Informatory Note

[39] Hafner, A. and R. Ciconkov, Current state and market trends in 
technologies with natural refrigerants. 9th Conference on Ammonia and 
CO2 Refrigeration Technologies Ohrid, R. Macedonia, 2021, International 
Institute of Refrigeration 

[40] AHRI, AHRI Standard 210/240: Performance Rating of Unitary 
Air-conditioning and Air-source Heat Pump Equipment. 2017, Air-
Conditioning, Heating and Refrigeration Institute, Arlington, VA.

[41] Kujak, S., Sorenson, E., Accelerated equipment reliability evaluation 
of R-13I1 (CF3I) in R-466A, in 2nd IIR Conference on HFOs and Low 
GWP blends 2021, Int. Institute of Refrigeration: Paris, France.

[42] IIR, Harmonization of Life Cycle Climate Performance methodology, 
32nd Informatory Note on Refrigeration Technologies. 2016, Int. Institute 
of Refrigeration: Paris, France.
https://i if i ir.org/en/fridoc/harmonization-of-life-cycle-climate-

performance-methodology-139940 (accessed on November 3, 2021).

[43] Yanagitani, K. and K. Kawahara, LCA study of air conditioners 
with an alternative refrigerant. The International Journal of Life Cycle 
Assessment, 2000. 5(5): p. 287-290.

[44] Domanski, P.A. and M.O. Mclinden, A Simplified Cycle Simulation-
Model for the Performance Rating of Refrigerants and Refrigerant 
Mixtures. International Journal of Refrigeration-Revue Internationale 
Du Froid, 1992. 15(2): p. 81-88.

[45] Cavallini, A., The state-of-the-art on Refrigerants, in Journal of 
Physics: Conference Series. 2020, IOP Publishing; :

https://iopscience.iop.org/article/10.1088/1742-6596/1599/1/012001.

[46] Brown, J.S., Brignoli, R., Domanski, P.A., Yoon, Y.J., CYCLE_D-HX: 
NIST Vapor Compression Cycle Model Accounting for Refrigerant 
Thermodynamic and Transport Properties; Version 2.0. 2021, National 
Institute of Standards and Technology: Gaithersburg, MD.
https://www.nist.gov/services-resources/software/cycled-hx-nist-

vapor-compression-cycle-model-accounting-refrigerant-0.

[47] Brignoli, R., et al., Refrigerant performance evaluation including 
effects of transport properties and optimized heat exchangers. 
International Journal of Refrigeration-Revue Internationale Du Froid, 
2017. 80: p. 52-65.

[48] Brown, J.S., S.F. Yana-Motta, and P.A. Domanski, Comparitive 
analysis of an automotive air conditioning systems operating with CO2 
and R134a. International Journal of Refrigeration-Revue Internationale 
Du Froid, 2002. 25(1): p. 19-32.

[49] McLinden, M.O. and R. Radermacher, Methods for comparing the 
performance of pure and mixed refrigerants in the vapour compression 
cycle. International Journal of Refrigeration, 1987. 10(6): p. 318-325.

https://iifiir.org/en/fridoc/harmonization-of-life-cycle-climate-performance-methodology-139940
https://iifiir.org/en/fridoc/harmonization-of-life-cycle-climate-performance-methodology-139940
https://iopscience.iop.org/article/10.1088/1742-6596/1599/1/012001. 
https://www.nist.gov/services-resources/software/cycled-hx-nist-vapor-compression-cycle-model-accounting-refrigerant-0
https://www.nist.gov/services-resources/software/cycled-hx-nist-vapor-compression-cycle-model-accounting-refrigerant-0


Copyright © 2022 IIR/IIF All rights reserved/Tous droits réservés

177, boulevard Malesherbes - 75017 Paris - France
Tel. +33 (0)1 42 27 32 00 / Fax +33 (0)1 47 63 17 98

iif-iir@iifiir.org

IIF
IIR

iif-iir@iifiir.org

IIR recommendations

Selection of new fluids with full consideration of all their merits

•	 The holistic approach should be used such as Life Cycle Climate 
Performance (LCCP) [42] considering all GHG emissions or preferably the 
Life Cycle Analysis (LCA) [43], which considers the whole equipment over 
lifetime.

•	 The availability and accessibility for the global population should 
be considered. Any new technology should not only be available at a 
commercial scale but also accessible for all countries.

Research needs

•	 High-pressure low-GWP fluids with a NBP similar to those of R-410A 
and R-404A are most needed. Research of new refrigerant chemistries 
should continue to find such fluids to replace R-410A and R-404A. This 
will help achieve high efficiency levels and minimize the cost of equipment 
compared to systems using low-pressure alternatives.

•	 Research should continue to facilitate the use of existing medium-
pressure low-GWP fluids in  current R-410A and R-404A applications. More 
research should be done to identify alternative cycles or technologies 
that can produce high-efficiency/low-cost equipment using these fluids.

•	 A large amount of research has been done in Asia, US, and Europe on 
flammability fundamentals, which helps in development of safety standard.  
Still, the work on risk assessments should continue to ensure their global 
applicability.

Training of personnel to handle flammable refrigerants

•	 Training of personnel should include not only system installation and 
service technicians but also all personnel along the distribution chain.

•	 Safety standards for flammable refrigerants are still under 
development. They are becoming rather complex, making interpretation 
cumbersome for the end user. Refrigeration equipment manuals provided 
by the manufacturers or independent authors should clearly explain 
the specification and installation requirements when using flammable 
refrigerants without minimizing the required precautions.


