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Abstract
Given the global commitment to reduce the impact of fluorinated gases on
climate and the regulations controlling their use in the European Union
(EU), this thesis investigates new refrigerants that have been recently
proposed to meet the demands of the refrigeration industry in the EU,
which must satisfy the legislative requirements of the F-gas Regulation and
facilitate meeting the goals of the Paris Agreement.
The legislative requirements of the EU have intensified refrigerant
development with reduced GWP. New refrigerants have been identified in
the form of six new substances and 40 new refrigerant mixtures that have
been added to the ANSI/ASHRAE 34 standard during a period following
the proposal for the F-gas Regulation.
New refrigerants have been theoretically analysed in comparison with the
commonly used fluorinated refrigerants R134a, R404A and R410A. While
new refrigerants provide a variation in operating parameters when used in
a refrigeration, air conditioning or heat pump (RACHP) system, none of
the new refrigerants can be considered being fully design compatible with
R134a, R404A or R410A.
Several commercially available refrigerants have been further evaluated in
experimental studies to analyse their suitability for replacing R134a and
R404A in existing systems with regards to their thermal properties,
requirements for component safety and energy efficiency. R450A and
R513A have been analysed as alternatives to R134a in a small capacity
refrigeration system, and an R449A was studied in a retrofit of an R404A
supermarket indirect system. It was shown that the analysed refrigerants
can replace baseline HFCs in the analysed systems, but the variation in
energetic performance and main operation parameters should be taken
into account when considering such replacement.
LCCP metric has been used to analyse the overall climate impact of a heat
pump system using refrigerants with various GWP values. It was shown
that most climate impact from an RACHP system is due to indirect
emissions relating to energy use. Thus, addressing the overall climate
impact of RACHP systems is necessary to facilitate meeting the goals of the
Paris Agreement. It is possible to facilitate a comparative LCCP analysis by
addressing the uncertainties of the input data.
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Sammanfattning
Med tanke på det globala åtagandet att minska effekterna av fluorerade
gaser på klimatet och regler som styr deras användning i Europeiska
unionen (EU), undersöker denna avhandling nya köldmedier som nyligen
har föreslagits för att möta kraven från kylindustrin i EU, och som måste
uppfylla lagstiftningskraven i F-gas förordningen och underlätta att
Parisavtalets mål uppfylls.
Lagkraven i EU har intensifierat utvecklingen av köldmedier med
reducerad GWP. Nya köldmedier har identifierats i form av sex nya ämnen
och 40 nya köldmedieblandningar som har lagts till ANSI/ASHRAE 34standarden efter det att förslaget till F-gasförordningen publicerats.
Nya köldmedier har analyserats i teoretisk jämförelse med de ofta använda
fluorerade köldmedierna R134a, R404A och R410A. Medan nya
köldmedier ger en variation i driftsparametrar när de används i ett kyl-,
luftkonditionerings- eller värmepumpssystem, kan inget av de nya
köldmedierna anses vara helt designkompatibelt med R134a, R404A eller
R410A.
Flera kommersiellt tillgängliga köldmedier har utvärderats vidare i
experimentella studier för att analysera deras lämplighet för att ersätta
R134a och R404A i befintliga system med avseende på deras termiska
egenskaper, krav på komponenternas säkerhet och energieffektivitet.
R450A och R513A har analyserats som alternativ till R134a i ett kylsystem
med liten kapacitet, och R449A studerades i en retrofit av ett indirekt
R404A system i en livsmedelsbutik. Det visades att de analyserade
köldmedierna kan ersätta befintliga HFC:er i de analyserade systemen,
men variationen i energiprestanda och huvuddriftparametrar bör beaktas
när man överväger en sådan ersättning.
LCCP-analys har använts för att analysera den totala klimatpåverkan av ett
värmepumpsystem med köldmedier med olika GWP-värden. Det visades
att den största klimatpåverkan från ett RACHP-system beror på indirekta
utsläpp relaterade till energianvändning. Således är det nödvändigt att
redovisa och ta hänsyn till den totala klimatpåverkan av RACHP-system
för att uppfylla målen i Parisavtalet. Det är möjligt att underlätta en
jämförande LCCP-analys genom att ta itu med osäkerheterna i
inmatningsdata.
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1. Introduction
The chapter provides a background to this thesis work, Section 1.1. Section
1.2 outlines the aim of the thesis and presents the research questions.
Section 1.3 introduces the thesis organisation and Section 1.4 presents the
statements of the contribution to the appended papers. Section 1.5 lists the
limitations of this thesis. Finally, Section 1.6 acknowledges contribution to
knowledge.

1.1 Background
It is recognized that meeting all 17 of the United Nations Sustainable
Development Goals would depend on developing low carbon cooling
technologies [1]. Nevertheless, it is estimated that approximately 1.1 billion
people face risks associated with a lack of access to cooling [2]. This risk
can be lessened by improving access to sustainable cooling and is crucial
for reaching the targets of the Development Goals.
Modern cooling technologies are also a significant source of greenhouse
gas emissions (GHGs) with total CO2 equivalent (CO2-eq.) emissions from
the refrigeration sector (including refrigeration, air conditioning, heat
pumps (RACHP) and cryogenics) accounting for 7.8% of global GHG
emissions [3]. Taking into account the increasing global demand for
cooling, GHG emissions are likely to increase. Accordingly, there are
projections of increasing GHG emissions caused by the cooling sector [1]
that could reach 1,596 million tonne CO2-eq. by 2030 – almost a five-fold
increase from the global value in 2010 (4).
Meanwhile, total cumulative GHG emissions have resulted in a global
mean surface temperature change. As a result, the past five years are
collectively the warmest years on record in the modern age and a 0.83 °C
global mean surface temperature anomaly was detected in 2018 [5], [6].
Anthropogenic emissions of GHGs are identified as being a major cause of
the observed climate change [5]. Thus, an agreement was recently adopted
to strengthen the global response to the threat of climate change by setting
out a global action plan to put the world on track to avoiding dangerous
climate change by limiting global warming to well below 2°C and pursuing
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efforts to limit it to 1.5°C [7]. This global agreement is known as the Paris
Agreement.
Given the growing demand for cooling, and taking into account the impact
of global warming associated with cooling technologies, an international
agreement was reached to limit the global consumption of fluorinated
gases, which are strong greenhouse gases often used as refrigerants in
vapour compression refrigeration systems. The result of the agreement is
an amendment to the Montreal Protocol that entered into legal force from
1 January 2019 and sets the framework for a global phase-down of
consumption of hydrofluorocarbon (HFC) substances.
In the European Union, the European Parliament and the Council of the
European Union have established Regulation no. 517/2014 on fluorinated
greenhouse gases (F-gas Regulation) with the objective of protecting the
environment by reducing emissions of fluorinated greenhouse gases [8].
Most notably, this regulation establishes quantitative limits for the placing
on the market (POM) of HFCs and controls POM of refrigeration
equipment that contains fluorinated GHGs, among other relevant
measures.

1.2 Aim
The overarching aim of this thesis is to investigate new refrigerants in the
context of the requirements imposed by the F-gas Regulation and the goals
of the Paris Agreement in order to identify new refrigerants suitable for
replacing conventional HFC refrigerants in applications used by European
Union actors.
From this overarching aim, two research questions (RQ) have been derived
and form the basis of this doctoral thesis:
RQ1: How do the new refrigerants facilitate meeting the requirements set
by the F-gas Regulation?
RQ2: How do the new refrigerants facilitate meeting the goals of the Paris
Agreement?
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1.3 Thesis organisation
The thesis is based on four articles published in blind peer-reviewed
scientific journals and two articles presented at blind peer-reviewed
conferences – both groups of publications referred to as Papers A–F. All
publications contribute to the aim of the thesis by providing argumentation
necessary to answer the previously defined research questions.
Paper A presents recent investigations in HFC substitution using lower
GWP synthetic alternatives. In the paper, studies of synthetic refrigerants
are placed in the context of the implementation of the requirements of the
F-gas Regulation and Directive 2006/40/EC of the European Parliament
and of the Council relating to emissions from air conditioning systems in
motor vehicles (MAC Directive). It indicates that many refrigerants are
considered for use in various vapour compression refrigeration system
applications. These refrigerants are characterised by GWP values suitable
for fulfilling the requirements of the F-gas Regulation and the MAC
Directive, which explicitly limit the GWP values of refrigerants used in
specific applications. However, further studies are necessary to investigate
emerging refrigerants and refrigerant mixtures.
Paper B investigates the retrofit replacement of R404A in a typical
commercial refrigeration unit. R404A is a commonly used refrigerant in
commercial refrigeration that will be banned in most new systems and for
service from 2020. The paper builds on the results of a theoretical
assessment of R404A alternatives that suggest that R404A can be replaced
by R449A to reduce the GWP of used refrigerant and to comply with the
requirements of the F-gas Regulation. However, attention should be paid
to the effects of the observed change in thermophysical and transport
properties. Thus, the paper investigates a proposed alternative to R449A
in a case study that is documented in the paper.
Paper C investigates the suitability of R450A in replacing R134a, the most
abundant HFC in the atmosphere. The paper builds on the results of a
theoretical assessment of R450A in comparison to R134a, suggesting that
R450A could be used in a system originally designed for R134a. However,
attention should be paid to the effects of the observed change in
thermophysical properties. The experimental study has been designed to
represent a drop-in replacement for R134a with R450A in a small capacity
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refrigeration system operating in typical refrigeration system operation
conditions.
Paper D investigates the suitability of R450A and R513A to be used as
lower GWP alternatives to R134a in a small capacity vapour compression
refrigeration system. The testing conditions were selected to represent
environments with high ambient temperatures.
Paper E focuses on the holistic evaluation of the global warming impact of
refrigeration systems by assessing the lifetime GHGs emissions of a heat
pump system designed for retrofitting of heating systems in the European
construction sector.
Paper F introduces the cumulative uncertainty of LCCP metrics and
analyses the effect of the uncertainty of the comparative LCCP analyses.
The proposed method is seen to improve the holistic evaluation of the
global warming impact of refrigeration systems by incorporating the
uncertainties of input data into the LCCP calculation.
Figure 1 summarises the structure of the thesis.
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Figure 1. Logical diagram of the thesis organisation.
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supermarket refrigeration systems. Presented at the ICR2015: The
24th IIR International Congress of Refrigeration, Yokohama,
Japan.
Makhnatch, P., Khodabandeh, R., 2015. Applicability of global
temperature change potential (GTP) metric to replace GWP in

TEWI environmental analysis of heat pump systems. Presented at
the ICR2015: The 24th IIR International Congress of
Refrigeration, Yokohama, Japan.
17. Makhnatch, P., Khodabandeh, R., 2014. Selection of low GWP
refrigerant for heat pump by assessing the life cycle climate
performance (LCCP). Presented at the 11th IEA Heat Pump
Conference 2014, Montréal (Québec), Canada.
Other relevant publications:
Technical magazines:
A total of 57 articles in the Swedish industrial magazine KYLA+
Värmepumpar and Kyla&Värme have been published in relation to the
research work of this thesis. The articles have fulfilled the objective of
timely communication of the relevant research findings to Swedish
refrigeration industry stakeholders. The list of publications is presented in
Annex A.
Reports:
1. Makhnatch, P., Khodabandeh, R., 2018. Refrigerants with low
global warming potential. Effsys Expand project report.
Stockholm.
2. Rogstam, J., Bolteau, S., Makhnatch, P., Khodabandeh, R., 2016.
Evaluation of a potential R404A replacement. Field test with
R449A. Stockholm.
3. Makhnatch, P., Mader, G., 2014. Refrigerants with low GWP and
cost and energy efficiency optimization of vapor compression
systems. Effsys plus project report .
Public presentations:
1. Makhnatch, P., 2019. Easy LCCP analysis for Domestic Hot Water
Heat Pumps. Presentation at HPT-Annex 46 workshop, Montreal,
Canada.
2. Makhnatch, P., 2018. Forskning om nya köldmedier – så kan den
hjälpa svensk kylindustri att hantera F-gas förordningen.
Presentation at the Svenska Kyl & Värmepumpdagen, Stockholm,
Sweden.
3. Makhnatch, P., 2016. Framtidens köldmedier. Presentation at the
Svenska Kyl & Värmepumpdagen, Göteborg, Sweden.
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1.4 Statement of contributions
This section states contributions to the papers included in the thesis.
Paper A
This paper is a collaborative work by all the authors. Adrián Mota-Babiloni
defined the outline of the paper and wrote a substantial part of the paper.
Pavel Makhnatch contributed to the definition of the knowledge gap, the
literature review and the analysis. Rahmatollah Khodabandeh guided the
research and reviewed the entire manuscript.
Paper B
Pavel Makhnatch performed the literature review, defined the
methodology, performed analyses and drafted the manuscript. Adrián
Mota-Babiloni contributed with insights and analysis, thereby improving
the intellectual context of the paper. Jörgen Rogstam procured the dataset
and reviewed the manuscript. Rahmatollah Khodabandeh guided the
research and reviewed the entire manuscript.
Paper C
Pavel Makhnatch performed the literature review, conducted analyses and
drafted the manuscript. Adrián Mota-Babiloni defined the methodology,
contributed with insights and improved the intellectual context of the
paper. Rahmatollah Khodabandeh guided the research and reviewed the
entire manuscript.
Paper D
Pavel Makhnatch performed the literature review, defined the
methodology, conducted analyses and drafted the manuscript. Adrián
Mota-Babiloni contributed with insights and improved the intellectual
context of the paper. A., López-Belchí also contributed with insights and
improved the intellectual context of the paper. Rahmatollah Khodabandeh
guided the research and reviewed the entire manuscript.
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Paper E
Pavel Makhnatch performed the literature review, defined the
methodology, conducted analyses and wrote the manuscript. Rahmatollah
Khodabandeh guided the research and reviewed the entire manuscript.
Paper F
Pavel Makhnatch performed the literature review, defined the
methodology, conducted analyses and wrote the manuscript. Rahmatollah
Khodabandeh guided the research and reviewed the entire manuscript.

1.5 Limitations
While the thesis addresses the issue of the climate impact of cooling
equipment as a global problem, the evaluations presented here are
presented in the context of the requirements set by the F-gas Regulation
and the goals of the Paris Agreement, and are limited to European Union
countries.
The list of the analysed refrigerants, referred to in the thesis as ‘new
refrigerants’, comprises refrigerants that are listed in ANSI/ASHRAE 342016 [9] with addenda, but excludes refrigerants that have been recorded
in the standard in ANSI/ASHRAE 34-2013 [10]. By imposing such
limitations, only refrigerants developed shortly before the adoption of the
F-gas Regulation and after it are discussed in this study. However, the
discussions provided in the dissertations can be extended to previously
developed and emerging refrigerants.
The analysis is limited to the refrigerants with zero ODP suitable for
RACHP applications that utilise vapour compression refrigeration
technology. New refrigerants for cryogenic and high-temperature heat
pump applications are excluded from the current analysis.
Considering the particularities of experimental investigations and the
limited availability of new refrigerants, a limited number of new
refrigerants have been experimentally investigated.
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1.6 Contribution of this thesis to knowledge
In this thesis all new refrigerants, as defined in Chapter 1.5, have been
theoretically analysed with respect to the extent to which they contribute
to fulfilling the requirements of the F-gas Regulation and to replacing the
conventionally used refrigerants R134a, R404A and R410A in vapour
compression RACHP systems. The analysis presented in this thesis extends
the results published in Paper A and is a comprehensive review of newly
proposed refrigerants.
The theoretical analysis is complemented by several experimental studies.
In a study published in Paper B, refrigerant R449A has been analysed as
an alternative to R404A in an indirect supermarket refrigeration system.
This study is the first documented experimental study of such a
replacement to be published in a peer-reviewed journal.
Refrigerants R450A (Paper C and Paper D) and R513A (Paper D) have
been experimentally analysed in comparison to R134a in a small capacity
refrigeration system. In addition to analysing an R134a system retrofit with
R450A, both R450A and R513A have been compared to R134a in a system
operating at high condensing temperatures typical for countries with high
ambient temperature conditions.
All new refrigerants have been proposed with a GWP lower than the
conventional HFCs they intend to replace. Thus, the direct contribution to
global warming of these refrigerants in the event of their emission into the
atmosphere is reduced. However, emissions associated with RACHP
system use also occur indirectly through the electricity consumption of
manufacturing, use and recycling of a system and its components. This
thesis contributes to the field by analysing the influence of climate
conditions on the Life Cycle Climate Performance (LCCP) of a heat pump
(Paper E) and discussing the uncertainty of the LCCP analysis (Paper F).
Finally, given the urgency of the environmental problem addressed in this
thesis, the results summarised in this thesis have been disseminated in a
timely manner to an interested audience via different channels.
Representatives of the Swedish refrigeration and heat pump industry have
been updated with the findings of this work through regular publications
in industrial journal, presentations at relevant events and reports from the
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studies; the international audience has been updated by communicating
the results at peer-reviewed international conferences; the most significant
findings were published in peer-reviewed journals.
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2 Background
2.1 Cooling, refrigeration and refrigerants
According to the definitions provided by the International Institute of
Refrigeration (IIR), ‘cooling’ can be defined as “removal of heat, usually
resulting in a lower temperature and/or phase change”, whereas
‘refrigeration’ is “cooling of a space, substance or system to lower and/or
maintain its temperature below the ambient one (removed heat is rejected
at a higher temperature)” [11].
The first refrigeration system to utilise a vapour compression refrigeration
cycle was demonstrated by Jacob Perkins in 1834. The patented
arrangement comprising an evaporator, compression device, condenser
and expansion device was shown to be using volatile fluids in a closed cycle
for the purpose of freezing or cooling fluids [12]. Thus, the presented
arrangement is an example of a basic vapour compression refrigeration
system, which is a common refrigeration technology nowadays (sometimes
with slight modifications).
Several cooling technologies have been developed as alternatives to vapour
compression refrigeration (so-called not-in-kind (NIK) cooling
technologies). Absorption and thermoelectric cooling technologies are
well-established technologies and research activities into other types of
NIK refrigeration are ongoing [13]. Still, vapour compression refrigeration
technology remains the dominant cooling technology, whereas the use of
NIK cooling systems is limited to specific applications [14].
Refrigerant is an important component of a vapour compression
refrigeration system. It absorbs heat and transfers it at a higher
temperature and a higher pressure, usually with a phase change [9].
Different substances can be used as refrigerants in a vapour compression
refrigeration cycle, including those that naturally occur in the environment
(so-called ‘natural refrigerants’), as well as synthesised substances (socalled ‘synthetic refrigerants’). Different substances can be mixed and form
a refrigerant mixture. Unless otherwise stated, both single component
refrigerants and their mixtures are referred to as ‘refrigerants’ in this
thesis.
Following the invention of vapour compression refrigeration technology,
only naturally occurring substances have been used as refrigerants.
Currently, the list of molecules deemed to be used as refrigerants is
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extensive and only new refrigerants, listed in Annex B, are the focus of the
investigations presented in this thesis.

2.2 Environmental impacts of refrigeration
The first major concern regarding the adverse environmental impacts of
refrigeration technology arose from the results of the scientific study of
Rowland and Molina [15], who demonstrated the impact of certain
compounds, including the chlorinated refrigerants R11 and R12, on the
destruction of the ozone layer. The study also pointed out the delay
between the introduction of the chlorinated compound at ground level and
its photodissociation in the stratosphere. Thus, urgent measures have been
required to limit the emission of chlorinated substances into the
atmosphere in order to prevent ozone layer depletion.
The Montreal Protocol on Substances that Deplete the Ozone Layer [16]
eventually became an international agreement that triggered the
replacement of ozone-depleting substances, including refrigerants, and led
to the start of the recovery of stratospheric ozone [17].
The Montreal Protocol also stimulated the development of HCFC and HFC
refrigerants that replaced CFC in many industrial sectors. HFCs are
currently widely used as non-ozone-depleting alternatives to CFCs and
HCFCs. Although current emissions of HFCs amount to around 1.5% of
total emissions, expressed in CO 2-eq., they increased by 23% from 2012 to
2016, and projections of substantial future growth have been reported [17].
A global agreement, stipulated in the Kigali Amendment to the Montreal
Protocol, has been reached to limit emissions of HFC substances [16].
Regional regulations to control HFC substances have been introduced in
several countries, including European Union countries.
The requirements of the regulations stimulate the replacement of HFC
substances with alternatives characterised by lower GWP values (among
other characteristics required for refrigerants). Thus, future emissions of
low-GWP alternatives are projected to increase, Figure 2a, although the
overall contribution of halogenated gases to global warming, Figure 2b, will
be gradually reduced, thereby avoiding the direct contribution of
refrigerant emissions to an increase in global mean surface temperature.
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a)

b)
Figure 2. Historical and projected emissions (a) and radiative
forcing (b) from ODSs, HFCs, and HFC alternatives [17].
The observed and predicted radiative forcing (RF) from halogenated
substances, Figure 2b, is the result of the persistence of these substances
in the atmosphere. RFs provide a direct measure of the impact on climate
of GHG accumulation in the atmosphere. RF values are derived from
atmospheric concentrations of contributing gases and their radiative
efficiencies, and do not depend on their GWP. For instance, a substantial
amount of RF is caused by ODP substances that persist in the atmosphere
and are still being emitted.
Rigby et al. [18] have estimated the radiative forcing of the main synthetic
greenhouse gases until 2050, assuming that recent plans to phase down
HFCs are implemented, the current Montreal Protocol obligations are met
and emissions of SF6 and NF3 show only moderate growth [18]. In this case,
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it is expected that the long-lived GHGs that will be present in 2050 will be
responsible for approximately 9.4 of the total greenhouse effect caused by
these substances and CO2, with R12 contributing almost half of this effect.
Although HFC emissions are projected to decline in the future, the growth
of artificial cooling will increase energy demands drastically and could
result in the emission of high levels of CO 2, which otherwise should have
been mitigated. Current estimations show that total emissions from the
cooling sector are dominated by indirect emissions. On a global level,
70.3% of total emissions are indirect emissions from the cooling sector
resulting from its energy use and the carbon footprint of the energy
generation.
In conclusion, a complex transformation of the cooling sector is needed [1].
A low GWP of refrigerants and high energy efficiency is a necessary step
towards environmentally-friendly refrigeration systems. Other steps could
include a reduction in cooling demand (e.g. by passive cooling) and
integration of a system approach when providing cooling. Regulations that
incorporate a systems thinking approach when setting requirements for
cooling systems are necessary in order to facilitate the transition to cooling
technology that makes a low contribution to global warming. The next
chapter presents a review of the current regulatory framework relevant to
the RACHP industry in European Union countries.

2.3 Regulatory framework

2.3.1 The Montreal Protocol
The Montreal Protocol was originally established in 1987 to introduce
control measures for reducing production and consumption of the
controlled substances that deplete the ozone layer [19]. In doing so, it
enabled worldwide phasing out of the ODS. The most recent amendment
to the Montreal Protocol (Kigali Amendment adopted in 2016) has also
included HFC gases on the list of controlled substances (see Annex C for a
list of the controlled HFCs). It implies that the production and
consumption of controlled HFC substances, many of which can be used as
a refrigerant or as a component in a refrigerant mixture, should be
gradually reduced globally. The phase-down schedule, as set for different
categories of countries in accordance with the Montreal Protocol and with
the exemptions of Article 5 of the protocol, is listed in the Protocol and, for
EU member countries, is summarised in Table 1.
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Table 1. Montreal Protocol HFC reduction for EU member
countries [20].
Countries
Baseline
Reduction steps
Step 1
Step 2
Step 3
Step 4
Step 5

Most of the Non-Article 5 Parties, including the
European Union member countries
Average production/consumption of HFCs
from 2011–2013 plus 15% of HCFC baseline
production/consumption
Year
2019
2024
2029
2034
2036

Reduction from baseline, %
10
40
70
80
85

2.3.2 The F-gas Regulation
The F-gas Regulation established a legal requirement for a 79% gradual
reduction in HFCs (measured in CO2-eq.) that can be placed on the EU
market from the average annual amount placed from 2009–2012, which is
set as the baseline reference. The reduction started in 2015 although the
first significant reduction took place in 2018, decreasing from 93% to 63%
of HFC substances permitted, whereas the next reduction in 2021 will set
the limit to 45%. A set of sectoral placing on the market (POM) bans has
been established to facilitate a reduction in F-gases that are permitted to
be POM in the EU. The phase-down schedule established by the F-gas
Regulation can be translated into the amount of CO 2-eq. permitted to be
placed on the EU market, given the available historical data. Thus, the
100% quota is 183.1 MT CO 2-eq.

2.3.3 The Paris Agreement
The Paris Agreement is the agreement adopted on 12 December 2015
between the parties to the United Nations Framework Convention on
Climate Change that aims to strengthen the global response to the threat
of climate change by “holding the increase in global average temperature
to well below 2°C above pre-industrial levels and pursuing efforts to limit
the temperature increase to 1.5°C above pre-industrial levels, recognising
that this would significantly reduce the risks and impacts of climate
change; increasing the ability to adapt to the adverse impacts of climate
change and foster climate resilience and low greenhouse gas emissions
development, in a manner that does not threaten food production; and
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making finance flows consistent with a pathway towards low greenhouse
gas emissions and climate-resilient development” [7].
In order to reach the goals, the parties to the Paris Agreement aim to peak
their GHG emissions as soon as possible and should thus strive to
formulate and communicate long-term low GHG emission development
strategies [7]. The ambition to limit the temperature increase to 1.5°C
requires urgent measures since it was shown that this limit is likely to be
reached between 2030 and 2050 if anthropogenic global warming
continues to increase at the current rate [21].

2.4 Numbering and designation of fluorinated
refrigerants
Since many substances and mixtures thereof have been proposed as
refrigerants for vapour compression refrigeration cycles, this chapter
summarises the numbering and designation rules for fluorinated
compounds that are used as refrigerants and that are mentioned in this
doctoral thesis.

2.4.1 Single component refrigerants
The numbering and designation rules for refrigerants are standardised by
the ANSI/ASHRAE Standard 34-2016 [9]. The chemical composition of
halocarbons of the methane, ethane, ethene, propane, propene, butane,
butene and cyclobutane series can be explicitly determined from their
identification number. The identification number is assigned in such a way
that the first digit on the right corresponds to the number of fluorine atoms
in the compound; the second digit is one more than the number of
hydrogen atoms; the third digit from the right is one less than the number
of carbon atoms in the compound (can be omitted if zero); and the fourth
digit to the right equals the number of unsaturated carbon-carbon bonds
(can be omitted if zero) [9].
Atoms, identified by the above-stated rules, can be joined together in
different ways. Hence, the isomers of the molecules are differentiated by
the standard by assigning letters after the refrigerant number, as stated in
detail in the standard [9].
For instance, for propene series isomers, the isomers are distinguished by
assigning two lowercase letters, where the first (x, y or z) indicates
substitution on the carbon item with the largest sum of attached atomic
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masses, and the second (a, c, c, d, e or f) designates the substitution on the
terminal methylene carbon as defined by the ANSI/ASHRAE 34-2016
standard [9]. An additional capital letter (E or Z) is added to identify a type
of a stereoisomer, if it exists. An example of propene series isomers
designation is given in Table 2.
Table 2. Designation of selected propene series isomers [9].
Isomer
R1270
R1234yc
R1234zc
R1234ye(E)
R1234ye(Z)
R1234ze(E)
R1234ze(Z)
R1234yf

1st
letter
–F
–H
–F
–F
–H
–H
–F

2nd
letter
=CF 2
=CF 2
=CHF
=CHF
=CHF
=CHF
=CH 2

Chemical
formula
C3 H 6
CH 2F-CF=CF2
CHF2-CH=CF 2
CHF2-CF=CHF
CHF2-CF=CHF
CF 3-CH=CHF
CF 3-CH=CHF
CF 3-CF=CH2

Stereoisomer
−
−
−
Entgegen
Zusammen
Entgegen
Zusammen
−

2.4.2 Refrigerant mixtures
The ANSI/ASHRAE 34-2016 standard classifies refrigerant mixtures into
two categories – zeotropes and azeotropes – based on their ability to
change volumetric composition and saturation temperatures as they
evaporate or condense at a constant pressure [9]. Zeotropes are serially
assigned an identifying number in the 400 series, with a unique number
assigned to each set of refrigerants in the mixture. In order to differentiate
among different zeotropes with the same refrigerants but different
composition, a capital letter (A, B, C...) is added after the number. This also
applies to azeotropes in the R500 series.
For example, a blend of refrigerants R125, R143a and R134a are assigned
the R404 number; and if these refrigerants are mixed in the nominal
composition of 44/52/4 for R-125/143a/134a respectively, the blend is
recognised as R404A. If another set of refrigerants is mixed – the mixture
is assigned a different number. For instance, all mixtures of refrigerants
R32, R125 and R134a correspond to the R407 group of refrigerants, and
there are eight different compositions (A to H) of these refrigerants that
are recognised by the American Society of Heating, Refrigerating and Air
Conditioning Engineers (ASHRAE).
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2.4.3 Designation prefixes
The refrigerant identifying numbers are preceded by the letter “R”, the
word “Refrigerant” or, if not in the context of use on equipment nameplates
or in specifications, the manufacturers’ trademark.
Composition-designation prefixes are often used to indicate the
composition of compounds in non-technical publications in which the
environmental impact of refrigerants is assessed. The prefix is formed by a
set of letters, where the letter to the far right “C” stands for carbon; this
letter should be substituted with an “E” for ether-containing substances or
substituted with “O” for halogenated olefins. The letters “B”, “C” and “F”
stand for bromine, chlorine and fluorine, respectively; and the letter “H”
placed before the letters mentioned above indicates the presence of
hydrogen. For instance, the following prefixes can refer to non-ozonedepleting halogenated refrigerants: hydrofluorocarbons (HFCs),
hydrofluoroethers (HFEs) and hydrofluoroolefins (HFOs). For mixtures,
component prefixes are linked together (e.g. HFC/HFO mixtures).
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3 State of the art
3.1 Screening for suitable new refrigerants
A list of potential environmentally-friendly refrigerants for RACHP
systems has been identified by Mc Linden et al. [22] by screening over 60
million chemical structures and filtering them based on multiple criteria.
Thus, only molecules comprising the elements C, H, F, Cl, Br, O, N or S
were selected, and the maximum number of atoms in a molecule was
limited to 18. Further limitations of GWP below 1,000 and critical
temperature within a range of 320 and 420 K resulted in 138 fluids. After
filtering out highly toxic and unstable fluids, the screening resulted in
several fluids that could be considered as a refrigerant suitable for a unitary
AC system. These are listed in Table 3.
Table 3. Chemical names and GWP of the fluids identified by
McLinden et al. [22].
Fluid name

ASHRAE
designation
Hydrocarbons and dimethyl ether
Ethane
R170
Propene (propylene)
R1270
Propane
R290
Methoxymethane (dimethyl
RE170
ether)
Cyclopropane
RC270
Fluorinated alkanes (HFCs)
Fluoromethane
R41
Difluoromethane
R32
Fluoroethane
R161
1,1-Difluoroethane
R152a
1,1,2,2-Tetrafluoroethane
R134
Fluorinated alkenes (HFOs) and alkynes
Fluoroethene
R1141
1,1,2-Trifluoroethene
R1123
3,3,3-Trifluoroprop-1-yne
2,3,3,3-Tetrafluoroprop-1R1234yf
ene
(E)-1,2-Difluoroethene
R1132(E)
3,3,3-Trifluoroprop-1-ene
R1243zf
1,2-Difluoroprop-1-eney
R1252ye
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GWP
6
2
3
1
86*
92
675
12
124
1,100
<1^
3*
1.4*
4
1*
<1^
2*

Fluid name

ASHRAE
designation
R1234ze(E)

GWP

(E)-1,3,3,3-Tetrafluoroprop7
1-ene
(Z)-1,2,3,3,3-PentafluoroR1225ye(Z)
<1^
prop-1-ene
1-Fluoroprop-1-ene
R1261ze
1*
Fluorinated oxygenates
Trifluoro(methoxy)methane
RE143a
756
2,2,4,5-Tetrafluoro-1,31*
dioxole
Fluorinated nitrogen and sulphur compounds
N,N,1,120*
Tetrafluormethaneamine
Difluoromethanethiol
1*
Trifluoromethanethiol
1*
Inorganic compounds
Carbon dioxide
R744
1
Ammonia
R717
0
* GWP values as estimated using the method of Kazakov et al. [23]
^ GWP values as listed in the IPCC AR5 [24]
While most of the identified fluids have GWP values no greater than 150,
three fluids have GWP values up to 1,100. Even though a GWP of 150 and
more can be considered rather high for meeting the future requirements of
current legislation regulating the use of fluorinated gases, they have also
been included as they can be used as a component of refrigerant mixtures.
Only two non-flammable refrigerants have been identified: CO 2 and
R1225ye(Z). While CO2 is widely used as a refrigerant, R1225ye(Z) has an
estimated cooling capacity that is approximately four times lower than
R410A and is expected to be classified as toxic.

3.2 Evaluation of new refrigerants
Refrigerants are often evaluated in terms of their suitability for use in a
specific application. To be useful as a refrigerant, a substance (or a mixture
of substances) should satisfy a set of different criteria. Firstly, it should
have suitable chemical, physical and thermodynamic properties for a
specific system and working conditions; secondly, it should be safe to use,
including environmentally safe [25]. When these first two criteria are met,
other criteria can be applied, such as for instance good energy performance
(high efficiency and appropriate capacity).

23

The energy performance of a vapour compression system using a specific
refrigerant can be evaluated experimentally (in a purposely-designed
study) or theoretically (with numerical models using refrigerant
properties). The evaluation of new refrigerants is more often performed
using numerical models due to the complexities involved in the design of
experimental studies. The refrigerant property data that are used in such
numerical models is calculated using a certain equation of state (EoS).
Experimentally-determined data of several important thermodynamic and
transport properties of HFO and HCFO refrigerants and their mixtures
were recently reviewed by Bobbo et. al. [26]. The conclusion of the study is
that only R1234yf and R1234ze(E) have been extensively investigated in
terms of both thermodynamic properties (critical point (CP), saturated
pressure, pressure, temperature and volume (PVT) in single-phase regions,
isobaric specific heat (cp) and acentric factor (ω)), and transport properties
(thermal conductivity (λ), dynamic/kinematic viscosity (μ/ν), and surface
tension, σ), Table 4. These are also the components of the mixtures,
containing HCFO and/or HFO, for which the experimentally measured
property data are available.
Table 4. Number of peer-reviewed literature references reporting
experimental data/estimations for the important thermophysical
properties of several HFO and HCFO refrigerants [26].
ANSI/ASHRAE
designation
R1123
R1141
R1132(E)
R1234yf
R1243zf
R1234ye(E)
R1234ze(E)
R1225ye(Z)
R1132(Z)
R1225ye(E)
R1234ze(Z)
R1233zd(E)
R1336mzz(E)
R1336mzz(Z)
R1354mzy(E)
R1354myf(E)
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CP
2
2
1
2
1
1
1
1
1
-

Thermodynamic
properties
Psat
PVT cp
2
2
11
10
5
2
1
13
14
6
1
1
8
7
4
5
1
1
1
4
1
1
3
1
-

ω
4
4
1
2
1
-

λ
1
2
1
-

Transport
properties
μ/ν
σ
7
2
1
4
3
2
1
1
2
-

Refrigerants identified in a screening study, referred to in Section 3.1, have
been compared to several conventional refrigerants with regards to their
energy efficiency in a vapour compression cycle (indicated by COP) and the
refrigeration effect per unit volume of refrigerant vapour that enters the
compressor (volumetric cooling capacity, Q vol). Where available,
refrigerant property data were calculated using the detailed EoS
implemented in the REFPROP database, although for the majority of fluids
the EoS that required less input was used due to the limited amount of
experimentally available data for new fluids.
Figure 3 shows the COP and Q vol of selected refrigerants operating in a
basic vapour compression cycle, along with the safety characteristics of
refrigerants. Whereas a slight variation of COP can be seen in the modelled
conditions, the expected cooling capacity varies greatly between
refrigerants.

Figure 3. Coefficient of performance and volumetric capacity of
selected low-global-warming potential fluids [22].

3.3 Naturally occurring substances
CO2 is a lower toxicity refrigerant that is mainly used in domestic water
heating heat pumps and commercial refrigeration applications. Its critical
temperature of 31 °C is rather low and it is used in RACHP systems
operating in transcritical cycles and at considerably high-pressure levels.
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CO 2 is a non-flammable, low GWP refrigerant that is suitable for extended
use in refrigeration and heat pump applications. Thus, it will play its role
in meeting the F-gas Regulation and the targets of the Paris Agreement.
Recent studies show that modern CO 2 supermarket refrigeration systems
are also energy efficient, particularly taking into account the efforts to
create integrated CO 2 systems, as well as optimize the system and its
components [27]–[29].
Hydrocarbons (e.g. propane, isobutane) are known refrigerants with
properties that result in their efficient operation in vapour compression
cycles [30]. Isobutane dominates the domestic refrigeration market in the
EU and propane is being used in applications such as heat pumps and small
commercial applications. Considering the ever-increasing demand for
efficient refrigerants with low GWP, hydrocarbons have been used in
applications in which their high flammability (A3 safety class) does not
impose safety risks.
To ensure the safe use of flammable refrigerants, their number is limited
depending on the application and the intended location of such a system
[31]. Refrigerant charge minimisation in a vapour compression system is
an approach towards the wide adoption of flammable refrigerants. For
instance, it was demonstrated that with deliberate system design, it is
possible to create a heat pump system capable of delivering a 10 kW
heating capacity with as low as 100 g of propane charged into the system,
thus indicating that it is possible to fulfil a significant cooling load with a
low amount of propane [32]. Additionally, the refrigerant charge limit of
500 g, set by the recently updated standard that stipulates requirements
for commercial refrigerating appliances and ice-makers [33], will allow a
further extension of the use of hydrocarbon solutions.
Ammonia, a high toxicity and lower flammability natural refrigerant that
has been used in vapour compression systems since the 1870s, is widely
used in large-scale commercial and industrial refrigeration plants. While
ammonia has proven to be an efficient refrigerant in industrial applications
[34], there is still an opportunity to use ammonia in low charge systems
[35], [36].

3.4 New single component refrigerants
Of the fluids that have been identified by McLinden et al. [22] in a
screening process, only six have been recently added to the list of
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refrigerants reported in the ANSI/ASHRAE 34 standard and can be
considered to be new refrigerants for the purpose of this study.
The presence of chlorine in R1224yd(Z), R1233zd(E) and R1130(E)
indicates the potential for ozone depletion and therefore does not satisfy
the zero ODP criterion set in the limitations of this study. The remaining
three refrigerants are listed in Table 5 along with their GWP and normal
boiling point.
Table 5. New single component refrigerants.
Refrigerant

GWP

GWP
reference

Normal boiling
point

R1132a

<1

[24]

-86.7

R1336mzz(E)

16

[37]

7.4

R1336mzz(Z)

2

[24]

33.4

3.5 New refrigerant mixtures
A number of refrigerant mixtures have been proposed by various chemical
companies. The number of proposed mixtures has been particularly
growing in recent years. The list of currently known refrigerant mixtures
comprises more than one hundred mixtures and is constantly growing [9].
A list of newly developed mixtures is presented in Annex B.
Refrigerant mixtures have been developed to extend the variation of
properties of the resulting refrigerant mixtures. Reducing GWP but
maintaining low or no flammability is a typical trend of current refrigerant
mixture development. Other desired properties include increasing
volumetric cooling capacity and improving energy efficiency.
All recently developed mixtures can be categorised based on their
properties. They are grouped here according to their normal boiling point
(NBP) (for azeotropic mixtures) or bubble point value in normal conditions
(for zeotropic mixtures). For all but one of the recently developed mixtures,
this value is in the range from -58.4 °C to -18.0 °C, which allows the
operating pressures in a typical RACHP system to remain above
atmospheric pressure. One mixture has been formulated with NBP of 29.0
°C by blending two new single component refrigerants R1336mzz(Z) and
R1130(E). This mixture, designated R514A, is suitable for hightemperature heat pump applications and as a working fluid in organic
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Rankine cycles, although its operation in typical RACHP applications will
involve operating pressures below atmospheric pressure. The presence of
chlorine in its composition suggests a certain ODP to this mixture.
The composition of the new mixtures is listed in Annex B. The bubble and
dew points, ASHRAE safety class, GWP values and intended application of
the new zeotropic mixtures are shown in Table 6. The NBP, ASHRAE safety
class, GWP values and intended application of the new azeotropic mixtures
are shown in Table 7.
Although a substantial number of mixtures is listed in Table 6 and Table 7,
the development of additional mixtures is still ongoing. Among recently
analysed mixtures are, for instance, 22 alternatives to R134a, which have
been estimated to be non-flammable or “borderline flammable” by
Domanski et al. [38] and a mixture of R32, R125 and R13I1 (49, 11.5 and
39.5% in composition, by mass, respectively) that is a proposed nonflammable substitute to R410A. The R13I1 component, an iodine
compound primarily used as a fire suppressant, contributes to reduced
flammability of the mixture and a resulting GWP below 750. Thus, the
proposed mixture is the lowest GWP non-flammable alternative to R410A,
although its properties remain to be known in detail.
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452C

452B

452A

451A
451B

450A

449C

449B

449A

448A

407G
407H
407I
444B
446A
447A
447B

Refr.

-40.2

-46.1

-51.0
-47.5

-30.8
-31.0
-47.0

-50.3
-44.2

-30.5
-30.6
-43.2

-38.1
-22.8

-39.9

-46.0

-44.6
-23.4

Dew
point
-27.2
-37.6
-33.0
-34.9
-44.0
-44.2
-46.0
-39.8

Bubble
point
-29.2
-44.7
-39.8
-44.6
-49.4
-49.3
-50.1
-45.9

A2L
A1

A2L
A2L
A1

A1
A1

A1

A1

Safety
class
A1
A1
A1
A2L
A2L
A2L
A2L
A1

698
2,220

149
164
2,140

1,251
605

1,412

1,397

1,463
1,495
1,459
296
461
583
741
1,387

GWP

similar to R134a with higher capacity
medium and low temperature commercial refrigeration
not provided
replacement for R22/R407C
replacement for R410A in stationary air conditioners
replacement for R410A in stationary air conditioners
replacement for R410A in stationary air conditioners
non-flammable replacement for R404A in low and medium
temperature commercial and transport refrigeration
non-flammable replacement for R404A in low and medium
temperature commercial and transport refrigeration
non-flammable replacement for R404A in low and medium
temperature commercial and transport refrigeration
non-flammable replacement for R404A
non-flammable replacement for R134a in medium temperature
commercial refrigeration
replacement for R134a
replacement for R134a
non-flammable replacement for R404A in low and medium
temperature commercial and transport refrigeration
replacement for R410A in chillers
non-flammable replacement for R404A in low and medium
temperature commercial refrigeration

Intended application

Table 6. New zeotropic mixtures [9] [39].
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460C
461A
462A
463A

460B

460A

459B

458A
459A

457A

456A

455A

454C

454B

454A

453A

Refr.

-26.0
-37.0
-36.6
-46.9

-37.1

-45.2

-29.2
-42.0
-42.6
-58.4

-37.2

-35.5

-42.7

-44.6

-25.6

-30.4

-32.4
-48.6
-36.1

-39.1

-51.6

-39.8
-50.3
-44.0

-50.0
-37.8

-41.6

-48.4

-50.9
-46.0

Dew
point
-35.0

Bubble
point
-42.2

A1
A1
A2
A1

A1

A1

A1
A2L
A2L

A2L

A1

A2L

A2L
A2L

A2L

Safety
class
A1
non-flammable retrofit replacement for R22 for air conditioning
and refrigeration applications
replacement for R404A in low and medium temperature
commercial refrigeration
replacement for R410A
replacement for R404A in low and medium temperature
commercial refrigeration (hermetic units)
replacement for R404A in low and medium temperature
commercial refrigeration (hermetic units)
non-flammable replacement for R134a in medium temperature
commercial refrigeration
replacement for R404A in low and medium temperature
commercial refrigeration
non-flammable replacement for R22
replacement for R410A
replacement for R404A in low and medium temperature
commercial refrigeration
non-flammable replacement for R404A in low and medium
temperature commercial refrigeration
non-flammable replacement for R404A in low and medium
temperature commercial refrigeration
non-flammable replacement for R134a
not provided
replacement for R22
non-flammable replacement for R410A

1,765

766
2,767
2,249
1,494

1,352

2,103

1,650
460
145

139

687

148

466
148

239

Intended application

GWP

Bubble
point
-46.5
-51.8

Dew
point
-36.9
-40.0

Safety
class
A1
A2
1,323
145

GWP
non-flammable replacement for R404A
replacement for R404A

Intended application

NBP,
°C
-29.2

Safety
class
A1

513A

631

GWP

Intended application

non-flammable replacement for R134a in medium temperature commercial
refrigeration and chillers
-29.2 A1
596
non-flammable replacement for R134a in medium temperature commercial
513B
refrigeration and chillers
514A
29.0
B1
<1^
high temperature heat pumps
515A
-18.0 A1
393
non-flammable replacement for R134a, proposed for flooded chillers
516A
-29.4 A2L
142
replacement for R134a in medium temperature commercial refrigeration
^ Value from [37], GWP AR4 is not available.

Refr.

Table 7. New azeotropic mixtures [9] [39].

464A
465A

Refr.

31

3.6 Chemical stability and material compatibility of
new refrigerants
The standardised method for testing the various materials used within
refrigeration systems is described in the ANSI/ASHRAE 97 standard [40],
which is regarded as an accelerated screening tool that can provide
valuable insight into the chemical stability of system materials.
In real refrigeration systems, different materials are exposed to a
refrigerant over extended periods of time and at varying temperatures and
pressures. The standard proposes an approach to accelerate the interaction
of materials with refrigerants and oils by aging refrigerants and materials
in sealed tubes at elevated temperatures for a certain period. While the
experimenter selects the temperature and time, a typical temperature
range of 100–200 °C is often used. An example of a typically used time
period that is used in lubricant stability tests is 14 days, although periods
of up to one year or longer have been reported.
The final stage in the testing procedure is to analyse the results of aging.
The analysis often includes a visual inspection in which the contents of the
tube are visually inspected and analysed. Other methods of analysis that
are often performed include gas chromatography, mass spectroscopy and
other methods.
As the sealed glass tube method helps to evaluate the compatibility of
materials and refrigerants being aged under static conditions, it fails to
identify the influence of external stresses such as mechanical vibration and
refrigerant movement that will likely take place in a real system during its
operation. Thus, the compatibility of materials can be additionally
evaluated on a component or system level.
An extensive study has been conducted by the American Air Conditioning,
Heating and Refrigeration Institute (AHRI) in its Material Compatibility
and Lubricants Research for Low GWP Refrigerants project, which was
performed in two phases. The first phase of the project focused on the
thermal and chemical stability of low GWP refrigerants with lubricants
[41]. R1234ze(E), R1234yf and 50/50 R32/R1234yf refrigerant mixture
were analysed in combination with two different polyol ester (POE) and
polyvinyl ether (PVE) oil lubricants, as well as a set of contaminants (air,
water, and combination of both). The results have been compared with
control samples and also with the baseline refrigerants R134a and R410A.
It was demonstrated that small but detectable concentrations of fluoride
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ions have been observed in samples prepared with R1234yf (including
R32/R1234yf mixture), whereas no fluorine ions were detected using
samples with baseline R134a and R410A. The presence of air and water has
been shown to have an adverse effect on the stability of HFO refrigerants
and differences were observed in refrigerant stability between R1234ze(E)
and R1234yf refrigerants, whereas R1234ze(E) was more stable than
R1234yf when tested with different lubricant oils (mixed acid and a
branched acid POE and PVE oil).
The project continued with the second phase that investigated the material
compatibility of low GWP refrigerants with materials used in the
construction of typical refrigeration systems [42]. The material
compatibility study has been conducted using R1234yf, R1234ze(E) and
their three-component mixture with R32. A set of materials used in the
analysis comprised different types of elastomers, polymers and other
materials and were listed in the project report [43]. While concerns have
been reported regarding the material compatibility of the analysed
refrigerants with specific elastomers, gaskets and polymers, the results
suggested that many currently used seal and structural polymer materials
are suitable for use with R1234yf and R1234ze(E), although interactions
between ester-based materials and R1234ze(E) require additional
investigation [44]. The results of the analysis are listed in the project report
[42] and are summarised in the conference article [44].
The most recent study on material compatibility is a publication that
investigates the material compatibility between refrigerants and polymers
of R1234yf, R1234ze(E) and R1233zd(E) with refrigerants R134a and
R245fa used as a baseline. Additionally, R1234yf and R1234ze(E) mixtures
with R134a (R450A and R513A, respectively) have been analysed [45]. In
the publication, the authors discussed different mechanisms for fluidpolymer interaction that can occur in a refrigeration system. In addition to
a set of chemical processes (e.g. dissolution of external plasticizers within
the fluid, chemical sorption of the fluid within the polymer matrix), the
effects of physical mechanisms were discussed (e.g. absorption,
permeation and adherence of a refrigerant within the polymer matrix;
pressure and temperature effects).
Thus, the study provides valuable information for the understanding of
processes that influence the compatibility of refrigerants with different
materials. For instance, the polarity of refrigerant fluid is said to be of great
significance. Thus, the electric dipole moment of R1234yf is nearly two
times greater than the electric dipole moment of R1234ze(E). This is
despite both molecules having the same atoms and is a result of their
different structure, in which R1234yf has a carbon double bond with all
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fluorine atoms situated on one side, compared to R1234ze(E), in which
fluorine atoms can be found on both sides of the carbon double bond,
Figure 4.

R1234yf
R1234ze(E)
Figure 4. The structural formula of R1234yf and R1234ze(E).
Table 8 shows the results of the material compatibility study of two
compositions of fluororubber (FKM), two compositions of ethylenepropylene-diene rubber (EPDM), chloro-butadiene rubber (CR), nitrile
butadiene rubber (NBR), polytetrafluoroethylene (PTFE) and
polypropylene (PP). The influence of different fluid-polymer interaction
mechanisms has been investigated.
Regarding R1234yf, R1234ze(E), R450A and R450A, no significant
differences in their material compatibility characteristics compared to
R134a have been identified. However, R1233zd(E) (a refrigerant used in
centrifugal chillers and low-temperature organic Rankine cycle systems)
shows significantly different material compatibility characteristics than
the baseline refrigerant R245fa (see Table 8), even though it has been
proposed as its drop-in alternative [46].

Polymer

R245fa

R1233zd(E)

R134a

R450A

R513A

R1234yf

R1234ze(E)

POE

Table 8. Compatibility of the investigated polymers and
refrigerants [45].

FKM 1
FKM 2

x
x

x
x

x
x

x
x

x
x

x
x

x
x

+
+
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POE

R1234ze(E)

R1234yf

R513A

R450A

R134a

R1233zd(E)

R245fa

Polymer

EPDM 1 ─
x
x
─
─
─
─
─
EPDM 2 +
+
+
+
+
+
+
─
CR
─
─
─
─
─
─
─
─
NBR
+
─
─
─
─
─
─
─
PTFE
+
+
+
+
+
+
+
+
PP
x
+
+
+
+
+
+
─
+ - good compatibility, ─ - limited compatibility, x – poor compatibility
Thus, the compatibility of materials with refrigerants is an important
characteristic that allows a refrigeration system to operate for an extended
period of time. The failure of refrigerants to meet material compatibility
requirements can lead to material deterioration, which can result in, for
example, refrigerant leaks and electrical short circuits and is therefore a
safety concern. The chemical composition of new refrigerants differs from
each other and with the chemical composition of conventional HFC
refrigerants. Thus, a difference in their material compatibility properties
can be expected. Often, only a minor difference is observed although this
does not prevent new refrigerants from being used instead of conventional
refrigerants. In some cases, the observed difference in compatibility is
significant. It is therefore necessary to confirm the material compatibility
of new refrigerants before they are used with materials in the refrigeration
system.

3.7 Summary
A screening of over 60 million chemical compounds has identified several
substances suitable for use as a refrigerant in a vapour compression cycle.
Some of these substances (e.g. R1234yf, R1234ze(E), R152a, natural
refrigerants) are known to the refrigeration industry and have been
previously studied. Many of them are substances that have only recently
been considered for use as refrigerants. While their expected performance
in a vapour compression system can be estimated, their full assessment has
been delayed due to the lack of models that use detailed EoS, as well as a
lack of experimentally obtained data.
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Only three substances with no ODP have been introduced recently. These
are suitable in specific applications that require very low (R1132a) or very
high (R1336mzz(E) and R1336mzz(Z)) evaporating temperatures. Many
new refrigerants have been formulated in the form of refrigerant mixtures
that can be used in a wide range of operating conditions.
Reducing GWP but maintaining low or no flammability is a typical trend
in current refrigerant mixture development, although other mixture design
criteria are also used. The development of new mixtures continues to
satisfy the demands of the refrigeration and heat pump industry and
various mixtures are still being proposed by chemical manufacturers. The
analysis of this thesis is limited to new refrigerants and mixtures that have
already been approved and designated by the ASHRAE committee and
their safety classifications based on toxicity and flammability data are
therefore available.
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4 Methodology
This chapter describes the methodology of the thesis. The chapter is
complementary to the methodologies presented in the six papers appended
to the dissertation.
The investigations presented in this thesis started with the identification of
the requirements imposed by the F-gas Regulation and the Montreal
Protocol on the refrigeration industry and newly introduced refrigerants.
The newly introduced refrigerants have been grouped into three different
groups based on their intended application (alternatives to R404A, R134a,
and R410A). These refrigerants have been further assessed concerning
their thermophysical properties, environmental characteristics and
theoretical energetic performance in a basic vapour compression cycle. The
direct impact of a refrigerant emission on climate change has been assessed
using the global warming potential metric (GWP) for the time horizon of
100 years.
Since theoretical analysis cannot incorporate the complexities of real
system operation, several refrigerants have been selected for further
experimental analysis. The selection was based on the results of a
theoretical analysis and additionally took into consideration the
commercial availability of selected refrigerants at the beginning of
experimental work planning.
Hence, a commercially available refrigerant R449A has been evaluated in
an existing supermarket indirect refrigeration system. Two commercially
available refrigerants R450A and R513A have been evaluated in a small
capacity refrigeration system under different operating conditions. The
experimental procedure was designed to assess the suitability of new
refrigerants for replacing conventional high GWP refrigerants in existing
refrigeration systems, and to evaluate their suitability for new systems.
Recognising the impact of refrigeration systems on climate change and the
urgent need to reduce global warming, a combination of direct and indirect
GHG emissions were evaluated using TEWI and LCCP metrics. Finally, a
modification to the LCCP metric calculation approach has been proposed.
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4.1 Basic vapour compression refrigeration system
In a vapour compression refrigeration cycle, a liquid refrigerant is
maintained at a low pressure, allowing it to evaporate while absorbing the
heat from a low-temperature heat source. After evaporating, it is
compressed to a higher pressure level that permits the refrigerant to
condense while rejecting heat to a high temperature heat sink. A
compressor is used to maintain two different pressures and circulate the
refrigerant. After condensing, the liquid refrigerant enters an expansion
device that is used to reduce the pressure to a lower level, thus completing
the cycle.
A basic vapour compression refrigeration system is a system that utilises
the vapour compression refrigeration cycle and comprises an evaporator,
condenser, compressor and expansion device, which are connected using
the pipework. A motor is used to operate a compressor and a refrigerant
serves as a working fluid to transfer the absorbed heat [25]. A principal
schematic diagram of a basic vapour compression refrigeration cycle is
shown in Figure 5.

Figure 5. Equipment diagram for a simple vapour compression
system [25].
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When the operating parameters of a vapour compression refrigeration
system operating with different refrigerants are compared, the comparison
can be performed at equal evaporating and condensing temperatures. For
the refrigerant mixtures that exhibit a change in saturation temperature
(temperature glide) during a phase change at constant pressure, the
comparison is made at similar mean evaporating and mean condensing
temperatures, which can be defined by Equation 1 and Equation 2,
respectively [47].
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4.2 Metrics for environmental effect assessment

4.2.1 Global warming potential (GWP)
GWP is a metric used to quantify the climate impacts of various GHGs.
GWP is defined as the time-integrated radiative forcing resulting from the
pulse emission of a given substance, relative to the pulse emission of an
equal mass of CO2 [24]. An integration period of 100 years is often used
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and reported, although other time periods can be used. The choice of a 100year integration period is arbitrary and there are no scientific grounds for
selecting it, even though it significantly impacts the calculated GWP values.
GWP values for different substances are regularly updated to incorporate
changes in the scientific understanding of the involved processes, as well
as incorporate changes in the atmospheric concentration of CO 2. The
amendment reports of the Intergovernmental Panel on Climate Change
(IPCC) list the GWP values of most single component refrigerants, whereas
the GWP values of refrigerant mixtures are calculated as a weighted
average, derived from the sum of the weight fractions of the individual
substances multiplied by their GWP [8].
The most recent GWP values were reported by the World Meteorological
Organization in their recent report [37], whereas the values of the IPCC
from 2007 [48] are mainly adopted in legislation like the F-gas Regulation
and the Montreal Protocol (with the Kigali Amendment), which use GWP
metrics for comparing emissions of different GHGs on a common “CO 2 eq.”
scale.
Concerning the GWP of refrigerants, they are often assigned a specific
group, for example, “low GWP” or “high GWP” refrigerants. An attempt to
define a GWP values scale has been made by the United Nations
Environment Programme (UNEP) [49], where it was suggested to
implement a specific scale of GWP values from “ultra-low” to “ultra-high”
since the commonly used terms (e.g. “low GWP” and “high GWP”) are of a
comparative nature and therefore need to be seen in relation to a specific
GWP value. However, this scale is not widely used and no commonly
agreed scale exists.

4.2.2 TEWI and LCCP
The substantial amount of global GHG emissions from the cooling sector
are indirect emissions resulting from the carbon footprint of the used
energy generation. Total equivalent warming impact (TEWI) is an
environmental metric that incorporates direct and indirect GHG emissions
from the cooling sector, thereby providing a better indication of the global
warming impact of a cooling system.
The calculation of the TEWI parameter is noted in the European Standard
EN378, which states that the TEWI factor is calculated by the formula
shown in Equation 9. The scope of the calculation can be extended by the
addition of a component that reflects the direct emissions of any other
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GHGs that could be present in a system (e.g. GHGs embedded in
insulation).
=
where
L
n
m

∙

∙

+[
+ ∙

∙

∙

∙ (1 −

)] +

(9)

is leakage, in kg·year-1;
is system operating time, in years;
is refrigerant charge, in kg;
is recovery/recycling factor, 0 to 1;
is energy consumption, in kWh·year -1;
is CO2-emission, in kg·kWh-1.

Life cycle climate performance (LCCP) extends the scope of the TEWI
metric by accounting for energy embodied in product materials, GHG
emissions from chemical manufacturing, end-of-life disposal of a unit,
transportation leakage, manufacturing leakage and refrigerant
manufacturing emissions [50]. It is therefore considered to provide a more
comprehensive evaluation of global impact than TEWI. The IIR proposes
the methodology for LCCP calculation in the guidelines for life cycle
climate performance [50].

4.3 Experimental evaluation of alternative
refrigerants

4.3.1 Retrofit of an R404A system
In this section, the method utilised in Paper B is described. The analysed
system is an indirect refrigeration system located in Södertälje, Sweden.
The system forms part of a refrigeration plant used to provide cooling at
temperatures between -9 and -5 °C (a medium temperature system). A
simplified schematic of the analysed system is shown in Figure 6 and a
photo of the machine room is shown in Figure 7.
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Figure 6. Simplified schematic of the analysed indirect
refrigeration system.

Figure 7. Analysed system (photo taken in a machine room).
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The main components of the analysed system comprise a compressor,
evaporator, condenser, subcooler and an expansion device. The main
information on the system components is summarised in Table 9.
Table 9. Main components of the analysed supermarket
system.
Component
Compressor
Evaporator

Type
Semi-hermetic
reciprocating
Plate heat exchanger

Condenser

Plate heat exchanger

Subcooler
Expansion device

Plate heat exchanger
Electronic expansion
valve

Model
Bitzer 8GC-60.2Y
Alfa Laval AC-120150-EQ
Alfa Laval AC-120110-EQ
Alfa Laval CB-52-50H
N/A

In order to monitor operation, the system was equipped with two pressure
transducers (0–10 bar(g) for the low pressure side, 0–35 bar(g) for the
high pressure side, ±1% accuracy, full scale) and eight PT1000 temperature
sensors (class A, ±0.15 °C at 0 °C) measuring temperature at the inlets and
outlets of the heat exchangers. Compressor electricity consumption was
measured using an EP Pro Class B power meter (±1% accuracy). The main
system components, together with the used measurement equipment, are
shown in the schematic diagram in Figure 8.
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Figure 8. Schematic of the vapour compression system.
Before retrofitting the system with an alternative refrigerant, the baseline
performance with R404A was established by observing the operation of the
system in different operating conditions. The baseline operation was
recorded over 31 days period at 30-second intervals. An example of a onehour R404A system operation is illustrated in Figure 9.

Figure 9. Main parameters of R404A system operation. Sample
record during a one-hour period.
Following this, the retrofit was performed in accordance with the
refrigerant manufacturer’s guidelines. This included the EXV controller
settings adjustment in order to provide similar superheat as before the
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conversion (approx. 7 °C), lubricant oil substitution (same type, POE oil)
and adjustment of the amount of refrigerant charge (4% increase in mass).
Finally, R449A data was recorded over 46 days at 30-second time intervals.
The recorded data covered a wide range of operating conditions and was
used for evaluating R449A as an alternative to R404A. In addition to
directly measured parameters, several parameters were calculated using
the directly measured data.
Thus, refrigerant mass flow when operating with R404A has been obtained
from the manufacturer’s data based on the operating conditions of the
system [51]. The refrigerant mass flow when operating with R449A was
calculated using volumetric compression efficiency, refrigerant vapour
density at the compression suction point and the compressor’s geometric
information (displacement of 185 m 3 h−1 at a nominal frequency, 50 Hz),
Equation 10.
̇

=

∙

∙ ̇

(10)

The volumetric efficiency of the compressor working with R449A has been
calculated using Equation 11, where the PR is the ratio of the compressor
discharge pressure (Pdisc) to the compressor suction pressure (Psuc) and the
heat capacity ratio k is calculated by dividing the heat capacity at a constant
pressure (cp) by the heat capacity at a constant volume (cp). This equation
is derived from the ideal volumetric efficiency (taking into account
isentropic compression) of a gas that is a function of a dead space ratio
(DR), a PR and k [25], as shown in Equation 12.
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)
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The cooling capacity and COP of the system were calculated using Equation
5 and Equation 7, respectively.

4.3.2 Retrofit of an R134a system
In this section, the method utilised in Paper C and Paper D is presented.
In both papers, a small capacity vapour compression refrigeration system
has been used, Figure 10.
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The main refrigeration circuit of the system comprises a compressor (fully
hermetic rotary type, motor rating of 550W nominal power, a displacement
of 2.63 m 3 per hour) that was originally designed for R134a. The oil
separator is installed after the compressor and facilitates the return of a
lubricant oil (polyolester type). The evaporator (plate heat exchanger, HX)
absorbs the heat load supplied by a ethylene glycol/water brine closed loop
and provided by a controlled heater; the condensing heat is removed to
open the tap water loop, which is controlled by the water valve that
maintains the condenser pressure at a set level. The expansion device used
is a thermostatic expansion valve with the orifice assembly selected for use
with R134a. A schematic diagram of the experimental test bench is shown
in Figure 11.

Figure 10. A small capacity vapour compression refrigeration
system.
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Figure 11. Schematic diagram of the experimental test bench.
The measured parameters include temperature (at inlets and outlets of the
HXs and compressors, before the expansion device), pressure (at
compression inlet and outlet, before the expansion device, and differential
pressure measurement at the evaporator), refrigerant mass flow and
electric power used by the compressor and electrical heater. A list of the
used sensors, along with the uncertainty of their measurements, is
specified in Table 10.
Table 10. Used sensors and their uncertainty.
Variable

Sensor

Uncertainty

Temperature

Type T thermocouples

±0.1 °C

Pressure

Pressure transducer

±0.08% full scale best
straight line

Pressure

Pressure transmitter

±0.2%, span

Differential
pressure

Differential
transducer

±0.25%, reading

Mass flow

Coriolis

±0.5%, reading

Electric power

Multivariable
transducers

±0.2%, reading

pressure

All the measurements were recorded at 10-second intervals using the data
acquisition system and transferred to a personal computer. The steadystate operation (high and low pressures are within ±2.5 kPa, temperatures
are within ±0.5 K) has been recorded over a period of 30 minutes and
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stored for further analysis. The directly measured parameters of a data
point used to represent each of the operating conditions is an average of 10
(Paper C) or 20 (Paper D) final minutes of the 30-minute steady-state
operation. The calculated parameters of a data point are calculated based
on the directly measured parameters using refrigerant properties obtained
from REFPROP 9.1 [52].
Several test scenarios have been experimentally evaluated using the
system. Firstly, the test conditions set in Paper C have been selected to
represent the R134a drop-in replacement scenario with refrigerant R450A.
As such, system operating parameters were recorded using R134a and the
R450A parameters were recorded following R134a drop-in replacement
with R450A. The only controlled parameter was the superheating (SH)
degree adjustment, whereas the subcooling (SC) degree varied depending
on the operating conditions and SH degree adjustment. A summary of the
operating conditions used in Paper C is listed in Table 11.
Table 11. Test operating conditions used in Paper C.
Operating conditions

R450A

R134a
in °C

Evaporating temperatures
Condensing temperatures

[-15,12.5]
at increments of 2.5
25, 30 and 35

Average measured superheating degree

12.1

10.9

Average measured subcooling degree

11.2

6.4

Secondly, the test conditions set in Paper D have been selected to analyse
the performance of R513A and R450A as alternatives to R134a in a system
designed for R134a and operating in conditions of high ambient
temperatures. In this study, system operating parameters were recorded
using R134a and the parameters of the alternatives were recorded
following R134a drop-in replacement with R450A and R513A. The
controlled parameters in this study were SH degree adjustment (using the
TXV screw), and SC degree adjustment (through refrigerant charge
adjustment). A summary of the operating conditions used in Paper C is
listed in Table 12.
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Table 12. Test operating conditions used in Paper D.
Operating conditions

R134a

R450A

R513A

in °C
Condensing temperatures

[40, 60] at increments of 10

Evaporating temperatures

[-10, 15] at increments of 5

Average measured superheating degree

11.5

11.5

11.4

Average measured subcooling degree

9.8

10.0

9.8
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5 New refrigerants in the context of the
requirements of the F-gas Regulation
The information presented in this chapter is based on the findings
demonstrated in Paper A which are complemented with additional
information to address the research question RQ1. The context is given by
reviewing the conventional high GWP refrigerants used in the EU in
Section 5.1; the requirements of the F-gas Regulation are reviewed in the
context of the newly developed refrigerants in Section 5.2. To assist further
analysis, new refrigerants have been organised into several groups in
Section 5.3 and further analysed in Section 5.4 in comparison with the
commonly used HFCs they are proposed to replace.

5.1 Fluorinated gases used in the EU
The F-gas Regulation defines fluorinated GHGs as hydrofluorocarbons,
perfluorocarbons, sulphur hexafluoride and other greenhouse gases that
contain fluorine, listed in Annex I of the F-gas Regulation, or mixtures
containing any of these substances [8]. According to the statistics
presented by the European Environmental Agency, 75% of F-gases
supplied in the EU were intended for use in RACHP applications. The
remaining F-gases were used in foams, aerosols, electrical equipment and
other applications [53]. The intended use patterns of different F-gases, as
recognised by European Environment Agency statistics, suggests that
HFCs are currently primarily used as refrigerants and, to a lesser extent, in
aerosols and as foam blowing agents [53].
The most prevalent HFCs supplied, in terms of their CO 2-eq., are R125,
R134a, R143a and R32, representing 92% of the EU’s total HFC supply, of
which R134a is the dominantly supplied refrigerant in the EU (40.8 kilo
tonnes supplied) [54]. The remaining 8% was from R23 (1%), R227ea (3%)
and a few other HFC substances.
Various F-gases are used in pure form, as well as being used as components
of a refrigerant mixture. Typical HFC refrigerants used in various
application sectors are shown in Table 13. Moreover, the composition of
the mixtures is shown in Table 14. It can be concluded that typical
refrigerants comprise the four most supplied F-gases in the EU, if
measured in CO 2-eq.
All currently supplied refrigerants have become widely used as a result of
the substitution of previously used ozone-depleting refrigerants. All the
refrigerants are classified according to the ANSI/ASHRAE 34 standard as

50

lower toxicity non-flammable refrigerants [9]. R134a is a refrigerant used
in medium temperature applications. It has an NBP of -26.1 °C and its
critical temperature of 101.1 °C allows its use in a wide range of
applications, including applications with high condensing temperatures. It
has been adopted as a replacement to ozone-depleting R12, despite the fact
that more energy-efficient options with lower GWP were known at the time
of adoption [55].
Table 13. Typical refrigerants used in different application
sectors in the EU [56].
Application sector
Heat pumps
Commercial & industrial refrigeration
– centralised systems & condensing
units
Self-contained systems (hermetically
sealed)
Air conditioning
Transport refrigeration

HFC refrigerant used
R134a, R407C, R410A
R134a, R404A, R407A,
R507A
R404A
R410A, R407C
R404A

Table 14. Composition in mass percentage of commonly used
HFC refrigerants [9].
R404A

R407A

R407C

R410A

R507A

R134a

4

40

52

0

0

R125

44

40

25

50

50

R143a

52

0

0

50

R32

0

23

50

0

20

R410A and R407C have been developed to replace R22 in small and
medium-sized air conditioning, heat pumping, and refrigeration
equipment. While R407C has been formulated to be suitable for retrofits
of R22 systems, R410A has been suggested for newly designed systems
[57]. Many new refrigerant mixtures have been formulated as alternatives
to R410A, whereas the interest to formulate alternative to R407C is low.
R404A and R507A are dominant in commercial refrigeration and
transport refrigeration applications [58]. These refrigerants have replaced
the ozone-depleting mixture R502 in systems operating at low
temperatures. Currently, they are also used in medium temperature
systems and commercially used hermetically sealed self-contained
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systems. R407A has been used as an alternative to R404A in commercial
refrigeration with reduced GWP [59]. However, its use is limited and new
alternatives to R404A with lower GWP are being proposed. Dur to the
similarities in main properties between R404A and R507A, new
refrigerants formulated as alternatives to R404A can be also concidered as
alternatives to R507A. The main properties of these refrigerants are
summarised in Table 15.

R404A

R507A

R407A

R407C

R410A

NBP/bubble point
at 1 atm, °C
Tcrit, °C
Pcrit, MPa
GWP

R134a

Table 15. Main properties of typical refrigerants used in
different application sectors in the EU [60].

-26.1

-46.2

-46.7

-45.0

-43.6

-51.4

101.1
4.06
1,430

72.1
3.73
3,922

70.6
3.70
3,985

82.3
4.51
2,107

86.2
4.63
1,774

71.3
4.90
2,088

5.2 Implications imposed by the F-gas Regulation
To achieve the objective of the F-gas Regulation to protect the environment
by reducing emissions of F-gases, this regulation [8]:
• establishes rules on containment, use, recovery and destruction of
F-gases, and on related ancillary measures;
• imposes conditions on the placing on the market (POM) of specific
products and equipment that contain, or whose functioning relies
upon, F-gases (sectorial POM bans);
• imposes conditions on specific uses of F-gases; and
• establishes quantitative limits for the POM of HFCs (phase-down
schedule).

5.2.1 Service ban
According to the requirements set by the F-gas Regulation, the use of
refrigerants with a GWP of 2,500 or greater for servicing or maintaining
refrigeration equipment with a charge size of 40 tonnes of CO2-eq. or more
will be banned from the beginning of 2020 (further denoted as a ‘service
ban’).
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Among the commonly used refrigerants, R404A (GWP of 3922) and R507A
(GWP of 3985) will be subject to the service ban. Taking into account the
limit of 40 tonnes of CO2-eq., the service ban therefore applies to
equipment with a charge of approximately 10 kg or more. Thus, it is
representative of larger commercial equipment with high cooling loads
(e.g. supermarket refrigeration).
Naturally occurring fluids can be used as refrigerants in commercial
refrigeration systems and industrial refrigeration systems. However, these
should be used in systems designed to be used with natural refrigerants,
due to their toxicity or flammability characteristics, or excessive operating
pressures at the temperature limits seen in such applications.
Given the start date of the ‘service ban’ and taking into account the typical
operational life of such systems, many of the systems affected by this ban
will still be in operation in 2020. Thus, it would be desirable to replace
these refrigerants with alternatives with a GWP under 2,500 without
significant modifications that could otherwise result in additional costs.

5.2.2 Sectorial POM bans
A set of sectoral POM bans has been established to facilitate the reduction
in F-gases that are permitted in POM in the EU. Several exemptions to the
POM prohibitions (including, but not limited to an exemption for military
equipment or where the use of technically feasible and safe alternatives
would entail disproportionate costs) apply to the regulation.
Several POM bans are being addressed regarding different types of
commercial refrigeration systems in which GWP limits of 2,500, 1,500, 750
and 150 have been set from the beginning of either 2020 or 2022. The
refrigerants R134a/R404A/R407A/R507A are affected by these
requirements.
R404A and R507A will be banned from use in stationary refrigeration
equipment to be POM in the EU from 2020 (if not intended to be used for
cooling products to temperatures below -50 °C). Additionally, from 2020,
these refrigerants will not be permitted to be used in hermetically sealed
refrigerators and freezers for commercial use. From 2022, refrigerants
with GWP<150 will only be permitted in such applications.
From the beginning of 2022, a GWP limit of 150 has also been set for
multipack centralised refrigeration systems for commercial use with a
rated capacity of 40 kW or more in the secondary circuit. Requirements for
the primary refrigerant circuit of cascade systems have been relaxed and
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F-gases with a GWP of less than 1,500 may be used here. This permits a
greater number of potential refrigerants, such as R404A/R507 nonflammable alternatives with a GWP of less than 1,500 used here.
The GWP value of a refrigerant used in the AC equipment in a hermetically
sealed room AC, which is movable between rooms by the end user, is also
restricted to below 150. These systems are generally systems with low
charges. Thus, usage of natural refrigerants will not compromise safety.
This restriction will most likely be met by using hydrocarbon refrigerants.
Finally, refrigerants with a GWP of 750 or more cannot be used in single
split air conditioning placed on the EU market from the beginning of 2025.
This ban, which applies to systems containing less than 3 kg of fluorinated
greenhouse gases, will not permit refrigerants R410A and R407C, which
are conventionally used in such applications.
Given the aforementioned GWP limits, R134a, R404A, R407A, R507A and
R410A are the refrigerants that are now mainly affected by the F-gas
Regulation due to its wide implementation in refrigeration systems in the
EU. To satisfy the requirements set by the regulation, their supply can be
reduced by using refrigerants with low GWP values in newly designed
systems. Among the alternatives (GWP below 10) systems using CO 2,
ammoniac, hydrocarbons and HFOs, R1234yf and R1234ze(E) currently
dominate. R32 (GWP of 675) and R152a (GWP of 124) are also being used.
A substantial demand for new refrigerants can be associated with the
demand for existing RACHP equipment servicing. This proportion of the
supplied refrigerants can be reduced by reducing refrigerant leakage and
replacing currently used refrigerants with alternatives with a lower GWP.
Currently observed trends in new refrigerant development are summarised
in Table 16.
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New
stationary
refrigeration
equipment (hermetically sealed)

<150

<750

Multipack centralised refrigeration
systems with rated capacity of 40
kW
Hermetically sealed room AC

To service or maintain systems,
charge > 40 tonnes CO 2-eq. from
2020
New
stationary
refrigeration
equipment from 2020
New primary refrigerant circuit of
commercial refrigeration, cascade
systems, 40 kW and more
New split air conditioning with <3
kg of F-gas

<2500

<1500

Intended use

GWP
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Low interest due to the already existing alternatives and small
refrigerant charge

A1 alternatives to R404A and R507A for retrofit of existing
equipment; compatibility with existing system is required, nonflammable
Commercial availability and approval from the component
manufacturer by 2020, preferably non-flammable
A1 alternatives to R404A and R507A, commercial availability and
approval from the component manufacturer by 2020, preferably
non-flammable
R32 is a possible alternative; new mixtures with varying properties
developed. Although the ban starts in 2025, there is ongoing
demand due to limited availability as a result of the phase down
Focus on A2 and A2L alternatives, since R290 can be used in the
A3 group, but A1 new refrigerants are not available with
GWP<1251
Low interest due to the already developed HFO alternatives and
natural refrigerants in this sector

Comment

Table 16. Target applications and GWP limits of alternative refrigerants resulting from the effects
of the F-gas Regulation.

5.2.3 Phase-down schedule
The F-gas Regulation also establishes quantitative limits for the POM of
HFCs (phase-down schedule). The phase-down schedule established by the
F-gas Regulation can be translated into the amount of CO 2-eq. permitted
to be placed on the EU market, given the available historical data. Thus,
the 100% quota is 183.1 MT CO 2-eq. The quota values for 2019 and the
future are shown in Table 17.

24 28

24 29

21 30

43.9

38.5

31 26
56.8

43.9

31 25
56.8

24 27

31 24
56.8

43.9

45 23

45 21
82.4

82.4

63 20
115.4

45 22

63 19
115.4

82.4

100 15

Year
Quota
,%
POM,
MT
CO2eq.

183.1

Table 17. HFC reduction quota translated into CO 2-eq.
emissions.

Refrigerants placed on the market are used to replace the same refrigerant
that was removed from a system (e.g. due to leakage) or for use in newly
commissioned systems. Thus, already commissioned or installed systems
will create a future demand for HFC refrigerants unless they are retrofitted
or taken out of operation.

5.3 Groups of new refrigerants
The conventional refrigerants identified in Section 5.1 are listed in Table
18 along with their NBP temperatures (in the case of R134a and R507A)
and dew and bubble point temperatures at normal pressure (in the case of
zeotropic mixtures) [9].
Table 18. Boiling temperatures of common HFC refrigerants.
Refrigerant
R404A
R407A
R507A
R410A
R134a
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Bubble point, °C
-46.6
-45.2
NBP of -46.7 °C
–51.6
NBP of -26.0 °C

Dew point, °C
-45.8
-38.7
-51.5

Newly introduced single component refrigerants are not intended for use
in RACHP applications where the conventional HFC refrigerants shown in
Table 18 are used. The NBP of R1132a is -86.7 °C and its critical
temperature is 51.1 °C. A low critical temperature limits its potential range
of condensing temperatures since operating at values close to critical
temperature deteriorates the energy efficiency of the vapour compression
system. Additionally, it was reported to be potentially unstable, which
could limit its future use in vapour compression refrigeration systems [61].
Other non-ozone-depleting new refrigerants are R1336mzz(E) and
1336mzz(Z). They are characterised by a higher NBP and critical
temperature (130.3 °C and 171.4 °C, for R1336mzz(E) and 1336mzz(Z),
respectively). Thus, they are considered to be suitable for hightemperature heat pump applications.
Among the newly proposed refrigerant mixtures, those with GWP<2500
can be separated into groups (G1 to G7) according to their NBP or bubble
point temperature range, their assigned ANSI/ASHRAE 34 standard safety
class and GWP values range, Table 19. Refrigerant R462A (A2 class, GWP
of 2249, bubble point of -42.6 °C) has been excluded from further analysis
since many other refrigerants with a similar bubble point and lower
flammability or lower GWP have been proposed.
Group G1 comprises 14 new refrigerants that can be further subdivided into
two categories: those mixtures with boiling temperatures of -47.5 °C or
more and R463A with a boiling temperature of -58.4 °C.
Table 19. New refrigerants with GWP<2500 grouped according
to their boiling point temperatures, safety class and GWP.
NBP/bubble
point temp.
range, °C
-58.4
to -39.8

Group

GWP
range

New refrigerants

G1

ASHRAE
safety
class
A1

1,251
to
2,220

G2

A2L

239 to
741

bubble point -58.4°C
R463A
bubble point =>-47.5 °C
R407H, R407I, R452A,
R452C, R448A, R449A,
R449B, R449C, R453A,
R458A, R460A, R460B,
R464A
R444B, R446A, R447A,
R447B, R452B, R454A,
R454B, R459A
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NBP/bubble
point temp.
range, °C

-31.0
to -23.4

Group
G3

ASHRAE
safety
class
A2L

G4
G5
G6

A2
A1
A1

G7

A2L

GWP
range

New refrigerants

139 to
148
145
1,463
393 to
766
142 to
164

R454C, R455A, R457A,
R459B
R465A
R407G
R450A, R456A, R460C,
R513A, R513B, R515A
R451A, R451B, R516A

Refrigerant mixtures in group G1 meet the GWP limit of 2,500 imposed by
the F-gas Regulation for specific applications. Most refrigerants in G1 have
been developed as an A1 replacement for R404A in low and medium
temperature commercial and transport refrigeration, whereas R453A and
R458A were formulated to replace R22, and R463A to replace R410A.
The refrigerant mixtures in group G3 and G4 have been formulated as
replacements for R404A and satisfy the criterion of GWP<150. These
alternatives can be used to meet the requirements set for new stationary
refrigeration hermetically sealed equipment by replacing R404A.
Unlike the refrigerant mixtures in group G3 and G4, the refrigerant
mixtures in group G2 do not satisfy the GWP<150 requirement, but satisfy
the GWP<750 requirement. These can be seen as alternatives for use in
new split air conditioning systems and have been further analysed in
comparison to R410A.
The refrigerant mixtures in group G5–G7 are proposed as alternatives to
R134a. It can be observed that the developments focused on the
formulation of non-flammable mixtures with reduced GWP. The GWP of
R407G is greater than that of R134a and has been excluded from further
analysis. Flammable fluids were formulated with GWP<150 (R451 and
R516A) and R451B.
In the following sections, newly introduced refrigerant mixtures
formulated as alternatives to R404A, R134a and R410A are further
analysed in the context of the incentives set by the F-gas Regulation and in
relation to a respective alternative HFC.
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5.4 New alternatives to R404A, R134a and R410A

5.4.1 New alternative refrigerants to R404A
Synthetic refrigerant mixtures that have been proposed as potential
replacements to R404A differ in composition and, consequently, in their
properties and expected performance in vapour compression refrigeration
systems. The NBP, saturated vapour pressure at 0 °C, and the
ANSI/ASHRAE safety class of the components, the composition of the
mixtures, dew and bubble points of the mixtures and GWP values of nonflammable low toxic refrigerants (A1 ASHRAE 34 standard safety class) are
listed in Table 20, as well as flammable low toxic refrigerants (A2L class)
– in Table 21.
Regarding the formulation of alternative fluids, all the alternative
refrigerants exclude R143a (the high pressure component of R404A with
the highest GWP value of 4,470). The R125 component, which is used in
the R404A mixture to suppress the flammability of A2L components,
remains in all the proposed mixtures. Additionally, the flammability
suppressing component R227es is used in one new mixture.
Refrigerants R32, R1234yf, R1234ze(E) and R227ea are newly added
components in new non-flammable refrigerant mixtures (depending on
the mixture). The presence of high pressure R32 contributes to an increase
in energy performance and cooling capacity due to the high theoretical
COP and Qvol of this fluid, compared to other components [61].
In many new mixtures the presence of non-flammable component R134a
has increased from 4% (mass basis) to up to 72% to contribute to the nonflammable characteristics of the new fluid and reduce GWP by decreasing
the proportion of the R125 component. To further decrease GWP, HFO
refrigerants have been added to some new mixtures.
The presence of an increased quantity of low volatility fluids results in the
increased temperature glide of new mixtures (i.e. the absolute value of the
difference between the starting and ending temperatures of a phase change
process by a refrigerant within a component of a refrigerating system,
excluding any subcooling or superheating [9]). The effect of temperature
glide on system performance can be advantageously utilised in a system,
but can also have negative consequences depending on how the system is
optimized to account for the temperature glide, as discussed in detail in
[62].
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52
20
32.5
19.5
26.0
24.3
25.2
20.0
28.0
11.0
12.5
12.0
27

A2L

A2L

R404A
R407A
R407H
R407I
R448A
R449A
R449B
R449C
R460B
R452A
R452C
R460A
R464A

−51.8
675
0.81

−47.2
4,470
0.62

NBP, °C
GWP
Psat.vap. at 0
°C, MPa
ASHRAE
safety class

R32

R143a

Refrigerant

A2L

−29.5
4
0.32

R1234yf

A1

−26.1
1,430
0.22

R134a

Mass in composition, %
44
4
40
40
15.0
52.5
8.5
72.0
26.0
20.0
21.0
24.7
25.7
25.3
24.3
23.2
27.3
20.0
31.0
29.0
25.0
20.0
59.0
30.0
61.0
26.5
52.0
14.0
27

A1

−48.1
3,500
0.67

R125

22.0
40

27.0

7.0

A2L

−19.0
7
0.20

R1234ze(E)

Table 20. Composition of R404A and A1 alternative mixtures [9].

6

A1

-15.6
3,220
0.62

R227ea

3,922
2,107
1,495
1,459
1,387
1,397
1,412
1,251
1,352
2,140
2,220
2,103
1,323

GWP

-46.6
-45.2
-44.7
-39.8
-45.9
-46.0
-46.1
-44.6
-45.2
-47.0
-47.5
-44.6
-46.5

Bubble
point, °C

-45.8
-38.7
-37.6
-33.0
-39.8
-39.9
-40.2
-38.1
-37.1
-43.2
-44.2
-37.2
-36.9

Dew
point,
°C

A2L

A2L

A2L

-29.4
4
0.32

R1234yf

A1

-78
1
3.49

R744

A2

-24
124
0.26

R152a

A3

-42
3*
0.47

R290

Mass in composition, %
R454C
21.5
78.5
R455A
21.5
75.5
3.0
R457A
18
70
12
R459B
21
10
69
R465A
21.0
71.1
7.9
* value tabulated in the F-gas Regulation [8]

−19.0
7
0.20

−51.8
675
0.81

NBP, °C
GWP
P sat.vap. at 0
°C, MPa
ASHRAE
safety class

R1234ze(E)

R32

Refrigerant

148
148
139
145
145

GWP

A2L
A2L
A2L
A2L
A2

ASHRAE
34 class

Table 21. Composition of R404A and its flammable alternative mixtures [9].

-46.0
-51.6
-42.7
-44.0
-51.8

Bubble
point,
°C

-37.8
-39.1
-35.5
-36.1
-40.0

Dew
point,
°C

61

Considering flammable alternatives, their formulation bears no similarity
to R404A and the mixtures contain R32 mixed with R1234yf (R454C) and
a small proportion of R1234ze(E) (R459B), R152a (R457A), R290 (R465A)
or CO2 (R455A). The proportion of high pressure components is reduced,
when compared to A1 new mixtures, and the proportion of flammable
refrigerants with lower GWP and lower volatility is increased.
The discussed alternatives have been further modelled in a basic vapour
compression cycle under the assumption of an 0.7 isentropic compression
efficiency, no volumetric compression losses, the isenthalpic process is
considered at the expansion valve and heat transfer to the surroundings
and pressure drops are neglected. Refrigerant property data have been
obtained from REFPROP 10 [60]. Two evaporating temperature levels
were modelled: -5 °C mean evaporating temperature (MT level) and -35 °C
mean evaporating temperature (LT level). Other modelling conditions
remained the same for both evaporating temperature levels: 35 °C mean
condensing temperature, 5 °C superheating and subcooling degree.
The modelling results regarding the refrigerant vapour density at the
compression inlet point, the refrigerant temperature at the compression
discharge point, volumetric cooling capacity (
. ) and COP, in relation to
the values calculated for R404A, are summarised in Table 22 and Table 23.
Temperature glide values in the evaporator and condenser are also
presented.
Table 22. Theoretical overview of operating parameters of
R404A alternatives (-35/35 °C mean evaporation/mean
condensing temp.).
Refr.

Vapour COP, ,
density,
kJ/m3
kg/m3
R404A 3,922 8.5
1.59
909
A1, GWP<2500, values in relation to R404A
R407A 2,107 -27%
+6.5%
-3.5%
R407H 1,495 -39%
+9.2%
-1.3%
R407I
1,459 -48%
+10.1% -20.9%
R448A 1,387 -26%
+6.7%
+1.0%
R449A 1,397 -26%
+6.6%
-0.3%
R449B 1,412 -26%
+6.8%
+0.4%
R449C 1,251 -30%
+6.8%
-8.3%
R460B 1,352 -34%
+8.1%
-4.3%
R452A 2,140 -1%
+1.2%
-1.4%
R452C 2,220 +2%
+1.2%
+2.5%
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GWP

Temp.
disc.,
°C
67.1

Temp. glide
in evap.
/cond., °C
0.5
0.4

88.7
103.0
94.0
89.0
87.5
88.8
83.9
94.4
69.6
70.9

4.2
4.7
3.8
4.2
3.7
3.8
3.7
6.1
2.4
2.2

4.6
5.2
5.2
4.9
4.5
4.5
4.9
6.8
3.5
3.2

Refr.

GWP

Vapour
density,
kg/m3
R460A 2,103 -25%
R464A 1,323 -34%
A2L and A2, GWP<150
R454C 246
-29%
R455A 148
-25%
R457A 139
-40%
R459B 145
-32%
R465A 145
-25%

COP, -

,
kJ/m3
-13.2%
-7.8%

Temp.
disc.,
°C
78.1
90.8

Temp. glide
in evap.
/cond., °C
5.2
6.1
7.9
8.7

+4.6%
+7.4%
+6.1%
+5.5%
+8.0%
+6.5%
+4.3%

-11.1%
-1.6%
-18.5%
-13.8%
-0.6%

78.6
83.8
80.6
79.0
80.1

4.9
6.3
3.8
5.0
6.3

7.0
10.2
6.3
7.2
8.3

Table 23. Theoretical overview of operating parameters of
R404A alternatives (-5/35 °C mean evaporation/mean
condensing temp.).
Refr.

GWP

Vapour COP, .,
density,
kJ/m3
kg/m3
R404A
3,922 19.85
3.87
3159
A1, GWP<2500, values in relation to R404A
R407A
2,107 -22%
+3.5% +0.3%
R407H
1,495 -33%
+4.8% +1.1%
R407I
1,459 -41%
+6.1%
-15.4%
R448A
1,387 -22%
+3.5% +2.7%
R449A
1,397 -21%
+3.5% +1.5%
R449B
1,412 -22%
+3.6% +2.0%
R449C
1,251 -25%
+3.9% -5.2%
R460B
1,352 -29%
+4.4% -1.1%
R452A
2,140 +1%
+0.8% +1.2%
R452C
2,220 +4%
+0.6% +4.4%
R460A
2,103 -18%
+3.1%
-7.3%
R464A
1,323 -28%
+4.3% -3.6%
A2L and A2, GWP<150
R454C
246
-26%
+3.9% -8.6%
R455A
148
-21%
+2.9% +0.8%
R457A
139
-36%
+5.1%
-15.7%
R459B
145
-28%
+4.2% -10.7%
R465A
145
-23%
+2.5% +0.3%

Temp.
disc.,
°C
52.7

Temp. glide
in evap.
/cond., °C
0.4
0.4

63.8
70.6
66.2
64.1
63.2
63.9
61.5
67.0
54.7
55.2
59.1
65.8

4.5
5.1
4.6
4.6
4.2
4.2
4.3
6.6
3.0
2.7
5.8
8.5

4.6
5.2
5.2
4.9
4.5
4.5
4.9
6.8
3.5
3.2
6.1
8.7

59.6
63.1
60.2
59.8
60.8

6.0
8.1
5.0
6.2
7.5

7.0
10.2
6.3
7.2
8.3

Among the R404A alternatives, all refrigerants (except R452A and R452C)
are characterised by lower vapour density at the compression suction point
in modelled conditions. As a result, the refrigerant mass flow will

63

proportionally decrease, considering the same compression swept volume
and compression volumetric efficiencies.
All the alternatives have increased temperature glide in the evaporator and
condenser, so this should be taken into account (regarding the choice of
components and other implications).
Regarding the modelled COP values, all the refrigerants show higher COP
values. Improvements of up to 6%/10% are possible in MT/LT modelled
conditions and all refrigerants. In general, the improvements in COP are
greater in LT conditions.
The resulting Qvol values are similar (less than 1% reduction) or higher in
LT conditions for new refrigerants R449A, R449B and R452C. In MT
conditions the Qvol increase is greater and R407H, R452A, R452C, R455A
and R465A also show higher Qvol than R404A. The remainder show a
notable reduction in Qvol and could result in a reduction in capacity in a
system refrigerant retrofit.
R32 has contributed to the compressor discharge temperature increase
that has been observed in all the alternatives. Thus, it should be confirmed
that it will not exceed the limit set by a compressor manufacturer. This is
particularly important at reduced evaporating temperatures, increased
condensing temperatures, and high superheating degree values, as these
increase the discharge temperature.
All the alternatives have a lower GWP and could therefore contribute to the
requirements of the F-gas Regulation in terms of meeting the HFC phasedown targets, as well as satisfying a GWP limit (2,500 and 150, depending
on intended use and application). A trade-off between GWP and
flammability has been identified. All refrigerants with GWP<150 have been
formulated with flammable characteristics. Thus, the requirements set for
the use of flammable refrigerants should be met when using such fluids.
New synthetic refrigerant mixtures that have been proposed as potential
alternatives to R404A have been analysed in terms of their characteristics
when used in a basic vapour compression cycle. Compared to R404A, all
16 mixtures increase COP, although Qvol varies depending on the
conditions and choice of mixture. The highest reduction in Qvol has been
observed for the refrigerant with the highest COP increase. Thus, a tradeoff between Qvol and COP is possible for some new refrigerants. Attention
should also be paid to changes in temperature glide and vapour densities,
particularly in the conditions of a refrigerant retrofit, when an eventual
change of system components is not the preferred option.
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Finally, new refrigerants proposed as alternatives to R404A are
characterised by a variety of components and their mixing proportions.
The resulting variation of their properties results in a wide range of
alternatives, whereas trade-offs between their characteristics should be
made when selecting a mixture for a specific application.
Further discussion about R449A as an alternative to R404A is provided in
Paper B, as well as several other publications co-authored by the author
but not included in this thesis.

5.4.2 New alternative refrigerants to R134a
Synthetic refrigerant mixtures that have been proposed as potential
replacements to R134a differ in composition and, consequently, in their
properties and expected performance in vapour compression refrigeration
systems. The NBP, saturated vapour pressure at 0 °C, and the
ANSI/ASHRAE safety class of the components, the composition of the
mixtures, dew and bubble points of the mixtures and GWP values of nonflammable low toxic refrigerants (A1 ASHRAE 34 standard safety class) are
listed in Table 24, as well as flammable low toxic refrigerants (A2L class) –
in Table 26. NBP, bubble and dew temperatures are summarised in Table
25 (A1) and Table 26 (A2L).
Table 24. Composition of R134a A1 alternative mixtures [9].
Refrigerant
NBP, °C
P sat.vap. at 0
°C, MPa
ASHRAE
safety class
GWP

GWP

R134a

ze*
−19.0
0.20

yf^
29.4
0.32

R32
−51.7

R125
−48.1

R227ea
-15.6

−26.1
0.22

0.81

0.67

0.62

A1

A2L

A2L

A2L

A1

A1

1430

7

R450A
605
42.0
R456A
687
45.0
R460C
766
46.0
R513A
631
44.0
R513B
596
41.5
R515A
393
*ze stands for R1234ze(E)
^yf stands for R1234yf

4
675
3500
Mass in composition, %
58.0
49.0
6.0
49.0
2.5
2.5
56.0
58.5
88

3220

12
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Table 25. NBP, bubble and dew points in normal conditions of
R134a A1 alternatives [9].
Refrigerant
NBP, °C
Bubble
point, °C
Dew point,
°C

R450A

R456A

R460C

-23.4

-30.4

-29.2

-22.8

-25.6

-26.0

R513A
-29.2

R513B
-29.2

R515A
-18.0

Table 26. Composition of R134a A2L alternative mixtures [9].
Refrigerant

GWP

NBP, °C
GWP
P at 0 °C,
MPa
ASHRAE
safety class
R451A
R451B
R516A

149
164
142

R134a

R1234yf

R152a

−26.1
1430
0.22

-29.4
4
0.32

-24
124
0.26

A1

A2L

A2

Mass in composition, %
10.2
89.8
11.2
88.8
8.5
77.5
14.0

Bubble/dew
point, °C

-30.8/-30.5
-31.0/-30.6
NBP: -29.4 °C

Currently, most of the proposed mixtures contain R134a mixed with
flammable HFO (R1234yf or R1234ze(E)). Other added components are
R152a, R32 and R125. R515A contains no R134a and is a mixture of
R1234ze(E) with R227ea.
Since A2L refrigerants R1234ze(E) and R1234yf are already used as
alternatives to R134a, newly developed alternatives in the A2L group have
been formulated by adding a portion of R134a to the mixture. This reduces
the flammability of an HFO component but increases the GWP. By adding
R152a to R134a and R1234yf, it was possible to formulate an azeotropic
mixture.
Among the A1 alternatives, three approaches to non-flammable mixture
formulation can be identified. In one group of new refrigerants (R450A,
R513A and R513B), a portion of R134a was substituted by R1234yf and
R1234ze(E), thus reducing the GWP of a mixture. Due to the similar
saturated pressure levels between the components, the mixtures were
formulated with only a small temperature glide (R450A) or as azeotropic
mixtures (R513A and R513B). Refrigerants R456A and R460C were
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formulated by replacing a portion of R134a with 49% R1234ze (lower
GWP) with the addition of R32 (higher COP and Q vol) and, in the case of
R460C, a small portion of R125 (suppressing flammability, higher COP and
Qvol). Finally, R515A was formulated by combining R1234ze(E) with a small
portion of R227ea, a component that suppresses the flammability of
R1234ze(E) with similar volatility. As a result, the azeotropic mixture with
the lowest GWP in the A1 group has been formulated, although its volatility
substantially differs from that of R134a. Overall, comparing the boiling
points of the analysed refrigerants, as listed in Table 25 and Table 26, all
the alternatives have varying boiling conditions. The bubble point of
R450A in normal conditions is -23.4 °C, which is a slightly higher value
than that of R134a. A notable difference (>1 °C) between normal dew and
bubble points was only seen for R456A (4.8 C) and R460C (3.2 °C).
The discussed alternatives have been further modelled in a basic vapour
compression cycle under the assumption of an 0.7 isentropic compression
efficiency, no volumetric compression losses, the isenthalpic process is
taken into account at the expansion valve and heat transfer to the
surroundings and pressure drops are neglected. Refrigerant property data
have been obtained from REFPROP 10 [60]. The modelling conditions
were 0 °C mean evaporating and 40 °C mean condensing temperatures, 5
°C superheating and subcooling degree.
The modelling results regarding the refrigerant vapour density at the
compression inlet point, the refrigerant temperature at the compression
discharge point, volumetric cooling capacity (
. ) and COP, in relation to
the values calculated for R134a, are summarised in Table 27.
Table 27. Theoretical overview of operating parameters of
R134a alternatives (0/40 °C mean evap./mean cond. temp.).
Refr.

GWP, -

R134a

1,430

Vapour
density,
kg/m3
14.1

R450A
R456A
R460C
R513A
R513B
R515A
R451A

605
687
766
631
596
393
164

-8%
+1%
-1%
+19%
+20%
-16%
+23%

COP, -

,
kJ/m3

4.05
2167.3
values in relation to R134a:
-0.3%
-13.1%
-0.4%
+1.9%
-0.4%
-4.2%
-2.1%
+2.4%
-2.2%
+2.2%
-0.4%
-26.8%
-3.1%
-2.2%

Temp.
disc.,
°C
59.9
56.1
60.9
58.6
54.0
53.7
51.8
50.9

67

Refr.

GWP, -

R451B
R516A

164
145

Vapour
density,
kg/m3
+23%
+11%

COP, -

,
kJ/m3

-3.0%
-1.8%

-2.0%
-0.2%

Temp.
disc.,
°C
51.0
53.9

Among the R404A alternatives, only R456A and R460C are characterised
by a similar (±1%) vapour density at the compression suction point in
modelled conditions, Table 27. As a result, the refrigerant mass flow when
using other than R456A and R460C alternatives will be noticeably affected,
if the same compression swept volume and compression volumetric
efficiencies remain.
With regards to the modelled COP values, all the refrigerants show lower
COP values (a decrease of up to 3.1%). The resulting Qvol values are similar
(±2%) or lower, whereas the maximum reduction occurs when R515A is
used (27% reduction). The reduction in compressor discharge temperature
has been noted for all the alternatives, with the exception of R456A, for
which this parameter is similar (±1 °C).
All the alternatives have a lower GWP and can therefore contribute to the
requirements of the F-gas Regulation in terms of reducing the quantity (in
CO 2-eq.) of HFCs that can be placed in the EU market. Additionally, a
requirement for meeting the GWP limit of working fluids in equipment to
be placed on market can be met since the proposed mixtures satisfy a GWP
limit (1,500, 750 and 150, depending on the intended use and application).
A trade-off between GWP and flammability has been identified. No
refrigerants with GWP lower than 393 have been formulated with nonflammable characteristics. Thus, the requirements set for the use of
flammable refrigerants should be met when using fluids with lower GWP
values. Among the flammable A2L alternatives, refrigerants with a GWP
below 150 have been formulated where the presence of R134a contributes
to decreasing the flammability of A2 and A2L components.
Further discussion about R450A and R513A as alternatives to R134a is
provided in Paper C and Paper D, as well as several other publications coauthored by the author but not included in this thesis.

5.4.3 New alternative refrigerants to R410A
New refrigerant mixtures that have been proposed as potential
replacements to R410A differ in composition and, consequently, in their
properties and expected performance in vapour compression refrigeration
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systems. The NBP, saturated vapour pressure at 0 °C, and the
ANSI/ASHRAE safety class of the components, the composition of the
mixtures, dew and bubble points of the mixtures and GWP values are listed
in Table 28.
With regards to the formulation of alternative fluids, R32 is a major
component in all fluids. For non-flammable R463A, R32 represents 36%
with smaller proportions of other refrigerants added to reduce
flammability and GWP. Due to the great variation in the volatility of the
components of the mixture, R463A is characterised by a large temperature
glide (11.5 °C in normal conditions).
All flammable mixtures are based on 68±1% of R32 mixed with one or two
other components added to reduce the flammability and GWP of the
mixtures. As a result, they provide the greatest reduction in GWP, and
mixtures with GWP as low as 460 have been proposed.
Comparing the boiling points of the analysed refrigerants, all the A2L
mixtures have higher values, whereas the A1 alternative has a 7 °C lower
value. The temperature glide levels are lower in the A2L group than in the
A1 alternative, and mixtures with temperature glide as low as below 1 °C
have been proposed.
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50

50
100
36.0

68.0

68.0
68.0
67.0
68.9
68.0

R446A

R447A
R447B
R452B
R454B
R459A
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A1

A2L

3.5
8.0
7.0

30

−48.1
3500
0.67

−51.7
675
0.81

NBP, °C
GWP
P sat.vap. at 0 °C,
MPa
ASHRAE
safety class
R410A
R32
R463A

R125

R32

Refr.

26.0
31.1
26.0

14

A2L

−29.5
4
0.32

R1234yf

6.0

28.5
24.0

29.0

A2L

−19.0
7
0.20

R1234ze(E)

6% R744
(A1, NBP of -78 °C)
14% R134a
(A1, NBP of -26 °C)
3.0% R600
(A3, NBP of 0 °C)

other

Table 28. Composition of R410A and its alternative mixtures [9].

583
741
698
466
460

461

675
1494

GWP

Dew
point, °C

-49.3
-50.1
-51.0
-50.9
-50.3

-49.4

-44.2
-46.0
-50.3
-50.0
-48.6

-44.0

-51.6
-51.5
NBP of -52 °C
-58.4
-46.9

Bubble
point, °C

The discussed alternatives have been further modelled in a basic vapour
compression cycle under the assumption of an 0.7 isentropic compression
efficiency, no volumetric compression losses, the isenthalpic process is
considered at the expansion valve and heat transfer to the surroundings
and pressure drops are neglected. Refrigerant property data have been
obtained from REFPROP 10 [60]. The modelling conditions were 10 °C
mean evaporating and 40 °C mean condensing temperatures, 5 °C
superheating and subcooling degree.
The modelling results regarding the refrigerant vapour density at the
compression inlet point, the refrigerant temperature at the compression
discharge point,
. and COP, in relation to the values calculated for
R410A, are summarised in Table 29.
Table 29. Theoretical overview of operating parameters of
R410A alternatives (10/40 °C mean evap./mean cond. temp.).
Refr.

GWP

R410A

2,088

Vapour
density,
kg/m3
40.4

R32
675
-27.8%
A1 ASHRAE safety class
R463A
1,494
-2.9%
A2L ASHRAE safety class
R446A
461
-30.7%
R447A
583
-28.6%
R447B
741
-26.3%
R452B
698
-18.8%
R454B
466
-21.1%
R459A
460
-22.6%

COP, -

Temp. Temp. glide
disc.,
in evap.
°C
/cond., °C
5.46
6990
65.1
0.1
0.1
values in relation to R410A:
+1.5% +7.7%
77.9
.,

kJ/m3

-0.7%

-0.5%

68.8

6.9

7.7

+2.5%
+2.4%
+2.1%
+1.4%
+1.6%
+1.8%

-9.6%
-8.7%
-6.8%
-3.1%
-4.0%
-5.3%

72.1
72.5
72.1
69.4
69.9
70.1

4.2
3.9
3.3
1.0
1.2
1.7

4.1
3.7
3.2
1.1
1.3
1.8

Among the R410A alternatives, all are characterised by comparable (1%
deviation) or higher COP, but Qvol is reduced for all the alternatives, except
R32. The modelled compressor discharge temperature is increased when
using the alternatives (at least 4 °C increase), whereas the increase is the
highest for R32. R463A is the only non-flammable alternative, but it is
characterised with significant temperature glide, which is the highest for
the analysed alternatives.
All the alternatives have lower GWP and can therefore contribute to the
requirements of the F-gas Regulation in terms of reducing the quantity (in
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CO 2-eq.) of HFCs that placed on the EU market. Additionally, a
requirement for new split air conditioning that are allowed to be POM in
the EU from 2025 and with a refrigerant charge below 3 kg of F-gas can be
met by the proposed A2L fluids as they satisfy a GWP limit of 750. A tradeoff between GWP and flammability has been identified. All refrigerants
with GWP<741 have been formulated with flammable characteristics.
Thus, the requirements set for the use of flammable refrigerants should be
met when using such fluids. No A2 and A3 refrigerants have been
proposed. The discharge temperature of all alternatives was increased, so
this parameter should be controlled.
New synthetic refrigerant mixtures that have been proposed as potential
alternatives to R410A have been analysed in terms of their characteristics
when used in a basic vapour compression cycle. Compared to R410A, all
alternatives (with the exception of R463A) increase COP (more than 1%
increase), whereas
. for all new mixtures is reduced (more than 3%
reduction). Other deviations occurred in an increase in compressor
discharge temperature and temperature glide, the highest being for R463A
and the lowest (1 °C) for R452B and R454B.
Further discussion about alternatives to R410A is provided in several other
publications co-authored by the author but not included in this thesis.

5.5 Summary
All new refrigerants added to ANSI/ASHRAE Standard 34-2016 with
addenda after the requirements of the F-gas Regulation became known
were analysed in this chapter in relation to the HFCs they are proposed to
replace. The analysis included a review of their composition, main
properties, and the theoretically modelled operating parameters in a basic
vapour compression refrigeration cycle, as well as the suitability of new
mixtures to contributing to the objectives and requirements of the F-gas
Regulation.
Restrictions introduced by the F-gas Regulation triggered the development
of alternative refrigerants with reduced GWP values in order to satisfy
future POM restrictions and the imposed GWP limits. All new refrigerants
analysed here can contribute to the HFC POM mitigation requirement of
the F-gas Regulation since they have GWP values below those of the
baseline alternatives. Additionally, many alternatives meet the specific
GWP limits that are set by the F-gas Regulation for specific use and for
specific equipment that can be placed on the EU market.
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A variety of new refrigerants analysed here have been formulated as
refrigerant mixtures with the number of components in a mixture similar
to or greater than in a reference refrigerant. The variation of the
components and mixing proportions of the mixture, as well as their
thermodynamic and safety properties, resulted in a wide range of their
characteristics and properties.
A trade-off between GWP and flammability has been identified, where
non-flammable mixtures have higher GWP values than flammable
mixtures. While several new non-flammable refrigerant mixtures have
been formulated as alternatives for R134a and R404A, only one new nonflammable mixture is proposed as alternative to R410A. Considering a
GWP value of 1,494 of this mixture, it is unlikely that it can be used to meet
the long term requirements of the F-gas Regulation. Therefore,
development of new non-flammable R410A alternative is desired.
In relation to baseline R134a, R404A and R410A, all alternatives show
different operating parameters. The most notable differences were
observed for alternatives for R404A and R410A, for which hightemperature glide values, increase in compression discharge temperature
and decrease in refrigerant vapour density were observed for most of the
analysed fluids. Additionally, all the refrigerants in this group were
formulated using R32 as one of the components in a mixture. As a result,
comparable (±1%) or higher theoretical COP is expected when using new
refrigerants, and the theoretical Q vol varies depending on the variation of
the new mixture components (for new R404A alternatives: from -21% to
+4% in the modelled conditions; for new R410A alternatives: a reduction
of up to 10% in the modelled conditions). For R134a alternatives, most
alternatives were formulated with low temperature glide or as azeotropic
mixtures. However, none of the proposed R134a fluid has indicated greater
energy efficiency than R134a and the variation in Q vol was from -27% to
+2%.
As a result, new refrigerants have been developed to provide a range of
alternatives with different characteristics. Whereas alternatives to R134a,
R404A and R410A are available, there is always a trade-off between their
different properties and no fully design-compatible alternative has been
identified in this chapter. Thus, selecting a specific refrigerant for a specific
application will always involve a trade-off between the different properties
of the alternatives.
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6 Experimental evaluation of selected new
alternative refrigerants
In this chapter, a summary of the results of the experimental evaluation of
selected new alternatives in systems originally designed for R404A and
R134a is given. The presented results are complemented by the discussion
of the procured data. Section 6.1 summarises the results and the discussion
of the replacement of R404A with R449A in an indirect refrigeration
system, published in Paper B. In Section 6.2, a summary of experimental
work evaluating the replacement of R134a with the alternatives R450A and
R513A, as published in Paper C and Paper D, is provided. The content of
this chapter contributes to answering RQ1.

6.1 Evaluating an R404A alternative in a commercial
refrigeration system
Of the alternatives discussed in Section 5.2.2, refrigerant R449A has been
selected for a further assessment of its suitability for replacing R404A in a
real commercial refrigeration system, as presented in Paper B.
Assessing the differences in the main characteristics of R449A in relation
to R404A, and based on the results of the theoretical basic vapour
compression refrigeration cycle modelling, R449A was seen as a potential
alternative to replacing R404A in the analysed system. An increase in
energy efficiency was expected, but the volumetric cooling capacity was
predicted to be slightly lower at the modelling conditions presented in
Paper B. The major concerns were about the notable difference in expected
compressor discharge temperature (an increase of 15 °C) in the modelled
conditions and the implications of a temperature glide during evaporation
and condensation. The refrigerant mass flow is also expected to decrease.
The use of R449A refrigerant in a medium temperature indirect
refrigeration system (used for providing cooling to display cases through a
secondary fluid at temperatures between -9 and -5 °C) using R404A only
required adjustments to the EXV controller settings and a slight increase
in the required refrigerant charge in order to establish comparable
operating parameters of the retrofitted system with the R404A baseline
operation. A major deviation was observed for the compressor discharge
temperature which, for R449A, was greater than for R404A for the entire
range of the observed operating conditions (maximum observed value of
91 °C), and the refrigerant mass flow reduction.
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A further experimental results comparison has been made at a secondary
fluid temperature of 30 °C at the condenser inlet and the range of the
secondary fluid temperature values at the evaporator outlet. The observed
subcooling degree was 3±2 °C and the superheating degree was 7±2 °C. As
seen in the data shown in Figure 12, in the analysed operating conditions,
the retrofitted system has been operated with energy efficiency (expressed
in COP) slightly lower than that of R404A at the presented conditions
(reduction of 3.6% for R449A compared to R404A, on average) and a
reduction in cooling capacity was observed (reduction of 12.8% for R449A
compared to R404A, on average), Figure 13.

Figure 12. COP at a secondary fluid temperature of 30 °C at the
condenser inlet.
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Figure 13. Cooling capacity at the secondary fluid temperature
of 30 °C at the condenser inlet.
As a result, the experimentally observed performance of R449A system,
when compared to that of R404A at the comparable secondary fluid
temperatures, deviated from the theoretically predicted COP and Q vol
values obtained at comparable mean evaporation and mean condensing
temperatures. This results from the effects of the difference in temperature
glide level and heat transfer properties between the refrigerants that
establish different mean evaporating and mean condensing temperatures
at comparable secondary fluid temperatures.
The established range of mean evaporating temperatures and mean
condensing temperatures over the analysed period are shown in Figure 14
and Figure 15, respectively. Here, the presented values were limited to that
with SH of 7±2 °C and SC of 3±2 °C degrees. It can be seen, that the system
using R449A has been operated with generally lower mean evaporating
and mean condensing temperatures.
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Figure 14. Observed range of mean evaporating temperatures at
conditions of SH of 7±2 °C and SC of 3±2 °C

Figure 15. Observed range of mean condensing temperatures at
conditions of SH of 7±2 °C and SC of 3±2 °C
The presented difference in established mean evaporating and mean
condensing temperature levels between the refrigerants results from the
effects from the difference in temperature glide levels and heat transfer
properties between the refrigerants. Regarding the difference in
temperature glide, it can be utilised beneficially if can be matched with the
temperature change of secondary fluid and therefore the mean
temperature difference in a heat exchanger can be minimized. However, if
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this advantage cannot be utilized, the increase in temperature glide can
force establishing greater heat exchange mean temperature differences,
than those possible with refrigerant with lower temperature glide level.
The effect of temperature glide on the performance of refrigeration systems
has been discussed in a publication, co-authored by the author of this
thesis [62], but not appended to this thesis. The variation in heat transfer
between R404A and R449A has been presented for a specific case of local
convective boiling measurements in a micro-fin tube in [63], where it was
shown the local heat transfer coefficients for R449A were roughly between
26 and 43% less than that of R404A.
Overall, it was possible to use R449A in an analysed indirect supermarket
system instead of R404A with only minor system modifications. It can
provide environmental benefits because of its reduced GWP value. At the
analysed conditions, implementing R449A has resulted in a reduction of
COP and Qvol (3.6% and 12.8%, respectively, on average). While R449A can
be considered as an alternative to R404A, it is not fully design compatible
with R404A in every existing system due to possible implications of
temperature glide on system operation and performance, the increase in
discharge temperature, change in refrigerant mass flow. However, if new
system is designed for use of R449A, there is an opportunity to benefit from
its theoretically better energy efficiency and take an advantage of its
moderate temperature glide.

6.2 Evaluation of alternatives to R134a in a small
capacity vapour compression system
Of the alternatives discussed in Section 5.2.3, refrigerants R450A and
R513A have been selected for a further assessment of their suitability for
replacing R134a. The first study, which is published in Paper C, was
designed to simulate a small capacity refrigeration system retrofit scenario
with no system modifications. The tests were carried out at evaporating
temperatures from -15 °C to 12.5 °C, where the data was recorded at 2.5 °C
intervals. The condensing temperature was set to 25, 30 and 35 °C. For
R450A, mean temperature values in the condenser and evaporator were
used, as defined by Equation 1 and Equation 2, respectively.
The refrigerant vapour superheating degree was controlled by the TXV
adjustments, whereas the subcooling degree varied depending on the
operating conditions. The operating conditions of the experimental study
are summarised in Table 30.
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Table 30. Test operating conditions used in the study reported
in Paper C.
Operating conditions
Evaporating temperatures, ºC

R450A

R134a

Condensing temperatures, ºC

[-15,12.5]
at increments of 2.5
25, 30 and 35

Average measured superheating degree, K

12.1

10.9

Average measured subcooling degree, K

11.2

6.4

0.500

0.450

Refrigerant amount, kg

The energy performance of the retrofitted system, indicated by the
measured COP values, slightly decreased after the retrofit. The COP values
were, on average, 2.9% lower for the system working with R450A, than for
the system working with R134a, Figure 16.

Figure 16. COP at different evaporating and condensing
temperatures.
The measured cooling capacity values have decreased by 9.9%, on average,
when using R450A, Figure 17.
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Figure 17. Cooling capacity at different evaporating and
condensing temperatures.
Another noticeable difference was observed in the refrigerant mass flow
values, which, on average, were 9% lower for R450A, while the compressor
discharge temperature values remained similar (1 °C deviation) or slightly
reduced (up to 5 °C reduction, compared to R134a).
The refrigerant has been further analysed in the same system in different
experimental conditions, as reported in full in Paper D. The testing
conditions have been set to investigate the suitability of refrigerants R450A
and R513A for replacing R134a in a small capacity refrigeration unit
operating in high ambient temperature (HAT) conditions. Thus, the
targeted condensing temperature values were 40, 50 and 60 °C. The range
of tested mean evaporating temperatures was from -10 °C to 15 °C with
recordings at every 5 °C step. Superheating was controlled by the
adjustments of TXV, whereas the subcooling degree was controlled by the
refrigerant charge adjustment. A summary of the recorded operating
conditions is shown in Table 31.
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Table 31. Test operating conditions used in the study reported
in Paper D.
Operating conditions

R134
a

Condensing temperatures, °C
Evaporating temperatures, °C

R450
R513
A
A
40, 50 and 60

[-10, 15] at increments of 5

Average measured superheating degree,
°C
Average measured subcooling degree, °C

11.5

11.5

11.4

9.8

10.0

9.8

The measured COP and cooling capacity values for the R134a and tested
alternatives are shown in Figure 18 and Figure 19, respectively. Under the
tested operation conditions, the measured COP values of R513A are, on
average, equal to those of R134a, whereas for R450A a reduction of 5.3%,
on average, was observed, whereas the cooling capacity was, on average,
14.3% lower for R450A than for the R134a system. For R513A, an increase
of 2.5%, on average, was observed.

Figure 18. COP in the tested conditions.
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Figure 19. Cooling capacity in the tested conditions.
The pressure ratio parameter favours R513A since it is 8.9% lower than
R134a, on average, and can result in higher compression isentropic
efficiency, whereas, the PR of R450A is 3.5% higher, on average. As a result
of the variation in suction density between refrigerants, the R450A mass
flow rate is, on average, 9.2% lower than R134a and R513A is, on average,
19.3% higher.
The compressor discharge temperature decreased along the entire range of
tested conditions when using R450A and R513A, if compared to the
discharge temperature of the reference R134a. The maximum discharge
temperature values for all refrigerants were 98.6, 93.1 and 88.4 °C. for
R134a, R450A, and R513A, respectively. Hence, higher condensing
temperatures can be permitted when using alternatives at a given
compressor discharge temperature limit.
To assess a possible GHG reduction following the use of alternative
refrigerants, the combined direct and indirect emissions were estimated
using TEWI metric. As a result, in the conditions presented in Paper D, the
TEWI of the R450A system operating with low voltage electricity used in
Spain (carbon intensity of 0.287 kg CO 2-eq. per kWh of electricity) was
reduced, whereas in the case of R513A, it increased slightly (1% increase).
It should be noted that the R450A system provides a lower cooling capacity
than the R134a and R513A systems. When normalised for a unit of cooling
capacity, the R513A system has similar or overall lower (up to 4%
reduction) CO2-eq. emissions, as measured by TEWI per 1 kW of cooling
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capacity, compared to the R134a system. R450A system operation results
in a 5% increase of TEWI per 1 kW of provided cooling capacity.

6.3 Summary
The experimental studies presented conclude that new refrigerants could
replace baseline refrigerants in the analysed refrigeration systems since the
comparable thermodynamic properties of the alternatives permit new
refrigerants to be used in retrofits of existing refrigeration systems with
minor modifications. Moreover, their reduced GWP values, compared to
baseline refrigerants, will contribute to complying with the HFC phasedown schedule established by the F-gas Regulation. However, the
alternatives are not fully design compatible with baseline refrigerants due
to variations in operating parameters when using new alternatives, which
should be taken into account.
In the presented example of an R404A supermarket indirect system
retrofit with R449A, the main differences were observed in the increase in
temperature glide (+4.9 °C R449A at 0.1 MPa), a vapour density change,
which resulted in reduced refrigerant mass flow, and an increase in
compressor discharge temperature, which was within the limits set by the
compressor manufacturer, but which could reach higher values if R449A is
used in low-temperature refrigeration systems or systems in which high
superheating is maintained.
R450A and R513A are viable alternatives to R134a in the analysed small
capacity refrigeration system. Of the alternatives, R513A is an azeotrope
mixture which was shown to operate with a COP similar to R134a, and can
provide higher cooling capacity. However, the use of R513A will result in
significantly higher refrigerant mass flow in R134a system retrofit
conditions. Thus, the implications of this change should be examined
before accepting R513A as an R134a alternative.
However, R450A was shown to be less energy efficient than R134a and
provided lower cooling capacity. When both direct and indirect emissions
from the R134a system retrofitted with R513A and R450A were analysed
using the TEWI metric, it was shown that the R450A system would result
in a 5% increase in TEWI per 1 kW of provided cooling capacity, whereas
R513A would have a comparable or lower TEWI per 1 kW of cooling
capacity. These results suggest that alternative refrigerants with reduced
GWP do not guarantee a reduction in the overall climate impact of a
refrigeration system, even though these refrigerants contribute to direct
emissions reduction.
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7 Addressing the total GHG emissions of a
system
As shown in Chapter 6, replacing a refrigerant with an alternative that has
a reduced GWP could increase the total GHG emissions associated with the
operation of a vapour compression system. While the replacement of
conventional refrigerants with alternative refrigerants that have reduced
GWP is incentivised by the F-gas Regulation, a possible increase in total
GHG emissions should be avoided in order to meet the goals of the Paris
Agreement. This chapter evaluates total GHG emissions resulting from
system manufacturing, operation and end of life. The evaluation is based
on the LCCP metric and a residential heat pump system to be designed for
operation in different European climates is the focus of this chapter. The
chapter summarises the analysis reported in Paper E and Paper F and
addresses RQ2.

7.1 The influence of climate conditions on the LCCP
of a residential heat pump unit
Cooling systems with an overall low climate impact are necessary for
reducing the current and predicted future climate impact of RACHP
equipment. Among the different metrics that account for total GHG
emissions, LCCP was used to evaluate the total life cycle emissions of a
residential air/water heat pump system designed to provide heating with a
capacity of up to 30 kW. An analysis was conducted of four low GWP
refrigerant alternatives with GWP values no greater than 150 (refrigerants
R152a, R1234yf, R290 and R1270) and the results were compared with
R410A, which was used as a reference refrigerant. Moreover, the total life
cycle emissions of the air/water heat pump systems were calculated at
different European climate conditions.
The annual energy use of the heat pump has been modelled following the
EN 14825:2012 standard guidelines, taking into account the annual
heating demand of a residential building in each of the analysed climate
conditions by accounting for the number of bin hours that occur at a
corresponding bin temperature (illustrated in Figure 20), heating demand
of the building at each corresponding bin temperature, and a heating COP
of the unit at a corresponding temperature. The COP values of an air to
water heat pump have been modelled for an ambient temperature range
from -22 to 15 °C and presented for the selected diapason of the ambient
temperatures in Figure 21. The remaining modelling assumptions are
presented in detail in Paper E.
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Figure 20. Number of heating hours for each temperature bin.

Figure 21. Modelled heating COP of the heat pump over a range
of ambient temperatures.
For the LCCP calculation, the carbon intensity (CI) of electricity generation
in the European Network of Transmission System Operators for Electricity
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(ENTSO-E) grid has been used (0.4621 kg CO2-eq. per kWh produced
energy (62)) for each modelled location. The remaining assumptions
include CO 2-eq. emissions resulting from heat pump component
manufacturing and recycling, refrigerant manufacturing, direct refrigerant
emissions at the unit’s end of life, as well as refrigerant transportation. The
assumed values are presented in Paper E attached to this thesis.
The results of the LCCP analysis are presented as absolute modelled LCCP
values at each of the locations for each analysed refrigerant, Figure 22, and
summarised in Table 32. LCCP is decreasing in climates that have warmer
ambient temperatures. This is due to shorter required heating periods,
which result in lower annual energy use and associated GHG emissions; as
well as the effect of the difference in COP between refrigerants.
Colder

Average

Warmer

160
140

LCCP, ton CO2-eq.

120
100
80
60
40
20
0

R152a

R290

R1234yf

R1270

R410A

Figure 22. LCCP of a heat pump operating in different climate
conditions.
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Table 32. LCCP of a heat pump unit operating in different
European climate conditions.
R152a
R290
R1234yf R1270
R410A
Emissions in kg CO 2-eq. (Colder European climate)
LCCP
136,358
136,254
146,470
135,136
146,755
-direct
271
4
11
2
5,450
-indirect
135,572
135,753
145,929
134,636
140,761
(energy
use)
-indirect
514
497
530
497
544
(other)
Emissions in kg CO 2-eq. (Average European climate)
LCCP
103,862
105,022
111,134
104,700
114,438
-direct
271
4
11
2
5,450
-indirect
103,076
104,521
110,593
104,201
108,444
(energy
use)
-indirect
514
497
530
497
544
(other)
Emissions in kg CO 2-eq. (Warmer European climate)
LCCP
54,114
55,611
56,815
55,969
63,645
-direct
271
4
11
2
5,450
-indirect
53,328
55,110
56,275
55,469
57,651
(energy
use)
-indirect
514
497
530
497
544
(other)
When the modelled LCCP values are analysed in relation to those of the
reference R410A, Figure 23, all refrigerants, if compared within a specific
climate zone, result in lowering the LCCP values. The reduction in LCCP
depends on the modelled climate zone (and corresponding location) and
the lowest LCCP is obtained using R152a in the warmer climate, mainly
due to its high energy performance at the higher ambient temperatures
that prevail in the warmer climate. In average climate conditions, the use
of R152a also results in the lowest LCCP value, although in colder
conditions, R1270 (propene) can be regarded as the refrigerant that results
in the lowest LCCP value under the modelling conditions of the study.
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Figure 23. LCCP of the heat pump with alternative refrigerants
in relation to LCCP of the heat pump operating with R410A.
Despite efforts to develop new low GWP alternatives to reduce the direct
contribution to global warming, indirect emissions are those that dominate
the total life cycle emissions, expressed in LCCP values, of heat pump
systems. The amount of indirect emissions greatly depends on the CI of
electricity generation used by a system and its energy efficiency – both of
which parameters could depend on the location of the intended use of the
analysed system.

7.2 Uncertainty of LCCP analysis
The LCCP methodology used to calculate the total lifetime emissions of
the heat pump system modelled in Section 7.1 is a comprehensive tool
that provides a holistic evaluation of the environmental impact of an
RACHP unit. It accounts for the entire life cycle GHG emissions of a
system, including emissions resulting from the energy embodied in
product materials, greenhouse gas emissions during system operation
and end-of-life disposal of the unit.
However, the calculated LCCP values are subject to uncertainty. This
uncertainty originates on different levels such as missing or
unrepresentative data inputs (database uncertainty) or oversimplified
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models that do not entirely represent the behaviour of the modelled
system (model uncertainty). In order for LCCP to provide an accurate
estimation of life cycle GHG emissions associated with an RACHP
system, an LCCP calculation should address the uncertainties by either
reducing them and/or by incorporating them into the LCCP calculation.

7.2.1 Addressing uncertainty through sensitivity analysis
Performing a sensitivity analysis is a common way of addressing the
uncertainty of LCCP studies. In the analysis presented in Paper E and
summarised in Section 7.1, the component that contributes the greatest
part of the LCCP value is indirect emissions relating to energy used by the
system throughout its lifetime. This component depends on several input
parameters, including the carbon intensity of electricity generation. In
this section a sensitivity analysis of an LCCP calculation is presented by
comparing the LCCP results presented in Paper E and summarised in
Section 7.1 with the LCCP of the same system, but using different CI
values.
Initially, the average CI of electricity generation in the ENTSO-E grid
(0.4621 kg CO2-eq. per kWh produced energy [64]) was considered for
calculating the LCCP value in different climate zones. However, the CI
values of Greece, France and Finland (representing standardised warmer,
average and colder European climate zones [65]) can be used as a basis for
the sensitivity analysis. The CI values of used electricity at low voltage and
excluding the emissions caused by the extraction, refining and transport of
fuels to power plants have been used in the analysis [66], Table 33.
Additionally, the CI value for Sweden has considered in the analysis (the
results are further referred to as colder (S) climate LCCP value).
Since the LCCP metric should be primarily used for comparative analysis
of similar systems [50], the results are presented in relation to the LCCP of
the reference refrigerant R410A and illustrated in Figure 24. Similarly to
the initial analysis, Figure 23, R152a and R1270 are the refrigerants that
result in the lowest LCCP value in a warmer climate and colder climate,
respectively. However, in an average climate, R1270 has become the
preferred option (instead of R152a).
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Table 33. Carbon intensity of used electricity (low voltage,
combustion only) [66].
Climate zone

Country

Warmer
Average
Colder
Colder (S)

Greece
France
Finland
Sweden

Carbon intensity of
used electricity, kg
kWh-1
0.723
0.080
0.181
0.036

Figure 24. LCCP of a heat pump with alternative refrigerants in
relation to those operating with R410A. Sensitivity analysis
data.
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7.2.2 Addressing uncertainty by incorporating it in LCCP
methodology
An approach to improving LCCP analysis uncertainty is discussed in Paper
F. The approach recognises the uncertainty of the LCCP analysis resulting
from the uncertainty of the input values. In a conventional LCCP analysis,
a number of input values are easy to obtain but are uncertain (e.g. GWP of
refrigerant). The process of acquiring other inputs is time intensive or,
sometimes, not possible (e.g. refrigerant manufacturing emissions,
particularly for newly proposed refrigerants), emissions resulting from
material manufacturing and recycling emissions (particularly for
equipment to be manufactured or recycled in the future).
The LCCP method can be improved by incorporating the uncertainty of
LCCP input values and presenting the final LCCP values taking into
account the uncertainty propagation in the resulting LCCP value. Using
such a method, uncertain input data should be replaced by the best
estimate value and its range of uncertainty. An LCCP calculation is then
performed and the results analysed. If the results are unsatisfactory in
terms of providing objective information, the uncertainty of the input
values should be reviewed (for example, by improving the data source,
scope of modelling or the uncertainty of the measured data) and the LCCP
calculation repeated. The process can be repeated iteratively until the
desired level of uncertainty is achieved.

7.3 Summary
The requirements of the F-gas Regulation have forced the adoption of
refrigerants with reduced GWP. Thus, future direct emissions from cooling
systems will be significantly reduced. At the same time, a significant
amount of GHG emissions associated with a cooling system are GHG
emissions from used electricity production and those emissions embedded
in the manufacture of the system’s components and released at the
system’s end of life.
LCCP and TEWI are well-known environmental metrics that can be used
to assess combined direct and indirect GHG emissions. Of the two, LCCP
provides a more holistic evaluation by extending the scope of the
contributing factors that are taken into account. In this chapter, in the
example of the heat pump system designed to operate in different
European climate conditions, it was demonstrated that the selection of a
refrigerant with the lowest GWP value does not necessarily result in the
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lowest climate impact. It is therefore necessary to evaluate the overall
climate impact of an RACHP system to justify the selection of a suitable
refrigerant in order to verify the lowest contribution to global warming.
LCCP is a comprehensive metric that is suggested to be used to evaluate
emissions throughout different stages of the life cycle of an RACHP system.
By incorporating the uncertainties of the input data into the LCCP
calculation, it is possible to obtain more reliable calculation results and
also facilitate LCCP calculation by replacing selected input parameters that
are difficult or impossible to obtain with their best estimates and related
uncertainties. Such an approach to LCCP calculation that involves
incorporating input data uncertainty into an LCCP analysis has been
proposed. Providing a more transparent LCCP calculation approach will
enable a transition to refrigerants that permit the construction of an
RACHP system with the lowest possible climate impact.
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8 Conclusions and suggestions for future
work
This chapter summarises the overall conclusions of this thesis and provides
the suggestions for future research work.

8.1 Conclusions
The current and projected impact of fluorinated substances on climate
change has triggered a transition to more environmentally-friendly
solutions. In the RACHP sector, this initiated a transition to alternative
refrigerants with reduced GWP values. The transition is supported by the
requirements of the F-gas Regulation, the Montreal Protocol and the Paris
Agreement.
Recognising the goals of the Paris Agreement, GHG emissions should be
substantially reduced. In respect of refrigeration that utilises vapour
compression systems, the reduction can be achieved by addressing both
direct emissions (e.g. by reducing the GWP of used substances) and
indirect emissions (e.g. by improving the energy efficiency of a system
operation) from a RACHP system. Refrigerants determine the climate
impact of a RACHP system by influencing both direct and indirect
emissions. Since RACHP systems with low climate impact should be used
to mitigate climate change, refrigerant selection that addresses both direct
and indirect emissions is necessary.
The F-gas Regulation provides incentives for the use of refrigerants with
reduced GWP. In such cases, direct emissions from RACHP systems are
expected to be reduced. However, as demonstrated in this thesis and
presented in Paper E, this does not necessarily result in lowering climate
impact, expressed in term of LCCP value. Thus, LCCP evaluation can be
necessary in order to account for the entire climate impact of a system
when selecting an alternative refrigerant. The challenge regarding the wide
implementation of the LCCP method is its uncertainty, which originates on
different levels (e.g. missing or unrepresentative input data, modelling
uncertainty). These uncertainties should be addressed when calculating
the LCCP of an RACHP system. Moreover, the uncertainties can be
incorporated in a comparative LCCP analysis, as demonstrated in this
thesis and presented in Paper F.
While overall GHG emissions associated with an RACHP system should be
minimised in order to mitigate global warming and achieve the goals of the
Paris Agreement, the requirements of the F-gas Regulation provide
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incentives to use refrigerants with reduced GWP and specific GWP limits
have been established for selected types of RACHP equipment. This has
triggered the use of refrigerants with low GWP, primarily in the sectors
affected by the service ban and the sectoral POM bans of the F-gas
Regulation, as demonstrated in Paper A.
Three new non-ozone-depleting single component refrigerants and many
refrigerant mixtures have been formulated in recent years and approved by
ASHRAE for publication in the ANSI/ASHRAE 34-2016 standard. These
new mixtures provide a range of properties and there is a trade-off between
their GWP, flammability, cooling capacity and energy efficiency when
comparing the mixtures with the conventionally used HFC refrigerants
R134a, R404A and R410A.
R134a is the most commonly used refrigerant in the European Union. Its
new alternatives have been evaluated in this thesis. The use of new
alternatives could be advantageous due to the present variation in
thermophysical properties, which could provide environmental benefits,
better energy efficiency and increased cooling capacity. However, if these
alternatives are considered for retrofitting existing systems, no fully
design-compatible alternatives have been identified. The most notable
differences were found in the change in refrigerant mass flow rate and
variations in volumetric cooling capacity, which, under the modelled
conditions, remain similar (±2% deviation) or decreased (up to 26.8%
decrease) when using new mixtures. Regarding energy efficiency, all new
mixtures have slightly lower COP (a decrease of up to 3.1%).
R450A and R513A are viable alternatives to R134a in the analysed small
capacity refrigeration system, as demonstrated in the studies presented in
Paper C and Paper D. Of the alternatives, R513A is an azeotrope mixture
which was shown to operate with a COP similar to R134a, and can provide
a higher cooling capacity. However, the use of R513A will result in
significantly higher refrigerant mass flow in R134a system retrofit
conditions. Thus, the implications of this change should be examined
before accepting R513A as an R134a alternative. However, R450A was
shown to be less energy efficient than R134a and had lower cooling
capacity.
R404A is a refrigerant that is greatly affected by the F-gas Regulation since
it is commonly used in commercial refrigeration but will soon be not
permitted to be put on the EU market, either for use in new systems, or for
service. Although the regulation provides a few exceptions from this
requirement, it sets incentives to develop alternative refrigerants with
GWP below 2,500 and with GWP below 150 in order to meet the
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requirements that will enter into legal force from 2020 and 2022,
respectively. The use of new alternatives can be advantageous due to the
present variation in thermophysical properties that could provide
environmental benefits and better energy efficiency. However, if these
alternatives are considered for retrofitting existing systems, no fully
design-compatible alternatives have been identified. The most notable
differences were found in an increase in compression discharge
temperature, change of refrigerant mass flow and high temperature glide.
In the study of an R404A supermarket indirect system retrofit with R449A,
as presented in Paper B, the energy efficiency (expressed in COP) remained
comparable to that of R404A, but the cooling capacity was reduced. Other
notable differences were observed in the increase in temperature glide
(+4.9 °C R449A at 0.1 MPa) vapour density change that resulted in reduced
refrigerant mass flow, and compressor discharge temperature increase,
which was within the limits set by the compressor manufacturer, but could
reach higher values if R449A is implemented in low-temperature
refrigeration systems or systems in which high superheating is maintained.
R410A is a refrigerant that is affected by the F-gas Regulation due to its
high GWP. Although it has been banned from use from 2025 in single split
AC systems containing less than 3 kg of fluorinated greenhouse gases, its
availability for AC systems already became questionable as a consequence
of established HFC phase down requirement. Alternatives to R410A have
only been identified in R32, which is a component of R410A, and seven
new refrigerant mixtures. Among them, all new alternatives (with the
exception of R463A) increase COP (more than 1% increase), whereas
. for all new mixtures is reduced (more than 3% reduction). The only
new non-flammable R410A alternative is characterised by a significant
temperature glide and high GWP, both are the highest among new R410A
alternatives. An increase in compression discharge temperature was noted
for all of the alternatives.
Overall, new refrigerants suitable for use in the RACHP sector were
formulated as mixtures, where the choice of components and the mixing
proportions provide variability in their properties. Reducing GWP but
maintaining low or no flammability is a typical trend of current refrigerant
mixture development. Other desired properties include increasing Qvol and
improving energy efficiency. A low GWP value of a refrigerant is often
prioritised when selecting a new refrigerant as it contributes to meeting the
requirements set by the F-gas Regulation, and a trade-off between other
properties is made depending on the intended use of a refrigerant. While
GWP provides an estimate of the direct impact of a refrigerant on climate
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change, the goals of the Paris Agreement can be met when selecting a
refrigerant that results in overall low GHG emissions of an RACHP system.

8.2 Suggestions for future work
Some important aspects of new refrigerant development and their
application remained outside of the scope of the presented study and are
suggested for future analysis. For instance, the analysis presented in this
thesis can be extended to include recently proposed substances and
mixtures that were not included in ANSI/ASHRAE 34-2016 standard with
addenda, as well as the fluids that were excluded from the current analysis
according to the limitations set for this study.
Since new alternatives to R410A with GWP below 1,494 are flammable
refrigerants, there is a strong interest in an non-flammable alternative to
R410A with lower GWP. The iodine-containing R13I1 has been recently
proposed as a component of a non-flammable mixture with GWP below
700. It is therefore of interest to evaluate the implications of the newly
proposed mixtures use.
Several new refrigerants are fluids with small ozone depletion potential
values. These are considered for usage in RACHP systems despite their
ODP. Further analysis of their environmental effects is necessary to ensure
environmentally safe long-term use of such refrigerants.
The lack of efficient refrigeration system climate impact assessment
methods prevents the development of appropriate policies that can drive a
transition towards RACHP systems with low climate impact. The LCCP
metric can be further developed to facilitate recognising and accounting for
the overall climate impact of RACHP systems. It is suggested that methods
and techniques already developed in other fields of knowledge, e.g. LCA,
could be utilised for this purpose.
The amount of newly introduced refrigerants is substantial. Only a limited
number of refrigerants have been extensively analysed. Further analysis is
therefore required, including a greater number of experimental studies.
The suggested focus areas for future investigation include the implications
of temperature glide of new refrigerants, safety considerations, chemical
stability and material compatibility assessment, heat transfer analysis,
further environmental impact analysis (e.g. assessment of an impact from
trifluoroacetic acid formation).
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Nomenclature
Roman
AC
AHRI

air conditioning
the American Air-Conditioning. Heating and Refrigeration
institute
AR
ammendment report
ASHRAE
the American Society of Heating. Refrigerating and
Air-Conditioning Engineers
CFC
chlorofluorocarbon
CI
carbon intensity
CO2-eq.
CO2 equivalent
cond
condenser, condensing
cp
isobaric specific heat capacity, J mol –1 K–1
CP
critical point
CR
clorobutadiene rubber
ENTSO-E
the European Network of Transmission System Operators
for Electricity
EoS
equation of state
EPDM
ethylene-propylene-diene rubber
EU
European Union
EXV
electronic expansion valve
evap
evaporator, evaporation
F-gas Regulation
the regulation No 517/2014 of the European
Parliament and of the Council of 16 April 2014 on
fluorinated greenhouse gases
F-gas
fluorinated gas
FKM
fluororubber
GHG
greenhouse gas
GWP
global warming potential for a time horizon of 100 years as
reported in the IPCC AR4 report [24]
h
specific enthalpy, kJ·kg-1
HCFC
hydrochlorofluorocarbon
HCFO
hydrochlorofluorocarbon
HFC
hydrofluorocarbon
HFE
hydrofluoroethers
HFO
hydrofluoroolefin
HX
heat exchanger
IIR
the International Institute of Refrigeration
IPCC
Intergovernmental Panel on Climate Change
LCCP
life cycle climate potential
LT
low temperature
m
mass flow, kg·s-1
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MAC Directive
MT
NBP
NBR
NIK
N/A
ODP
PFC
PR
POE
POM
P
PP
PTFE
PVE
q

̇

Qvol
RACHP
Refr.
RF
RQ
SC
SH
T
Temp.
TEWI
TXV
UNEP
V
w

the directive 2006/40/EC of the European
Parliament and of the Council relating to emissions from
air conditioning systems in motor vehicles
medium temperature
normal boiling point
nitrile butadiene rubber
not-in-kind
not available
ozone depletion potential
perfluorocarbon
pressure ratio
polyol ester
placing on the market
pressure, Pa
polypropylene
polytetrafluoroethylene
polyvinyl ether
refrigeration effect, kJ·kg-1
cooling capacity, W
volumetric cooling capacity, kJ·m-3
refrigeration, air-conditioning and heat pump
refrigerant
radiative forcing
research question
subcooling
superheating
temperature, °C
temperature, °C
total equivalent warming impact
thermal expansion valve
the United Nations Environment Programme
volume
specific work, J·kg-1

Greek

λ
μ
ν
σ
ω
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efficiency
thermal conductivity, W·m−1·K−1
dynamic viscosity, kg·m−1·s−1
kinematic viscosity, kg·m−1·s−1
density, kg·m-3
surface tension, N·m−1
acentric factor

Subscripts
comp
cond
crit
disc
evap
in
liq
mid
out
ref
sat
suc
vap
vol

compressor, compression
condenser, condensing
critical
discharge
evaporator, evaporation
inlet
liquid
middle
outlet
refrigerant
saturated
suction
vapour
volumetric
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Annex A
Popular science articles authored by Pavel Makhnatch under the
supervision and review of Prof. Rahmatollah Khodabandeh and Prof. Björn
Palm published in the KYLA+ Värmepumpar and KYLA+Värme magazine.
2012
•
•
•
•
•

Stabilitet och kompatibilitet av HFO-köldmedier.
Nya köldmedier och nya utmaningar - så är läget just nu.
Låga GWP alternativa köldmedier i värmepumpar.
Miljö mätmetoder för utvärdering av kylsystem drift.
Nytt förslag till F-gas förordning släppt.

2013
•
•
•
•
•
•
•
•

Är R1234yf framtidens köldmedium för mobilkyla?
Senaste nytt om mobilkyla.
Osäker framtid för fluorerade köldmedier.
Sökandet efter nya köldmedier fortsätter!
Nya möjligheter för naturliga köldmedier
Vilket köldmedium ersätter R410A?
Att definera "Låg GWP"
Utvecklingen på köldmediefronten det senaste året.

2014
•
•
•

•
•
•
•
•
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Nya F-gasförordningen, ännu ett steg närmare beslut!
Något om hur GWP-värden bestäms.
Vilket mått ska vi använda för köldmediernas klimatpåverkan,
GWP (Global Warming Potential), GTP (Global Temperature
Change) eller GCP (Global Cost Potential)?
Säkerhet av nya låg GWP köldmedier.
Köldmedier med låg gwp för högtemperaturvärmepumpar.
R1336mzz-Z – ett nytt högtemperaturköldmedium med bra
egenskaper.
Vilka köldmedier ersätter R404A? del.1
Vilka köldmedier ersätter R404A? del.2

2015
•
•
•
•
•
•
•
•

Kort om R1234ze.
Guiden till guider om F-gasförordningen.
Nya möjligheter för R32.
Något om Köldmediers brännbarhet.
Något om HFO köldmedier.
Senaste nytt om köldmedier med låg växthuseffekt från ”IIR
International Congress of Refrigeration” i Yokohama Japan.
Potentiella faror med ”TriFluorättiksyra” (TFA).
Utvecklingen på köldmediefronten under året som gått.

2016
•
•
•
•
•
•
•
•

Några frågor från våra läsare.
Källor för köldmediers termodynamiska egenskaper.
Miljöindikatorer TEWI och LCCP.
Möjligheter och utmaningar för R152a. Del 1.
Möjligheter och utmaningar för R152a. Del 2.
Senaste nytt från ”Gustav Lorentzen Natural Working Fluids
Conference” i Edinburgh UK.
Ett alternativ för att ersätta R404A i små kylsystem.
Detta hände på köldmediefronten under året som gått.

2017
•
•
•
•
•
•
•

Miljövänliga köldmedier för framtiden.
Standarder och deras roll i kylindustrin.
Köldmedier: vad förväntas i framtiden.
Framtiden för R404A och andra köldmedier med höga GWPvärden när priserna stiger.
Köldmedier: den aktuella utvecklingen.
Tio icke-brännbara alternativ till R404A.
Utsläppen av fluorerade gaser och deras utsläppsminskning.

2018
•

F-gasförordningens kvoter är på plats – men är vi på väg att
uppfylla målen?
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•
•
•
•
•
•
•

Effekterna av F-gasförordningen oroar värmepumpsindustrin.
Höjdpunkter från ICCC 2018 - om hållbarhet och den obrutna
kylkedjan.
Forskning med fokus på säker användning av brännbara
köldmedier.
Naturliga köldmedier diskuterades under Gustav Lorentzenkonferensen.
Miljövänliga kylsystem behövs för att mildra klimatförändringen.
Köldmedier med lågt GWP: tidigare och pågående projekt.
Utvecklingen på köldmediefronten under året som gått.

2019
•
•
•
•
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Icke-brännbara alternativ till R134a.
Materialkompatibilitet och nya köldmedier.
Brännbara köldmedier
Vad ingår i F-gasförordningens kvot?

Annex B
New single component refrigerants, Table B1, new zeotropic mixtures,
Table B2 and new azeotropic refrigerant mixtures, Table B3, as listed in the
ANSI/ASHRAE 34 2016 [9] with addenda. excluding those listed in
ANSI/ASHRAE 34 2013 [10].
Table B1. New single component refrigerants
Refrigerant
R1130(E)
R1123
R1224yd(Z)
R1132a
R1233zd(E)
R1336mzz(Z)

Chemical Name
trans 1,2-dichloroethene
1,2,2-trifluoroethene
cis 1-chloro-2,3,3,3-tetrafluoropropene
1,1-difluoroethene
trans 1-chloro-3,3,3-trifluoropropene
cis 1,1,1,4,4,4-hexafluoro-2-butene

Table B2. New zeotropic mixtures and their composition
Number
R407G
R407H
R407I
R444B
R446A
R447A
R447B
R448A
R449A
R449B
R449C
R450A
R451A
R451B
R452A
R452B
R452C

Refrigerant Composition (Mass %)
R32/125/134a (2.5/2.5/95.0)
R32/125/134a (32.5/15.0/52.5)
R32/125/134a (19.5/8.5/72.0)
R32/152a/1234ze(E) (41.5/10.0/48.5)
R32/1234ze(E)/600 (68.0/29.0/3.0)
R32/125/1234ze(E) (68.0/3.5/28.5)
R32/125/1234ze (E) (68.0/8.0/24.0)
R32/125/1234yf/134a/1234ze(E)
(26.0/26.0/20.0/21.0/7.0)
R32 /125 /1234yf /134a (24.3/24.7/25.3/25.7)
R32/125/1234yf/134a (25.2/24.3/23.2/27.3)
R32/125/1234yf/134a (20.0/20.0/31.0/29.0)
R134a/1234ze(E) (42.0/58.0)
R1234yf/134a (89.8/10.2)
R1234yf/134a (88.8/11.2)
R32/125/1234yf (11.0/59.0/30.0
R32/125/1234yf (67.0/7.0/26.0)
R32/125/1234yf (12.5/61.0/26.5)
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Number
R453A
R454A
R454B
R454C
R455A
R456A
R457A
R458A
R459A
R459B
R460A
R460B
R460C
R461A
R462A
R463A
R464A
R465A

Refrigerant Composition (Mass %)
R32/125/134a/227ea/600/601a
(20.0/20.0/53.8/5.0/0.6/0.6)
R32/1234yf (35.0/65.0)
R32/1234yf (68.9/31.1)
R32/1234yf (21.5/78.5)
R744/32/1234yf (3.0/21.5/75.5)
R32/134a/1234ze(E) (6.0/45.0/49.0)
R32/1234yf/152a (18.0/70.0/12.0)
R32/125/134a/227ea/236fa (20.5/4.0/61.4/13.5/0.6)
R32/1234yf/1234ze(E) (68.0/26.0/6.0)
R32/1234yf/1234ze(E) (21.0/69.0/10.0)
R32/125/134a/1234ze(E) (12.0/52.0/14.0/22.0)
R32/125/134a/1234ze(E) (28.0/25.0/20.0/27.0)
R32/125/134a/1234ze(E) (2.5/2.5/46.0/49.0)
R125/143a/134a/227ea/600a (55.0/5.0/32.0/5.0/3.0)
R32/125/143a/134a/600 (9.0/42.0/2.0/44.0/3.0)
R744/32/125/1234yf/134a (6/36/30/14/14)
R32/125/1234ze(E)/227ea (27/27/40/6)
R32/290/1234yf (21.0/7.9/71.1)

Table B3. New azeotropic mixtures and their composition
Number
R513A
R513B
R514A
R515A
R516A
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Refrigerant Composition (Mass % )
R1234yf/134a (56.0/44.0)
R1234yf/134a (58.5/41.5)
R-1336mzz(Z)/1130 (E) (74.7/25.3)
R-1234ze(E)/227ea (88.0/12.0)
R-1234yf/134a/152a (77.5/8.5/14.0)

Annex C
Saturated HFCs controlled by the F-gas Regulation and the Kigali
amendment to the Montreal Protocol, Table C1.
Table C1. Saturated HFCs controlled by the F-gas Regulation
and the Kigali amendment to the Montreal Protocol
Designation

Chemical name

Chemical formula

GWP

R23

trifluoromethane

CHF3

14800

R32
R41

difluoromethane
fluoromethane

CH2F2
CH3F

675
92

R125
R134

pentafluoroethane
1,1,2,2-tetrafluoroethane

CHF2CF3
CHF2CHF2

3500
1100

R134a
R143
R143a
R152

1,1,1,2-tetrafluoroethane
1,1,2-trifluoroethane
1,1,1-trifluoroethane
1,2-difluoroethane

CH2FCF3
CH2FCHF2
CH3CF3
CH2FCH2F

1430
353
4470
53

R152a
R161*

1,1-difluoroethane
fluoroethane

CH3CHF2
CH3CH2F

124
12

R227ea
R236cb
R236ea
R236fa

1,1,1,2,3,3,3heptafluoropropane
1,1,1,2,2,3hexafluoropropane
1,1,1,2,3,3hexafluoropropane
1,1,1,3,3,3hexafluoropropane

CF3CHFCF 3
CH2FCF2CF3
CHF2CHFCF3
CF3CH2CF3

R245fa

1,1,1,3,3Pentafluoropropane

CHF2CH2CF3

R245ca

1,1,2,2,3Pentafluoropropane

CH2FCF2CHCF2

R365 mfc
R43-10 mee

1,1,1,3,3pentafluorobutane
1,1,1,2,2,3,4,5,5,5decafluoropentane

CF3CH2CF2CH3
CF3CHFCHFCF 2CF3

3220
1340
1370
9810
1030
693
794
1640

* not controlld by the Montreal Protocol
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