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Executive Summary 
This report provides a comprehensive, most up-to-date review of current research, 

product development and regulation status of low-GWP refrigerants for the heat pump 
application. It summarizes the collective efforts by researchers, engineers and regulation 
committees across the industry. The report is comprised of the following chapters. 

Chapter 1 provides a high-level review of progress towards utilizing flammable 
refrigerants. The review provides a coverage of efforts ensuring safe use of flammable 
refrigerants. In particular, it provides a list of recent activities led by standard committees 
in the USA. 

Chapter 2 provides a comprehensive update on recent regulations and research 
advancements in bringing low-GWP refrigerants to residential AC systems. It then tries 
to answer the following questions, at least partially: where we stand now toward adapting 
ultra-low-GWP refrigerants in residential AC systems and how we should proceed to that 
direction on the basis of past research efforts, including refrigerant mixtures and both A2L 
and A3 classified refrigerants. 

Chapter 3 reviews the current standards and policies for residential and commercial 
heat pump (HP) systems with low-GWP refrigerants. Four standards and policies are 
reviewed, including the Kigali Amendment to the Montreal Protocol, EU F-gas regulations, 
US EPA’s Significant New Alternatives Policy (SNAP) Program and China’s National 
Green and High-efficiency Cooling Action Plan. For each standard and policy, the targets 
and requirements for low-GWP air conditioning are summarized. This chapter tries to 
understand the policy drivers for refrigerant transition with a special focus on low-GWP 
HP applications and the GWP thresholds for the next step of HP component and system 
optimization. 

Chapter 4 focuses on a very low-GWP refrigerant R-516A, as a promising candidate 
for R-134a in medium pressure chiller applications. In this work, R-516A has been further 
evaluated for its usage in air-to-water source heat pumps. Modeling results based on a 
R-134a oil-free compressor show that R-516A was able to provide similar performance 
to R-134a without any changes to the system both in heating and cooling mode. 

Chapter 5 provides an update on bringing R32 to window type air conditioner for the 
US market and split air conditioners for European market. It provides in-depth laboratory 
investigation results on the performance comparisons. There’s no major modification of 
product when R32 is adopted in window type and wall-mounted type air conditioner. 
When the parts of products were slightly changed the performance increased. Ceiling-
mounted air conditioner adopting R32 was modified by increasing size of heat exchanger 
and changing operational logic to improve the energy efficiency class of product. 

Chapter 6 summarizes the on-going activities carried out in Italy about the use of low-
GWP refrigerants in heat pumps. The market share of vapor compression heat pumps is 
expanding in the last years in Italy (EHPA, 2018). Consequently, research institutes, 
universities and companies started research programs aimed at studying the low-GWP 
refrigerants in the most comprehensive way. As a result, research activities that deal with 
the measurement of the thermophysical properties, the characterization of the 
components behavior (namely, heat exchangers and compressors) and the overall 
system performance have been active since 2011. Although a wide range of refrigerants 
were considered, a definite low-GWP refrigerant that could replace traditional high-GWP 
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refrigerants in small, medium or high capacity systems has not been found yet, making 
this kind of analysis even more important. 

Chapter 7 presents a literature review conducted for application of low-GWP 
refrigerants in high temperature heat pumps and some showcases. Through the literature 
review, the present report provides trends of the recent study as well as research direction 
on investigating low-GWP refrigerants. In the application of high temperature heat pumps, 
R1233zd(E), R1234ze(Z), and R1336mzz(Z) are the most promising alternative 
refrigerants with very low-GWP. In the case of the showcase, R448A and R449A are the 
possible alternatives of the conventional refrigerant, however, the two refrigerants still 
have a moderate GWP value, which ultimately have to be replaced. 

Chapter 8 provides a comprehensive review of refrigerant regulations, initiatives and 
market progress in Japan. As one of the leading markets in commercializing low-GWP 
refrigerants, Japan has accumulated considerable experiences in handling flammable, 
low-GWP refrigerants. This chapter provides an update on how Japan moves forward 
with regulations, research activities and market for low-GWP refrigerants and its future 
plans. 

This report aims at providing a much needed review and update on low-GWP 
refrigerants for heat pump application. We hope it can be a good reference for 
researchers, engineers and policy makers across the HVAC industry. We greatly 
appreciate contributions of authors for each chapter. The report would not exist without 
their valuable efforts. 
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1.1 Overview 

The HVAC&R industry is transitioning to low-GWP refrigerants due to environmental 
concerns and regulatory requirements 1 . Many of these low-GWP refrigerants are 
classified as lower flammability which has required the update of relevant safety 
standards and codes to implement these environmentally friendly refrigerants in the field 
in a timely and cost-effective manner.  

Relevant safety standards updates have been underway for many years.  The 
standard revision and code adoption processes are relatively slow while regulations are 
advancing quickly. This is, in part, because of a lack of publicly available knowledge about 
the safe use of these refrigerants. To address this challenge, US industry, HVACR 
society, federal and local governments have collaboratively conducted research to 
understand the refrigerant flammability and the safe use of these refrigerants for several 
years. The Air-Conditioning, Heating and Refrigeration Institute (AHRI) has been leading 
a research program aimed at generating publicly available and sound technical data to 
support code and standard activities related to the use of flammable refrigerants. This $ 
6 million plus program was jointly funded by AHRI, ASHRAE, California Air Resource 
Board and US Department of Energy. The goal of the research initiative is to deliver 
scientific findings and produce publicly available technical references to support code and 
standard activities related to the use of flammable refrigerants. 

Underwriters Laboratory and the American Society of Heating and Refrigeration 
Engineers (ASHRAE) along with stakeholders including industry experts have worked to 
update the safety standards. AHRI surveyed 46 relevant safety standards’ committees 
and WGs related to flammable refrigerants for technical data gaps. High priority projects 
were identified and initiated to understand the refrigerants flammability risk, refrigerant 
charge quantity, refrigerant detector technologies, mitigation effectiveness and 
equipment installation. The project reports have been shared with the standard 
communities and the public and has been used to substantiate changes to safety 
standards. The list of these projects is attached in Exhibit-1. 

The industry is taking a systematic and conservative approach to ensure safe use of 
flammable refrigerants with a great amount of effort to understand the potential risk. 
Several whole room-scale refrigerant leak and ignition tests were conducted for air-
conditioning and refrigeration products beyond the worst case scenarios with the events 
unlikely happening by using multiple strong ignition sources placed in locations where 
combustible mixtures were most likely to occur. In addition, the rapid liquid refrigerant 
release used in testing is an extremely low-probability type of leak. The testing suggested 
that, if used, refrigerant detection systems would need a faster response time than the 30 
second response originally envisioned by the safety standards. This detection response 
time change has been adopted by the relevant safety standards such as ASHRAE 
Standard 15 and UL 60335-2-40. Additional experimental investigation on potential 
ignition sources inside domestic residence demonstrated that many household ignition 
sources cannot ignite mildly flammable refrigerants such as burning cigarette, sparks from 

                                            
 

1 California Air Resources Board is considering a January 1, 2023 transition to low global warming potential 
refrigerants. 
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common household appliances and tools etc. 
The industry is continuing its work to further assess the use of mildly flammable 

refrigerants to inform the continuous upgrading of the safety standards and to confirm 
previous learnings by other industries already using mildly flammable refrigerants. 

Table 1-1 shows the launched projects in the USA.  These projects were developed 
as the result of the survey of safety standard community. They were prioritized among 
other identified research needs and considered as high priority projects by a group of 
experts including industry experts, major safety standard committee chairmen and 
members, and representatives from U.S. Department of Energy (DOE), Environmental 
Protection Agency (EPA) and National Institute of Standards and Technology (NIST). 

Table 1-1: Launched High Priority Low-GWP Projects in the USA 

Projects Funding 
Organization Project Description Status 

AHRTI-9007-01: 
Benchmarking Risk by 

Whole Room Scale 
Leaks and Ignitions 

Testing of A2L 
Refrigerants 

AHRI 

A2L refrigerants leak and ignition testing under 
whole room scale conditions was conducted to 

develop data and insight into the risks 
associated with the use of A2L refrigerants 

versus A1 refrigerants while considering 
ambient conditions (temperature and humidity) 

and refrigerant lubricants. 

Completed 

AHRTI-9007-02: 
Benchmarking Risk by 

Whole Room Scale 
Leaks and Ignitions 

Testing of A3 
Refrigerant 

CARB 

This project is to conduct A3 refrigerant leaks 
and ignitions testing under whole room scale 

conditions, understand the risk associated with 
the use of A3 refrigerants, and provide test data 

to support future revisions of relevant safety 
standards associated with using A3 refrigerants. 

Report 
under 
review 

AHRTI-9008: 
Investigation of Hot 

Surface Ignition 
Temperature for A2L 

Refrigerants 

AHRI 

The objective of this work is to develop a test 
methodology to assist in the evaluation of the 
propensity of A2L refrigerants (R32, R1234ze, 
and R452B) to ignite on hot surfaces, and to 

carry out testing per the new test methodology. 

Completed 

AHRTI-9009: Leak 
Detection of A2L 
Refrigerants in 

HVACR Equipment 

AHRI 

A thorough review of sensor technologies was 
conducted to evaluate available technologies 

that can be used to meet safety standards 
requirements of detecting A2L refrigerants and 

easily integrated into air-conditioning and 
refrigeration equipment. Infrared (IR) and Metal 

Oxide Semiconductor (MOS) sensors were 
found to be the most promising sensor 

technologies. 

Completed 

AHRTI-9014: Assess 
Refrigerant Detector 

Characteristics for Use 
in HVACR Equipment 

AHRI 

The objective of the project is to assess 
refrigerant sensor and refrigerant detector 

performance requirements for class 2L, 2, 3 
flammable refrigerants for use with indoor 

HVACR equipment, whether in an occupied 
space or a machinery room. 

Ongoing 

AHRTI-9015:  
Assessment of 

Refrigerant Leakage 
Mitigation 

Effectiveness for Air-
Conditioning and 

AHRI 

The objective of this project is to demonstrate 
the efficacy of refrigerant leakage mitigation 
strategies contained within residential split-

systems, packaged air-conditioning equipment 
and commercial refrigeration products. 

Ongoing 
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Refrigeration 
Equipment 

ASHRAE-1806: 
Flammable 

Refrigerants Post-
ignition Risk 
Assessment 

ASHRAE 

The objective of this project is to understand the 
Severity of events where flammable refrigerants 
are ignited under different scenarios for various 

HVAC&R products. 

ongoing 

ASHRAE-1807: 
Guidelines for 

flammable refrigerant 
handling, transporting, 
storing and equipment 

servicing and 
installation 

ASHRAE 

This project accessed flammable refrigerant 
safety guidelines and/or requirements that exist 

domestically and internationally. The 
assessment will be used to propose 

requirements/guidelines for the safe handling, 
storing and transporting of flammable 

refrigerants 

Completed 

ASHRAE-1808: 
Servicing and 

Installing Equipment 
Using Flammable 

Refrigerants: 
Assessment of Field-

made Mechanical 
Joints 

ASHRAE 

This project tested the leak-tightness of various 
types of field-made joints used to connect 

refrigerant piping and system components in 
HVAC&R equipment. The results of this project 
provided necessary data to suggest whether or 
not common types of joints, other than brazed 

or soldered joints, should be permissible for use 
in equipment containing flammable refrigerants. 

Completed 

ASHRAE-1855:  
Determination of the 

Impact of Combustion 
byproducts on the 

Safe Use of 
Flammable 
Fluorinated 
Refrigerants 

ASHRAE 

The overall objective of the project is to 
understand the HF and COF2 exposure risk if 

ignitions of flammable halogenated refrigerants 
occur and how to clean up following a variety of 
ignition events, as well as to identify knowledge 

gaps. 

Ongoing 

ORNL: Determination 
of setting charge limits 

for various types of 
equipment employing 
flammable refrigerants 

DOE 

The primary objective of the project is to 
examine the currently imposed limits for 

flammable refrigerant alternatives (A2L, A2, and 
A3) and identify reasonable adjustments to 

these limits as appropriate. 

Completed 

ORNL:  Experimental 
Evaluation of 

Refrigerant Leak 
Characteristics for 
Different HVAC&R 
Equipment Types 

DOE 

The objective of the project was to quantify 
actual leak rates and 

duration for various pieces of equipment by 
conducting 

refrigerant leak tests under operating conditions 
representative of actual applications. 

Completed 

NIST: Modeling Tools 
for Flammability 

Ranking of Low-GWP 
Refrigerant Blends 

DOE 

The project is to develop modeling tools that 
can predict the burning velocity of arbitrary 

mixtures of R32, R125, R134a, R152a, 1234yf, 
and 1234ze(E), so that flammability of a blend 

can be minimized, while simultaneously 
maximizing performance related to other 

parameters. 

ongoing 
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2.1 Abstract 

The low-GWP refrigerant is coming for the AC systems. We have already seen 
regulatory efforts by the California Energy Commission, as well as major manufacturers 
developing AC products compatible with low-GWP refrigerants. Meanwhile, researchers 
continue searching for optimal alternative refrigerants to improve drawbacks of current 
candidates, as well as ultra-low-GWP refrigerants for the longer-term. This summary 
provides a comprehensive update on recent regulations and research advancements in 
bringing low-GWP refrigerants to AC systems. It then tries to answer to the following 
questions at least partially: where we stand now toward ultra-low-GWP AC systems and 
how we should proceed to that direction on the basis of past research efforts including 
refrigerant mixtures and both A2L and A3 classified refrigerants. 

2.2 Introduction 

The residential sector represents 27% of global energy consumption and 17% of CO2-
eq. emissions [1]. The air conditioning (AC) systems contribute a significant portion of the 
energy consumption in residential buildings globally, as shown in Figure 2-1.  While 
reducing energy consumptions by AC systems continues to be a major pathway to lower 
global warming impacts, AC systems should use low-GWP refrigerants dominantly for the 
foreseeable future. The refrigerants used in residential systems have evolved in decades, 
from ozone-depleting R22 to chlorine-free hydrofluorocarbon (HFC) R410A. Note that 
some developing nations still use R22. R410A, unfortunately, has a high GWP of 2088. 
It is one of the major greenhouse gases as it leaks from air conditioning systems. The US 
Environmental Protection Agency (EPA) estimated that residential and light commercial 
AC equipment contributed about 22% of total national HFC emissions, or 36.7 million 
metric tons of carbon dioxide equivalent [3]. Therefore, it is necessary to find low-GWP 
replacement candidates for R410A. The ideal candidate should exhibit similar or better 
performance compared to R410A, while not introducing extra product design constrains. 

 
Figure 2-1: Energy consumption by end-uses in the residential sector [2]  
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Many industry and academic efforts have been carried out to search for the 
candidates in residential and many other applications. There has been considerable 
amount of reviews conducted for refrigerant researches in recent years. Followings are 
reflections of recent reviews.Dalkilic and Wongwises (2010) [4] reviewed mixture 
candidates for R12 and R22 based on theoretical analysis. The author found R290/R600a 
(40/60 by wt.%) and R290/R1270 (20/80 by wt.%) as the alternatives for R12 and R22, 
respectively. Benhadid-Dib and Benzaoui (2012) [5] provided a review of basics on 
refrigerant phasing-down history, as well as regulation efforts. However, the review is 
limited to the very basics, with a few in-depth discussions on refrigerant candidates. Wang 
et al. (2012) [6] provided an overview of the AHRI Low-GWP Alternative Refrigerants 
Evaluation program. A series of alternative refrigerant candidates being evaluated in the 
program are introduced. The program covers a wide range of candidates for various 
applications. However, it focused on presenting objective results, rather than prioritizing 
refrigerants. We’ll refer many of the reports for specific refrigerants later in this report. 
Bolaji and Huan (2013) [7] analyzed potentials of various natural refrigerants in 
refrigeration and air-conditioning systems. The authors found natural refrigerants have 
good compatibility with materials and oils (for HCs) used in existing refrigeration systems. 
They concluded natural refrigerants are the most suitable long-term alternatives. 
McLinden et al. (2014) [8] explored the possibilities of low-GWP candidates from a set of 
about 1200 candidates. They selected 62 based on the targeted critical temperature 
range, 300 to 400 K. Thermodynamic analysis indicated no fluid was ideal. Sarbhu (2014) 
[9] presented a review on recent development of possible substitutes for non-ecological 
refrigerants based on thermodynamic, physical and environmental properties and TEWI 
(Total Equivalent Warming Impact) analysis. The author summarized refrigerants 
selection strategies for each utilization. In addition, they compared substitutes for R22 
and found R290, R600 and R152 have a minimal TEWI. Mota-Babiloni et al. (2015) [10] 
concluded there yet to be a perfect low-GWP candidate for commercial refrigeration 
systems in his recent review. His suggestions were existing candidates had pros and 
cons: propane was for low charge systems, low-GWP HFC/HFO was suitable for drop-in 
and retrofit, and CO2 was applicable for transcritical systems. 

Pham et al. (2016) [11] reviewed interim- and long-term candidates for R410A in 
unitary air conditioning and heat pump systems. The author concluded R32 and HFO 
blends (such as R452B/R454B) are interim candidates offering balanced tradeoffs among 
flammability, efficiency and cost. From the authors’ perspective, paths towards long-term 
candidates (ultralow-GWP) still encounter many uncertainties. Domanski et al. (2017) [12] 
summarized the screening process and presented the performance of the “best” 
replacement fluids for small and medium-sized air-conditioning and refrigeration 
applications. The study shows that the low-GWP refrigerant options are minimal, 
particularly for fluids with volumetric capacities like those of R-410A or R-404A. Babiloni 
et al. (2017) [13] reviewed recent studies on low-GWP refrigerants because of the F-gas 
regulation. The author found most studies focused on mobile air conditioners with pure 
HFOs, due to earlier control by the F-gas regulation. Besides, the author noticed 
increasing trends on synthetic alternatives for domestic refrigerators and expected it to 
continue into other applications. Harby (2017) [14] conducted a review of recent studies 
on hydrocarbons as alternative refrigerants in refrigeration, air conditioning, and heat 
pump, and automobile air conditioning systems. He concluded hydrocarbons have 
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advantages in environment impact, energy efficiency, refrigerant charge and discharge 
temperatures. Future research directions were suggested on HFC/HC mixtures, low 
charge large capacity system and equipment reliabilities. In another review on natural 
refrigerants by Abas et al. (2018) [15], the author proposed a parametric quantification 
based model to optimize natural refrigerant selection process. It was concluded CO2, NH3 
and ethane performed better than other synthetic ones. Yet there were more synthetic 
refrigerants overlooked and should be investigated. Recently, Ciconkov (2018) [16] 
reviewed the history of refrigerant transitions and discussed existing approach: first to 
low-GWP candidates, followed by search long-term solutions. He raised the question of 
economic and policy costs with this approach. He then suggested a new approach: 
phase-in of natural refrigerants directly. Table 2-1 summarizes major literature reviews 
on alternative low-GWP refrigerant researches since 2010. While there have been newly 
published reviews in every year, there lacks a dedicated review covering recent progress 
for developing and searching R410A alternatives used in residential air conditioning 
systems. Majority of the reviews either cover all refrigerant researches or focus 
subcategories of refrigerants (e.g. natural refrigerants only). Besides, most reviews 
focused on academic research progresses, without many attentions on advancements in 
regulations. Yet we have seen many regulation advancements, especially in recent years, 
to promote A2L low-GWP candidates for residential AC systems. 

It is our objective to provide the most updated and comprehensive review of 
advancements of low-GWP alternatives for R410A in residential air conditioning 
applications, from research and regulation perspectives. The review aims at providing the 
most update by researchers, engineers, and enthusiasts concerning the current status on 
R410A phase down. We anticipate the work to shed some light on future research and 
regulation directions, in terms of interim- and long-terms.  The review is organized as 
follows: First, we discuss about research advancements of all alternative candidates for 
R410A. We categorize candidates based on ASHARE standard 34 for refrigerant safety 
[17], namely A1, A2L, A3 and B groups. Second, we review regulation efforts based on 
geographical regions. Finally, we conclude the review by suggesting future R&D 
directions, based on anticipated regulation moves. 
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Table 2-1: Summary of recent reviews on refrigerant research 
Author Focus Highlights 

Dalkilic and 
Wongwises 
(2010) [4] 

Theoretical analysis R12, R22 and 
R134a replacement with mixtures from 

(R134a, R152a, R32, R290, R1270, 
R600 and R600a) 

R290/R600a (40/60) best alternative for 
R12; R290/R1270 (20/80) best 

alternative for R22 

Benhadid-Dib 
and Benzaoui 

(2012) [5] 

Briefing on refrigerant phasing history 
up to 2015. 

Cover the basics of most refrigerants, 
and overview of regulation efforts 

Wang et al. 
(2012) [6] 

Alternative refrigerants for air 
conditioners, heat pumps, chillers, 

water heaters, ice makers and 
refrigeration equipment 

AHRI led, industrial-wide cooperative 
program lasts years, covers dozens 

candidates 

Bolaji and Huan 
et al. (2013) [7] 

Natural refrigerants: R717, HCs, R718, 
R744 

Reviewed potential application of major 
natural refrigerants, including oil 

compatibility 
McLinden et al. 

(2014) [8] 
62 candidates with critical 

temperatures within 300 to 400 K 
Thermodynamic analysis indicate no 

ideal fluid 

Sarbu (2014) [9] 
Candidates for air conditioning, heat 
pump and commercial refrigeration 

applications 

Describes refrigerants selection based 
on properties 

Mota-Babiloni et 
al. (2015) [10] 

Commercial refrigeration working fluids 
R404A, R507A and their substitutes: 

HC, Natural (CO2, NH3), HFC, 
HFO/HFC mixture 

No universal solution: propane for low 
charge; low-GWP HFC or HFC/HFO 
mixture as drop-in or retrofit; CO2 for 

transcritical 

Pham and 
Monnier (2016) 

[11] 

R410A interim replacements (R32 and 
other A2L HFO blends) and longe term 

replacements (natural, HCs) 

Dedicated overview for R410A, different 
paths towards long term ultra-low-GWP 

Domanski et al. 
(2017) [12] R410A and R404A candidates review Comprehensive database search based 

on modeling and cycle analysis 

Mota-Babiloni et 
al. (2017) [13] 

Focused on recent low-GWP 
investigations because of F-gas 

Regulation for applications of all sizes 

Unique perspective looking into policy 
driven advancements in low-GWP 
research and commercialization 

Harby (2017) 
[14] 

Hydrocarbon as replacements in 
refrigeration, AC and automobile AC 

Comprehensive review of latest HC 
research efforts 

Abas et al. 
(2018) [15] 

Major natural and synthetic 
refrigerants 

A parametric quantification based model 
for natural refrigerant selection and 

optimization 

Ciconkov (2018) 
[16] 

Historic overview of refrigerants 
transition up to now and future 
envisions, focusing on natural 

refrigerants and HFOs 

Proposed direct phase-in of natural 
refrigerants instead of step by step phase 

down 
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2.3 Review of R&D progress in candidates 

2.3.1 A1 candidates 

2.3.1.1 CO2 

A1 candidates are rare as of now for residential air conditioning systems. Carbon 
dioxide (CO2) is one of the two major candidates. CO2 (often referred as R744 in 
refrigeration industry) is made both naturally and artificially – artificially through the 
burning of fuel and other industrial processes. Approximately 0.04% of atmospheric air is 
CO2. R744 is natural refrigerant with an ODP of zero and a GWP of 1. Besides, it has 
additional properties making it ideal for the use in vapour compression refrigeration 
systems [18]: 

• It is abundant in the environment with low cost. 
• It is non-flammable and non-toxic. 
• As inert gas, it is compatible with all common materials used in residential AC 

systems. 
• Synthetic lubricants have been available for some time with good results. 

 
That being said, R744 has other properties making it hard to be used in AC systems. 

The foremost difference with other refrigerants is low critical temperature (31°C of CO2 
versus 70°C of R410A). Since the heat sink (typically air) temperature for typical 
residential AC systems are usually above the critical temperature of CO2, heat rejection 
of R744 does not undergo two-phase condensation, but happens as a dense gas 
progressively cooling at a constant pressure [19]. Therefore, CO2 goes through the 
transcritical cycle. Another difference between CO2 and other refrigerants is high 
operating pressure (72 bar of CO2 versus 18 bar of R410A at 30°C). The high pressure 
penalizes the structural design of components of a refrigeration cycle. The penalization, 
however, can be counterbalanced with reduced component sizes since CO2 has a higher 
volumetric latent heat and density. 

Lorentzen (1994) revisited the idea to use CO2 as a natural refrigerant. He presented 
a transcritical CO2 cycle for an automotive air conditioning system. He then combined the 
cycle with commercial refrigeration and hot water productions. 

In a later review by Cavallini et al. (2007) [19], the author concluded while CO2 does 
not compare favourably against traditional refrigerant regarding energy efficiency, the 
proper system design can improve the situation significantly. The author’s review found, 
however, CO2 was mostly exploited in heat pump water heaters, mobile air conditioning 
systems and small commercial refrigeration units. 

Similarly, Groll and Kim (2007) [20] reviewed the latest research activities toward 
trans-critical CO2 cycle, including residential air-conditioning systems. Most of the studies 
reviewed while focusing on energy efficiency comparison against R22 and R410A 
systems. However, the author believed research had slowed down due to limited 
induction of CO2 systems in the market. 

Tao et al. (2010) [21] performed experimental studies on a transcritical CO2 
residential air-conditioning with an internal heat exchanger. The author investigated 
impacts of various parameters on the system COP and throttling loss, as well as exergy 
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loss in all components in a following publication [22]. They concluded the gas cooler side 
air inlet parameters and system evaporating temperature are the main influencing factors 
for the COP. Gas cooler was the most important component influencing throttling losses 
significantly and resulting in most exergy loss, about 30%. The author suggested the 
design optimization on the gas cooler and expansion valve is crucial to the overall system 
performance. 

Liu et al. (2012) [23] conducted modelling and experimental studies on a novel ejector 
expansion CO2 air conditioning system. Test results show that at particular ejector 
geometries, the new cycle outperformed the conventional expansion-valve CO2 cycle in 
COP and cooling capacity by about 31% and 32%, respectively. The author then 
suggested optimal ejector designs and operating conditions for maximum COP and 
cooling capacities. 

Recently, Liu et al. (2018) [24] investigated CO2 heat pump system as an 
environmentally benign solution for residential heating. Compared with other traditional 
heating methods, the CO2 system has highest primary energy ratio. However, it has 
highest capital cost due to dominant compressor cost. The same group conducted a 
follow up analysis [25] for the CO2 heat pump system in various climates. They concluded 
optimum discharge pressure and sub-cooling degree existed for maximum COP. The 
seasonal performance factor (SPF) could be improved by 32%, while the total cost was 
reduced by 7 to 15%. 

Admittedly, CO2 is more suitable in applications other than residential cooling 
systems, such as automobile air conditioning, commercial refrigeration and water heating, 
where most studies have been focused on. Recent studies on CO2 residential air 
conditioning systems have been limited to basic transcritical cycle, with limited significant 
innovations. Most studies focused on component and cycle optimization, aiming to reduce 
the system capital cost, one of the major barriers to promote CO2 systems. That being 
said, not enough comparisons have been reported between CO2 and R410A residential 
systems. 

2.3.1.2 R466A 

Another A1 candidate, R466A, is Honeywell’s non-flammable, non-toxic, lower-GWP 
replacement for R410A. R466A is blends of 49 wt.% R32, 11.5 wt.% R125 and 39.5 wt.% 
R13I1 (also known as CF3I, a fire suppressant with a GWP of 0.4). It has a GWP of 730. 
Announced in 2018 by Honeywell, R466A is unveiled as Solstice N41 [26]. Note R466A 
is not a “drop-in” replacement for R410A. Switching to R466A still requires minimal 
changes to equipment. One concern, though, iodine, a major component of CF3I, is a 
relatively expensive material with limited supply of large sources [27]. 

Toshiba Carrier reported a similar performance between R466A and R410A in VRF 
system testing [28]. Recently, Midea and Sanhua partnered with Honeywell to 
commercialize the use of R466A [29] [30]. 

All that being said, more field studies and testing are still required to determine any 
possible adverse side effects. However, there have been a few published studies 
available regarding R466A. We expect to see more testing and evaluation studies soon 
when R466A is available to the public. 
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2.3.2 A2L candidates 

A2L refrigerants are considered as a subcategory of A2 refrigerants from ASHRAE 
standard 34 [17]. They are mildly flammable. A2L refrigerants have the largest pool of 
candidates, compared to other categories. 

2.3.2.1 R32 

R32 is one of the most popular and extensively studies candidates. It is HFC 
(chemical formula CH2F2) with a GWP of 675, 32% of that of R410A. R32 has 
thermodynamic properties close to R410A but the discharging temperature. The 
commonly used compressor for R410A works well for the R32 in the operating envelope 
except in the high discharge temperature region, as shown in Figure 2-2. R32 had been 
successfully used in air-conditioners by Daikin first, and recently adopted by Daikin 
companies in North America [31]. However, Debates are still going on how to use R32 
and other A2L refrigerants safely, particularly in North America market. The residential 
AC systems used in the North America market are mostly ducted systems with higher 
refrigerant charges than ductless systems used in Asia and European markets. 
Therefore, the refrigerant leakage and flammability are a big concern. 

 
Figure 2-2: Comparison of R32 and R410A operating envelopes [32] 

Many researchers have investigated and optimized the performance of R32 in 
residential air-conditioning applications. Chen and Yu (2008) [33] presented a new 
residential refrigeration cycle using R32/R134a. They found that while the mixture offers 
similar performance to R22 in the traditional cycle, it improves the COP by 8-9% in the 
new cycle. Pham and Rajendran (2012) [34] reviewed the status of replacing R410A with 
R32 through theoretical analysis, compiling test results and safety reviews, up to 2012. 
They concluded R32 could be served as the initial candidate for the HFC phase-down 
plan. R32 also showed more advantages than HFO blends from test results. The natural 
refrigerants (like R290 and CO2) did not show cost advantages as compared to R32. 
Barve et al. (2012) [35] performed an experimental comparison of R32 and R1234yf as 
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drop in replacement for an R410A residential heat pump unit. The author found both R32 
and R1234yf have higher COP than R410A, except at every high temperature. The author 
also concluded that system modifications were necessary for refrigerant charge 
management and TXV adjustments. Xu et al. (2013) [36] conducted experimental 
comparison of R32 and R410A in a vapor-injected heat pump system. They found R32 
can increase the capacity and COP by 10% and 9%, respectively. Tian et al. (2015) [37] 
studies R32/R290 mixture (68%/32% by weight) as the drop-in replacement for R410A in 
household air conditioners. They found the mixture reduced the charge by up to 35%, 
while increased the capacities by 14 to 23.7%. Replacing the tube-fin heat exchanger 
with microchannel heat exchanger further reduced the charge by 34%, diminishing 
flammability concerns. Zilio et al. (2015) [38] compared the performance of R32 and 
R410A in a packaged air-to-water reversible unit through modeling studies. Results 
indicated that R32 system efficiency is comparable with R410A system, with 6-7% higher 
capacities. 

Mota-Babiloni et al. (2017) [39] presented a comprehensive review of R32 adoptions 
in residential air conditioning systems, particularly in the Europe and the USA market. 
Highlights of their conclusions are: 1) R32 properties are well-defined and current studies 
have focused on A2L mixture properties with R32; 2) R32 has higher heat transfer 
coefficient and pressure drop than R410A, both in evaporation and condensation 
processes; 3) R32 presents similar system performance as R410A, yet most studies 
recommended system modifications to prevent high discharge temperatures, mainly for 
ducted systems. 

We observed that the focus of adopting R32 has gradually shifted from performance 
to safety, in preparation for commercialization. Many industry associations and 
manufacturers have taken over major efforts in leading risk assessment studies and 
modifying safety standards. We’ll cover this part in the “review of regulation process” 
section. 

2.3.2.2 Mixtures 

As stated above, R32 based A2L mixtures are a major branch of R410A alternative 
candidates. Researchers have proposed quite a few mixtures in the past decade, with 
many more under investigations. We considered the past few years as the “wild west” 
stage for all these candidates, as no superior has been emerged. Followings are 
representative studies on R32 based A2L mixtures. 

Abdullah et al. (2014) [40] conducted drop-in tests and soft optimization of R32, 
D2Y60 and L41A. D2Y60 and L41A are two R32 based mixtures. D2Y60 has 40 wt.% of 
R32 and 60 wt.% R1234yf, with a GWP of 300. L41a has 73 wt.% R32, 12 wt.% R1234yf 
and 15 wt.% R1234ze. It has a GWP of 500. They found R32 slightly outperformed 
R410A, while D2Y60 performed worse than R410A and L41A was on par with R410A. 
The author also observed the suction line heat exchanger only enhanced the COP for 
D2Y60. Besides, system optimizations are necessary to bring the full potential of all three 
fluids/fluid mixtures. Bhanot et al. (2014) [42] found similar results through steady-state 
and transient simulations: R32 outperformed R410A while L41A was on par with R410A. 
D2Y60 performed the worst among all three. Lee et al. (2015) [41] applied D2Y60 in a 
multi-stage saturation cycle and found it increase COP by 46.9%, higher than CO2 and 
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propane.  
Announced in 2015 by Ingersoll Rand, R452B (formerly DR55) is an HFO/HFC blend, 

with a GWP of 676. It has 67% R32, 26% R1234yf and 7% R125. It was claimed with 5% 
energy efficiency improvement over R410A. Chemours admitted R452B offered a better 
combination of performance and flammability than R454B, formerly known as DR5. Kujak 
and Schultz (2016) [47] investigated the performance and safety of R452B later. The 
study focused on how to adjust mixture compositions to comply with safety guidelines. 
The author concluded GWPs of non-flammable blends are needlessly being elevated at 
the expense of flammability safety risks that are low or non-existent. 

Devecioglu (2017) [48] evaluated R446A (mixture of R32/R600/R1234ze(E) in 
29/3/68 wt.%), R447A (mixture of R32/R125/R1234ze(E) in 68/3.5/28.5 wt.%), R452B, 
and R454B (mixture of R32/R1234yf in 68.9/31.1 wt.%) as R410A candidates. The author 
concluded R452B is suitable R410A alternative for heating mode, while R446A is more 
suitable for cooling mode. Nonetheless, the study indicated all alternative refrigerants 
have higher SEER values than R410A, while close to each other. Chen et al. (2018) [44] 
studied R452B and R447B as substitutions for R410A in a sub-cooler vapor injection 
cycle. R452B is comprised of R32/R1234yf/R125 (67/26/7 wt.%), with a GWP of 676. 
R447B is comprised of R32/R1234ze/R125 (68/24/8 wt.%), with a GWP of 714. They 
found that capacities of R452B and R447B systems are lower than the R410A system, 
ranging from 0.7% to 15%. The author concluded that R452B and R477B are more 
appropriate for high outlet water temperature conditions, while R452B is also suitable for 
low ambient temperatures. 

Cheng et al. (2017) [43] investigated R32/R1234ze(E) mixtures under different 
concentrations numerically in an air-source heat pump. They showed as the mass fraction 
of R1234ze(E) changes from 0 to 100%, the heat capacity decreases by 67.2% while the 
COP is increased by 70.3%. 

Kong et al. (2018) [45] proposed a new refrigerant mixture (R152a/R32 in 75/25 
wt.%), with a GWP of 279. Modeling results show that the mixture have a higher COP 
than R410A when the supply water temperature is above 40°C. The author concluded 
the candidate is a reasonable candidate used in air source heat pump systems for space 
heating. 

2.3.3 A3 candidates 

A3 refrigerants have been aggressively pursued particularly in China, as direct 
replacements to R22. 

Wu et al. (2012) [49] conducted an experimental comparison of R161, R290, and R22 
in a residential heat pump. They found R161 reduced cooling and heating capacity by 
7.6% and 6.8%, respectively, while increased cooling and heating COP by 6.1% and 
4.7%, respectively. It reduced the charge by 43%. Results indicate that R161 
outperformed R29 with a lower discharge temperature. 

Han et al. (2013) [50] studied the heat transfer characteristics of R161 in microfin-
tube experimentally. The author found out that the heat transfer coefficient of R161 was 
about 23% higher than R22. The ratio of pressure drop (R22/R161) ranged from 0.88 to 
1.65. The author performed a follow-up study (2017) [51] on heat transfer characteristics 
of R161/oil mixture. A new correlation was developed to facilitate compact heat 
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exchanger design with R161. 
Given that A3 refrigerants are extremely flammable, most researchers consider 

current safety standards are far from ready for A3 refrigerants. Except in China, A3 
refrigerants have government support as they are natural, and most AC systems come 
with low refrigerant charges in China. That being said, organizations in other regions 
began looking at A3 refrigerants recently. AHRTI just released A3 refrigerants (R290) 
safety testing results in 2019 [52]. The tests focused on leakage and ignition behavior of 
A3 refrigerants. Observations will be used as crucial proofs in setting up safety standards 
for A3 refrigerants. 

2.3.4 B type candidates 

R717 (Ammonia) has been used in industrial applications since the 1930s and is 
generally acknowledged as being the most efficient refrigerant. It has a low boiling point 
and is favored because it is a highly energy-efficient refrigerant which also has a minimal 
environmental impact, having zero ODP and zero GWP. 

R717 has a wide range of applications. It is particularly suited for working in the range 
approximately 0°C to -30°C and hence is widely used for food preservation. R717 has 
some different chemical properties than fluorocarbon refrigerants, being flammable, toxic, 
and corrosive. Therefore, the handling and use of R717 require adequate safety 
measures. Water present in R717 systems creates several problems, including internal 
system corrosion and creation of sludge that can cause blockages in the systems.  

R717 is classified in B2 (flammable and toxic) according to ANSI/ASHRAE Standard 
34. The practical limit (the maximum concentration in an occupied room that does not 
create acute effects such that it is not possible a prompt evacuation of the occupants) for 
R717 it is 0.00035 kg/m3. However, ammonia due to its odour will give a warning signal. 
That being said, researchers and manufacturers almost never considered R717, or other 
B type refrigerants in residential air conditioning systems due to safety concerns. 

2.3.5 Summary 

As a summary, there exist many refrigerant alternatives for R410A. However, there 
yet to be a perfect candidate that are universally accepted, and ready to be deployed. All 
existing candidates require system modifications and/or regulation changes.  

Figure 2-3 compares different refrigerants under GWP versus refrigerant density 
(pressure). It is observed that the majority of the low-GWP candidates are A2L type with 
mild flammability. Recent developments focused on refrigerant mixture development. 
Most mixtures use non-flammable composition to suppress flammability of R32. Some 
candidates sacrifice some degree of performance. That being said, most of the mixtures 
are still A2L refrigerants. Therefore, safety research on them is still necessary. 

Other promising candidates are mostly natural refrigerants. CO2 has been studied for 
many years, yet it requires a significant overhaul of the system design. Therefore, it is 
less attractive than the other A1 candidate such as R466A, which requires much fewer 
system changes. Some of the A3 refrigerants are being considered and studied, 
especially in China. However, they are far away from commercialization due to safety 
concerns. B type refrigerants (mostly R717) have not been actively discussed in 
residential sectors. 
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Figure 2-3: GWP versus Density (pressure) of the main refrigerant groups [54] 

2.4 Review of regulation progress 

Regulations have been key factors behind the transition to environmental friendly 
refrigerants. The latest regulation efforts in introducing low-GWP refrigerants were 
initiated through the Montreal Protocol amendment, followed by the Kigali agreement in 
2016. These two served as the basic framework, based on which region-specific 
regulations/framework has been developed. The first section reviews the efforts in USA 
(and North America regions), focused on R410A replacement in residential air-
conditioning systems, while the second section examines those in other areas, notably 
Europe and East Asia. 

2.4.1 Progress in the USA 

According to the Montreal Protocol’s North American HFC phase-down proposal, A5 
parties need to reduce HFC cap by 90% by 2035, while non-A5 parties need to reduce 
by 90% by 2050 [55]. 

EPA uses the SNAP program [56] to encourage the adoption of environmental-
friendly refrigerants. It finalized two rulemakings in 2015 by accepting low-GWP 
refrigerants. Some flammable candidates are subject to use under restricted conditions 
nonetheless. Notably, R32 was not approved as an alternative in residential central AC, 
mini-splits, and multi-splits. 

The Environment & Climate Change Canada (ECCC) proposal [57] was HFC phase-
down efforts from Canada. However, residential air-conditioning systems were not 
considered. 

California proposed a climate reduction strategy in April 2016. The proposal aims to 
in place if the Montreal Protocol is not successful. According to the strategy, HFC 
emissions will be reduced by 40% by 2030. In particular for the residential air conditioning 
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systems, refrigerants with GWP higher than 750 will be prohibited, starting 2021 [58]. 
Air-conditioning, Heating & Refrigeration Institute (AHRI) held a low-GWP Alternative 

Refrigerants Evaluation Program (AREP) [59]. The program was intended to test and 
present objective results for suitable alternatives, rather than prioritize refrigerants. Phase 
1 of the program was completed by the end of 2013, with nine candidates tested for 
R410A. Another six candidates for R410A were tested in phase 2 by the end of 2015. All 
the candidates promise low-GWP alternatives (GWP < 750), yet they are all classified as 
A2L under ASHRAE 34. 

ASHRAE (American Society of Heating, Refrigerating and Air-Conditioning 
Engineers) has two standards addressing refrigerants classifications and usage 
restrictions: ASHRAE standard 34 and standard 15 [60], respectively. Type A refrigerants 
are considered non-toxic, with class 1 non-flammable, while class A2 and A3 are 
flammable. A2L is a subclass of A2 for mildly flammable refrigerants. However, ASHRAE 
15 does not differentiate class 2 and 2L as of now. For residential systems, A2 or A2L 
refrigerants are only allowed in self-contained systems with less than 3 kg of refrigerant 
charge. A3 cannot be used with a few exceptions such as portable units less than 150 g 
of refrigerant charge, or certain laboratories. Recently, ASHRAE 15.2 subcommittee was 
formed to address the unique restrictions for A2L refrigerants. 

It is a global trend to increase charge limits for flammable candidates, particularly for 
A2L refrigerants. In addition to ASHRAE 15, UL60335-2-40 [61] on heating and cooling 
equipment specifies restrictions on using flammable refrigerants in HVAC equipment. The 
standard is being reviewed and compared with its international counterparts (IEC60335-
2-40) with final publications effective in 2023, for residential air conditioning systems. 

Modifying the safety standards and codes to ease restrictions on the use of A2L and 
A3 low-GWP candidates is a critical step. While there have been tremendous efforts from 
ASHRAE standard committee 15.2, AHRI low-GWP AREP program and UL, more 
building codes revision needs to be addressed. Usually, the codes are on a 3-year cycle. 
The 2018 cycle for the ICC International Mechanical Code (IMC) is over but it did not 
address A2L refrigerants. The 2018 cycle of International Fire Code (IFC) is underway 
with two proposals addressing A2L refrigerants. The 2018 cycle of IAPMO Uniform 
Mechanical Code (UMC) is underway with several proposals addressing A2L refrigerants 
submitted. The UMC committee also agreed to reference ASHRAE standard 15 [55]. 

Recently, IEC60335-2-40 WG16 increased charge sizes for flammable refrigerants, 
while IEC 60335-2-89 refrigeration equipment was approved. UL 60335-2-40 increased 
charge sizes for flammable refrigerants as well, followed by ASHRAE standard 15-2019. 
CANENA WG12 is working on new charge sizes of flammable refrigerants for use in 
commercial refrigeration equipment. 

To summarize, the code adoption process (as shown in Figure 2-4) of new 
refrigerants in the USA started with refrigerant safety classification in ASHRAE standard 
34 and EPA SNAP program approval. The next step is to ensure the refrigerant usage to 
comply with the safety standards (notably ASHRAE 15 and UL 60335-2-40). Following 
that is to be adopted by the relevant building codes, state, and local codes. 2021 is likely 
the earliest year that A2L and other low-GWP refrigerants will be addressed by major 
codes in the USA, with priorities lie in setting charge limits for A2L and A3 refrigerants. 
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Figure 2-4: Code Adoption Process of New Refrigerants in USA [55] 

2.4.2 Progress in other regions 

The F-Gas regulations are leading regulation efforts in Europe [62]. The law aims to 
reduce high-GWP HFC refrigerants to 21% in 2030 as compared to the 2015 level. In 
particular, the GWP limits for portable room air-conditioning appliances and small split 
air-conditioning systems are 150 (starting 2020) and 750 (starting 2025), respectively. It 
is comparatively aggressive than US phase down goals. 

In line with the GWP limits from the F-Gas bill, HCs (e.g., R290) are heavily 
considered for small self-contained air-conditioning systems with low refrigerant charge. 
R32 is regarded as the main alternative to R410A in single and multi-split systems. 

It is worth noting that the F-Gas regulation has many other requirements affecting 
refrigerant usage, in addition to GWP. Such requirements include refrigerant leak 
checking and leak prevention/repair, and proper refrigerant recovery. These requirements 
will be either new or stricter with flammable refrigerants. 

Japan’s HFC phase-down target is to reduce refrigerant usage by 80% by 2037, 
compared to 2018 level. There are three significant regulations concerned with HFCs in 
Japan [63]. “Ozone Layer Protection Act” (2018 revised version) regulates production and 
consumption of HFCs. “Act on Rational Use and Proper Management of Fluorocarbons” 
(usually referred to as F-gas Act) regulates emission of HFCs. The last one “High-
Pressure Gas Safety Act” covers the safety of flammable gas, including A2L refrigerants. 

The F-gas act aims at adopting refrigerant GWP of 750 for residential air conditioning 
units by 2018 and 150 for mobile air conditioning unit, which is similar to Europe F-gas 
regulation. Japan Refrigeration and Air Conditioning Industry Association (JRAIA) is one 
of the leading bodies in HFC phase-down in Japan. It led to A2L refrigerant risk 
assessment studies from 2011 to 2014, along with other regulation compliance studies. 
All the preparations contributed to successful R32 residential model launch in Japan in 
2012. As of 2017, nearly all residential air conditioners sold in Japan use A2L refrigerants 
(dominantly by R32). Hence, it is the leading market in adopting A2L refrigerants. JRAIA 
is investigating A3 refrigerants with risk assessment and safety standards, aiming to 
search for replacements for R32. 

China has been aggressively looking into natural refrigerants recently [64]. While R22 
is stilled allowed in developing countries like China, it must cut 35% for R22 usage by 
2020 and phase it out for most uses by 2030 under the Montreal protocol. While China 
has looked at low-GWP refrigerants such as R32 and other blends as replacements to 
R410A, it has inclined to natural refrigerants. R290 is the winner so far in room air 
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conditioners. Many manufacturers showcased their hydrocarbon (R-290) air conditioners 
and CO2 heat pumps recently, such as at China’s 27th International Refrigeration Expo. 
Chinese companies have also been actively participating in international standards, such 
as International Electro-Technical Committee and Underwriting Laboratories. 
Manufacturers have invested considerable production lines for R290 room air conditioner 
units with over half a million capacities. Regulation bodies in China have been 
progressively revising relevant domestic standards to pave the road for R290. 

2.4.3 Summary 

To summarize, recent advancements in agreeing to constrain global warming effects 
led to progressive refrigerant phase-down goals in different regions. Hence, we observed 
significant efforts by various organization entities. The efforts include new regulation 
initiatives and continuous update on current standards, in particular for A2L and A3 
refrigerants.  That being said, efforts in different regions vary significantly due to different 
AC system designs and regulation processes. The North America market is notably 
different due to its unique ducted system design and legal culture. Japan and Europe is 
the leader in A2L refrigerant adoption, mainly for R32. China is progressively leading the 
efforts in A3 refrigerant. 

2.5 Conclusions 

We have reviewed recent R&D and regulation advancements for R410A 
replacements in residential air conditioning systems. Below are highlights of our reviews: 

There are very limited A1 candidates available as of now. CO2 requires system design 
overhaul, therefore has received limited consideration. R466A has been proposed 
recently as another promising candidate, yet full and credible evaluations are still needed. 

Most of the available candidates are A2L refrigerants. R32 is the most investigated 
and proved. Many other candidates are mixtures, while majorities use R32 as their 
constituent. Research has been focused on two directions: developing new mixtures with 
low-GWP and low-flammability, and safety research on A2L refrigerants. That being said, 
there has not been a single A2L candidate outperforming all the others. 

A3 refrigerant is still only considered in systems with low charges due to safety 
concerns. It is this nature that only China is progressively evaluating A3 refrigerants, 
where most residential systems have small charges. Its safety usage remains a 
challenging issue, as reliable and cost-effective solutions are still missing. 

Regulation efforts have been surging in the past decades. HFC phase-down goals 
and a large pool of A2L candidates contribute to the increasing activities in regulatory 
processes. In the US market, regulation efforts have been focusing on safe usage of A2L 
refrigerants. Japan and Europe have been adopting A2L refrigerants for some time with 
success. China leans more toward a direct path to A3 refrigerants. 

Based on the summaries, we anticipate and recommend the following research 
directions: 

• Comprehensive evaluations of R466A and developments of other potential A1 
refrigerants: A1 candidates with low-GWP and similar performance are 
undoubtedly a perfect solution for R410A replacement. Any new developments 
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meeting these criteria are worthy to investigate. 
• Comprehensive safety research on A2L and A3 refrigerants: While R32 has been 

studied and safely applied in Japan and Europe for some time, similar refrigerants 
need to be reevaluated in the North America market as well due to different 
system designs and usages. A3 poses significant safety challenges and requires 
a reliable and cost-effective adoption solution. Such researches are required. 

• Evaluate the path beyond low-GWP refrigerants. Many existing candidates have 
a GWP in the range of 400 to 700. While this is a significant improvement 
compared to R410A (GWP of 2088), the ultimate solution would be zero or near-
zero GWP refrigerant. A3 candidate and other natural refrigerants have such 
potentials, yet systems need to be redesigned significantly. Researches in novel 
system redesigns or innovative new refrigerants are always in need. 
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3.1 Abstract 

This report reviews the current standards and policies for residential and commercial 
heat pump (HP) systems with low-GWP refrigerants. Four standards and policies are 
reviewed, including the Kigali Amendment to the Montreal Protocol, EU F-gas regulations, 
US EPA’s Significant New Alternatives Policy (SNAP) Program and China’s National 
Green and High-efficiency Cooling Action Plan. For each standard and policy, the targets 
and requirements for low-GWP air conditioning are summarized. The objective of this 
review is to understand the policy drivers for refrigerant transition with a special focus on 
low-GWP HP applications and the GWP thresholds for the next step HP component and 
system optimization. 

3.2 Introduction 

Under the Montreal Protocol on Substances that Depleting the Ozone Layer, HCFCs 
were scheduled to be completely phased out by 2030 in non-A5 Parties and A5 parties 
(UNEP, 2010). As replacement of HCFC, the usage of HFC refrigerants grows rapidly. 
However, HFCs usually has high global warming potential (GWP). Improving energy 
efficiency of air conditioners (heat pumps) and transitioning to low-GWP refrigerants are 
both important to reduce the greenhouse gas (GHG) emissions. 

This report reviews the current standards and policies for residential and commercial 
heat pump (HP) systems with low-GWP refrigerants. The objective of this review is to 
understand the policy drivers for refrigerant transition with a special focus on low-GWP 
HP applications and the GWP threshold requirements for the next step HP component 
and system optimization.  

3.3 Review of current standards and policies 

3.3.1 The Kigali Amendment to the Montreal Protocol 

The Montreal Protocol was established in 1987 to protect the Earth’s ozone layer by 
phasing out ozone-depleting substances (ODS). It is a successful global agreement with 
financial mechanisms to support developing countries transition. The ozone layer is 
expected to recover to 1980 levels by mid-century. 

The Kigali amendment was adopted at the 28th Meeting of the Parties in Kigali, 
Rwanda in 2016, to agree on a global schedule for phasing down HFC refrigerants for the 
high GWP. The goal is to reduce HFC production and emission by more than 80% in the 
next 30 years. Table 3-1 shows the schedule of the Kigali amendment. It consists of three 
groups of Parties, each with a target phasedown date. The Non-A5 countries have started 
following the schedule in 2019. It is note that market may move faster than the time 
defined in the schedule. This amendment is expected to avoid global warming by up to 
0.5°C by 2100 (Xu et al., 2013), and it may be possible to double this contribution up to 
1°C if along with a 30% energy efficiency improvement of air conditioners (Shah et al, 
2015). 

 
 



Annex 54, Heat pump systems with low-GWP refrigerants 
 

 

34 
 

 

Table 3-1: Kigali implementation schedule of HFC phase-down (EIA, 2016) 

 

3.3.2 EU F-gas regulations 

Fluorinated gases (F-gases) include Hydrofluorocarbons (HFCs), Perfluorocarbons 
(PFCs) and Sulfur Hexafluoride (SF6). These gases are used in several industrial 
applications including refrigeration and air conditioning, foam blowing, propellants, 
semiconductor manufacture and electrical switchgear. Many f-gases have a high GWP 
value. The EU F-gas regulation aims to reduce emissions of these gases through stricter 
regulation.  

The first EU F-gas regulation was issued in 2006, which focused on reducing 
emissions mostly by preventing leaks in systems and enforcing responsible end-of-life 
recovery and destruction of these gases. The revised regulation was effective on Jan 1st, 
2015 and included further bans that impact the sale of certain air conditioning equipment 
using f-gases. The new F-gas regulation targets a 60% non-CO2 greenhouse gas 
emission reduction between 2005 and 2030. According to the regulation Article 14, “From 
1 January 2017, refrigeration, air conditioning and heat pump equipment charged with 
hydrofluorocarbons shall not be placed on the market unless hydrofluorocarbons charged 
into the equipment are accounted for within the quota system.”. Table 3-2 shows the AC 
related F-gas product and equipment bans with target GWP thresholds (Linde, 2014). 
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Table 3-2: AC Related Additional F-Gas Product and Equipment Bans - Annex III 

Ban Type and GWP Limits Date Commonly used 
gases and (GWP) 

Possible 
alternatives* 
and (GWP) 

14. Movable room air conditioning 
equipment (hermetically sealed 

equipment which is movable 
between rooms by the end user) 
containing HFCs with GWP≥150 

1.1.2020 R410A (2088) 
R290 (3) 

Future: HFO 
blends 

15. Single split air conditioning 
system containing F-gases<3 kg, 

with GWP≥750 
1.1.2015 R407C (1774) 

R410A (2088) 

R32 (675) 
R290 (3) 

Future: HFO 
blends 

3.3.3 EPA Significant New Alternatives Policy (SNAP) Program 

Clean Air Act (Title VI) gives United States Environmental Protection Agency (EPA) 
authority to implement the Montreal Protocol and phase out ozone depleting substances 
(ODS). Under Section 612, SNAP was established in 1994 to identify and evaluate 
substitutes for ODS.  SNAP has reviewed over 400 substitutes. The objective of the 
SNAP includes the following: 

• Identify and evaluate substitutes in end-uses that have historically used ODS; 
• Study the overall risk to human health and the environment of existing and new 

substitutes; 
• Publish lists and promote the use of acceptable substitutes; 
• Provide the public with information  

 
SNAP considers the following physical characteristics of the refrigerants: 

• Ozone Depleting Potential (ODP) 
• Global Warming Potential (GWP) 
• Flammability 
• Toxicity 
• Occupational & Consumer Health/Safety 
• Local Air Quality 
• Ecosystem Effects 

 
Refrigerants are listed by end-use. There are sixteen different end uses for 

Refrigeration and Air Conditioning, among which Residential and Light Commercial Air 
Conditioning and Heat Pumps is one of the important categories. It includes room air 
conditioning such as window units, packaged terminal air conditioners (PTAC) and heat 
pumps (PTHP), and portable air conditioners; ducted (central AC) or ductless systems 
(e.g. mini and multi splits); packaged rooftop units; water-source and ground-source heat 
pumps; and other products. SNAP considers the transition to low-GWP refrigerants. Table 
3-3 summarizes the substitute refrigerants with GWP, SNAP listing date and status (EPA, 
2015). Any new product using a refrigerant must have SNAP approval. 
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Table 3-3: Substitutes in Residential and Light Commercial Air Conditioning and Heat 
Pumps (EPA, 2015) 

Substitute Trade 
Name(s) 

Retrofit
/New ODP GWP 

ASHRAE 
Designatio
n (Safety 

Classificati
on) 

SNAP Listing 
Date Listing Status 

HFC-32  N 0 675 A2L 4/10/2015 

Acceptable with Use 
Conditions: For use in 
self-contained room air 
conditioning; see rule 

for detailed conditions. 

R-290 
(Propane)  N 0 3 A3 4/10/2015 

Acceptable with Use 
Conditions: For use in 
self-contained room air 
conditioning; see rule 

for detailed conditions. 

R-441A  N 0 <5 A3 4/10/2015 

Acceptable with Use 
Conditions: For use in 
self-contained room air 
conditioning; see rule 

for detailed conditions. 

R-1270 
(Propylene)  N 0 1.8 A3 12/1/2016 

Unacceptable, as of 
January 3, 2017. 

R-443A  N 0 2.5 A3 12/1/2016 

Unacceptable, as of 
January 3, 2017. 

R-404A SUVA HP-
62 R/N 0 3,920 A1 12/20/2002 Acceptable 

THR-03  R/N 0 N/A A1 12/6/1999 

Acceptable with Use 
Conditions: For use in 
residential window unit 

air conditioning. 

R-417A ISCEON 59, 
NU-22 R/N 0 2,350 A1 12/6/1999; Acceptable 

6/16/2010 

R-410B  N 0 2,230 A1 2/8/1996 Acceptable 

R-410A AZ-20, Suva 
9100, Puron N 0 2,090 A1 2/8/1996; Acceptable 

12/20/2002 

R-407C Suva 407C, 
Klea 407C R/N 0 1,770 A1 

2/8/1996; 
Acceptable 12/20/2002; 

8/21/2003 

R-407A Klea 60, 
Klea 407A R/N 0 2,110 A1 1/2/2009 Acceptable 

R-427A Forane 
427A R 0 2,140 A1 1/2/2009 Acceptable 

R-437A 
KDD6, 

ISCEON 
MO49 Plus 

R/N 0 1,810 A1 
1/2/2009; 

Acceptable 
6/16/2010 

R-458A Bluon TdX 
20 R 0 1,650 A1 7/21/2017 Acceptable 

R-125/R-
134a/R-600a 
(28.1/70.0/1.

9) 

NU-22 old 
composition R/N 0 1,990 A1 6/16/2010 Acceptable 

RS-44 (2003 
formulation)  R/N 0 2,420 A1 6/16/2010 Acceptable 

https://www.epa.gov/snap/substitutes-residential-and-light-commercial-air-conditioning-and-heat-pumps#self
https://www.epa.gov/snap/substitutes-residential-and-light-commercial-air-conditioning-and-heat-pumps#self
https://www.gpo.gov/fdsys/pkg/FR-2015-04-10/pdf/2015-07895.pdf
https://www.gpo.gov/fdsys/pkg/FR-2015-04-10/pdf/2015-07895.pdf
https://www.gpo.gov/fdsys/pkg/FR-2016-12-01/pdf/2016-25167.pdf
https://www.gpo.gov/fdsys/pkg/FR-2016-12-01/pdf/2016-25167.pdf
https://www.gpo.gov/fdsys/pkg/FR-2002-12-20/pdf/02-32130.pdf
https://www.gpo.gov/fdsys/pkg/FR-1999-12-06/pdf/99-31544.pdf
https://www.gpo.gov/fdsys/pkg/FR-1999-12-06/pdf/99-31544.pdf
https://www.gpo.gov/fdsys/pkg/FR-2010-06-16/pdf/2010-14510.pdf
https://www.gpo.gov/fdsys/pkg/FR-1996-02-08/pdf/96-2723.pdf
https://www.gpo.gov/fdsys/pkg/FR-1996-02-08/pdf/96-2723.pdf
https://www.gpo.gov/fdsys/pkg/FR-2002-12-20/pdf/02-32130.pdf
https://www.gpo.gov/fdsys/pkg/FR-1996-02-08/pdf/96-2723.pdf
https://www.gpo.gov/fdsys/pkg/FR-2002-12-20/pdf/02-32130.pdf
https://www.gpo.gov/fdsys/pkg/FR-2003-08-21/pdf/03-21425.pdf
https://www.gpo.gov/fdsys/pkg/FR-2009-01-02/pdf/E8-31225.pdf
https://www.gpo.gov/fdsys/pkg/FR-2009-01-02/pdf/E8-31225.pdf
https://www.gpo.gov/fdsys/pkg/FR-2009-01-02/pdf/E8-31225.pdf
https://www.gpo.gov/fdsys/pkg/FR-2010-06-16/pdf/2010-14510.pdf
https://www.gpo.gov/fdsys/pkg/FR-2017-07-21/pdf/2017-15379.pdf
https://www.gpo.gov/fdsys/pkg/FR-2010-06-16/pdf/2010-14510.pdf
https://www.gpo.gov/fdsys/pkg/FR-2010-06-16/pdf/2010-14510.pdf
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HFC-134a  R/N 0 1,430 A1 6/16/2010: Acceptable 
7/21/2017 

R-125/R-
290/R-

134a/R-600a 
(55.0/1.0/42.

5/1.5) 

ICOR AT-22 R/N 0 2,530 A1 3/29/2006 Acceptable 

R-422B 
ICOR 

XAC1, NU-
22B 

R/N 0 2,530 A1 3/29/2006 Acceptable 

R-422C ICOR XLT1 R/N 0 3,390 A1 3/29/2006 Acceptable 

R-434A RS-45 R/N 0 3,250 A1 10/4/2007 Acceptable 

R-438A 
KDD5, 

ISCEON 
MO99 

R/N 0 2,270 A1 
10/4/2007; 

Acceptable 
6/16/2010 

R-407F 
Genetron 
Performax 

LT 
R/N 0 1,820 A1 10/4/2011 Acceptable 

R-417C Hot Shot 2 R 0 1,820 A1 10/4/2011 Acceptable 

R-421A Choice R-
421A R/N 0 2,630 A1 9/28/2006 Acceptable 

R-422D ISCEON 
MO29 R/N 0 2,730 A1 9/28/2006 Acceptable 

R-424A RS-44 R/N 0 2,440 A1 9/28/2006 Acceptable 

Ammonia 
Absorption  N 0 0 B2 9/5/1996 Acceptable 

Evaporative 
Cooling  N 0 N/A N/A 9/5/1996 Acceptable 

R-507, R-
507A AZ-50 R/N 0 3,990 A1 9/5/1996; Acceptable 

12/20/2002 

Desiccant 
Cooling  N 0 N/A N/A 

9/5/1996 

Acceptable 
6/16/2010 

3.3.4 China National Green and High-efficiency Cooling Action Plan 

China released its Green and High-Efficiency Cooling Action Plan in June 2019. It is 
a national cooling plan based on the commitments in the Sino-French bilateral agreement 
on March.  According to the agreement, China and France with “work together to promote 
the ratification and implementation of the Kigali amendment to the Montreal Protocol on 
the phasedown of HFCs and to promote the improvement of energy efficiency standards 
in the cooling sector.” 

The China Cooling Action Plan sets forth targets for cooling-product energy efficiency 
improvement by 2022 and 2030. The Plan also describes key cooling-related priorities for 
China, including (Development and Reform Environment and Resources): 

• strengthening energy efficiency standards;  
• expanding the supply of green and high-efficiency cooling products, including 

through increased R&D on low-GWP and high-efficiency refrigerants;  
• promoting green and high-efficiency cooling product consumption, including 

through government and enterprise green procurement;  
• advancing energy-saving transformations, including through demonstration 

https://www.gpo.gov/fdsys/pkg/FR-2010-06-16/pdf/2010-14510.pdf
https://www.gpo.gov/fdsys/pkg/FR-2010-06-16/pdf/2010-14510.pdf
https://www.gpo.gov/fdsys/pkg/FR-2010-06-16/pdf/2010-14510.pdf
https://www.gpo.gov/fdsys/pkg/FR-2017-07-21/pdf/2017-15379.pdf
https://www.gpo.gov/fdsys/pkg/FR-2006-03-29/pdf/06-3030.pdf
https://www.gpo.gov/fdsys/pkg/FR-2006-03-29/pdf/06-3030.pdf
https://www.gpo.gov/fdsys/pkg/FR-2006-03-29/pdf/06-3030.pdf
https://www.gpo.gov/fdsys/pkg/FR-2007-10-04/pdf/E7-19545.pdf
https://www.gpo.gov/fdsys/pkg/FR-2007-10-04/pdf/E7-19545.pdf
https://www.gpo.gov/fdsys/pkg/FR-2007-10-04/pdf/E7-19545.pdf
https://www.gpo.gov/fdsys/pkg/FR-2007-10-04/pdf/E7-19545.pdf
https://www.gpo.gov/fdsys/pkg/FR-2010-06-16/pdf/2010-14510.pdf
https://www.gpo.gov/fdsys/pkg/FR-2011-10-04/pdf/2011-25391.pdf
https://www.gpo.gov/fdsys/pkg/FR-2011-10-04/pdf/2011-25391.pdf
https://www.gpo.gov/fdsys/pkg/FR-2006-09-28/pdf/E6-15833.pdf
https://www.gpo.gov/fdsys/pkg/FR-2006-09-28/pdf/E6-15833.pdf
https://www.gpo.gov/fdsys/pkg/FR-2006-09-28/pdf/E6-15833.pdf
https://www.gpo.gov/fdsys/granule/FR-1996-09-05/96-22649
https://www.gpo.gov/fdsys/granule/FR-1996-09-05/96-22649
https://www.gpo.gov/fdsys/granule/FR-1996-09-05/96-22649
https://www.gpo.gov/fdsys/pkg/FR-2002-12-20/pdf/02-32130.pdf
https://www.gpo.gov/fdsys/granule/FR-1996-09-05/96-22649
https://www.gpo.gov/fdsys/pkg/FR-2010-06-16/pdf/2010-14510.pdf
http://www.ndrc.gov.cn/zcfb/zcfbtz/201906/t20190614_938745.html
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projects involving retrofits of central air-conditioning systems, energy efficiency 
upgrades to data-center cooling systems, cooling-system retrofits for zones 
and parks, and upgrades of cold-chain logistics; and 

• deepening international cooperation, including on HFC phase out pursuant to 
the Montreal Protocol and on the promotion of green and high-efficiency 
cooling for all, in both domestic and export markets, through mechanisms such 
as the Belt and Road Green Cooling Initiative. 

The China Cooling Action Plan also calls for strengthened compliance accountability 
in the cooling energy efficiency area, including through enforcement spot checks, and 
release of compliance information through the national credit information public disclosure 
platforms. 

Especially, the action plan promotes the deployment of low-GWP refrigerants with 
the following actions:  

• Accelerate the amendment of product and safety standards  
• Energy efficiency top-runner and GWP value of refrigerant will be added on the 

energy efficiency labels of the main cooling products.  
• Guide manufacturers to quickly covert to low-GWP AC production lines, 

accelerate the phase out of HCFCs and limit HFCs usage  

3.4 Conclusions 

This report reviews four standards and policies for heat pump systems with low-GWP 
refrigerants, including the Kigali Amendment to the Montreal Protocol, EU F-gas 
regulations, US EPA’s Significant New Alternatives Policy (SNAP) Program and China’s 
National Green and High-efficiency Cooling Action Plan. The objectives and air 
conditioner related GWP requirements are summarized for the next step HP component 
and system optimization. 
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4.1 Abstract 

Very low-GWP refrigerant R-516A has shown promising results as a R-134a 
replacement in medium pressure chiller applications. In this work, R-516A has been 
further evaluated for its usage in air to water source heat pumps. Modeling results based 
on an R-134a oil-free compressor showed that R-516A was able to provide performance 
close to R-134a without any changes to the system both in heating and cooling mode. 

4.2 Introduction 

R-134a is being used across many different applications ranging from medium 
pressure chillers, refrigeration, mobile air-conditioning, and heat pumps. However, due to 
it’s relatively high GWP of 1300 (AR5), the HVAC&R industry is looking for alternative 
refrigerants to replace R-134a with the automobile industry taking the lead. R-516A has 
a very low-GWP of 131 (AR5) and showed promising results with matching performance 
as a R-134a replacement for medium pressure chillers (Abbas et al., 2016; Schultz and 
Perez-Blanco, 2018). In this report, the authors will focus on the potential of using R-516A 
in air to water source heat pumps.  

4.3 Refrigerant properties 

4.3.1 Compatibility and stability 

R-134a is used with polyol ester (POE) type lubricants. The miscibility of an earlier 
version of R-516A, ARM-42, was tested with typical POE oils over a wide range of 
concentrations and temperatures that covers the operating ranges typically encountered 
in commercial refrigeration and air-conditioning. The results showed that the operating 
range of ARM-42 was found to be comparable to that of R-134a. 

The stability of ARM-42 in the presence of materials that it would likely encounter in 
practical use was evaluated in sealed tube tests according to the ASHRAE Standard 97-
2007. At the evaluated test conditions, ARM-42 and ARM-42/POE blends in the presence 
of steel, copper, and aluminum showed thermal stability similar to that of R-134a. 

4.3.2 Flammability 

R-516A’s A2L safety classification indicates that it is a lower toxicity and lower 
flammability refrigerant. The flammability properties of R-516A are shown in Table 4-1. 
The burning velocity was measured using the worst case of formulation for flammability 
(WCF) as defined by ASHRAE 34. 

Table 4-1: Flammability characteristics of R-516A 

LFL (%v/v) @ 23°C 5 
UFL (%v/v) @ 23°C 14 
Burning velocity (cm/s) @ 23°C 4.8 
Heat of combustion (MJ/kg) 11.2 

4.3.3 Thermodynamic properties 
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The fluid and thermodynamic properties of R-516A are presented in Table 4-2 and 
compared to R-134a.  

Table 4-2: Fluid and Thermodynamic properties of R-134a and R-516A 
Refrigerant R-134a R-516A 

GWP100 (AR5) 1300 131 
Flammability Class 1 2L 

Bubble point (oC) at 1atm* -26.3 -29.6 
Dew point (oC) at 1atm* -26.3 -29.6 

Critical Temperature (oC)* 101.1 96.8 
Critical Pressure (MPa)* 4.0 3.6 

Liquid Density at 25oC (kg/m3)* 1206.7 1069.2 
Vapor Density at 25oC (kg/m3)* 32.4 34.5 

* R-134a properties were obtained from REFPROP (Lemmon et al, 2018). R-516A properties were 
calculated by proprietary measurements and models. 

 
The vapor pressure of R-516A is very close to that of R-134a for a wide range of 

temperatures with only minor differences observed at temperatures above 60°C, Figure 
4-1. 

 

Figure 4-1: Vapor pressure of R-134a and R-516A 

4.4 Results 

In order to be utilized in a low ambient heat pump, the evaporating temperature must 
be below -25°C, which makes R-516A a suitable refrigerant for this application. R-516A 
was compared to R-134a based on an oil-free R-134a compressor model with same 
electricity power input inside the aero map. 

The performance of the refrigerants was calculated at the following conditions: 
Cooling (ARI) 
 Evaporation Temperature = 7.2°C   Evaporator Superheat = 11.1K 
 Condensation Temperature = 54.4°C  Condenser Subcooling = 8.3K 
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 No economizer 
Heating 
 Evaporation Temperature = -7°C   Evaporator Superheat = 1K 
 Condensation Temperature = 50°C  Condenser Subcooling = 3K 
 Temperature approach of economizer = 0K with flash tank 
 

When the compressor performance of R-516A was compared to that of R-134a with 
same motor design, both capacity and EER for cooling and COP for heating of R-516A 
were found to be slightly lower than R-134a, Figure 4-2 and Figure 4-3. In terms of 
compressor operation speed, R-516A showed nearly identical speed with R-134a. 

The capacity and efficiency performance of R-516A in heating mode were closer to 
R-134a, which becomes critical with the choice to optimize product designs to either 
cooling or heating, depending on the primary application driver. 

 
Figure 4-2: Cooling mode compressor performance prediction of R-134a and R-516A in a 

R-134a optimized compressor 
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Figure 4-3: Heating mode compressor performance prediction of R-134a and R-516A in a 

R-134a optimized compressor 
In terms of discharge temperature, R-516A showed approximately 6K lower 

discharge temperature at the cooling condition and 8K lower at specific heating condition 
compared to those of R-134a. These results make R-516A more favorable in high lift 
conditions. 

 
Figure 4-4: R-134a and R-516A cooling (left) and heating mode (right) discharge 

temperatures in a R-134a optimized compressor 

4.5 Conclusions 

R-516A showed comparable performance to R-134a both in cooling and heating 
mode when evaluated in a R-134a optimized oil-free compressor while providing a 90% 
reduction in direct emission. Heating performance of R-516A was closer to R-134a than 
in cooling mode. Similar stability, compatibility, and oil miscibility of R-516A to R-134a will 
also allow easy adoption of R-516A as a replacement fluid. 
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4.6 Nomenclature 

COP Coefficient of Performance 
EER Energy Efficiency Ratio 
GWP Global Warming Potential 
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5.1 Introduction 

The current generation of refrigerant for the residential air conditioner, A1 R410A, 
have significant global warming potential (GWP 2088, AR4). Because of the regulations 
about refrigerant, HVAC&R industry has been challenged to convert to low-GWP 
refrigerants. To meet the regulation, US allowed to adopt A2L R32 in sealed systems in 
2015. In addition, The US environmental protection agency (EPA) has enforced 
performance requirements of room air conditioners. 

Table 5-1: EPA Regulatory For Room Air Conditioners 

Capacity 
(Btu/hr) 

Units Without Reverse Cycle 
*CEERBASE 

(Units with Louvered Sides) 
EPA 3.1 
(2015) 

EPA 4.0 
(2016) 

<6,000 11.0 12.1 (+10%) 6,000 to 7,999 
8,000 to 10,999 11.2 12.0 (+7%) 11,000 to 13,999 

14,000 to 19,999 11.1 11.8 (+6%) 
20,000 to 27,999 9.8 10.3 (+5%) 

≥ 28,000 9.9 (+1%) 
*CEER= (Output cooling capacity in Btu) 

/ (input electrical energy during use in Wh + idle input electrical energy in Wh) 
 

Many countries adopted the Kigali amendment to phase down HFCs by more than 
80 percent over the next 30 years and replace them with more environmentally friendly 
alternatives. 

In Europe, the EU f-gas regulation controls the use of fluorinated greenhouse gases 
and it has significant impacts for users of HFC refrigerants. The f-gas regulation will ban 
refrigerants with GWP of more than 750 in single split air conditioner containing less than 
3kg in 2025. 
 

 
Figure 5-1: HFC Phase-Down Steps of EU and Kigali Amendment (2016) 
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For these reasons, R32 is an attractive alternative refrigerant for the residential air 
conditioner at this time. R32 has a 100-year GWP of 675 and the pressure of R410A and 
R32 is almost same in the same temperature conditions. In addition, the performance of 
R32 is higher than R410A. The capacity of R32 is 10% higher than that of R410A in the 
same compressor volume because of the high latent heat. Also, refrigerant charging 
quantity of R32 is lower than that of R410A.  

However, R32 is mildly flammable refrigerant (A2L) and specific heat ratio is higher 
for R32 compared to R410A so that discharge temperature of R32 is higher than that of 
R410A. The simulated results for R410A and R32 in ASHRAE-T condition are as below. 
At the given displacement volume of compressor, cooling capacity of R32 is 10% higher 
than that of R410A and efficiency is 2% higher for R32 compared to R410A. When the 
isentropic efficiency is 0.75, discharge temperature of R32 is 21oC higher than that of 
R410A. 

Table 5-2: Property and Performance Comparison of R410A and R32 
ASHRAE-T: Cond Temp 54.4℃, Evap Temp 7.2℃, Suction Temp 18.3℃, Sub-cooling Temp 

46.1℃ 
Refrigerant R410A R32 
GWP(AR4) 2088 675 

Safety Classification A1 A2L 
Condensing Pressure [kPa] 3393 3473 
Evaporating Pressure [kPa] 998 1018 

Delta Enthalpy [kJ/kg] 159 (100%) 242 (152%) 
Volumetric Capacity [kJ/m3] 5647 (100%) 6236 (110%) 

Isentropic Efficiency 0.75 0.75 
Discharge Temperature [oC] 94 115 
Cp/Cv (Specific heat ratio) 1.412 1.514 

Density Suction [kg/m3] 35.5 25.7 
Density Condenser [kg/m3] 870.8 (100%) 812.2 (93%) 

Displacement Volume [cm3/rev] 31.6 31.6 
Mass Flow Rate [kg/s] 0.065 (100%) 0.047 (72%) 
Cooling Capacity [kW] 10.26 (100%) 11.33 (110%) 

Work [kW] 3.09 (100%) 3.33 (108%) 
EER [W/W] 3.32 (100%) 3.40 (102%) 

 

 
Figure 5-2: P-h Diagram of R410A and R32 (ASHRAE-T Condition) 
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Despite of these concerns, many manufacturers have optimized the products for 
adopting R32. Millions of air conditioning units using R32 as a refrigerant have already 
been sold throughout Asia, New Zealand, Australia, US and Europe. The sales volume 
of the split and packaged systems under 6 HP for residential and light commercial 
applications adopting R32 was about 20millions in 2017 and 35millions in 2018. However, 
R32 is not a long-term answer. To achieve the ultimate goal of Kigali amendment, we 
have to find alternatives which have GWP value near 300. 

5.2 Details of test setup 

The window type, wall-mounted type and ceiling-mounted type air conditioners are 
used as experimental apparatus to compare the performances of the conventional 
systems adopting R410A with those of modified systems adopting R32. The window type 
air conditioner consists of fixed speed rotary compressor, two fin-tube type heat 
exchangers, one fan and capillary tube. 
 

 

Figure 5-3: Calorimeter Layout (Window Type Air Conditioner) 
The wall-mounted type air conditioner consists of inverter rotary compressor for 

conventional system and inverter twin rotary compressor for modified system. Both 
system have two fin-tube type heat exchangers, one indoor fan, one outdoor fan, 4way 
reverse valve and electronic expansion valve. The ceiling-mounted type air conditioner 
consists of inverter twin rotary compressor for conventional system and inverter scroll 
compressor for modified system. Both system have two fin-tube type heat exchangers, 
one indoor fan, two outdoor fan, 4way reverse valve and electronic expansion valve. The 
baseline R410A test and R32 test have been accomplished as per ISO 5151 standard for 
window type air conditioner and ISO 13253 for split type air conditioners in psychrometric 
calorimeter chamber. Each experimental parameter was recorded using a data 
acquisition system after the system reached a quasi-steady state. It was determined that 
the system is in the quasi-steady state when the measured parameters of the cycle do 
not change for 15 minutes even after the change of the experimental conditions such as 
the change of the compressor frequency. Then, the experimental data were recorded for 
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35 minutes at intervals of 5 seconds. 
 

 

Figure 5-4: Calorimeter Layout (Split Type Air Conditioner) 
Table 5-3: Window Type Air Conditioner Test Condition (ANSI/ASHRAE Standard 37) 

Conditions Indoor Outdoor 
DB[oC] WB[oC] DB[oC] WB[oC] 

Cooling mode 
at Rated Condition 26.7 19.4 35.0 23.9 

Cooling mode 
at Partial Load Condition 

1 
26.7 19.4 26.7 19.4 

Cooling mode 
at Partial Load Condition 

2 
26.7 19.4 28.3 19.7 

 

CEER = the combined energy efficiency ratio in cooling mode, in Btu/Wh 

CEER = � 𝐴𝐴𝐴𝐴𝐴𝐴
�𝐴𝐴𝐴𝐴𝐴𝐴𝑘𝑘×𝑡𝑡�

�                                          (1) 

where  ACC = adjusted cooling capacity in Btu/hr 
AEC = annual energy consumption in cooling mode, in kWh/year 
k = 0.001kWh/Wh conversion factor for watt-hours to kilowatt-hours 
t = number of cooling mode hours per year 
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Table 5-4: Test Conditions for Split Type Air Conditioners 
(EN14511 - Rated Conditions, EN14825 – Partial Load Conditions) 

Conditions Indoor Outdoor 
DB[oC] WB[oC] DB[oC] WB[oC] 

Cooling mode at 
Rated Condition  27 19 35 24 

Heating mode at 
Rated Condition  20 15 7 6 

SEER 

Cooling A 

27 19 

35 24 
Cooling B 30 20 
Cooling C 25 16 
Cooling D 20 12 

SCOP 

Heating A 

20 15 

-7 -8 
Heating B 2 1 
Heating C 7 6 
Heating D 12 11 
Heating E -10 -11 
Heating F -8 -9 

 
SEER = seasonal efficiency of a unit calculated for the reference annual cooling demand, which is 
determined from mandatory conditions given in this European Standard and used for marking, comparison 
and certification purposes 
SCOP = seasonal efficiency of a unit calculated for the reference annual heating demand(s), which is 
determined from mandatory conditions given in this European Standard and used for marking, comparison 
and certification purposes 
 

The heating D condition is the lowest part load ratio condition. Therefore, to meet the 
part load of heating D condition, the hertz of compressor should be very low. It can miss 
the operational range of compressor so that efficiency of product may decrease despite 
of low power consumption. 

5.3 Results 

5.3.1 Window type air conditioner with constant speed rotary compressor 

5.3.1.1 Modification of cycle specification 

For R32, the displacement volume of compressor, refrigerant charging, oil and 
capillary tube were changed in window type air-conditioner. The displacement volume of 
compressor for R32 system is 3.8% lower than that for R410A. Compressor oil for R32 is 
PVE oil and oil charge quantity is 28.6% lower for R32 compared to R410A. R32 charge 
quantity is 22.5% lower than R410A charge quantity. The inner diameter and length of 
capillary tube for R32 system are lower than those for R410A system because mass flow 
rate of R32 system is about 30% lower than that of R410A system. 
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Table 5-5: Specification of Modified System (Window Type, 12kBtu/hr) 
 Base Modified 

Compresso
r 

Type Rotary (Fixed Speed) Rotary (Fixed Speed) 
Displacement 

Volume 
[cm3/rev] 

10.6 10.2 

Oil *POE 
350cc (100%) 

*PVE 
250cc (71.4%) 

Refrigerant [g] R410A 
585 (100%) 

R32 
395 (77.5%) 

Indoor Heat Exchanger Φ7 3R 12C 
20FPI S-Fin(Half) L490mm 

Φ7 3R 12C 
20FPI S-Fin(Half) L490mm 

Outdoor Heat Exchanger Φ5 3R 18C 
20FPI S-Fin(Half) L500mm 

Φ5 3R 18C 
20FPI S-Fin(Half) L500mm 

Capillary tube  
[inner diameter, mm] 

Φ1.2 
L1350 

Φ1.0 
L950 

*POE – Polyol Ester, PVE – Polyvinyl Ether 

5.3.1.2 Performance comparison of R410A and R32 

The cooling capacity and EER is 2% and 6% higher respectively for R32 compared 
to R410A. The combined energy efficiency ratio in cooling mode of R32 is 7% higher than 
that of R410A. To meet the performance requirement, the modification of system was 
slight to increase the efficiency of the product. 

Table 5-6: Comparison of Performance (Window Type, 12kBtu/hr) 

 Base Modified 
Cooling Capacity at 

Rated Condition [kW] 3.45 3.52 

EER [W/W] 2.97 3.15 
CEER [Btu/Wh] 11.2 12.0 

 

 

Figure 5-5: Performance Test Result (Window Type, *at Rated Condition) 
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5.3.2 Wall-Mounted type air conditioner with inverter compressor 

5.3.2.1 Modification of cycle specification 

There’s no major modification of product when R32 is adopted in wall-mounted air 
conditioner. The parts of product are slightly changed and the performance increase 
slightly. For R32, the type and frequency of compressor, refrigerant charging, oil, EEV is 
changed in wall-mounted type air-conditioner. The compressor for R32 is twin rotary 
compressor. Oil charge quantity is 12.5% lower for R32 compared to R410A. R32 
charging quantity is 26.3% lower than R410A charging quantity. The inner diameter of 
EEV for R32 system is smaller than that for R410A system because the mass flow rate 
of R32 system is smaller than that of R410A. The compressor frequency of R32 system 
is slightly lower than that of R410A in cooling mode and slightly higher than that of R410A 
in heating mode at rated condition. 

Table 5-7: Specification of Modified System (Wall-Mounted Type, 12kBtu/hr) 
 Base Modified 

Compressor 

Type Rotary (Inverter) Twin Rotary (Inverter) 
Displacement 

Volume 
[cm3/rev] 

10.2 10.2 

Oil [cc] POE or PVE 
320 (100%) 

PVE 
280 (87.5%) 

Refrigerant[g] R410A 
950 (100%) 

R32 
700 (73.7%) 

Indoor Heat Exchanger Φ7 2R 15C 
21FPI S-Fin(Half) L616.8mm 

Φ7 2R 15C 
21FPI S-Fin(Half) L616.8mm 

Outdoor Heat Exchanger Φ7 2R 22C 
17FPI S-Fin(Half) L667mm 

Φ7 2R 22C 
18FPI Louver fin L667mm 

EEV Orifice Diameter [mm] Φ1.65 Φ1.32 
Compressor Operating Frequency 

Range [Hz] 15~120 10~130 

Compressor Frequency at rated 
condition [Hz] 

65 (cooling) 
69 (heating) 

61 (cooling) 
71 (heating) 

Connection Pipe Length [m] 7.5 7.5 
 

5.3.2.2 Performance comparison of R410A and R32 

The heating capacity is 5% higher and cooling capacity, EER, COP are equal for R32 
compared to R410A at rated condition. The discharge temperature of R32 is 11oC higher 
than that of R410A in cooling mode and 12oC higher than that of R410A in heating mode 
at rated condition.  
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Table 5-8: Comparison of Performance (Wall-Mounted Type, 12kBtu/hr) 
 Base Modified 

Cooling Capacity at Rated 
Condition [kW] 3.50 3.50 

EER [W/W] 3.24 3.24 
Discharge Temperature at 

Rated Cooling Condition [oC] 66 77 

SEER [kWh/kWh] 
(PdesignC = 3.50 kW) 6.4 6.6 

Heating Capacity at Rated 
Condition [kW] 3.80 4.00 

COP [W/W] 3.8 3.81 
Discharge Temperature at 

Rated Heating Condition [oC] 69 81 

SCOP [kWh/kWh] 
(PdesignH = 2.5 0kW) 4.0 4.0 

 

  

  

Figure 5-6: Performance Test Results at Rated Conditions (Wall-Mounted Type) 
The Pdesign (full load) value of cooling is equal and SEER is 3% higher for R32 

compared to R410A. The Pdesign  (full load) value of heating and SCOP of R32 is same 
with those of R410A. When the SCOP value is calculated, Pdesign  (full load) value of 

100% 100%100% 100%

90%

95%

100%

105%

110%

Cooling Capacity EER

R410A R32

100% 100%

105%

100%

90%

95%

100%

105%

110%

Heating Capacity COP

R410A R32

66
69

77
81

60

70

80

90

100

Cooling Heating

D
is

ch
ar

ge
 T

em
pe

ra
tu

re
 [℃

] R410A R32



Annex 54, Heat pump systems with low-GWP refrigerants 
 

 

55 
 

 

heating is lower than heating capacity at rated condition. Manufacturers reduce the value 
of full heating load (PdesignH) lower than heating capacity at rated condition to improve the 
energy efficiency class of product. SCOP tends to increase about 2% when the PdesignH 
decrease by 20%. 

 

Figure 5-7: Cooling and Heating Seasonal Performance (Wall-Mounted Type) 

5.3.3 Ceiling-mounted type air conditioner with inverter compressor 

5.3.3.1 Modification of cycle specification 

For R32, the type and frequency of compressor, refrigerant charging, oil, Indoor Heat 
Exchanger were changed in Ceiling-mounted type air-conditioner.  

Table 5-9: Specification of Modified System (Ceiling-Mounted Type, 48kBtu/hr) 
 Base Modified 

Compressor 

Type Twin Rotary Scroll (R1=Brand Name) 
Displacement 

Volume 
[cm3/rev] 

44.2 (100%) 31.6 (71.5%) 

Oil [cc] PVE 
1300 (100%) 

PVE 
1000 (76.9%) 

Refrigerant [g] R410A 
3400 (100%) 

R32 
3000 (88.2%) 

Compressor Operating 
Frequency Range [Hz] 15~100 10~135 

Compressor Frequency at Rated 
Condition [Hz] 

66 (cooling) 
72 (heating) 

75 (cooling) 
85 (heating) 

Indoor Heat Exchanger 
Φ7 2R 12C  

21FPI Louver 
L2052mm 

Φ7 2R 12C  
21FPI Louver L2084mm 

+ 
Φ7 1R 10C  

21FPI Louver L1930mm 

Outdoor Heat Exchanger 
Φ7 2R 64C  

14FPI Wide Louver 
L950mm 

Φ7 2R 64C  
14FPI Wide Louver L950mm 

EEV Orifice Diameter [mm] Φ3.0 Φ3.0 
Connection Pipe Length [m] 5 5 
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The compressor for R32 system is scroll type compressor. The displacement volume 
of compressor for R32 is 28.5% lower than that for R410A. Oil charging quantity is 23.1% 
lower for R32 compared to R410A. R32 charging quantity is 11.8% lower than R410A 
charging quantity. The compressor frequency of R32 system is higher than that of R410A 
system in cooling and heating mode at rated condition. 

5.3.3.2 Performance comparison of R410A and R32 

The cooling capacity is 5% lower and EER is 2% higher for R32 compared to R410A 
at rated condition (Table 5-10 and Figure 5-8). The heating capacity is 1% higher and 
COP is 6% lower for R32 compared to R410A at rated condition. Because of the small 
displacement volume of compressor, the compressor frequency of R32 system is higher 
than that of R410A system. Also, molar mass of R32 is smaller than that of R410A so that 
volumetric efficiency of compressor is lower for R32 system compared to R410A. For 
these reasons, COP of R32 system is lower than that of R410A. The discharge 
temperature of R32 is 12oC higher than that of R410A in cooling mode and 8oC higher 
than that of R410A in heating mode at rated condition. The Pdesign (full load) value of 
cooling is 4% lower and SEER is 25% higher for R32 compared to R410A. The Pdesign (full 
load) value of heating is equal and SCOP is 27% higher for R32 compared to R410A. The 
seasonal efficiency of modified system increase drastically compared to that of 
conventional system. In European market, manufacturers have to follow the Energy-
related Products Directive (ErP). This European Standard provides part load conditions 
and calculation methods for calculating the Seasonal Energy Efficiency Ratio (SEER) and 
Seasonal Coefficient of Performance (SCOP) of such units when they are used to fulfil 
the cooling and heating demands. From 1st January 2013, air conditioning units under 12 
kW had to meet the requirements of the ErP. However, the product adopting R410A didn’t 
have to meet requirements because rated capacity of it was exceed 12 kW. However, as 
the requirements of ErP were reinforced, manufacturers had to meet requirements even 
the capacity of product exceeded 12kW. Therefore, ceiling-mounted air conditioner 
adopting R32 was modified by increasing size of heat exchanger and changing 
operational logic to improve energy efficiency class of product.  

Table 5-10: Comparison of Performance (Ceiling-Mounted Type, 48kBtu/hr) 
 Base Modified 

Cooling Capacity at Rated 
Condition [kW] 13.9 13.4 

EER [W/W] 3.01 3.08 
Discharge Temperature at 

Rated Cooling Condition [oC] 79 91 

PdesignC [kW] 13.9 13.4 
SEER [kWh/kWh] 5.2 6.52 

Heating Capacity at Rated 
Condition [kW] 15.4 15.5 

COP [W/W] 3.41 3.22 
Discharge Temperature at 

Rated Heating Condition [oC] 67 75 

SCOP [kWh/kWh] 
PdesignH = 9.30 kW 3.2 4.05 
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Figure 5-8: Performance Test Result at Rated Condition (Ceiling-Mounted Type) 

 
Figure 5-9: Cooling and Heating Seasonal Performance (Ceiling-Mounted Type) 
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5.4 Conclusions 

As the regulations about refrigerant has been being reinforced, R32 has been 
considered as a prospective candidate of alternative refrigerant for R410A. The GWP of 
R32 is about 32% compared to R410A and R32 refrigerant charging quantity is about 
20% lower than R410A refrigerant charging quantity. Thus CO2 emission of R32 is about 
75% lower than that of R410A. Also, the performance of R32 is higher than that of R410A, 
so it is enable to manufacture high efficiency model adopting R32. It is easy and cost-
effective to adopt R32 in new equipment with minor modifications. 

There’s no major modification of product when R32 is adopted in window type and 
wall-mounted type air conditioner. The parts of products are slightly changed and the 
performance increased. 

For window type air conditioner, the cooling capacity and EER is 2% and 6% higher 
respectively for R32 compared to R410A. The combined energy efficiency ratio in cooling 
mode of R32 is 7% higher than that of R410A. 

For wall-mounted type air conditioner, the heating capacity is 5% higher and cooling 
capacity, EER, COP are equal for R32 compared to R410A at rated condition. The 
discharge temperature of R32 is 11oC higher than that of R410A in cooling mode and 
12oC higher than that of R410A in heating mode at rated condition.  

To follow ErP, ceiling-mounted air conditioner adopting R32 was modified by 
increasing size of heat exchanger and changing operational logic to improve energy 
efficiency class of product. 

For ceiling-mounted type air conditioner, the cooling capacity is 5% lower and EER 
is 2% higher for R32 compared to R410A at rated condition. The heating capacity is 1% 
higher and COP is 6% lower for R32 compared to R410A at rated condition. The 
discharge temperature of R32 is 12oC higher than that of R410A in cooling mode and 8oC 
higher than that of R410A in heating mode at rated condition. 

5.5 Discussions 

At high ambient temperature in cooling mode and cold climate condition in heating 
mode, the buildings require high cooling and heating demand. So, in those conditions, air 
conditioning system should increase compressor volume of fixed speed compressor or 
compressor frequency of inverter compressor. When the inverter system is used in those 
conditions, the compressor frequency is limited by discharge temperature. The discharge 
temperature of compressor is affected by specific heat ratio (Cp/Cv) and the specific heat 
ratio of R32 is higher than that of R410A. Also, molar mass of R32 is smaller than that of 
R410A, so the effect of refrigerant leakage in compressor is larger for R32 system 
compared to R410A system. It causes the reduction of volumetric efficiency of 
compressor and high discharge temperature. Thus, the capacity of R32 system abruptly 
decrease in those conditions because of the high discharge temperature. 
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6.1 Abstract 

This report briefly summarizes the on-going activities carried out in Italy about the use 
of low global warming potential (GWP) refrigerants in heat pumps. 

A broad range of research and development activities are carried out in Italy by both 
the research institutes and by the companies. Indeed, since the introduction of the EU 
Regulation No. 40/2006 and 517/2014 on fluorinated greenhouse gases and of the Kigali 
amendment to the Montreal protocol, the need of finding low-GWP alternative to 
traditional high GWP ones has arisen. 

This is particularly true in Italy, where the market share of vapor compression heat 
pumps is expanding in the last years (EHPA, 2018). Consequently, research institutes, 
universities and companies started research programmes aimed at studying the low-
GWP refrigerants in the most comprehensive way. As a result, research activities that deal 
with the measurement of the thermophysical properties, the characterization of the 
components behavior (namely, heat exchangers and compressors) and the overall 
system performance have been active since 2011. 

Although a wide range of refrigerants are considered, a definite low-GWP refrigerant 
that could replace traditional, high GWP refrigerant in small or medium or high capacity 
systems has not been found yet, making this kind of analyses even more important. 

6.2 Introduction 

In recent years, air-conditioning and heat pump industries have been strongly 
affected by national and international regulations on environmental protection and global 
warming. Most of the fluids currently used (e.g. R410A and R134a) are 
hydrofluorocarbons (HFCs) that display high value of global warming potential (GWP) and 
they will be substituted in the next years. The search for alternatives to high-GWP 
refrigerants is focused primarily on the use of natural fluids (hydrocarbons, ammonia, 
carbon dioxide) and new synthetic refrigerants having low-GWP. 

In this context, at the country level, the research groups in research institutes or 
academia and research and development groups in companies are carrying out a wide 
range of activities related to the use of the fourth generation of refrigerant in vapor 
compression system. 

Generally speaking, on-going studies can be divided into two groups: component- 
level studies and system-level studies. 

At component-level, measurements of the thermophysical properties of low-GWP 
refrigerants, heat transfer characteristics and compressor behavior are carried out. These 
fundamental researches are essential for providing reliable data for correct sizing of heat 
pumps working with low-GWP refrigerants. 

At system-level, drop-in analyses or testing of new systems specifically designed for 
low-GWP refrigerants are carried out. These studies are important since they provide 
data for refrigerant comparison and for tuning heat pumps model for LCA analyses. 

In the following sections, more details about each of the above-mentioned activity are 
provided. 
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6.3 Activities on low-GWP refrigerants thermophysical properties 

The selection of the most suitable working fluids for refrigeration, heat pumping, and 
organic Rankine cycle applications to meet the necessity to limit and control the emissions 
of greenhouse substances established by the Kyoto Protocol (UNFCCC (1997)) and more 
specifically the EU Regulation No. 517/2014 on fluorinated greenhouse gases, is based 
on a number of criteria, including environmental considerations (low-GWP, zero or near-
zero ODP), safety (low toxicity, low flammability), and performance (high efficiency, 
appropriate capacity). Other important criteria, such as cost, material compatibility, 
lubricant solubility/miscibility, should be also considered for the commercialization. 

The most systematic and complete analyses conducted to date of working fluids 
capable of satisfying the above-mentioned criteria for a few applications have been 
undertaken by McLinden et al. (2014) and McLinden et al. (2015). For low- and medium- 
temperature HVAC&R applications, including obviously heat pumps, they limited their 
focus to a group of sixty-two potentially attractive working fluids, with the largest number 
of them being HFOs. HFOs are particularly important in the cases where natural fluids 
such as CO2, NH3 or hydrocarbons (HCs) are not applicable due to either their 
thermodynamic limitations or flammability or toxicity. 

However, the availability of thermodynamic data for such fluids, essential to develop 
accurate Equations of State (EoS) and then to predict and evaluate their performance in 
actual machines, is still quite poor, with the exception for some of the available fluids, as 
highlighted by a thorough and wide-ranging search of the publicly available literature 
published in a recent paper (Bobbo et al., 2018). The analysis allowed to determine and 
evaluate the experimentally-determined data for a number of important thermodynamic 
and transport properties of several HFO and HCFO working fluids, both pure and mixed 
with other H(C)FOs or HFCs. Table 6-1 lists the actual number of papers at 2017 for each 
pure HFO refrigerant reporting experimental data. Even if the data were not updated, it is 
reasonable to assume that the table still represents the present situation. It is evident that 
the most investigated fluids are R1234yf and R1234ze(E), followed by R1234ze(Z) and 
R1233zd(E). Many fewer references are available for most fluids, and for some of them 
no references at all were found. 

It is worth noting that identifying long-term low-GWP solutions for the substitution of 
the current refrigerants in heat pump applications cannot be achieved considering pure 
compounds only. Mixtures HFOs/HFOs or HFOs/HFCs offer an important opportunity to 
tune the properties of the refrigerants in applications were the properties of the available 
pure compounds are not satisfying. However, the data available in the literature for 
mixtures are even poorer than for pure HFOs and thus a systematic experimental activity 
is required to develop suitable EoS also for these fluids. 
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Table 6-1: Number of peer-reviewed literature references reporting experimental 
data/estimations for important thermophysical properties of several HFO and HCFO 

refrigerants (N.B. the same paper can report data for different properties). 
  ASHRAE Thermodynamic Properties Transport Properties 

 

Designation CP Psat PVT cp ω λ μ or ν σ 
R1123 2 2 2      
R1141         
R1132(E)         
R1234yf 2 11 10 5 4 1 7 2 
R1243zf 1 2 1     1 
R1234ye(E)         
R1234ze(E) 2 13 14 6 4 2 4 3 
R1225ye(Z)  1 1      
R1132(Z)         
R1225ye(E)         
R1234ze(Z) 1 8 7  1 1 2 1 
R1233zd(E) 1 4 5 1 2  1 2 
R1336mzz(E) 1 1 1      
R1336mzz(Z) 1 4 1  1    
R1354mzy(E) 1 1 3      
R1354myf(E)   1      

 

6.3.1 Activities at ITC-CNR 

The main part of the activities of ITC-CNR on Low-GWP refrigerants is devoted to the 
measurements of some thermodynamic properties to evaluate efficiency analysis of 
hydrofluoroolefines (HFOs). At present, only pure compounds have been studied, but 
research activities on mixtures properties are scheduled for the near future. 

The thermodynamic properties measured at ITC-CNR are the following: 
Saturation pressure measurements are obtained by means of a static  vapor−liquid 

equilibrium (VLE) apparatus in the temperature range between 
243.15 K and 343.15 K and pressures up to 3500 kPa. Typical uncertainties for these 

measurements are ±1 kPa in pressure and ±0.03 K in temperature. 
Vapor-Liquid Equilibria (VLE) measurements for binary mixtures are obtained by 

means of the same static apparatus coupled with a gas-chromatograph to measure, after 
proper calibration and phase recirculation to ensure equilibrium achievement, the 
composition of vapor and liquid phase at equilibrium. For each isotherm, all the range of 
compositions between the pure compounds is explored by measuring around 10 points. 
Measurement temperature range is between 243.15 K and 343.15 K with pressures up 
to 3500 kPa. Typical uncertainties for these measurements are ±1 kPa in pressure, ±0.03 
K in temperature and < ±0.003 in mass fraction for the composition. 

Compressed liquid density measurements are obtained using a stainless-steel 
vibrating tube density-meter (Anton Paar DMA 512) in the temperature range between 
253.14 K and 343.15 K and pressures up to 35 MPa. Typical uncertainties for these 
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measurements are < ±1 kg m-3 in density, ±20 kPa in pressure and ±0.03 K in temperature. 
Refrigerant-oil solubility measurements are performed with a set up based on the 

synthetic method at isothermal conditions. For each isotherm, all the range of 
compositions between the pure compounds (refrigerant and oil) is explored by 
measuring around 10 points. Mutual solubility and miscibility gaps can be described by 
these measurements. Measurement temperature range is between 243.15 K and 343.15 
K with pressures up to 10 MPa. Typical uncertainties for these measurements are ±20  
kPa  in pressure,  ±0.03  K  in temperature and < ±0.003 in mass fraction for the 
composition. 

Referring to HFO refrigerants, several measurements have been performed in the last 
years for saturated pressure and compressed liquid. The fluids studied are the following: 

1. R1234yf. Data in Fedele et al. (2011) and in Fedele et al. (2012). 
2. R1234ze(E). Data in Brown et al. (2012) and in Di Nicola et al. (2012). 
3. R1243zf. Data in Brown et al. (2013) and in Di Nicola et al. (2013). 
4. R1234ze(Z). Data in Fedele et al. (2014a) and in Fedele et al. (2014a). 
5. R1225ye(Z). Data in Brown et al. (2015) and in Fedele et al. (2016). 
6. R1233zd(E). Data in Di Nicola et al. (2017) and in Fedele et al. (2018). 

In the next future, the fluids R1224yd(Z) and R1336mzz(E) will be studied. 

6.4 Activities on heat transfer of low-GWP refrigerants 

Most of the synthetic refrigerants that have been proposed in the last years as low-
GWP alternatives to traditional refrigerants are substances that, if on one side have 
positive environmental characteristics, on the other side have some inherent drawback 
such as flammability. One possible solution to limit the hazard that arises from their use 
is the shifting from single-component to blends of refrigerants (e.g. mixing HFCs and 
hydrofluoroolefins), to satisfy the demand for a wide range of working conditions, tune the 
thermophysical properties reducing, or eliminating, the flammability issue. Experimental 
works carried out with the aim to investigate condensation and flow boiling characteristics 
of non-azeotropic mixtures of HFCs and HFOs (hydrofluoroolefins) are limited in the 
literature, especially when moving to small diameter channels. In convective heat transfer 
applications, flow passages sizes are shifting towards smaller dimensions in order to 
enhance the heat transfer coefficient and to reduce the charge of the working fluid inside 
the heat exchanger, limiting the risks connected to the release of potentially hazardous 
fluids in the atmosphere. In order to increase the performance of heat exchangers and to 
realize a correct design, it is essential to have predictive tools suitable also for the new 
refrigerants. In two-phase flow, CFD simulations are still too time expensive and empirical 
or semi-empirical correlations remain, for the moment, the most reliable methods. 
However, this approach requires, from one side, many experimental data and, from the 
other side, correlations that are able to describe the main physics of the phenomena. 

6.4.1 Activities at University of Padua 

The research activity on low-GWP refrigerants at the Department of Industrial 
Engineering is focused on the characterization of their thermal performance and in the 
development of new correlations for heat exchanger design. Both natural and synthetic 
fluids (pure and mixtures) have been investigated. 
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Considering natural fluids, Del Col et al. (2017) studied condensation heat transfer, 
flow boiling heat transfer and two-phase pressure drop of propylene (R1270) flowing 
inside a 0.96 mm diameter channel. A comparative analysis of the condensation 
performance of R1270, R290 and two HFCs was made with the objective of minimizing 
the exergy losses. An estimation of the condenser refrigerant charge was also performed. 

Considering synthetic fluids, heat transfer coefficients have been measured with pure 
olefins (such as R1234yf and R1234ze(E)) and with R32 that represents now a substitute 
for R410A. For instance, Del Col et al. (2015) investigated condensation of R1234ze(E) 
at 40°C saturation temperature in a single circular microchannel with 0.96 mm internal 
diameter. Rossato et al. (2017) presented an innovative aluminum heat exchanger 
composed by rectangular channels (1.8 mm hydraulic diameter) and they measured the 
local heat transfer coefficient inside this compact device during condensation and 
vaporization of R32. Concerning the use of R32, the Department of Industrial Engineering 
has been also involved in GEOTECH Horizon 2020 project working on the modelling and 
test of a reversible dual source (ground and air) heat pump working with refrigerant R32 
(Zanetti et al., 2018). 

Recently the research activity focuses also on non-azeotropic mixtures. Azzolin et al. 
(2016) measured flow boiling heat transfer coefficients inside a 0.96 mm microchannel with 
a mixture R1234ze(E)/R32 at 0.5/0.5 mass composition. The refrigerant mixture displays 
lower heat transfer coefficients than those of the pure fluids. In a recent paper, Azzolin et 
al. (2019) investigated condensation heat transfer coefficient of zeotropic mixtures R455A 
and R452B inside a 0.96 mm diameter minichannel and inside 8.0 mm diameter channel. 

 
Test rigs available at DII. Two experimental test rigs are available at the Two-Phase 

Heat Transfer Laboratory of the Department of Industrial Engineering for the study of heat 
transfer during condensation and flow boiling inside channels. One experimental 
apparatus is designed for conventional channels (i.e. 8 mm internal diameter) while the 
other test rig allows to measure heat transfer coefficients inside small diameter channels 
(from 3 mm down to 1 mm). The two facilities can be equipped with different test sections 
and they present a similar layout consisting of a primary refrigerant loop and several 
auxiliary water loops. In the primary loop, the subcooled refrigerant is sent by a magnetic- 
driven gear pump to a heat exchanger and then it enters the test section where 
condensation or evaporation takes place using water as secondary fluid. After the test 
section, the refrigerant enters in the post-condenser, where it is fully condensed and 
subcooled. This configuration allows to make measurements without the presence of oil 
in the circuit and, at the same time, an easy replacement of the refrigerant is possible. 

In the case of the 8 mm diameter test section, the heat transfer coefficient is obtained 
by measuring the heat flow rate exchanged (from the water side), the refrigerant saturation 
temperatures at the inlet and outlet of the test section and the wall temperatures at the 
inlet and outlet of the heat transfer sector (by means of thermocouples embedded in the 
tube wall). 

In the case of the 1 mm channel, the test section has been designed to allow precise 
measurements of the water temperature profile (by means of several thermocouples) 
which is in turn used for the determination of local heat flux and, hence, of the local heat 
transfer coefficient. Coriolis-effect mass flow meters are employed for both the refrigerant 
and the hot water loops. In the water circuits, thermocouples and thermopiles are used to 
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measure the water inlet temperatures and the temperature differences. Wall temperatures 
are directly measured along the test section by thermocouples embedded in the tube wall. 

 
Planned activity for the next two years. The availability of reliable tools for heat 

exchanger design is very important for the project of heat pumps operating with new low- 
GWP fluids. In some cases, new refrigerants are non-azeotropic mixtures and thus, 
during phase-change at constant pressure, they present a temperature glide which can 
be as high as 10 K or even higher. Such temperature variation during phase change could 
lead to a better matching between the refrigerant and the water temperature profiles in a 
condenser, thus reducing the exergy losses associated with the heat transfer process. 
Nevertheless, the additional mass transfer resistance which occurs during the phase 
change of zeotropic mixtures leads to a heat transfer degradation. Therefore, the design 
of a condenser or an evaporator working with a zeotropic mixture poses the problem of 
how to extend the correlations developed for pure fluids to the case of mixtures. 
Experimental data are very helpful in the assessment of design procedures. 

For this reason, the planned activity for the next two years will be focused on the 
measurement of the heat transfer coefficients during condensation and flow boiling inside 
smooth channels. Two channel diameters will be considered: 1 mm and 8 mm. Regarding 
the selected mixtures, both binary and ternary blends will be considered. Binary and 
ternary mixtures available in the market will be investigated. Initially R455A, which is a 
blend of R1234yf, R32 and CO2 (75.5/21.5/3.0 by mass composition), and R452B, which 
is composed of R32, R1234yf and R125 (67.0/26.0/7.0 by mass composition) are going 
to be tested. These two mixtures of HFCs and HFOs display low-GWP100-years value and 
are non-azeotrope, with a temperature glide of about 10 K for R455A and 1 K for R452B. 
The effect of vapor quality, heat flux, mass velocity, mass composition and channel 
diameter on the heat transfer coefficient will be investigated. New experimental data of 
heat transfer coefficient obtained during convective condensation and flow boiling will be 
compared with those of the pure components (i.e. R1234yf and R32). This allows to 
analyze the heat transfer penalization due to the zeotrope of the mixture. The collected 
database will be used to assess predictive correlations for condensation and flow boiling 
of mixtures, providing valuable information on the applicability of models. 

Beside those blends, fluids among those available in the market will be tested during 
condensation and flow boiling. 

6.5 Activities on compressor using low-GWP refrigerants 

From the compressor point of view, an activity related to the development and 
qualification of the compressors working with low-GWP refrigerants is on-going at national 
level. Indeed, in these years the Italian compressor manufacturers are developing, testing 
and commercializing new models of compressors specifically designed to account for the 
thermophysical properties of the low-GWP refrigerants. The compressors that are 
designed are semi-hermetic reciprocating and screw ones. It is worth mentioning that this 
is usually done under the ASERCOM performance certification program. 

6.5.1 Activities at Polytechnic of Milan 

At the laboratory of the Polytechnic of Milan, an experimental campaign devoted to 
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the measurement of the performance of a semi-hermetic, variable speed reciprocating 
compressor working with R134a and its low-GWP alternatives (R1234yf, R1234ze(E), 
R450A and R513A) is on-going with the aim of measuring the most important parameters: 
sucked mass flow rate, power consumption, discharge temperature and volumetric and 
isentropic efficiencies. 

The goal of the analysis is to characterize the compressor performance in a large 
range of operating conditions, i.e. low to mid evaporating temperature and mid to high 
condensing temperature, with particular emphasis on the comparison among baseline 
and alternative refrigerants. This analysis would provide data that complete or enlarge 
databases currently available (Mota-Babiloni et al., 2014 and Mendoza-Miranda et al., 
2016) about the performance of this kind of compressor when working with low-GWP 
refrigerants. Moreover, starting from previous experience (Dardenne et al., 2015, 
Molinaroli et al., 2017), a semi-empirical modelling activity of this kind of compressor is 
performed with particular attention of the fluid change (Byrne et al., 2014). 

6.5.2 Activities at Daikin Applied Europe 

At Daikin Applied Europe, an extensive research activity is related to screw and 
centrifugal compressors. These compressors are used in large capacity systems, where 
R134a is the preferred refrigerant. Among the different alternatives, R1234ze(E) seems 
to be the most viable in these systems and, therefore, it is further analyzed. 

In comparison with R134a, R1234ze(E) has slightly lower saturated pressure, 
approximately 25% lower cooling capacity and same (or slightly higher) efficiency. Drop- 
in in existing units designed for R134a is possible with minor modification; just the loss of 
capacity is expected. 

Air cooled and water cooled chillers with inverter driven screw compressors have 
been designed by Daikin Applied and are already in production, mainly as a drop-in of 
R1234ze(E) in R134a units. The study of units (chillers and heat pumps) optimized for 
R1234ze(E) is in progress; three main areas need to be investigated: 

1. Compressor optimization for R1234ze(E). Reduced cooling capacity of this 
refrigerant (at same swept volume) make compressor cost approximately 25% 
higher. The use of Variable Frequency Drive (VFD) and optimized compressor 
geometry can reduce this gap. 

2. Units refrigerant charge. R1234ze(E) cost is still higher than that of R134a. So it 
is required to reduce units’ refrigerant charge. Being most of the refrigerant 
charge in heat exchangers, enhancement in heat exchangers is required. 

3. Extend units (mainly heat pumps) operating range. The lower condensing 
pressure of R1234ze(E) compared with R134a (at same temperature) allows 
increasing the condensing temperature without increasing design stress. This 
would allow to increase operating range of heat pumps making them comparable 
with boilers. On the other hand, heat pumps require evaporation at negative 
temperature where R1234ze(E) pays a penalty with respect to R134a either in 
terms of capacity and efficiency. Increase in discharge temperature has to be 
evaluated in terms of materials stability (refrigerant polymerization, oil viscosity, 
differential thermal expansion, etc.) and components life (bearings, valves, etc.) 

Moreover, R1234ze(E) is a low flammable refrigerant according to ISO 817/2014 
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(where flammability is evaluated at 60°C) while it is not flammable according to CLP 
regulation 1272/2008 (where flammability is evaluated at 20°C). As a matter of fact, 
R1234ze(E) shows flame propagation above 28 °C; this makes it not well accepted in 
indoor installation with high refrigerant amount, like high capacity centrifugal chillers/heat 
pumps. 

For this kind of installation, R1233zd(E) is selected. This refrigerant is a low pressure, 
non-flammable refrigerant and has the big advantage to make simpler the mechanical 
design of pressure vessels. On the other side, the totally different characteristics with 
respect to R134a (high specific volume and higher pressure ratio) force to completely 
redesign the centrifugal compressor from the aerodynamic point of view. Also heat 
exchangers needs to be redesigned, making the heat exchanger design a second field of 
investigation. 

6.6 Activities on heat pump 

At heat pump level, activities related to the experimental or numerical characterization 
of the use of low-GWP refrigerant as alternatives to traditional R410A and R134a is on-
going. In this field, the open literature is quite rich of experimental studies (see, e.g. Ortega 
et al., 2019, Qiu et al., 2019 Sánchez et al., 2017, Schultz, 2019) but there is not any 
definite answer to the problem of refrigerant substitution and, therefore, a lot of room for 
research and development activities arises. 

6.6.1 Activities at ITC-CNR 

In the last years, ITC-CNR has been involved in two Horizon2020 EU project 
dedicated to the development of ground source heat pumps (GSHPs) in all Europe. In 
particular, within the GEO4CIVHIC project, CNR-ITC is involved in a specific activity 
aimed at identifying low-GWP refrigerants as substitutes for R134a (low pressure 
refrigerants) and R410A (high-pressure refrigerants). The selection is performed on the 
base of a software developed in Matlab® environment to simulate the behavior of the 
studied refrigerants in thermodynamic cycles (basic or regenerative) in the range of 
operative conditions for reversible GSHP in Europe. The software is coupled with the 
Refprop 10.0 database to calculate the thermodynamic properties of the refrigerants at 
each characteristic point of the cycles. The software allows a full energetic and exergetic 
analysis of the cycles to give as much information as possible on the thermodynamic 
behavior of the refrigerants to properly address the most suitable for the given operative 
conditions. 

6.6.2 Activities at Polytechnic of Milan 

At Polytechnic of Milan, an experimental set-up that mimics a water-to-water heat 
pump is available for studying refrigerant alternatives. The test rig basically consists of 
three different loops: the refrigerant loop, the cold water + ethylene glycol loop (evaporator 
loop) and the hot water loop (condenser loop) and is fully instrumented to measure the 
main operating parameters such as pressures, temperatures, flow rates and power. 

The test rig is used to carry out experimental study of refrigerant alternatives in a 
drop-in application and allows reaching temperature in the range 263.15 K – 293.15 K in 
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the cold water + ethylene glycol loop and in the range 303.15 K – 353.15 K in the hot 
water loop. An experimental campaign considering R134a as baseline refrigerant and 
R1234yf and R1234ze(E) as low-GWP alternatives was carried out and the analysis of 
the use of R450A and R513A is planned for the near future. 

6.6.3 Activities at Daikin Applied Europe 

Daikin company is working on low-GWP refrigerants since 2014 introducing R32 
(GWP 675) as a substitute of R410A (GWP 2088) In household equipment; Daikin 
company owned 93 patents covering R32 use in HVAC equipment and in 2015 he offered 
worldwide free access to all basic patents. 

As a consequence of the owned basic knowledge on R32 the same choice has been 
made for low-end, low-spec, applied products: Air-cooled chiller with scroll compressors 
up to 700 kW cooling capacity. Design and test of air to water heat pumps with scroll 
compressors and R32, in the same capacity range, is in progress. 

R32 was considered not to be suitable for high capacity or high specifications 
products because: (i) due to GWP=675, R32 is not a long-term solution; next steps in F- 
gas phase down will, for sure, affect R32 price in future; (ii) pressure and temperatures in 
R32 thermodynamic cycle, together with safety classification (PED group 1 fluid) make 
complex to design high capacity units and (iii) flammability characteristics of R32 make it 
not well accepted is high quantity on site. 

Consequently, for high capacity high specifications applied product two different 
choices were made: 

1. R1234ze(E) for air cooled and water cooled chillers using screw compressors. 
2. R1233zd(E) for water cooled chillers using centrifugal compressors. 
Both refrigerants may be considered long-term solution having single digit GWP 

(R1234ze(E) = 7 and R1233zd(E) = 4.5) with a projection for further reduction of 
R1234ze(E) GWP < 1 according to the last IPCC report. 

Additionally, most of existing installation in HVAC uses HFC and, in particular, R410A 
in low capacity installation and R134a in high capacity installation. 

Customers starts to be afraid about future availability of HFC refrigerants, as well as 
about their cost, and starts to ask for retrofit solution of existing units with low-GWP 
refrigerants; on new installation customers even preferring traditional HFC solution 
(mainly due to cost) ask for assurance of future possibility to retrofit with low-GWP 
refrigerants. 

Retrofit refrigerant must have, of course, reduced GWP compared with existing ones 
and, in addition, must show similar performances (cooling capacity, power input) and be 
compatible with material used in today solutions. 

Retrofit candidates are mostly blend of HFC and HFO like R513A. Consequently, the 
following areas need to be investigated: (i) retrofit solution for scroll with R410A, (ii) retrofit 
solution for screw with R134a and (iii) retrofit solution for centrifugal with R134a. 

Investigation must account for performances first but also for material compatibility and 
regulation impact. 

 
 

6.6.4 Overall activities in Italy 
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Overall, in Italy all the manufacturers of vapor compression heat pumps are involved 
in in-house research activities to test, develop and commercialize heat pumps working 
with low-GWP refrigerants. Generally speaking, R32 is the working fluid considered in 
small-medium capacity systems whereas R1234ze(E) and R513A are the refrigerants 
used in medium-large capacity systems. Some commercial product is already available on 
the market. 

Finally, some manufacturer produces and commercializes heat pump working with 
natural refrigerants such as R290 or R744. 

6.7 Conclusions 

Overall, at national level, a wide range of research and development activities are 
carried out on low-GWP refrigerants by both the research institutes and the 
manufacturers. 

At component level, the study of the fourth generation of refrigerants begins from a 
very basic analysis such as the measurement of the thermophysical properties and then 
moves to the measurement of the components performance, namely the performance of 
heat exchangers and compressors. 

At system level, both fundamentals studies, i.e. simulation or drop-in analyses, and 
applied studies, i.e. development and commercialization of heat pump that use low-GWP 
refrigerants are going to be performed. 

To sum up, many research and development activities are on-going at country level 
about low-GWP refrigerants. However, it is not yet possible to find some final alternative 
to traditional, high GWP refrigerant. As a result, the current activities have not only to go 
on in next years, but, if possible, to be strengthen. 

6.8 Nomenclature 

CP critical point 
Psat saturation pressure (kPa) 
PVT Pressure-Volume-Temperature 
cp isobaric heat capacity (J·kg-1·K-1) 
ω acentric factor (-) 
λ thermal conductivity (W·m-1·K-1) 
μ dynamic viscosity (Pa·s) 
ν kinetic viscositiy (m2·s-1) 
o surface tensione (N·m-1) 
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7.1 Abstract 

In this report, a literature review is conducted regarding low-GWP refrigerants for high 
temperature heat pumps and showcase. Through the literature review, the present report 
provides trends of the recent study as well as research direction on investigating 
refrigerants with low-GWP. In the application of high temperature heat pumps, 
R1233zd(E), R1234ze(Z), and R1336mzz(Z) are the most promising alternative 
refrigerants with very low-GWP. In the case of the showcase, R448A and R449A are the 
possible alternatives of the conventional refrigerant, however, the two refrigerants still 
have moderate GWP, which ultimately have to be replaced. 

7.2 Introduction 

A high-temperature heat pump (HTHP) is an energy-efficient device that can recover 
waste heat to produce high-temperature thermal energy such as hot water or steam 
(Yang et al., 2014). Since a large amount of heat is wasted into the air in various 
industries, the use of HTHP is beneficial with the perspective of energy saving as well as 
environmental issues. However, the conventional refrigerant used for the HTHP, mostly 
R245fa, has a high GWP of 858. Accordingly, a large number of researches have 
investigated alternative refrigerants of R245fa. In addition, a showcase is a commercial 
refrigerator widely used in supermarkets and convenient stores in order to keep the 
temperature of food low. R404A is one of the most used refrigerants for the typical 
showcase owing to the low evaporating temperature of the system with R404A. However, 
R404A has a very high GWP of 3260, therefore, numerous studies have been carried out 
to replace R404A. This report overviews the recent research trend on low-GWP 
refrigerants applied to the high temperature heat pumps and showcase. For each 
application, summaries are tabled and candidates for the conventional refrigerants are 
listed. 

7.3 High temperature heat pumps 

The HTHP is frequently used in connection with industrial heat pumps, mainly for 
waste heat recovery in process heat supply with heat sink temperatures generally above 
100 °C. This section summarizes the current researches on the applications of low-GWP 
refrigerants into the high temperature heat pumps. 

Chamoun et al. (2014) carried out experimentations under industrial operating 
conditions (130−140 °C) to estimate the potential of a high temperature heat pump using 
water as working fluid. A new dynamic model of the heat pump was developed to take 
into account the presence of non-condensable gases and purging mechanism, especially 
during the start-up procedure. Xiaohui et al. (2014) developed a near-azeotropic 
refrigerant mixture named BY-4 for a high temperature heat pump. This study tested the 
performance of a single-stage high temperature heat pump with BY-4 as a work fluid. At 
the inlet water temperature of 50–70 °C in the evaporator, the outlet water temperature 
of the condenser could reach 80–110 °C. BY-4 was recommended as the working fluid 
for the high temperature heat pump with a single-stage cycle due to its good properties 
and excellent cycle performance. Wang et al. (2017) proposed a high-temperature heat 
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pump system composed of a CO2 transcritical cycle and R152a subcritical cycle for heat 
and cooling cogeneration. Under the same operating conditions, the system COP and 
exergy efficiency of the combined system increased by about 54.7% and 175%, 
respectively, as compared to those of the single R152a heat pump and single CO2 
transcritical cycle working alone. 

Table 7-1: Summary of literatures for high temperature heat pumps 

Author Refrigerant Condensing temp. Note 
Chamoun et al. 
(2014) Water 130‒140 °C New dynamic model 

Yu et al. (2014) BY-4 80–110 °C (water 
T) Feasibility of BY-4 

Yang et al. 
(2017) CO2 & R152a 92, 97, 102 °C Combined cycle 

Cao et al. (2014) R152a 95 °C (water T) Two-stage heat pump 
Zhao et al. 
(2016) Ammonia 65–85 °C New semi-empirical model 

for twin screw compressors 
Lim et al. (2018) R245fa 90–120 °C Heat transfer performance 
He et al. (2015) R124 88 °C (water T) Economizer vapor injection 

Mateu-Royo et 
al. (2018) 

n-Pentane 
Butane 

R1233zd(E) 
R1336mzz(Z) 

110, 130, 150 °C 
Energy performance 

evaluation for the 
alternatives of R245fa 

Li et al. (2002) R22 & R141b 70, 80 °C (water T) Effect of composition ratio 
Zhang et al. 
(2017) BY-5 110–130 °C Feasibility of BY-5 

Longo et al. 
(2014) R1234ze(Z) 29.9–40.1 °C Heat transfer performance 

Fukuda et al. 
(2014) 

R1234ze(E) 
R1234ze(Z) 105, 125 °C Thermodynamic 

assessment 
Bamigbetan et 
al. (2019) R600 115 °C (water T) Prototype compressor 

Arpagaus et al. 
(2018) 

R1336mzz(Z) 
R718, R245fa 
R1234ze(Z) 
R600, R601 

90–160 °C (water 
T) 

Review for current 
researches 

Kim et al. (2010) R134a 90 °C Hybrid of compression & 
absorption cycle 

Yang et al. 
(2014) N/A 120–150 °C (water 

T) 
Travelling-wave 

thermoacoustic heat pump 
 

Cao et al. (2014) used different heat pump systems to recover the heat from waste 
water with a mean temperature of 45 °C and produce hot water with the temperature up 
to 95 °C. The COP and exergy efficiency for both two-stage heat pump with flash tank 
and two-stage heat pump with flash tank and intercooler were quite similar, and much 
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higher than those of other systems. Besides, the payback period of both systems pump 
with flash tank and intercooler were also shorter as compared to other systems. Zhao et 
al. (2016) introduced a novel system employing higher temperature ammonia twin screw 
compressors and analyzed for recovering heat and supplying hot water. A new semi-
empirical model was specially developed for high pressure twin screw compressors. 

He et al. (2015) applied a vapor injection technique in a high temperature heat pump 
(HTHP) for providing hot water at temperatures up to 88 °C. A prototype HTHP system 
with economizer vapor injection was developed and its performance was experimentally 
investigated under various operating conditions. Mateu-Royo et al. (2018) evaluated the 
energy performance and the volumetric heating capacity of five vapor compression 
system using n-Pentane, Butane, R1233zd(E), and R1336mzz(Z) as alternative fluids of 
R245fa for heating production at the temperatures of 110, 130, and 150 °C. 

Li et al. (2002) studied high temperature hot water heat pump experimentally. The 
performance of the system was characterized by refrigerant compositions, compressor 
RPM, and water temperature change. At the inlet water temperature of 40 °C in the 
evaporator and the inlet and outlet water temperatures of 70 and 80 °C in the condenser, 
respectively, the experiments showed that the COP is maximum when the molar 
component of R22 was about 75%. Zhang et al. (2017) proposed a new binary near-
azeotropic mixture named BY-5 as the refrigerant of a high-temperature heat pump. An 
experimental investigation of a heat pump using BY-5 was carried out at high temperature 
levels of 70–80 °C in the evaporation unit and 110–130 °C in the condensing unit. The 
results demonstrated the feasibility and reliability of BY-5 as a new high-temperature 
refrigerant. 

Lim et al. (2018) measured the condensation heat transfer characteristics of R245fa 
in a shell and plate heat exchanger (SPHE) by varying the mean vapor quality from 0.16 
to 0.86, mass flux from 16.0 to 45.0 kg m−2 s−1, heat flux from 1.3 to 9.0 kW m−2, and 
saturation temperature from 90 to 120 °C for high-temperature heat pumps (HTHPs). 
Longo et al. (2014) presented the experimental heat transfer coefficients and pressure 
drop of R1234ze(Z) measured during condensation inside a commercial brazed plate 
heat exchanger (BPHE). They compared the data with similar measurements previously 
obtained for R236fa, R134a, R600a, R1234ze(E) to experimentally assess R1234ze(Z) 
for high temperature heat pumps. R1234ze(Z) exhibited the heat transfer coefficient much 
higher than those of all refrigerants now used in heat pumps and the frictional pressure 
drop similar to R600a at the same mass  flux. 

Fukuda et al. (2014) studied low global warming potential refrigerants R1234ze(E) 
and R1234ze(Z) as the refrigerants for high-temperature heat pumps in industrial 
applications. Their thermodynamic attributes were thermodynamically, experimentally, 
and numerically assessed. The theoretical COPs were maximized at a condensation 
temperature approximately 20 K below the critical temperatures for each refrigerant. 
Bamigbetan et al. (2019) investigated a prototype compressor in a high temperature heat 
pump for industrial waste heat recovery from 50 °C to heat delivery at 115 °C. It was 
found to have a total compressor efficiency of 74% and a volumetric efficiency of 83%. 
The results showed good operating parameters (temperature, pressure) and the potential 
for even higher temperature heat delivery. Arpagaus et al. (2018) reviewed the current 
research activities of high temperature heat pumps (HTHPs) with heat sink temperatures 
in the range of 90 to 160 °C. The refrigerants investigated were mainly R1336mzz(Z), 
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R718, R245fa, R1234ze(Z), R600, and R601. R1336mzz(Z) to achieve exceptionally high 
heat sink temperatures up to 160 °C. 

Table 7-2: Main refrigerants for high temperature heat pumps 

Refrigerant TC [°C] PC [bar] ODP [-] GWP [-] Safety 
class 

R245ca 174.4 39.3 0 716 N.A 
R245fa 154.0 36.5 0 858 B1 

R365mfc 186.9 32.7 0 804 A2 
SES36 177.6 28.5 0 3126 A2 

R1233zd(E) 166.5 36.2 0.00034 1 A1 
R1234ze(Z) 150.1 35.3 0 <1 A2L 
R1224yd(Z) 155.5 33.3 0.00012 <1 A1 

R1336mzz(E) 137.7 31.5 0 18 A1 
R1336mzz(Z) 171.3 29.0 0 2 A1 

R600 152.0 38.0 0 4 A3 
R600a 134.7 36.3 0 3 A3 
R601 196.6 33.7 0 5 A3 
R717 132.3 113.3 0 0 B2L 
R718 373.9 220.6 0 0 A1 
R744 30.98 73.77 0 1 A1 

 
Kim et al. (2010) investigated an innovative heat pump system based on the hybrid 

concept combining a compression cycle and an absorption cycle. The simulation was 
designed a compression/absorption hybrid heat pump system which can make high 
temperature above the level of 90 °C and low temperature of 20 °C as well at the same 
using 50 °C geothermal heat water. Yang et al. (2014) presented a novel TWTAHP 
(travelling-wave thermoacoustic heat pump) to meet the requirement, which can 
potentially solve the problems occurring in conventional vapor-compression heat pumps 
such as high discharge temperature, high pressure ratio, and low efficiency. TWTAHP 
has a high relative Carnot efficiency of about 50–60%. Using a reliable linear compressor 
and a thermoacoustic heat pump with no-moving parts, the technology has an inherent 
potential for high reliability. 

7.4 Showcase 

The R404A is one of the refrigerants most extended in commercial refrigeration 
systems for freezing and showcase. Due to European F-gas regulation (EU Regulation 
No 517/2014), high GWP refrigerants like R404A are going to be phased out in most of 
commercial refrigeration, to reduce global warming effect. Many alternative refrigerants 
to replace R404A have been studied. The refrigerants with GWP more than 2500 used in 
refrigerators and freezers for commercial (hermetically sealed equipment) will be 
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prohibited by 2020. After 2022, the refrigerants with GWP more than 150 will be 
prohibited. This section summarizes the current researches on the applications of low-
GWP refrigerants into the showcase. 

Table 7-3: Summary of literatures for showcase 

Author Refrigerant Evaporating temp. Note 

Mota-Babiloni et 
al. (2015a) 

ARM-32a 
DR-33, N40 
ARM-30a, DR-7 
ARM-31a, L40 
D2Y65 

−15, −35, −10 °C Energy evaluation for 
alternatives to R404A 

Mota-Babiloni et 
al. (2017) 

R448A, R454A 
R407F, R410A 
R448A, R449A 

−40 to −30 °C Review for alternatives 
to R404A 

Bortolini et al. 
(2015) 

R404A, R410A  
R407F −25, −15, −5, 10 °C 

Comparison of 
thermodynamic 

performance 

Hu et al. (2018) R404A, R407A 
R407F −7 °C 

Optimization of 
refrigerant change 

amount 
Oruç et al. 
(2018) R442A, R453A −6, −3, 0 °C Cycle performance 

evaluation 
Mota-Babiloni et 
al. (2018) R454C, R455A −30, −21.5, −13 °C Cycle performance 

evaluation 

Mota-Babiloni et 
al. (2014) 

R407A, R407F 
L40, DR-7, N40 
DR-33 

−40, −10 °C 

Performance 
comparison among basic 

cycle, subcooler cycle, 
direct injection cycle, 
basic cycle with IHX 

Mota-Babiloni et 
al. (2015b) R404A, R448A −33, −20, −8 °C Cycle performance 

evaluation 
Sethi et al. 
(2016) R448A, R455A −8.4, −7.6 °C Cycle performance 

evaluation 

Makhnatch et al. 
(2017) R404A, R449A −8.3, −5.7 °C 

TEWI (total equivalent 
warming impact) 

evaluation 
 
Mota-Babiloni et al. (2015a) analyzed alternative refrigerants (ARM-32a, DR-33, N40, 

ARM-30a, ARM-31a, D2Y65, DR-7, L40) to replace R404A, theoretically. The alternative 
refrigerants showed lower cooling capacity than R404A. However, they consumed less 
power than R404A, so the COPs of the alternatives were higher than those of R404A. In 
this case, the suggested best options were ARM-30a, ARM-31a, D2Y65, and DR-7. Mota-
Babiloni et al. (2017) reviewed the alternative refrigerants used in various applications. 
Alternative refrigerants to replace R404A were R448A and R454A for refrigerators and 
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freezers for commercial, and R407F, R410A, R448A, and R449A for stationary 
refrigeration equipment. Bortolini et al. (2015) experimentally compared thermodynamic 
performances of R404A, R410A, and R407F refrigerants for medium (−5, 10 °C) and low 
(−25, −15 °C) temperatures. The COP and cooling capacity of R407F and R410A were 
higher at the medium temperature range, and R407F yielded the best cooling capacity. 
However, the COP of R410A was higher. At the lower temperature, R410A was not usable 
because of the compressor overheating and cooling capacity. 

Table 7-4: Main refrigerants for showcase 

Refrigerant TC [°C] PC [bar] ODP [-] GWP [-] Safety 
class 

DR-7 89.17 45.5 0 250 A2L 
L40 89.89 48.4 0 300 A2L 
R1234yf 94.7 33.82 0 4 A2L 
R1234ze(E) 109.36 36.36 0 7 A2L 
R125 66.015 36.29 0 3500 A1 
R134a 100.95 40.6 0 1430 A1 
R152a 114 47.6 0 124 A2 
R290 96.68 42.47 0 5 A3 
R32 78.4 53.8 0 675 A2 
R404A 72.0 37.3 0 3260 A1 
R407A 82.3 45.5 0 2107 A1 
R407C 86.2 46.32 0 1774 A1 
R407F 82.6 47.55 0 1825 A1 
R410A 71.35 47.539 0 2088 A1 
R448A 83.7 46.6 0 1390 A1 
R449A 81.5 44.5 0 1397 A1 
R455A 85.6 46.6 0 145 A2L 
R717 132.3 113.3 0 <1 B2L 
R744 30.98 73.77 0 1 A1 

 
Hu et al. (2018) experimentally investigated the optimization of the refrigerant charge 

range of R404A, R407A, and R407F based on year-round performance evaluation (CC, 
PI, EER, sub-cooling degree, superheating degree, and DT of a medium temperature cold 
storage unit). Oruç et al. (2018) experimentally compared the performances of R442A 
and R453A in three different evaporation temperatures (−6, −3, and 0 °C) and three 
condenser temperatures (35, 40, and 45 °C). The cooling capacities of R442A and R453A 
were greater by 1−8% than that of R404A. The power consumption of the compressor 
was lower for R442A and R453A than R404A at three condenser temperatures. In 
comparison with R404A, the COP was better by 5–12% using R442A and 10−14% using 
R453A. 

Mota-Babiloni et al. (2018) carried out experiments using a vapor compression 
refrigeration test bench with R454C and R455A at condensing temperatures of 32.0, 39.5, 
and 47.0 °C, and evaporation temperatures of −30.0, −21.5, and −13.0 °C. In comparison 
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with R404A, the COP was 15% and 10% higher for R454C and R455A, respectively. 
Although the performance results using IHX were positive with R404A, the increase in the 
maximum COP was only 4% for the alternative mixtures, and their discharge 
temperatures were near the operating limit. Mota-Babiloni et al. (2014) also carried out 
performance comparison of 4 types of vapor compression cycles: basic cycle, subcooler 
cycle, direct injection cycle, and basic cycle with internal heat exchanger using R407A, 
R407F, L40, DR-7, N40, and DR-33. The most efficient refrigerants were very low-GWP 
long-term alternatives of L40 and DR-7. However, those have low flammability. In the 
applications where mildly-flammable refrigerants were not allowed, the best options in 
terms of the energy performance were DR-33 and N40. Furthermore, Mota-Babiloni et al. 
(2015b) experimentally compared the performances of R404A and R448A. R448A 
presented slightly less volumetric efficiency but much lower mass flow rate, cooling 
capacity, and power consumption than R404A. The discharge temperature of R448A was 
higher than R404A, however, it was below the limit temperature. In terms of the cooling 
capacity, R448A can be considered a good replacement for medium temperature being 
possibly not enough for low temperature. R448A was more benefited than R404A from 
higher condensation temperatures, which can be considered as a good alternative in 
warm countries. 

Sethi et al. (2016) evaluated the performance of R448A and R455A in a low-
temperature self-contained freezer and a commercial walk-in freezer. In the self-
contained freezer, R448A showed a capacity similar to R404A with 9% lower compressor 
energy consumption. R455A was also found to show a capacity similar to R404A with 
about 6% lower compressor energy consumption. In a walk-in freezer, R448A showed 
4% to 8% higher efficiency than R404A. Makhnatch et al. (2017) carried out performance 
comparison in an indirect supermarket refrigeration system using R404A and R449A. It 
was indicated that the charge amount of R449A was higher than that of R404A about by 
4%. They found that the cooling capacity of R449A was lower nearly by 13%. It was 
demonstrated by TEWI calculation that R449A could reduce the total CO2 equivalent 
emission in the system originally designed for R404A. 

7.5 Conclusions 

Literature review regarding refrigerants used in the high temperature heat pumps 
and showcase has been carried out. A number of researches have been conducted on 
the high temperature heat pumps, and some of the most possible alternative refrigerants 
are R1233zd(E), R1234ze(Z), and R1336mzz(Z), owing to their very low-GWP. Since 
R404A has a very high GWP, a lot of studies have been conducted to suggest alternatives 
to R404A for the showcase. As a result of the recent studies, R448A and R449A are 
suggested as the possible replacements of R404A, however, the two refrigerants still 
have moderate GWP around 1300. Therefore, the two refrigerants can be used as 
transitional alternative refrigerants toward low-GWP refrigerants, which ultimately are to 
be replaced. 
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8.1 REFRIGERANT REGULATIONS IN JAPAN 

Japanese laws governing refrigerants include laws that seek to prevent global 
warming and laws that address the safe use of high-pressure gas. Other laws seek to 
reduce energy consumption when using refrigeration and air conditioning equipment. 
Next-generation refrigerants have been developed to satisfy these three laws, and 
refrigeration and air conditioning equipment must be designed, sold, and used based on 
these laws. 

8.1.1 Ozone Layer Protection Act 

The Ozone Layer Protection Act was enacted in 1988 as national legislation 
corresponding to the Vienna Convention for the Protection of the Ozone Layer (1985) and 
the Montreal Protocol on Substances that Deplete the Ozone Layer (1987). The ozone 
layer protection law stipulates regulations on manufacturing, exporting and importing 
emissions, and guidelines for rationalizing the use of the ozone-depleting substances 
imposed by the Montreal Protocol. Regulation of the production, import, and export of 
ozone-depleting substances has been legislated as part of the chemical substance 
oversight system. Specifically, based on the reduction schedule set for each substance 
listed in the Montreal Protocol Annex, limits are set on production and consumption. At 
present, both the production and consumption of regulated substances other than HCFCs 
are, in principle, completely abolished. The production of HCFCs has been banned as of 
the end of 2019. Due to the Kigali Amendment to the Montreal Protocol, the Ozone Layer 
Protection Act was revised in 2018 to regulate the production and import of HFCs to fulfill 
obligations to reduce the production and consumption of HFCs. The two main measures 
are as follows: 

a) The Minister of Economy, Trade and Industry and the Minister of the Environment 
shall publish production and consumption limits for HFCs with which Japan should 
comply, based on the Montreal Protocol. 

b) Any company that intends to manufacture or import HFCs shall obtain permission 
from the Minister of Economy, Trade and Industry. Those wishing to import such materials 
must obtain approval from the Minister of Economy, Trade and Industry in accordance 
with the provisions of the Foreign Exchange Law. 

Based on the Kigali amendment reduction schedule, the upper limit of production and 
consumption of HFCs throughout the country will be gradually reduced from 2019 on. 
Production and import volumes are allocated to each company based on past actual 
volumes. Incentives are awarded when refrigerants with a low GWP are produced that 
help reduce the production of HFCs throughout the country. To meet stricter reduction 
obligations after 2029, the development and introduction of green refrigerants with lower-
GWP and equipment using them will be systematically promoted. 

8.1.2 Act on Rational Use and Proper Management of Fluorocarbons 

In Japan, refrigerant emissions in the refrigeration and air conditioning field will 
continue to increase, reaching 40 million tons of CO2 in 2020 and accounting for about 
3% to 4% of total greenhouse gas emissions at that time. Some 60% of HFC leaks from 
refrigeration and air conditioning equipment occur during use; the rest occurs during 
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equipment disposal. Recovery rates for fluorocarbons from end-of-life commercial 
refrigerators and air conditioners remain low (about 30%). Refrigerant leaks from 
equipment in use have been found to be much higher than expected, due to poor 
maintenance, aging, and other factors. 

In light of all these factors, the government of Japan decided to amend and strengthen 
the Law Concerning the Recovery and Destruction of Fluorocarbons in order to implement 
comprehensive measures throughout the life cycle of fluorocarbons. The amended law 
came into effect on April 1, 2015, as the Act on the Rational Use and Proper Management 
of Fluorocarbons. 

The Act on the Rational Use and Proper Management of Fluorocarbons promotes 
measures to switch to low-GWP refrigerant and to suppress refrigerant emission. The 
basic policy has two major pillars: rational use and adequate management of 
fluorocarbons to control emissions of fluorocarbons into the atmosphere. At each stage 
of the life cycle, from manufacture to disposal of refrigerants, the companies required to 
take action are clarified and obligations imposed on each company. Rational use means 
producing chlorofluorocarbons with a lower greenhouse effect and reducing their 
production and consumption. Adequate management means controlling total emissions 
by grasping the state of fluorocarbon emissions. The specific measures for each 
stakeholder are as follows: 

a) Phase down the production of HFCs 
Refrigerant gas manufacturers must reduce the production of HFCs, converted to 

equivalent CO2, by developing substances with low GWP and regenerating discarded 
refrigerants. 

b) Development of equipment using non-fluorocarbon / low-GWP refrigerants 
Manufacturers of refrigeration and air conditioning equipment and HFC-using 

equipment must introduce products with the lowest environmental impact possible at that 
time, based on technological progress and market trends. Refrigeration and air 
conditioning equipment manufacturers must switch to products based on non-
fluorocarbon or low GWP fluorocarbons by a specified target year for each product 
category. 

c) Preventing leaks of HFCs from equipment in use 
Equipment users or managers must reduce refrigerant leaks via appropriate 

management during use. Periodic inspections are required based on equipment capacity. 
In the event of a refrigerant shortage, multiple additional charging of refrigerant is not 
permitted, and the obligation to make proper repairs applies. 

d) Stricter refrigerant recovery 
In the disposal of refrigeration and air conditioning equipment, the refrigerant must be 

properly recovered and the recovered refrigerant destroyed or regenerated without 
releasing the refrigerant into the atmosphere. Only contractors registered with local 
governments are permitted to charge and recover the refrigerants used in commercial 
refrigeration and air conditioning equipment and to destroy the recovered refrigerant. 

In accordance with the above basic policy, requirements were established for 
fluorocarbon manufacturers, fluorocarbon products manufacturers/importers, and 
commercial refrigeration and air conditioning equipment managers. The target for HFC 
production in 2030 is 32% lower than the reference year of 2013. 
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Table 8-1: Target value and year for each designated product 

Designated products Target value 
(GWP) 

Target 
year 

Room air conditioner 750 2018 
Commercial air conditioner for offices and stores (with legal 
refrigeration capacity less than 3 tons) 750 2020 

Commercial air conditioner for offices and stores (with legal 
refrigeration capacity of 3 tons or more) 750 2023 

Commercial air conditioner for offices and stores (for 
central air conditioners using centrifugal chillers) 100 2025 

Condensing unit and refrigerating unit (for separate type 
showcases etc.) 1,500 2025 

Cold storage warehouse (for central types with floor area of 
50,000 m2 or more) 100 2019 

Mobile air conditioner 150 2023 
Urethane foam (for house building materials) 100 2020 
Dust blowers 10 2019 

8.1.3 High-Pressure Gas Safety Act 

The most significant challenge in converting to low GWP refrigerants is their weak 
flammability. There is no promising non-flammable (A1) refrigerant available as an 
alternative refrigerant for R410A, and all refrigerants with reasonably low GWP are weakly 
flammable (A2L). The issue is whether the safety of such weakly flammable refrigerants 
can be ensured or whether the use of these refrigerants meets the safety standards of 
each country and international safety standards. This points to a trade-off relationship 
between global warming countermeasures and refrigerant combustibility. Notable 
international standards include ISO and IEC. EN (European Standard), ASHRAE 
(American Academic Standard), and GHS (United Nations Standard). The High-Pressure 
Gas Safety Law regulates the safety of refrigerants for refrigeration and air conditioning 
equipment in Japan. Since this is a law, not a standard, compliance is mandatory. Table 
8-2 shows the international standard, European standard, US standard, and Chinese 
standard for refrigerant definition and safety. 

Table 8-2: Safety standards related to refrigerants in each region 

 Refrigeration and Air Conditioning General Gases 
(transportation) Refrigerant RAC total Equipment 

International ISO 817 ISO 5149 IEC 60335-2-
40,24,89,34 GHS 

United States ASHRAE 34 ASHRAE15 
UL1995,484 

UL984 
UL60335-2-40 DOT 

Europe EN378 EN378 EN60335-2-40  

China GB/T 7778-
2008 

GB 9237-2001 
SB/T 10345.1-4-2012 
(EN378:2008) 

GB 4706.32-2012 
(IEC 60335-2-
40:2005) 

 

Japan High-Pressure Gas Safety Act Japan Electrical 
Safety Standards 

General High-
Pressure Gas 
Safety Ordinance 



Annex 54, Heat pump systems with low-GWP refrigerants 
 

 

87 
 

 

Standards governing refrigerant flammability include ISO 817, ASHRAE 34, EN378, 
as well as the High-Pressure Gas Safety Law in Japanese. Combustion grades differ 
depending on standards for various reasons. One is the difference in test methods. Since 
the ignition energy of the Japanese test method exceeds that of other test methods, the 
Japanese test results in the combustion range are wide. The second point is that the 
combustion range defined to be flammable differs depending on the standards. For 
example, ISO 817 determines refrigerants with an LFL of 3.5% or less to be flammable, 
while GHS uses flame propagation as a condition for judgment. Under the Japanese 
High-Pressure Gas Safety Law, refrigerants with an LFL of 10% or less are considered 
to be combustible. The last major difference is that the international standards define a 
refrigerant grade of slightly flammable (A2L), while the act on high-pressure gas safety in 
Japan does not classify slightly flammable [“has no slightly flammable category”]. Only 
R32, R1234yf, and R1234ze (E) are treated as specific inert gases. 

The Japanese act on high-pressure gas safety originally lacked the concept of low 
flammability, but it was revised in November 2016. The above three gases were defined 
as specific inert gases close to non-flammable refrigerants. A specific inert gas poses 
less risk when used in refrigeration and air conditioning equipment. To treat A2L 
refrigerant as a specific inert gas, the following technical measures must be taken: 

a) Refrigerating and air conditioning equipment using the specified inert gas must be 
structured so that leaked gas does not accumulate. 

b) A detection/alarm facility must be installed in places where leaked gas may 
accumulate. 

8.1.4 Act on the rational use of energy 

The act on the rational use of energy was established in 1979 in the wake of the oil 
crisis. To help ensure the effective use of fuel resources in accordance with the 
economic and social environment related to energy, the following measures were taken 
to contribute to the sound development of the national economy: 

• Measures for rational use of energy for factories, transportation, buildings, 
machinery, and equipment 

• Measures for leveling demand for electricity 
• Other measures necessary to comprehensively promote the rational use of 

energy 
 
According to the Japanese government's long-term energy supply and demand 

outlook, plans call for achieving energy savings of approximately 50.3 million kiloliters of 
crude oil equivalent in FY2030, with FY2013 as the base year, assuming economic 
growth at an annual rate of 1.7%. However, large-scale investments in the industrial and 
business sectors for energy conservation have not progressed, and energy 
consumption efficiency has not improved. In the transportation sector, as the Internet 
sales market grows, the need has emerged to promote the efficiency of small cargo 
transportation. Against this backdrop, the Act on the Rational Use of Energy has been 
strengthened year by year. 

 
(1) Measures related to factories, etc. 
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If a company's energy consumption (crude oil equivalent) is more than 1,500kℓ / year, 
the company must notify the government of the amount used. The company must reduce 
specific energy consumption by an average of 1% or more annually over the medium to 
long term by assigning an individual with expertise to an energy management position 
and by implementing energy saving measures. 

Energy conservation standards (benchmarks) to be achieved over the medium to 
long term are defined for each industry. Each company is divided into three classes, 
based on the results of energy saving, and high-performing companies are publicly 
announced. Guidance is provided to companies in the lowest energy-saving class. 

 
(2) Measures related to transportation 
Energy conservation measures related to transportation include measures for 

transporters and shippers. Transporters use energy to transport cargo or passengers. 
Shippers continue to ask freight companies to transport their cargo. 

A company with a certain transportation capacity must notify the department in charge 
of its transportation capacity. It must submit a medium- to long-term plan for the rational 
use of energy to the Minister of Land, Infrastructure, Transport and Tourism. 

Shippers who continue to transport more than a certain amount of cargo must notify 
the department in charge of cargo and submit a medium- to long-term plan for the rational 
use of energy to the Minister of Economy, Trade and Industry. 

 
(3) Measures related to machinery and equipment 
An energy-saving standard called the Top Runner System has been introduced as 

an energy-saving measure for machinery and equipment (e.g., automobiles, home 
appliances, building materials). Under the Top Runner System, manufacturers and 
importers of target equipment and building materials are required to achieve various 
energy consumption efficiency targets and to display their energy consumption efficiency. 
The target energy-saving standards (Top Runner standards) are determined based on 
future prospects for technological development, as well as the performance of 
commercially available products having the highest energy consumption efficiency (top 
runners). 

8.2 PAST NATIONAL PROJECT INITIATIVES INVOLVING LOW GWP 
REFRIGERANTS 

8.2.1 Role of New Energy and Industrial Technology Development Organization 
(NEDO) 

As one of Japan’s largest public research and development management 
organizations, NEDO plays an important role in the country’s economic and industrial 
policies. It has two basic missions: addressing energy and global environmental problems 
and enhancing industrial technologies. 

Instead of employing its own researchers, NEDO coordinates and integrates the 
technological capabilities and research capabilities of industry, academia, and 
government. It also promotes the development of innovative and high-risk technologies. 
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NEDO seeks to help find solutions to various social issues and to promote market creation 
by demonstrating and producing the practical applications of such technologies. 

As part of its technology development management, NEDO formulates project plans 
and establishes project implementation frameworks by combining the capabilities of 
industry, academia, and government, including public solicitations of project participants. 
To achieve maximum results, NEDO pursues research and development projects and 
sets targets based on changes in social conditions. 

To help counter global warming, NEDO is promoting technological developments that 
promote conversion from HFCs to low global warming potential (GWP) substances. 

 
Figure 8-1: Role of NEDO 

8.2.2 National project to develop low GWP refrigerants 

To expand use of high efficiency refrigeration and air conditioning equipment based 
on low GWP refrigerants, NEDO is developing technologies for both equipment and 
refrigerants. It is also moving forward with initiatives to promote a shift to low energy 
consumption and low GWP refrigerants. One important issue is the nature of the risks 
posed by the new refrigerants and how we can use them safely. 

8.2.2.1 Development of Non-Fluorinated Energy-Saving Refrigeration and Air 
Conditioning Equipment 

From FY2011 to FY2015, NEDO undertook a project titled “The Development of Non-
Fluorinated Energy-Saving Refrigeration and Air Conditioning Equipment.” This project 
sought to address three themes; developing equipment capable of high efficiency 
operations with low GWP refrigerants; developing highly efficient low-GWP refrigerants; 
and evaluating the performance and safety of low GWP refrigerants. In particular, NEDO 
focused on the safety and risk assessment of mildly flammable, low GWP refrigerants 
(A2L refrigerants), which had not formerly been used as refrigerants. 
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Figure 8-2: HFC countermeasures 

 
Figure 8-3: R&D implementation system in this project 
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Figure 8-4: Research group composed of industry, academia, and governmental 

organizations 

8.2.3 Examples of project achievements 

Four results emerged from the “Development of Non-Fluorinated Energy-Saving 
Refrigeration and Air Conditioning Equipment Systems” project. 

8.2.3.1 Development of primary devices to achieve high performance with low 
greenhouse effect refrigerants 

The goal was to achieve performance comparable to conventional products using 
R410A refrigerants, as measured by cooling rated coefficient of performance (COP), 
using CO2 refrigerants in air conditioners. Performance tests were ultimately conducted 
after installing a novel multi-stage compressor, aluminum micro-channel heat exchanger, 
composite selector, novel liquid suction heat interchanger, and expander in 5 HP test 
equipment. Extrapolations of system performance of a 10 HP final product based on 
observations of this test equipment confirmed all objectives would be achieved. 
Additionally, cooling rated COP finally reached as high as 92% of R410A products. 

Increased efficiency requires the installation of numerous internal heat exchangers, 
oil separators, and expanders. The volume ratio was 146% compared to R410A products 
of equivalent performance. 
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Figure 8-5: High efficiency cycle and unit in test operation 

8.2.3.2 Development of new refrigerants with high efficiency and low GWP 

This project involved the development of a mixed refrigerant containing HFO-1123 as 
an alternative to R410A and HCFO-1224yd (Z) as an alternative to R245fa. These new 
refrigerants feature significantly lower greenhouse gas effects than conventional 
refrigerants while offering refrigerating performance equivalent to conventional 
refrigerants. 

Table 8-3: Basic performance of the developed refrigerants 
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8.2.3.3 Results of safety and risk assessments of A2L refrigerants 

Low GWP refrigerants are somewhat flammable, which may impede their 
commercialization. In collaboration with the industrial, governmental, and academic 
sectors, a study group was established to evaluate the risks posed by mildly flammable 
refrigerants (A2L refrigerants) and to collect findings related to safety and risk 
assessments from NEDO projects and risk assessment data held by the Japan 
Refrigeration and Air Conditioning Industry Association. A report from this study group 
helped contributed to the revision of the High Pressure Gas Safety Act on November 1, 
2016, which led to new provisions concerning the use of low GWP refrigerants. The 
revision, in turn, led to the commercial introduction of a large capacity centrifugal chiller*1 
based on a low GWP refrigerant. 

NEDO also developed a method for testing the burning velocity of mildly flammable 
refrigerants and established a quantitative measurement method to identify the quenching 
diameter*2 under real world conditions. In the event of a spark inside the electromagnetic 
switch in room air conditioners based on mildly flammable refrigerants, the results 
indicated that the resulting flame would be extinguished at the opening of the relay cover 
and that the flame would not spread from the cover to outside if the opening was smaller 
than the quenching diameter. Based on this result, a revision was proposed of safety 
requirements for relays in IEC-60335-2-40 (Household and similar electrical appliances - 
Safety - Particular requirements for electrical heat pumps, air conditioners and 
dehumidifiers); the revised edition was published on January 26, 2018. 

The results of the safety assessment are expected to help expand the use of mildly 
flammable refrigerants and related equipment. 

 
Figure 8-6: Contribution to Amendment of Law in Japan 
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Figure 8-7: Contribution to International Standards 

8.2.3.4 Registering thermophysical properties of refrigerants in the database 

Equations of state for the mildly flammable refrigerant HFO-1123 and the non-
flammable refrigerant HCFO-1224yd (Z), which we have developed and investigated in a 
series of projects, including the “Development of Non-fluorinated Energy-Saving 
Refrigeration and Air Conditioning Equipment Systems,” were registered in REFPROP 
ver.10, a world thermophysical property database at the National Institute of Standards 
and Technology (NIST) in the US. This allows performance evaluations and promotes the 
optimal design of refrigeration and air conditioning equipment using registered low GWP 
refrigerant and is expected to contribute significantly to practical applications of new 
refrigerants. 

 
Figure 8-8: REFPROP Version 10 
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8.3 RISK ASSESSMENT OF A2L REFRIGERANTS 

Risk assessment was carried out for A2L refrigerants R32 and R1234yf used in mini-
split air conditioners (residential air conditioners [RAC]), light commercial split air 
conditioners (PAC), variable refrigerant flow (VRF) systems, and chillers. 

8.3.1 Risk assessment of A2L refrigerants for single-split air conditioners 

8.3.1.1 Refrigerant leak simulation  

We calculated the time integration of the volume of combustible gas for mini-split air 
conditioners based on the results of a new simulation carried out at the University of 
Tokyo in 2012. In the simulation, the boundary conditions were set so that no pressure 
rise occurred due to refrigerant leakage3-1). Figure 8-9 shows the calculation area of the 
indoor wall-mounted, indoor floor-standing, and outdoor mini-split air conditioners in this 
simulation. 

 
Figure 8-9: Simulation conditions for residential air conditioners 

Table 8-4 gives the time integration of the volume of combustible gas of mini-split air 
conditioners using R32 and R1234yf. 

Table 8-4: Time integration of the volume of combustible gas in leakage situations 
                                                         (m3·min) 

 R290 R32 R1234yf 
1.1 Logistics 5.50 × 101 2.00 × 10-4 2.20 × 10-4 
2.2 Installation 7.16 × 102 2.40 × 10-3 2.50 × 10-4 
2.5 Mistakes 7.75 × 10-2 9.00 × 10-3 1.30 × 10-2 
2.10 Refrigerant charge 8.51 × 103 9.97 × 101 3.70 × 102 
3.1 Indoor unit operation 1.41 × 101 5.00 × 10-4 5.50 × 10-4 
3.5 Indoor unit stop 7.16 × 103 2.40 × 10-2 2.50 × 10-2 
4.1 Outdoor unit 7.76 × 10-1 9.00 × 10-2 1.30 × 10-1 
5.1 Connecting pipe 8.51 × 103 9.97 × 102 3.70 × 103 
7.8 Service/relief 7.75 × 10-2 9.07 × 10-3 1.30 × 10-2 
8 Disposal Using similar situations and values 
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8.3.1.2 Ignition source evaluation 

The progress reports of the Japan Society of Refrigerating and Air Conditioning 
Engineers for the years 2011, 2012, and 2013 present evaluations and discussions of 
ignition sources in environments in which a mini-split air conditioner is used. In addition, 
referring to the reports of Imamura3-2) (Tokyo University of Science, Suwa), Takizawa3-3) 
(National Institute of Advanced Industrial Science and Technology), and report No. 
DOE/CE/23810-923-4) published in 1998 by Arthur D. Little, Inc. (ADL), the assumed 
ignition sources of residential air conditioners are sparks and open flames. 

For R32 and R1234yf, the assumed ignition sources around indoor and outdoor units 
are sparks from matches or oil lighters; scraping of metal forklift nails; and open flames, 
such as matches, lighters, and welding torches.  

In addition, the amount of refrigerant leakage for residential air conditioners is 
relatively small. Although the refrigerant may burn in the equipment combustion chamber, 
the flames are highly unlikely to propagate outside the combustion chamber. Thus, 
heaters and water heaters are not regarded as potential ignition sources. 

 
(1) Electronic parts as a source of ignition 
The DOE/CE/23810-92 report, submitted to AHRI in 1998 by ADL and now available 

on the website, reported ignition test results for R32 released into an environment in which 
a mini-split air conditioner is used and a flammable atmosphere is created. This work 
examined numerous ignition sources for flammable vapors containing R32. For example, 
vapor was ignited by the arc of a high voltage power supply, a high-temperature electric 
wire, the fire caused by cutting the current of the excessive compressor electric motor of 
a high voltage of 120 V or 240 V power supply, and open flames. However, sparks from 
a wall switch, electric motor, electric drill, tungsten-halogen lamp, low-voltage arc, and 
other electric appliances with a normal current at 120 V failed to lead to ignition. With 
regard to the spark generated by the electromagnetic contactor in the main circuit, which 
one can assume would generate the highest energy, the evaluation result of ADL was 
judged as non-ignition upon 20 opening and closing tests. This differs from the IEC 
standard. However, the contacts of the electromagnetic contactor used in Japanese 
products are surrounded by a cover that usually has a very small gap around the 
contacting point. Recent studies by AIST confirmed that flame propagation does not occur 
in an electromagnetic contactor with a rated capacity of 12 kVA and covered with a cover 
with a gap of approximately 3 mm around the contact point. Although the evaluation of 
ignition by these electric sparks was mainly observed for the R32, the R1234yf and 
R1234ze are believed unlikely to ignite even with a larger contact capacity because their 
minimum ignition energy is larger than that of R32.3-5), 3-6), 3-7) 

 
(2) Source of ignition around indoor and outdoor units (mainly for residences) 
The presence of the ignition sources varies greatly depending on the usage of the 

room. Here we examine ignition sources in residences where residential equipment and 
kitchen equipment are used. 

Open flames: 
Gas appliances, candles, firewood, charcoal, tobacco, and lighters serve as ignition 

sources for flammable refrigerants. An updraft generated by a flame-like gas stove 
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reduces refrigerant concentrations. If the speed of the updraft exceeds the combustion 
speed of the refrigerant, the flame will immediately expire, thus rendering ignition and 
flame propagation unlikely. 

Ignition device: 
A piezoelectric element, magneto, arc of a high voltage transformer assembly, flint 

system, and nickel-chrome alloy wire are used as ignition equipment for a kerosene and 
gas apparatus. These types of ignition equipment cannot ignite R32. 

Electrical appliance: 
Arc discharge sparks generated between contacts when a device with a large 

inductance is energized and sparks during a short circuit are considered ignition sources. 
Static electricity: 
Static electricity is generally created by friction with a synthetic material. The charge 

correlates with electric capacity, the relative humidity (RH) of the material, and the 
dielectric breakdown voltage. When a material is charged to about 12 kV at low RH and 
the electric capacity is set to 100 PF, the electric discharge energy is 7.2 mJ. Under dry 
conditions—for example, an RH of 7% according to 4-2 of IEC 61000-4-2—the voltage 
may approach 15 kV. At this voltage, electric discharge energy reaches approximately 
11.3 mJ. Usually, the electric discharge between a doorknob and the human body is about 
1 mJ during the winter. A roughly equivalent electric discharge occurs upon the removal 
of clothing. Since the insulation performance of air is 3,000 V/mm, the possibility that A2L 
refrigerants will be ignited by static electricity is extremely small. 

 
(3) Summary of ignition sources 
The ignition sources are summarized as follows: 
a) An electromagnetic contactor with no cover ignites at 7.2 kVA or above. However, 

if a contact is covered with a clearance of 3 mm or less, it will not ignite until 12 kVA is 
reached. In this context, the low-voltage electrical equipment found in Japanese houses 
is a highly unlikely ignition source. 

b) A lit cigarette will not ignite R32. 
c) Static electricity caused by humans in daily life rarely causes ignition. 
Based on the above considerations, in the risk assessment, only open flames were 

considered as ignition sources for outdoor and indoor mini-split air conditioner units using 
R32 or R1234yf. 

8.3.1.3 Allowable fire accident probability 

The allowable accident probability of household appliances used by general 
consumers without considering maintenance is 10-8 times/year for 1 million units. In other 
words, an appliance is considered safe even if a fatal accident occurs once every 100 
years per unit. The total number of commercial mini-split air conditioners and domestic 
air conditioners in Japan is about 100 million. Thus, the allowable accident occurrence 
rate during use must be less than 10-10 times/(unit·year). 

8.3.1.4 Leakage conditions 

In setting leakage conditions, we must identify how many refrigerant leakage 
incidents occur in one year from all domestic air conditioners in Japan. In response to a 
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questionnaire survey distributed to construction and service companies regarding the 
number of refrigerant leakage accidents during installation and repairs and the typical use 
of fire, we obtained approximately 600 responses. The refrigerant leakage accident rate 
was 0.77% at the time of installation and 0.74% at the time of repairs or maintenance. 
With regard to use of fire, the smoking rate at the service work site was 1.3%, while the 
rate of fire usage other than smoking was 4.2%. The average leakage rate of household 
air conditioners was 0.023%/year. 

8.3.1.5 Summary of FTA 

Table 8-5 presents the results of the risk assessment for the aforementioned mini-
split air conditioners. For normal wall-mounted air conditioners, the hazard occurrence 
probability (ignition rate) in the revised risk assessment is almost 10-10 during use and 
less than 10-9 during transportation, installation, and operation. Since each value is below 
the tolerance value, no further risk assessment tests were carried out.3-8)  

Table 8-5: Ignition probability of various refrigerants  
(Normal wall-mounted air conditioner) 

Risk: Ignition probability 
Life Stage R32 R1234yf R290 
Logistic 4.1 × 10-17 4.5 × 10-17 9.7 × 10-16 
Installation 2.7 × 10-10 3.1 × 10-10 3.7 × 10-9 
Use (Indoor) 3.9 × 10-15 4.3 × 10-15 5.0 × 10-13 
Use (Outdoor) 1.5 × 10-10 2.1 × 10-10 4.9 × 10-13 
Service 3.2 × 10-10 3.6 × 10-10 2.8 × 10-7 
Disposal 3.6 × 10-11 5.3 × 10-11 4.1 × 10-7 

 
However, the values for single floor-standing air conditioners and multi-floor-

standing air conditioners in the reviewed risk assessment exceed the tolerance value. We 
investigated door clearances, primarily in Japanese-style homes, to achieve a risk 
assessment closer to actual use. We also reviewed whether the same tolerance values 
could be applied for normal wall-mounted air conditioners. Table 8-6 presents the latest 
risk assessment results. 

Table 8-6: Ignition probabilities for various mini-split air conditioners 
Risk: Ignition probability 

Life Stage Normal wall-mounted 
R32 

Single floor-standing R32 Multi-floor-standing R32 

Logistics 4.1 × 10-17 3.6 × 10-11 1.1 × 10-9 
Installation 2.7 × 10-10 4.0 × 10-11 9.0 × 10-9 
Use (Indoor) 3.9 × 10-15 4.1 × 10-10 4.7 × 10-10 
Use (Outdoor) 1.5 × 10-10 8.6 × 10-11 1.1 × 10-9 
Service 3.2 × 10-10 2.6 × 10-10 4.3 × 10-9 
Disposal 3.6 × 10-11 2.5 × 10-11 4.1 × 10-10 

 
The tolerance value for single floor-standing air conditioners was 10-9 during use 

and 10-8 during transportation and installation. This almost meets the allowable values.  
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8.3.1.6 Risk assessment and results for wall-mounted single air conditioners  

Table 8-7 compares ignition probabilities for an indoor unit for R290 and R32. 
Table 8-7: Ignition probabilities for indoor units 

 

8.3.1.7 Risk assessments and results for multi-split air conditioners 

Figure 8-10 shows the installation configuration of a multi-split air conditioner. The 
indoor units for multi-split air conditioners include wall-mounted, floor-standing, and 
compact 4-way cassettes. 

 
Figure 8-10: Multi-split air conditioners: installation types and analysis conditions 
The allowable fire probability for floor-mounted multi-split air conditioners is set to 10-

9 times/(unit·year) because the number of units used in Japan is 1% less than for wall-
mounted split air conditioners. The probability of accidents during repair and maintenance 
was set to 10-8 times/(unit·year). 

A risk assessment of floor-type air conditioners based on FTA was carried out for a 7 
m2 living room for R32 based on the previous assumptions. The results failed to satisfy 
tolerance values. Table 8-8 gives the S1 countermeasures. 
  

Case R32 R290 
Before measures After measures Before measures After measures 

In use 2.0 × 10-14-3.7 × 10-

10 
1.8 × 10-17-3.4 × 10-

13 
5.9 × 10-09-1.1 × 10-

04 
5.0 × 10-13-9.5 × 10-

09 
During 
service 1.8 × 10-6- 9.0 × 10-6 1.7 × 10-10-4.0 × 10-

10 1.7 × 10-6-9.3 × 10-6 2.3 × 10-7-5.5 × 10-7 
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Table 8-8: Risk reductions and effects for indoor-use air conditioner 

 
The results of risk assessments based on the FTA of a single floor-standing air 

conditioner in a floor space of 7 m2 failed to satisfy tolerances. Countermeasure S1 
restricted installation to rooms with a floor area less than six tatami mats (approximately 
10 m2). Table 8-9 gives the results of ignition risk probability calculations, including those 
for other stages. Adopting measure S1 results in an ignition probability during use of 9.9 
× 10-10, which is below tolerances. 

The countermeasure of restricting the room area is largely determined by the 
installers. If l kg of refrigerant leaks and diffuses into a room, the concentration of 
refrigerant will reach 2.7%. Given this possibility, the S2 countermeasure must be further 
evaluated. The S2 countermeasure means that if a leak is detected, the fan of the indoor 
unit will be switched on to reduced concentrations below the LFL.  

Table 8-10 gives the ignition risk probability for floor-standing multi-split air 
conditioners with measure S2. The indoor (i.e., during use) ignition risk probability for 
floor-standing multi-split air conditioners reaches an allowable risk value, lower than that 
of conventional wall-mounted air conditioners (below 10-9) for the same room with a floor 
area of 7 m2 and room height of 2.4 m. 

Table 8-9: Ignition risk probability of an air conditioner (with measure S1) 

 
 

Type Representative model R32 (Measure 1)
Logistics
(for each warehouse) Middle-size warehouse 3.6×10-11

Installation 3.24 m2 veranda 4.0×10-11

Use (Indoor) 9.9 m2 room 9.9×10-10

Use (Outdoor) 3.24 m2 veranda 8.6×10-11

Service 3.24 m2 veranda 2.6×10-10

Disposal 3.24 m2 veranda 2.5×10-11

Risk: Ignition Probability
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Table 8-10: Ignition risk probability of a floor standing air conditioner (with measure S2) 

 

8.3.2 Risk assessment for light commercial air conditioners 

8.3.2.1 Features of light commercial air conditioners 

Table 8-11 summarizes the main features of light commercial air conditioners 
(package air conditioners (PAC)) compared to mini-split air conditioners (residential air 
conditioners (RAC)) and multi air conditioners for building (variable refrigerant flow 
(VRF)), from the perspective of the risk assessment of A2L application. 

Table 8-11: Comparison of features among different air conditioners 
Type Mini-split (RAC) Split (PAC) VRF 

Cooling Capacity 2.2–8.0 kW 3.6–30 kW 14.0–168 kW 
Amount of 
Refrigerant  1–2 kg 2–19 kg 5–50 kg 

Installation 
Outdoors: Indoors 

1:1–5 
(Indoor unit: multiple 

rooms) 

1:1–4 
(Indoor unit: all in a 

single room) 

1–3:1–64 
(Indoor unit: individual 

room) 

Type of Indoor Units 
Wall-mount 
Floor-standing (low) 
Ceiling-cassette 

Wall-mount 
Floor-standing (slim) 
Ceiling-cassette 
Ceiling-suspended 
Built-in duct 

Wall-mount 
Floor-standing (perimeter) 
Ceiling-cassette 
Ceiling-suspended 
Built-in duct 

Type of Outdoor 
Units 

Air-cooling 
(horizontal airflow) 

Air-cooling (horizontal 
airflow) 
Ice thermal storage 
(horizontal airflow) 

Air-cooling (vertical airflow) 
Ice thermal storage (vertical 
airflow) 
Water-cooling 

Installation Location 
(Indoor Units) Residence 

Office 
Kitchen/Restaurant 
Factory 
Karaoke-room (high 
tightness) 

Office 
Kitchen/Restaurant 
Factory 
Karaoke-room (high 
tightness) 

Installation Location 
(Outdoor Units) 

Ground (rooftop) 
Veranda 

Ground (rooftop) 
Individual floor 
Semi-underground 
Narrow space (alley) 

Ground (rooftop) 
Individual floor 
Semi-underground 
Machine room 

Type of Logistics 

Fireproof warehouse 
Small warehouse 

Semi-fireproof medium-
sized warehouse 
Small warehouse 

Semi-fireproof medium-
sized warehouse 

Truck 
Minivan 

Truck 
Minivan (7.1 kW or less) Truck 

Type Representative model R32 (Measure 2)
Logistics
(for each warehouse) Middle-size warehouse 3.6×10-11

Installation 3.24 m2 veranda 4.0×10-11

Use (Indoor) 7 m2 room 4.1×10-10

Use (Outdoor) 3.24 m2 veranda 8.6×10-11

Service 3.24 m2 veranda 2.6×10-10

Disposal 3.24 m2 veranda 2.5×10-11

Risk: Ignition Probability
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The cooling capacity range for PAC is 3.6–30 kW. Accordingly, the amount of 
refrigerant is 2–19 kg. These values fall in the midpoint range compared to RAC and VRF. 
As for the amount of refrigerant, since 20% of installations in Japan require pipes longer 
than 30 m, an additional refrigerant charge on-site is required. With respect to installation, 
even if one circuit has more than two indoor units, all indoor PAC units should be installed 
in a single room to safeguard against the possibility that certain units will fail to operate 
properly if separated. In such cases, the risk of refrigerant leakage into the room is lower 
than for the VRF system, whose indoor units are installed in several rooms. 

For storage and transportation, a PAC outdoor unit for a small store can be treated 
in the same way as an RAC outdoor unit. Additional evaluations of narrow warehouses 
and minivan transportation were further conducted. Table 8-12 summarizes high-risk PAC 
cases. 

Table 8-12: High-risk cases of light commercial package air conditioners. 
Condition Risk Normal cases High-risk cases 

Tubing Length Large charge amount 30 m or less 
(chargeless) 

Long piping (charge on-
site) 

Installation Height (IU) Accumulation of leaked 
refrigerant  

Ceiling: height 1.8 m or 
more Floor-standing: 0 m 

Installation Location 
(IU) 

Ignition sources Office Kitchen 
Ventilation Karaoke-room (tight) 

Installation Location 
(OU) 

Accumulation of leaked 
refrigerant Ground 

Individual floor 
Semi-underground 

Narrow space 

Storage Accumulation of leaked 
refrigerant 

Fire-protected 
warehouse Small warehouse 

Logistics Ignition sources Truck Minivan 

8.3.2.2 Allowable risk levels and probability of refrigerant leaks 

Some 7.8 million PAC units (0.6 million units with a product lifetime of 13 years are 
installed every year) are currently installed in Japan. The possibility that one serious 
accident will occur every 100 years is deemed an acceptable risk. Workers handle the 
equipment often when not in use. These workers have been trained to control or reduce 
risks in the event of an accident. Thus, the allowable ignition probability in installation, 
repair, maintenance, and disposal may be 10 times that during use. 

[Allowable risk levels for PAC ignition accidents] 
- Usage stage: 1.3 × 10-9 times/(unit∙year) 
- Logistics, Installation, Service, and Disposal stages (excluding Usage stage): 1.3 × 

10-8 times/(unit∙year) 
Refrigerant leaks from air conditioners are rare. However, if an unexpected leak 

occurs, the ignition probability is calculated by multiplying the probability of refrigerant 
leaks, the probability of flammable region generation, and the probability of the presence 
of an ignition source. 

First, the refrigerant leak probability from PAC was determined based on survey 
results for VRF systems, where equipment design specifications are similar, and 
questionnaires from PAC manufacturers in the JRAIA. The probability of indoor unit leaks 
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for a PAC was three times that of a VRF. The difference was affected by the levels of 
leakage checked during installation. 

[Probability of refrigerant leaks from a PAC] 
- Indoor unit: 1.03 × 10-3 times/(unit∙year) for medium-speed leak, 1.50 × 10-5 

times/(unit∙year) for rapid leak 
- Outdoor unit: 6.13 × 10-2 times/(unit∙year) for medium-speed leak, 1.34 × 10-3 

times/(unit∙year) for rapid leak, 1.37 × 10-4 times/(unit∙ year) for burst leak 
In addition, during the product life cycle stages of Installation, Service, and Disposal, 

leaks are sometimes caused by human error, such as improper use. The probability of 
human error for a PAC was assumed to be 10-3, which is 10 times greater than for a VRF, 
since the professional standards met by workers for PAC is lower. 

8.3.2.3 Ignition source assessment 

Two causes can trigger an ignition. The first is the action of the ignition source, such 
as a spark in a flammable region. The second is the contact between an open flame and 
a flammable region. However, since triggering factors vary with the ignition scenario, 
ignition sources were divided into the two categories shown in Table 8-13. 

In the case of each installation model, we obtained the probability of the presence of 
ignition sources based on Japanese market statistics.3-9), 3-10).  

Table 8-14 compares indoor installation models for a typical office and a kitchen with 
abundant ignition sources. The probability of open flame due to appliances was calculated 
based on the usage rate of each appliance. Spark probability was calculated using the 
probability of the occurrence of fire accidents caused by appliances, according to the 
National Institute of Technology and Evaluation (NITE) reports. 

Table 8-13: Ignition sources of A2L refrigerants (Y：Ignited、N：Not ignited) 

 Ignition source R32, R1234yf, 
R1234ze(E) R290(ref) 

Spark 
(inflammable 

region) 

Electric Parts 

Appliance (cause of a fire) Y Y 
Parts in the unit (5 kVA or 
less) N Y 

Power outlet, 100 V N Y 
Light switch N Y 

Smoking 
Equipment 

Match Y Y 
Oil lighter Y Y 
Electric gas lighter N Y 

Work Tool 
Metal spark (forklift) Y Y 
Electric tool N Y 
Recovery machine N Y 

Human Body Static electricity N Y 

Open flame 
(contact with 

the 
flammable 

region) 

Smoking 
Equipment 

Match Y Y 
Oil or gas lighter Y Y 

Combustion 
Equipment 

Heater Y Y 
Water heater Y Y 
Boiler Y Y 
Cooker Y Y 

Work Tool Gas burner (brazing) Y Y 
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Table 8-14: Comparison of the probability of the presence of ignition sources for an 

office and a kitchen 

Ignition source [Units] Office Kitche
n  

Spark 
 

[times
/m3mi

n] 

Indoor Unit 5.7 × 
10-16 

4.5 × 
10-16 

P = installed units × accident rate/numbers on market/space volume/(365 × 
24 × 60) 
Fire accident rate: 3 times/year (NITE), numbers on market: 88.4 mil. units 

Applia
nces 

Air Cleaner 7.0 × 
10-16 - Installed: 0.2 units/room, accident rate: 3.6/year, numbers on site: 17.3 mil 

Humidifier 5.6 × 
10-16 - Installed: 0.09 units, accident rate: 3/year, numbers on site: 8.11 mil 

Mobile 7.6 × 
10-16 - Installed: 8.12, accident rate: 23/17 years (LT10year), numbers: 23.9 mil.  

PC 1.2 × 
10-14 - Installed: 8.12, accident rate: 174/17 years (LT10year), numbers on site: 

11.8 mil 

Light 1.3 × 
10-15 

1.6 × 
10-15 

Installed: 10/15, accident rate: 227/17 years (LT10year), numbers on site: 
165 mil 

Tracking 6.7 × 
10-16 

1.1 × 
10-15 

Installed: 10/15, accident rate: 202/17 years (LT10year), numbers on site: 
298 mil 

Refrigerator - 1.6 × 
10-14 

Installed: 0/3, accident rate: 267/17 years (LT10year), numbers on site: 3.88 
mil 

Freezer - 3.8 × 
10-15 

Installed: 0/2, accident rate: 16/17 years (LT10year), numbers on site: 0.658 
mil 

Dishwashers - 9.7 × 
10-15 

Installed: 0/2, accident rate: 71/17 years (LT10year), numbers on site: 1.511 
mil 

Phone - 2.5 × 
10-16 

Installed: 0/1, accident rate: 18/17 years (LT10year), numbers on site: 5.67 
mil 

TV - 1.1 × 
10-15 

Installed: 0/1, accident rate: 355/17 years (LT10year), numbers on site: 25.2 
mil 

Exhaust Fan - 5.5 × 
10-15 

Installed: 0/4, accident rate: 105/17 years (LT10year), numbers on site: 5.96 
mil 

Smoking Equipment 
(Match/Oil lighter) 

8.8 × 
10-7 - 

P = smoker presence rate in the room × 0.209 × 17.1/space volume/(24 × 
60) × 0.05 
Smoker presence in the room: 0.1, smoking rate: 0.209 (Japanese Adult) 
Smoking numbers: 17.1/day/person(2013JT), use rate Match/Oil lighter: 

0.05 
Ignition Equipment 
(Match/Oil lighter) - 1.2 × 

10-6 
P = 5/space volume/(24 × 60) × 0.05 
Using rate for gas burner 5 times/day, Use rate Match/Oil lighter: 0.05 

Open 
flame 
 

[-] 

Comb
ustion 
equip
ment 

Water Heater 8.3 × 
10-3 

6.7 × 
10-2 

[Office] inst.: 0.1, Use rate: 2 h/day, [Kitchen]2, 60 min/day. Installed rate: 
0.8 

Heater - 2.7 × 
10-5 Installed: 0.001 units, Use rate: 4 h/day, 60 day/year 

Kitchen 
Burner - 3.1 × 

10-1 Installed: 15 units, Use rate: 0.023. Installed rate: 0.9 

Gas Rice 
Cooker - 5.0 × 

10-2 Installed: 2 units, Use rate: 2 h/day. Installed rate: 0.3 

Gas Oven - 5.8 × 
10-4 Installed: 2 units, Installed rate: 2.9 × 10-4 

Coffee 
Siphon - 8.7 × 

10-4 Installed: 3 units, Installed rate: 2.9 × 10-4 

Gas Burner - 6.9 × 
10-4 Installed: 0.5 units, Use rate: 0.2 min/time。10 times/day 

Gas Roaster - 5.8 × 
10-4 Installed: 2 units, Installed rate: 2.9 × 10-4 
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For outdoor installations, Table 8-15 compares ground, individual floor, semi-
underground, and narrow space installations. The probabilities of the presence of ignition 
sources for all installation models at each life stage were calculated. 
Table 8-15: Comparison of the probability of the presence of ignition sources for outdoor 

installations 

Ignition Source [Units] Ground Individu
al floor 

Semi 
-

Undergr
ound 

Narrow 
Space  

Spark 
 

[time
s/ 

m3mi
n] 

Outdoor Unit 1.4 × 
10-14 

9.5 × 10-

14 
2.5 × 10-

14 
9.1 × 
10-14 

P = 5.6/7,800,000/space volume/(365 × 24 × 60) 
Fire accident rate: 5.6 times/year, numbers: 7.8 

mil. units 

Smoking 
Equipme

nt 
(Match/

Oil 
lighter) 

Worke
r 

3.6 × 
10-10 

1.3 × 10-

9 
1.7 × 10-

9 
1.7 × 
10-9 

[Worker] 
P = Smoking rate(near unit) × service rate ｘ 
0.322 × 16/space volume/(24 × 60) × 0.05[spark] 
× 0.01 
Smoking rate (near unit): G: 0.2, EF: 0.1, 
SU/NS： 0.5 
Service rate: 0.1 
Smoking rate for workers: 0.322(Japanese 
Male：JT) 
Cigarette numbers (while working): 16/day 
(Japan) 
Use rate for match/oil lighter: 0.05 
Rule disregarding rate during work: 0.01 
[User] 
P = User presence rate (near units) × 0.209 × 
17.1/space volume/(24 × 60) × 0.05 [spark] × 
smoking area rate 
Presence rate (near units): G/SU/NS: 0.05, EF: 
0.0125 
Smoking rate： 0.209, Numbers： 17.1/day 
(Japanese adults), Smoking area rate: EF: 0.5, 
Other: 0.9 

User 5.6 × 
10-8 

5.4 × 10-

8 
1.1 × 10-

7 
1.1 × 
10-7 

Open 
flame 
 
[-] 

Smoking  

Worke
r 

6.0 × 
10-8 

3.0 × 10-

8 
1.5 × 10-

7 
1.5 × 
10-7 

[Worker] 
P = Worker presence rate (near units) × 0.1 
(service rate) ｘ 0.322 (smoking rate) × 16 
(cigarettes) × 5/space volume 
(seconds/cigarette: open flame appearance 
time)/(24 × 60 × 60) × 0.01 (manual ignorance 
rate) 

[User] 
P = User presence rate (near units) × 0.209 
(smoking rate) × 17.1 (cigarettes) × 5 
(seconds/cigarette: open flame appearance 
time)/(24 × 60 × 60) × smoking area rate 

User 9.3 × 
10-6 

1.3 × 10-

6 
9.3 × 10-

6 
9.3 × 
10-6 

Boiler 6.6 × 
10-4 

2.2 × 10-

4 
2.2 × 10-

4 
2.2 × 
10-4 

P = Use rate × Installed rate 
Installed rate: 0.1% 
Use rate for ground: 0.66 (24 h/day, 20 
days/month）, for other: 0.22 （8 h/day, 20 
days/month） 
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8.3.2.4 First stage models (typical PAC models) 

The risk assessment for PAC was undertaken in three stages as illustrated below. In 
the first stage, typical PAC systems were selected as simulation models. In the second 
stage, high-risk cases for systems with a capacity of 14 kW or less were selected as 
models (floor-standing indoor units excluded). In the third stage, high-risk cases for all 
PAC systems 30 kW or less, including floor-standing indoor units, were considered as 
models.  

Table 8-16 shows the conditions for typical PAC models. First, 80% of the PAC 
systems were installed with a piping length of 30 m or less; thus, no additional refrigerant 
charge is necessary on site. The amount of refrigerant was set to the initial charging 
amount at the factory. Second, a 7.1 kW cooling capacity four-way ceiling-cassette 
system was selected as the indoor unit. This is the best-selling type on the Japanese 
market. The installation location was an office with natural ventilation. A 14 kW system 
was selected as the outdoor unit; the charge amount per installation area was the greatest 
among all models. The ground installation location was selected for the outdoor unit. No 
accumulation was considered for leakage gas, since all four sides were open. The 
logistics condition was set to normal truck delivery and fireproof warehouse storage. 
Since no ignition sources are present in the cargo hold of a truck, truck delivery was 
omitted from the first-stage model. The ignition source for the warehouse used in the 
calculations was assumed to be a metal spark caused by a forklift bar. 

Table 8-17 summarizes the results of the risk assessments for the first-stage model. 
The ignition probability was calculated for each product life cycle stage. Since the ignition 
probability met allowable risk levels, no safety measures were needed. 

Table 8-16: Parameters of the first-stage model 

Condition Type Location Feature 

Installation space Capacit
y 

(kW) 

Piping 
length 

(m) 

Charg
e 

amoun
t (kg) 

Floor 
area 
(m2) 

Heigh
t 

(m) 

Indoors Ceiling-
cassette Office Opening for 

natural ventilation 42.3 2.7 7.1 ≤ 30 3 

Outdoors Horizontal 
air flow Ground Four sides open 50 2 14.0 ≤ 30 4 

Storage Bulk 
storage Warehouse 2300 units 1000 − 14.0 − 4 
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Table 8-17: Results of the risk assessment for the first stage model (R32) 
Life stage 
［allowable 

level］ 

Logistics 
[≦ 1.3 × 10-8 ] 

Installation 
[≦ 1.3 × 10-8 ] 

Usage 
[≦ 1.3 × 10-9 ] 

Service 
[≦ 1.3 × 10-8 ] 

Disposal 
[≦ 1.3 × 10-8 ] 

Safety 
measures without with without with without with without with without wit

h 
Office 

(Indoors) − − 6.59 × 
10-10 None 3.37 × 

10-12 None 1.19 × 
10-10 

Non
e 

3.12 × 10-

12 
No
ne 

Ground 
(Outdoors) − − 6.73 × 

10-10 None 6.35 × 
10-11 None 2.23 × 

10-10 
Non

e 
6.05 × 10-

11 
No
ne 

Warehouse 1.55 × 
10-11 

Non
e − − − − − − − − 

8.3.2.5 Second stage models (high-risk PACs) 

In the second stage are high-risk PAC systems with a capacity of 14 kW or less 
(floor-standing indoor unit excluded), as summarized in Table 8-18. Table 8-19 
summarizes the results of risk assessments for the second stage model. In certain cases 
involving outdoor semi-underground installation and narrow-space installations, the 
ignition probability did not meet allowable levels. The dominant risk factors were assessed 
and practical safety measures taken to reduce the ignition probability to allowable levels. 
Table 8-20 summarizes the dominant risk factors and the corresponding safety measures. 
The dominant risk factors during work are human errors, such as improper refrigerant 
recovery generating a flammable region; improper wiring of a power supply causing a 
spark; and the probability of the presence of an open flame, such as a gas burner during 
brazing. Professional training for workers and a requirement to carry a leak detector 
during operation are effective safety measures. 

In the usage stages, which considers the semi-underground condition if the 
refrigerant charge amount exceeds the allowable figure (depth ≥ 1.2 m, charge amount > 
1/2 × LFL × A (floor area) × 1.2), compulsive ventilation by the unit’s fan with stirring 
(minimum wind speed ≥ 4.0 m/s; depth ≤ 2.0 m; distance between blower outlet and wall 
≤ 3 m) or mechanical ventilation are effective ways to reduce refrigerant concentrations. 
As for installations in narrow spaces, an opening of at least 0.6 m is needed to reduce 
concentrations to allowable levels. 

Table 8-18: Parameters of the second step models 

Conditio
n Type Location Feature 

Installation space Capacit
y 

(kW) 

Pipin
g 

lengt
h (m) 

Charg
e 

amoun
t (kg) 

Floor 
area 
(m2) 

Heigh
t 

(m) 

Indoors 

Ceiling 
-

cassett
e 

Office Max charge 42.3 2.7 7.1 75 6 

Kitchen Ignition source 
number is large 57.2 2.7 14.0 75 8 

Karaoke-room Tightness 9.7 2.4 3.6 50 3 

Outdoors 
Horizon
tal air 
flow 

Ground Four sides open 50 2 14.0 75 8 
Individual floor Three sides closed 3.6 4 14.0 75 8 

Semi-
underground Four sides closed 15.3 3.54 14.0 75 8 
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Narrow space One side (small) 
open 7.5 2 14.0 75 8 

Storage Floor Small warehouse Small space 15 2.7 14.0 －* 8* 

Logistics Delivery Minivan Integrated drive set 
and luggage space 4.65 1.34 7.1 －* 6* 

*Disposal stage: maximum amount of charge with an additional charge on-site 

Table 8-19: Results of the risk assessment for the second step models (R32) 
Life stage 
[allowable 

level] 

Logistics 
[≤ 1.3 × 10-8 ] 

Installation 
[≤ 1.3 × 10-8 ] 

Usage 
[≤ 1.3 × 10-9 ] 

Service 
[≤ 1.3 × 10-8 ] 

Disposal 
[≤ 1.3 × 10-8 ] 

Safety 
measures without with without with without with without with without with 

In
do

or
s 

Office － － 6.63 × 
10-10 None 4.20 × 

10-12 None 1.21 × 
10-10 None 3.37 × 

10-12 None 

Kitchen － － 6.64 × 
10-10 None 1.03 × 

10-10 None 2.65 × 
10-10 None 2.80 × 

10-12 None 

Karaoke 
room － － 6.77 × 

10-10 None 8.71 × 
10-11 None 1.04 × 

10-9 None 2.04 × 
10-11 None 

O
ut

do
or

s 

Ground  － － 7.53 × 
10-10 None 3.13 × 

10-10 None 5.57 × 
10-10 None 2.60 × 

10-10 None 

Individu
al floor － － 8.49 × 

10-10 None 5.79 × 
10-10 None 1.47 × 

10-9 None 6.81 × 
10-10 None 

Semi 
UG － － 3.60 × 

10-7 
4.89ｘ
10-9 

7.14 × 
10-7 

1.68ｘ10-

10 
1.12 × 

10-7 
2.33ｘ
10-9 

8.68 × 
10-8 

9.46 × 
10-9 

Narrow 
S － － 2.77 × 

10-9 None 5.96 × 
10-9 

5.77ｘ10-

10 
1.84 × 

10-8 
4.21ｘ
10-10 

7.21 × 
10-9 None 

Lo
gi

. Small 
WH 

1.26 × 
10-11 

Non
e - - - - - - 1.22 × 

10-8 None 

Minivan 1.73 × 
10-10 

Non
e － － － － － － 6.66 × 

10-10 None 

Table 8-20: The dominant risk factors and safety measures for the second step models. 

Dominant risk factors Usage stage Installation/ 
Service stage Disposal stage 

Outdoor 
Semi-

undergrou
nd 

(semi-
undergrou
nd depth 
≥1.2 m) 

Factor Leakage 
gas 

Presence of ignition 
sources Human error Human error 

Item Diffusion/ 
Ventilation Boiler 

Refrigerant recovery 
Gas burner 
(Brazing) 

Refrigerant recovery 
Wiring for power 

supply 

Safety 
measure

s 

If charge amount > 1/2 × LFL × A × 
1.2 
Unit fan operating with leakage 
detector 
(Minimum wind speed ≧ 4.0 m/s; 

depth ≦ 2.0 m; distance between 
blower outlet and wall ≦ 3 m) or 
compulsive ventilation device 

Workers professionally trained and equipped 
with leak detectors 

Outdoor 
 Factor Leakage 

gas 
Presence of ignition 

sources Human error Human error 
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Narrow 
space Item Diffusion/ 

Opening Boiler 
Refrigerant recovery 

Gas burner 
(Brazing) 

Refrigerant recovery 
Wiring for power 

supply 
Safety 

measure
s 

Opening of 0.6 m or more for one 
side 

Professional training for workers; carrying 
leak detectors 

8.3.2.6 Third stage models (high-risk PAC systems of 30 kW or less, including floor-
standing indoor units) 

The third stage selected high-risk PAC systems with a capacity of 30 kW or less, 
including floor-standing indoor units, as listed in Table 8-21. The maximum piping length 
of a 30 kW system was 120 m. The amount of charged refrigerant was set to the maximum 
amount. Moreover, the number of indoor units was four, since a higher unit number 
increases leakage probability. 

The floor-standing indoor units were selected under two conditions: a 4.5 kW-class 
system that requires the least indoor installation space; and a 30 kW (four indoor units of 
7.1 kW) system that requires the maximum amount of refrigerant. A small ice thermal 
storage system for the PAC was added to the model. The only additional ignition risk due 
to the ice thermal storage equipped system is that the required refrigerant amount 
exceeds that of conventional systems. The ice thermal storage system is subject to the 
third stage model due to the high ratio of refrigerant amount to the indoor installation 
space. As typical, for office or school use, a ceiling installation was selected for the indoor 
unit. The amount of refrigerant was set to 9 kg, corresponding to the maximum piping 
length. The largest capacity for a PAC was 14 kW. 

For evaluations during transportation and storage, PAC was evaluated only at the 
time of storage in a medium-sized warehouse because no storage was available in the 
narrow warehouse or during minivan transportation. The initial amount of refrigerant for a 
30 kW system was set to 7 kg. 

Table 8-22 summarizes the risk assessment results for the third stage model. The 
ignition probability does not satisfy allowable levels for floor-standing indoor units, outdoor 
semi-underground, and narrow space installations.  

As mentioned previously, the high STPF was likely achieved for the floor-standing 
indoor unit because the leaked gas tended to accumulate near the floor at high 
concentrations. During use, the corresponding safety measure of compulsive ventilation 
with the unit fan operating with leakage detector near the floor proved effective. For the 
Service and Disposal work stages, as for the second stage model, professional training 
for workers and a requirement to carry a leak detector proved effective. As for conditions 
other than floor-standing indoor units, compared to the second stage, indoor space 
increases in response to increased refrigerant charge amount. Risks are reduced in such 
cases. 

For outdoor installation models, the environment and space conditions were set to 
the same value as the second stage. The ignition probability was slightly increased 
compared to the second stage model, due to the significant volume of refrigerant charge 
for the same installation space. However, the necessary safety measures were the same 
as in the second stage, as summarized in Table 8-23. 
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Table 8-21: Parameters of the third stage model. 

Condition Type Location Feature 
Installation space Capacit

y 
(kW) 

Piping 
length 

(m) 

Charge 
amount 

(kg) 
Floor 

area (m2) 
Height 

(m) 

Indoors 

Ceiling 

Office Max charge 169 2.7 30.0 120 19 

Kitchen 
Number of 

ignition sources 
is large 

80 2.7 30.0 120 19 

Floor 

Restauran
t 

Leakage gas 
accumulated 14 2.5 4.5 50 3 

Factory Leakage gas 
accumulated 100 3 30.0 120 19 

Indoors 
(Ice) Ceiling Office Charge rate 50 2.7 14.0 75 9 

Outdoors Horizontal 
air flow 

Ground Four sides open 50 2.5 30.0 120 19 
Individual 

floor 
Three sides 

closed 3.6 4 30.0 120 19 

Semi-UG Four sides closed 15.3 3.54 30.0 120 19 

Narrow S One side (small) 
open 7.5 2.5 30.0 120 19 

Storage Bulk 
storage 

Warehous
e 

2,300 units 
(outdoors) 1000 － 30.0 － 7 

 
Table 8-22: Results of the risk assessment for the third stage model (R32) 

Life stage 
[allowable 

level] 

Logistics 
[≤ 1.3 × 10-8 ] 

Installation 
[≤ 1.3 × 10-8 ] 

Usage 
[≤ 1.3 × 10-9 ] 

Service 
[≤ 1.3 × 10-8 ] 

Disposal 
[≤ 1.3 × 10-8 ] 

Safety 
measures without with without with without with without with without with 

In
do

or
s 

Office － － 6.61 × 
10-10 None 7.61 × 

10-13 None 4.82 × 
10-12 None 1.90 × 

10-12 None 

Kitchen － － 6.75 × 
10-10 None 7.97 × 

10-11 None 1.65 × 
10-10 None 7.33 × 

10-12 None 

Restaur
ant － － 1.70 × 

10-8 
2.45 × 
10-10 

9.39 × 
10-9 

1.00ｘ10-

12 
9.28 × 

10-9 
2.81ｘ10-

9 
2.99ｘ10-

9 None 

Karaoke 
-room － － 2.30 × 

10-9 None 1.05 × 
10-9 None 3.11 × 

10-9 None 7.04 × 
10-10 None 

Ice TS   6.68 × 
10-10 None 3.62 × 

10-12 None 4.10 × 
10-11 None 2.79 × 

10-12 None 

O
ut

do
or

s 

Ground  － － 8.02 × 
10-10 None 2.61 × 

10-10 None 5.53 × 
10-10 None 7.60 × 

10-10 None 

Individu
al floor － － 1.00 × 

10-9 None 6.15 × 
10-10 None 1.48 × 

10-9 None 2.01 × 
10-9 None 

Semi 
UG － － 3.67 × 

10-7 
5.64ｘ10-

9 
4.65 × 

10-6 
1.14 × 

10-9 
1.18 × 

10-7 
2.93 × 

10-9 
1.43 × 

10-7 
1.59 × 

10-9 
Narrow 

S － － 5.34 × 
10-9 None 8.49 × 

10-9 
3.97 × 
10-10 

1.91 × 
10-8 

4.95 × 
10-10 

2.61 × 
10-8 

2.84 × 
10-9 

Warehouse 8.30 × 
10-11 

Non
e - - - - - - 3.51 × 

10-9 None 
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Table 8-23: The dominant risk factors and safety measures for the third stage model. 

Dominant risk factors Usage stage Installation/ 
Service stages Disposal stage 

Floor- 
standing 
indoor 
units 

Item Leakage gas 
accumulation Leakage gas Human error - 

Factor 
Lack of 

diffusion/ 
ventilation 

Stirring Gas burner 
(brazing) - 

Safety 
measures 

Unit fan operating with leakage 
detector 
(Min airflow: 10 m3/min and minimum 
speed: 1.0 m/s) 

Professional training for workers; 
requirement to carry leak detector 

Outdoor
s 
 

Semi-
undergr

ound 
(semi-

undergr
ound 
depth 

≥1.2 m) 

Item Leakage gas 
accumulation 

Presence of ignition 
sources Human error Human error 

Factor Diffusion/ 
Ventilation 

Probability of boiler 
presence 

Refrigerant 
recovery 

Gas burner 
(brazing) 

Refrigerant recovery 
Wiring for power 

supply 

Safety 
measures 

If charge amount > 1/2 × LFL × A × 1.2 
Unit fan operating with leakage 
detector 
(Minimum wind speed ≧ 4.0 m/s; 

depth ≦ 2.0 m; distance between 
blower outlet and wall ≦ 3 m) or 
compulsive ventilation device 

Professional training for workers; 
requirement to carry leak detector 

Outdoor
s 
 

Narrow 
space 

Item Leakage gas 
accumulation 

Presence of ignition 
sources Human error Human error 

Factor 
one side 
opening 

(lack) 

Probability of boiler 
presence 

Refrigerant 
recovery 

Gas burner 
(brazing) 

Refrigerant recovery 
Wiring for power 

supply 

Safety 
measures Opening of 0.6 m or more for one side Professional training for workers; 

requirement to carry leak detector 
 

8.3.3 Risk assessment for VRF systems 

8.3.3.1 Characteristics of VRF systems using A2L refrigerants 

Table 8-24 lists the features of a VRF system. The most distinctive feature of the 
VRF system is the large refrigerant charge. The entire amount of a refrigerant may be 
discharged from a single indoor unit in the event of a leak. Since refrigerant piping 
systems typically have numerous connection points, thorough leakage tests were 
performed under positive and negative pressure. Operator error was deemed less likely 
since the systems are generally installed by specialists or highly skilled technicians. 

The likelihood of refrigerant accumulation depending on the configuration and 
installation location of indoor units was considered. The ignition source and ventilation 
conditions were investigated depending on the type of business where the installation 
occurred. 
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Table 8-24: Features of VRF systems and A2L refrigerants 

 

8.3.3.2 Allowable accident levels and probability of refrigerant leaks 

The ignition probability of an allowable risk typically depends on severity. However, 
since the assessment of the degree of danger was incomplete at the time, we set 
allowable levels based on the assumption that all fire accidents are serious and fatal. An 
allowable level is considered to be the occurrence of a serious accident once every 100 
years. With approximately 10 million indoor units already deployed, the allowable ignition 
probability at the time of indoor use becomes 10-9 times/(unit∙year). The number of units 
increases four-fold for the time of outdoor use. Thus, we multiplied 10-9 times/(unit∙year) 
by four to obtain the allowable ignition probability. Since the number of indoor units 
connected to an outdoor unit currently averages eight, setting the probability of 
permissible accidents for the outdoor unit at the time of use to 4 × 10-9 times/(unit∙year) 
adequately accounts for hazards. Except when the equipment is operated, it is handled 
by service providers, not consumers. Thus, the extent of the danger can be reduced 
through self-protective measures, even in the event of an accident. For this reason, the 
allowable probability of an accident was increased by one order of magnitude and 
assumed to be 10-8 times/(unit∙year) or less.3-11)  

Due to the relatively paucity of available samples, it is difficult to obtain leakage 
probability at different velocities on the scale of parts per million (ppm). Based on all cases 
of leaks handled by service providers over the course of one year, we estimated the 
number of leaks in which customers reported white smoke or abnormal odors and the 

Comparison of features of a VRF system and single-split 
system

Risk

 A large amount of refrigerant charge can completely leak 
into  one room

 Numerous joints connecting the refrigerant circuit or parts 
of valves, vessels and sensors

 Strict check of refrigerant sealing and leaks

 Highly skilled personnel for installation, repair, and 
maintenance

 A variety of system configuration – mode-free type, water-
cooled or ice-storage type, etc. Risk should 

be specified
 Wide range capacity of outdoor and indoor units

Comparison of features of A2L with A2, A3 refrigerants Risk

 Smaller flammable cloud because of larger LFL

 Type of ignition source is limited because of larger MIE

up

down

down
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number of cases in which service providers diagnosed leaks as originating from a broken 
pipe or hole in the heat exchanger or pipe. Allowing for the possibility that not all leakage 
cases were considered, we calculated the number of rapid leaks by multiplying the 
number of reported leakage cases by 10 for indoor units and by 100 for outdoor units, for 
which customers may not readily notice abnormalities. Since no burst leakages were 
reported, the number of burst leaks for indoor units was assumed to be zero. The 
remaining leaks were determined to be slow leakages of 1 kg/h or less. For outdoor units, 
since samples exceeding 10 kg/h of leakage were reported, we calculated that 1/10 of 
the rapid leak cases were burst leaks. Table 8-25 presents leakage probabilities classified 
by leakage rates. 

Table 8-25: Probability of leakage classified by leakage rate 

 

8.3.3.3 Results of risk assessment and safety measures 

(1) Transportation and storage stage 
We hypothesized that risks during transportation could be ignored due to the absence 

of ignition sources in cargo compartments and since refrigerant leaks occurring during 
loading and unloading would likely dissipate and fail to generate flammable spaces. 
During storage, the ignition probability was 7.8 × 10-17 to 1.8 × 10-16 times/(unit·year). This 
is below the allowable value of 10-8. 

(2) Installation stage 
An indoor unit for ceiling installation was installed in an office with floor space of 40.6 

m2. The outdoor unit was assumed to be a semi-underground unit. The amount of 

【Method】
Leak Probability :  Weighted mean value of probability for each JRAIA manufacturer
Number of rapid leaks = Nrp×10 （indoor） or 100 （outdoor）
Number of burst leaks = Number of rapid leak × 0.1 (outdoor) ,  0 (indoor)
Number of slow leaks = Total － （rapid＋burst）

Nrp ： Number of leaks as reported by customer or service technician indicating  
rapid leak,  white smoke, smell   (customer comment), or breakage  or hole in pipe  
(service technician comment).

Probability of leak classified in leak rate  

Number of leaks reports indicating rapid leaks, 2010, Manufacturer B
White Smoke Smelled Burning Holes in Pipe Nrp

Indoor Unit 0 1 0 1
Outdoor Unit 1 3 3 7

Slow Leak Rapid Leak Burst Leak
～1 [kg/h] ～10 [kg/h] ～75 [kg/h]

Distr ibution Ratio    [-] 1 0.986 0.014 0
Probability of Leak  [ppm] 350 345 5 0
Distr ibution Ratio    [-] 1 0.806 0.176 0.018
Probability of Leak  [ppm] 7600 6126 1338 137

Indoor Unit

Outdoor Unit

Total
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refrigerant was 26.3 kg. Piping connections during brazing and trial operation, electrical 
systems, heating systems, and boilers were considered the primary ignition sources. An 
ignition source probability was determined for each. 

Table 8-26 gives ignition probabilities for each type of work and for the overall 
operation. The value for the overall operation slightly exceeded the allowable range (10-

8). Ignition probability fell from 1.1 × 10-8 to 1.9 × 10-9 times/(unit·year) with the deployment 
of refrigerant leakage detection devices during brazing work. Thus, the probability was 
within the allowable range. Carrying a leakage detection device reduces leak probabilities 
during piping brazing by 1/100. If this device is not used, the probability increases by 1/10; 
thus, the leak probability was assumed to be 11/100. 

Table 8-26: Ignition probability in installation 

 
(3) Operation stage of indoor units 
We investigated the probability of ignition for all standard and severe risk cases. The 

overall total for the product of the constituent ratio and ignition probability of each case is 
equal to the probability of the occurrence of an ignition accident in an indoor unit. Table 
8-27 presents the collected constituent ratios and probabilities of ignition occurrence for 
each assumed case and cases without measures. 

The probability of ignition failed to reach the allowable value of 10-9 times/(unit·year) 
for the worst-case scenario, assuming inoperable forced ventilation in severe cases. The 
target values were satisfied in most cases when forced ventilation was applied based on 
the Building Standards Law, but further measures are needed for restaurants (floor-
standing). 
  

Indoor unit   : Ceiling
Outdoor unit : Semi-underground

Ignition source Location Ignition source Probability of
fire accident

Smoking tools Outdoor unit Oil lighter, match 1.9×10-10 ～9.3×10-10

Connecting pipe Brazing burner 1.3×10-7

Connecting pipe in test
run

Electrical or Heating
appliances 2.2×10-14

Indoor unit in test run Electrical or Heating
appliances 2.4×10-18

Outdoor unit in test
run

Electrical or Heating
appliances 1.6×10-8

Outdoor unit in
elevator Electrical parts 2.8×10-22 ～1.2×10-21

Total 1.1×10-8

Other than smoking
tools

Above * Frequency of installation
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Table 8-27: Ignition probability of indoor units during operation without safety measures 

 
For the indoor safety of VRF systems when the rate of refrigerant charge (that is, 

refrigerant amount/volume of the room) exceeds the values in the ISO 5149 international 
safety standard, Part 1, devices for leakage detection, ventilation, warning alarms, and 
refrigerant shut-off devices should be installed. Table 8-28 presents ignition probabilities 
when these safety measures are implemented. The effectiveness of the safety measures 
in lowering risk was established for each installation condition related to mechanical 
ventilation. However, we assumed 1/50 of the reduction in risk for the shut-off valve and 
1/10 of the reduction considering human intervention in warnings. The implementation of 
measures for mechanical ventilation and shut-off valves was prioritized. 

These safety measures are implemented during installation, but their proper 
implementation is uncertain. Proper implementation requires interlocking with the indoor 
unit or the integration of detection, ventilation, and refrigerant shut-off devices with the 
main body of the indoor unit. Important points related to safety measures are listed below. 
• Measure A: The refrigerant concentration calculated from the refrigerant charge rate 

should be below LFL/2. 
• Measure B: A refrigerant leak detector and mechanical ventilation equipment must be 

installed indoors. 
• Measure C: A refrigerant leak detector and a refrigerant shut-off device must be 

installed indoors. 
• Measure D: A refrigerant leak detector and an alarm device must be installed indoors. 
• Measure E: The refrigerant charge for a single refrigerant system is less than 60 kg. 
• For the safety requirements, one of measures A to D was implemented, in addition to 

measure E. 
 
 

Installation case
Fire accident probability, A

Without measures

Site Type Constituent
ratio, P

Allowable
probability

Ratio of 
no vent, R

No vent
A1

Vented
A2

Mean
Am=RA1+(1-R)A2

Indoor

Office Ceiling 3.8×10-1

1.0×10-9

1.0 7.6×10-9 *1) 3.5×10-12 7.6×10-9

Karaoke Ceiling 2.1×10-3 5.0×10-2 1.8×10-7 4.4×10-11 9.0×10-9

Restaurant Floor 2.0×10-2 2.0×10-1 3.8×10-7 5.4×10-9 8.0×10-8

Hair
salon Ceiling 1.6×10-3 2.0×10-1 1.3×10-9 1.2×10-10 3.6×10-10

BBQ
restaurant

Ceiling 7.8×10-4 1.0×10-1 2.8×10-9 4.4×10-10 6.8×10-10

Ceiling
space

Ceiling 
concealed 1.0×10-0 1.0×10-1 3.0×10-10 - 3.0×10-11

Total in market

Total＝Σ(P＊A) 4.0×10-1 1.0×10-9 - 1.1×10-8 1.1×10-10 4.5×10-9

Not allowable AllowableIn each installation cases [time/(unit・year)]

*1) Ventilation turned off at night from 18:00 to 09:00.
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Table 8-28: Ignition probability of indoor units during operation with safety measures 

 
(4) Safety measures for floor-standing indoor units 
We explored safety measures for floor-standing units, which are prone to the creation 

of flammable spaces above the floor. 
If accumulating leaked refrigerant was detected near the floor surface, the indoor fan 

stirred and diluted the refrigerant by drawing the leaked refrigerant upward by forced 
convection. This halted the formation of a flammable space. 

By performing the same calculations for R32 and R1234yf, we determined the 
maximum charge amount when the fan is activated after a refrigerant leak is detected in 
the top-blowing floor-standing indoor unit (Figure 8-11). Lifting a refrigerant higher into 
the air column requires higher wind speeds and flow rates with greater refrigerant 
molecular weight. This condition applies when the molecular weight of the refrigerant is 
between 52 and 114. 

 
Figure 8-11: Allowable refrigerant charge with a dilution for upward flow floor standing 

unit 

Installation case
Fire accident probability

Without 
measures

With
measures

Site Type Allowable
probability Mean Mechanical 

vent.
Shut off

valve
Safety
alarm

Indoor

Office Ceiling

1.0×10-9

7.6×10-9 3.5×10-12 1.5×10-10 7.6×10-10

Karaoke Ceiling 9.0×10-9 ≃ 0 1.8×10-10 9.0×10-10

Restaurant Floor 8.0×10-8 2.6×10-10 1.6×10-10 8.0×10-10

Hair
salon Ceiling 3.6×10-10 6.8×10-12 7.1×10-12 3.6×10-11

BBQ
restaurant Ceiling 6.8×10-10 1.5×10-11 1.4×10-11 6.8×10-11

Ceiling space Ceiling 
concealed 3.0×10-11 - - -

Not allowable AllowableIn each installation cases [time/(unit・year)]
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(5) Operation stage of outdoor units 
For outdoor units, we established four installation patterns: typical, on each floor, in 

the machine room, and semi-underground. We selected three ignition sources: smoking 
(match or lighter), electrical sparks from the outdoor unit, and boilers. 

We conducted FTA based on the above preconditions and calculated fire accident 
probabilities for each installation pattern. The results are presented in  

Table 8-29. The ignition probability was found to be less than the criterion of 4.0 × 10-

9 for the typical installation and for installation on each floor. Consequently, no safety 
measures were needed. However, the refrigerant diffusion velocity for leaks from a semi-
underground installation was extremely low; the ignition probability was 1.74 × 10-6, which 
exceeds allowance levels. In machine rooms, allowance levels were met without safety 
measures due to continuous ventilation. However, machine rooms may also have closed 
spaces; hence, ventilation regulations are necessary. Table 8-30 gives the ignition 
probability for each installation case. 

Table 8-29: Ignition probability of outdoor units 

 
Table 8-30: Ignition probability of outdoor units during operation 

 
(6) Safety measures for outdoor units 
Leaked refrigerant accumulates in semi-underground and machine room 

installations. Since the ignition risk is extremely high, regulations for either the refrigerant 
amount or ventilation flow are needed to prevent the formation of flammable spaces. 

1) Semi-underground installation standards 
･ Semi-underground height less than 1.2 m: no restrictions. 

Installation case Ignition probability A

Site Constituent 
ratio

Allowable 
probability

Without 
measures

With 
measures

Out-
door

Usual 9.4×10-1

4.0×10-9

1.9×10-11 －

Each floor 5.0×10-2 3.0×10-9 －

Semi-
underground 1.0×10-4 1.7×10-6 2.5×10-13 

Machinery
room 6.0×10-3 1.2×10-9 3.2×10-9 

Total in market
Total＝Σ(P＊A) 1.0 4.0×10-9 3.5×10-10 1.9×10-11

Not allowable AllowableIn each installation cases [time/(unit・year)]
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･ Semi-underground height more than 1.2 m: M/A ≤ 0.18 kg/m2  
M: refrigerant charge [kg], A: floor area [m2]. 
2) Machine room installation standards 
n = 75/(0.642 × LFL × V)  
n: Required ventilation frequency [times/h]， 
V: Room volume [m3] 
Note: Two basic installations may be adopted for ventilation equipment.  
 
(7) Repair stage 
We investigated the risks posed by repairs of outdoor units, indoor units, and piping, 

which are installed on site in ceiling spaces. This section will primarily address the results 
for outdoor semi-underground installations, for which risks are assumed to be high. 

The ignition sources were assumed to be 1) brazing burners, 2) smoking by service 
personnel, and 3) other (for example, electrical sparks, combustion equipment such as 
boilers, and live electrical work). The sources of refrigerant leaks were as follows: 1) 
piping cut with a burner (due to insufficient refrigerant recovery or forgotten steps) and 2) 
sources other than service work (for example, cracks in the piping). 

Measure A: Provide training to service personnel (for example, issue instructions to 
extinguish the burner immediately if a refrigerant leak is noticed during burner work). 

Measure B: Require service personnel to carry refrigerant leakage detection devices 
and to check for refrigerant leaks before and during work. 

We calculated ignition probability for the case in which both the abovementioned 
safety measures were applied in outdoor use (ventilation by an intake duct). The resulting 
ignition probability was 2.1 × 10-9 times/(unit·year), which is less than the allowable rate 
(10-8). 

In addition to the case of outdoor semi-underground installations, we performed risk 
assessments for cases involving low risk and high constituent ratios (outdoor/ above 
ground installation, outdoor each floor installation, and indoor ceiling installations) and in 
cases characterized by high risk and low constituent ratios (machine room installations 
for outdoor units, indoor floor-standing installations, and ceiling space installations for 
piping). Table 8-31 presents the ignition probability for each case. The risks posed by 
indoor ceiling installations, outdoor/above-ground installations, an outdoor installation on 
each floor, and ceiling space installations for piping were all within allowances (10-8); 
however, those for indoor floor-standing installations and machine room installations for 
outdoor units exceeded the allowance. In cases where natural ventilation is assured (ISO 
5149 Part 3) and the opening is set 30 mm or less above the floor for indoor floor-standing 
installations and ventilation devices are installed for machine room installations for 
outdoor units, the risks met allowable levels (10-8), assuming the adoption of the two 
aforementioned safety measures. 
  



Annex 54, Heat pump systems with low-GWP refrigerants 
 

 

119 
 

 

Table 8-31: Ignition probability in servicing 

 
(8) Disposal stage 
We examined risks arising during the dismantling of units and pipes at an installation 

site. The results were calculated by multiplying existing ignition probability, such as that 
for the burner, and refrigerant leak probability during refrigerant recovery and for unit 
dismantling when the removal operation and installation of a new unit are performed 
simultaneously. The probability during the semi-underground installation for outdoor units 
was replacement/non-replacement = 7.76 × 10-7 /(3.04 × 10-9); during machine room 
installation, this became replacement/non-replacement = 8.07 × 10-7 /(5.57 × 10-9). In the 
latter case, the risk exceeds the allowance (under 10-8). We assumed the following 
measures to reduce ignition probability: 

Measure A (Training): Provide risk education regarding smoking and the use of 
combustion appliances; train operators to extinguish burners immediately in the event of 
a refrigerant leak. This lowers the risk to 1/10. 

Measure B (Carrying leakage detection devices): Require operators to carry 
refrigerant leakage detection devices during work in narrow places. This lowers the risk 
to 1.09 × 10-1. (The risk became 1/100 when leakage detection appliances are carried; 
the probability of forgetting to carry a device is 1/10.) 

The results considered the composition ratio for all equipment. The ignition probability 
was 6.28 × 10-10 times/(unit·year) for failure to implement the safety measures and 5.36 
× 10-11 times/(unit·year) when the measures were implemented.  

8.3.4 Risk assessments for chiller units 

The heat source systems supplying hot or cold water to central air conditioning 
systems use hydrofluorocarbon refrigerants like R134a and R410A. Both refrigerants 
have high global warming potential (GWP) exceeding 1,000, thereby contributing to 
climate change. Low-GWP alternatives including R1234ze (E), R1234yf, and R32 have 
drawn significant attention. The subjects of this study included water-cooled chillers 
installed in machine rooms and air-cooled heat pumps installed outdoors with a cooling 
capacity ranging from 7.5 kW and above.3-12)  

Ignition probability

Ｘ Ｘ
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8.3.4.1 Features and tasks for the chiller 

The chiller is a heat source system that provides cold or hot water as the heat transfer 
medium; therefore, it is suitable for large-capacity equipment. These systems typically 
involve a large amount of refrigerant. Chillers are located in machine rooms; this means 
the refrigerant is also contained in a confined space. The procedure for installing a chiller 
must ensure no refrigerant leaks occur. For small- or medium-capacity chillers, air 
tightness tests must be conducted and the refrigerant charged before shipping. A large-
capacity chiller, such as a centrifugal water-chilling unit, is normally shipped as a unit from 
the factory and installed before the completion of airtightness tests and refrigerant 
charging. The unit disassembled at the time of shipment and reassembled at the 
installation site using flanges and joints are charged with refrigerant after reassembly and 
the completion of airtightness tests. This assembly process does not require brazing or 
welding. However, all units must be assembled by trained professional engineers in the 
same manner as the manufacturer. In addition, periodic inspections must be implemented 
to prevent potential refrigerant leaks after installation.  

The chiller location is usually in the machine room or outdoors (for example, on a 
roof). Both of these areas are limited areas with restricted access. Generally, only trained 
specialists can access the chiller to conduct operational checks and for maintenance. 
Therefore, the installation location is isolated and free from risk, which might be caused 
by unspecified individuals. In addition, the machine room or the outdoor area is far away 
from other rooms that can be accessed by the public. Based on the risks mentioned 
above, the possible risks and actions from the RAs are limited while the countermeasures 
for avoiding or reducing risks should be clear and effective. However, since the machine 
room may also house other machinery and electrical equipment, these potential risks 
must be taken into consideration.  

The chillers analyzed in this RA were divided into the major categories of water-
cooled chillers and air-cooled heat pumps installed outdoors (air-cooled chillers). Minor 
categories included and centrifugal chillers, screw chillers, and steam compressor chiller 
units. Table 8-32 gives the basic specifications for the water-cooled chiller and air-cooled 
heat pump subject to RA. 60 HP class water-cooled chillers and 30 HP class air-cooled 
heat pumps are considered nominal cases, since they account for the largest number of 
units shipped from each manufacturer. The cooling capacity of the 60 HP class varies 
from 170 kW to 180 kW, depending on the manufacturer. To simplify the analysis, we set 
170 kW as the standard capacity, since rigorous specifications apply to the volume and 
amount of ventilation required for machine rooms. 

Six life stages (LSs) were defined, including the overhaul of the chiller term, which 
was added to the LSs referenced in the RA 3-15), 3-16). The other five stages are as follows: 
logistics, installation, usage, repair, and disposal. We evaluated installation and usage for 
a water-cooled chiller and an air-cooled heat pump at the respective locations. The ratio 
of the number of water-cooled chillers to air-cooled heat pumps was determined to be 
3:7, based on domestic shipment data. Calculations of accident probabilities omit logistics 
and disposal, which do not pose user risks. Table 8-33 lists the target type and LS ratio 
for each LS. 
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Table 8-32: Basic specifications for the chillers in the risk assessment 

Type of chillers Water-cooled Air-cooled 
Cooling capacity Approx. 170 kW Approx. 90 kW 

Refrigerant charge 23.4 kg 11.7 kg* 

Outer dimensions (W × L × H) 1.28 m × 1.28 m × 1.28 m 1.00 m × 3.00 m × 2.30 
m 

Installation location Machine room Outdoors 
                    *single refrigeration circuit 

Table 8-33: Numbers of chillers at each life stage 

LS Target 
Ratio Number of 

sales LS ratio Air-
cooled 

Water-
cooled 

Logistics Supplier Total 9,687 0.0517 
Installation Operator 7 3 9,687 0.0517 

Usage Operator 7 3 134,000 0.7145 
Repair Operator Total 22,637 0.1207 

Overhaul Operator Total 1,838 0.0098 
Disposal Supplier Total 9,687 0.0517 

8.3.4.2 Probability of presence of flammable space 

The probability of the presence of a flammable space is defined as follows: 
[Probability of the presence of a flammable space] 
= [time-dependent volume of flammable space (m3min)]/ [target space (m3)] × 

[525,600 (min/year)] 
 
The probability of the presence of a flammable space depends on the frequency of 

leaks, the operation rate of mechanical ventilation in each LS, ratio of numbers of installed 
water-cooled chillers and air-cooled heat pumps, and other characteristics of LS. Table 
8-34 lists the probability of the presence of a flammable space in each LS and the 
frequency of leaks. 

 
The following conditions are based on records of chiller installation for RAs: 
(a) The time-dependent volume of R1234ze(E) was applied for water-cooled chillers, 

and R32 was applied for air-cooled heat pumps. 
(b) The target space is defined as 109 m3 in machine rooms and 31 m3 in the area 

surrounded by soundproof walls. 
(c) Mechanical ventilation is assumed at a frequency of twice an hour. Two ventilators 

are installed. 
(d) The probability of no mechanical ventilation is 1%. It is assumed that no chiller is 

operating during the assessment in the LSs during installation and disposal. During these 
stages, the probability of no functioning mechanical ventilation is 50%. 
(e) The failure rate for duct fans is calculated to be 2.5 × 10−4 times/(unit∙year). 
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(f) Based on the results for flammable spaces, for a small leak in the presence of 
ventilation, the probability is defined to be zero. 

(g) The flammable time volume at air velocity 0 m/s is applied to outdoors 
installations. 

(h) The ratio of the occurrence between air heat exchangers and unit decorative 
panels is assumed to be 4:3 for leaks from air-cooled heat pumps.  

(i) For the LS of logistics, no flammable space is formed by refrigerant leaks because 
sealed containers have never been used. 

Table 8-34: Probability of presence of a flammable space in each LS 

LS Without ventilation 
[case/(unit/year)] 

Probability of presence of a flammable 
space, Pfs [-] 

Burst 
leak 

Rapid 
leak 

Slow 
leak 

Logistics Transportation - 0 0 0 
Storage in warehouse 0.01 2.64 × 10-10 5.46 × 10-7 0 

Installation 

Carry-in, installation, 
filling refrigerant and 

storage 
0.5 7.84 × 10-8 8.26 × 10-6 0 

Trial 0.01 7.84 × 10-8 2.33 × 10-7 0 
Usage 

[machine 
room] 

machine room 0.01 2.64 × 10-10 5.46 × 10-7 0 

Air conditioned room - 0 0 0 
Usage [outdoor] - 1.12 × 10-7 9.84 × 10-8 0 

Repair 0.01 7.84 × 10-8 2.33 × 10-7 0 
Overhaul 0.01 7.84 × 10-8 2.33 × 10-7 0 
Disposal 0.5 7.84 × 10-8 8.26 × 10-6 0 

8.3.4.3 Assessments of ignition sources 

It is necessary to forecast ignition sources for both outdoors and machine rooms in 
which chillers are installed. Since the analysis indicates the probability of the presence of 
a flammable space outdoors is negligible, we can forecast the ignition source in a machine 
room in which a water-cooled chiller is installed while omitting the outdoor case. 

Unlike the highly flammable R290 refrigerant, the ignition sources of mildly flammable 
refrigerants must be determined because they can be ignited by sparks from power 
sources, static electricity, or lit cigarettes. The study3-18–3-22) performed along with the RAs 
assessed flammability and ignitability. Open flames, metal sparks, and very large 
electrical apparatus (solenoid switched and breakers) can all function as refrigerant 
ignition sources. Table 8-35 and Table 8-36 lists modeled sparks and open flames as 
ignition sources. 

Table 8-35: Ignition source apparatus in a machine room (source of sparks) 

Category Spark 
Ignition Source Ignition Remarks 

Electrical 
parts 

Home appliance and a small electrical 
product N 5 kVA or below 

Electrical part inside equipment Yes Solenoid switch with 5 kVA or 
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above 

AC power source N Equivalent to quenching distance 
Lighting switch N Equivalent to quenching distance 

Work tools 

Metal spark  
(folk of a forklift) Yes - 

Electrical power tool N Small capacity 
Refrigerant recovery apparatus N Small capacity 

Human body Static electricity emitted from a human 
body N Minimum ignition energy or less 

 
Table 8-36: Ignition source apparatus in a machine room (using open flames) 

Category 
Spark 

Ignition Source Ignition  Remarks 

Smoking supplies 
Match Yes Ignition = open flame 
Oil lighter NF Open flame once ignited 
Electric lighter N Spark not ignited 

Burning appliance 

Electric radiant heater Yes Prohibited to use 
Electric fan heater N Prohibited to use 
Gas water heater Yes Prohibited to use 
Gas boiler (burner) N No timing of ignition 
Ventilation duct, boiler surface N 140°C or below 
Gas cooking appliance Yes Prohibited to use 

Work tool Burner for brazing N High in gas velocity 
Yes: ignited, N: not ignited, NF: no flame propagation 

 
In a boiler or direct-fired absorption refrigerator, the combustion chamber contains an 

open flame. A fan introduces air from the machine room into the combustion chamber to 
burn fuel gas. The fan operates when an open flame is present in the combustion 
chamber. Even if leaked refrigerant gas flows into the apparatus and ignites, the flame in 
the combustion chamber is not blown back into the machine room. Consequently, there 
is no possibility of ignition sources for leaked mildly flammable refrigerant. Since rules bar 
taking an apparatus such as a stove or an oven into the machine room, these are 
excluded from the list of ignition sources. Considering the work at each LS and the 
potential equipment, we calculate the likelihood of the presence of an open flame PIi. 
Table 8-37 lists the total probabilities ΣiPIi of ignition sources for each PIi and LS. 

Table 8-37: Probability of the existence of an ignition source in each LS 

LS 
Electrical  

part inside 
equipment 

Metal 
spark Match Oil lighter 

Electrical 
Radiant 
heater 

Gas 
water 

Heater &  
Gas 

cooking 
appliance 

Other 
Total 
ΣiPIi 

Logistics 
Transportation - 1.67×10-4 4.72×10-9 1.18×10-6 - - 6.35×10-8 

3.36×10-2 
Storage in 
warehouse - 8.33×10-5 4.72×10-9 1.18×10-6 3.33×10-2 - 6.35×10-8 
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Installation 

Carry-in, installation 
and storage - 8.33×10-5 9.04×10-9 2.25×10-6 3.33×10-2 - 1.47×10-6 

3.63×10-2 
Trial 2.87×10-3 - 9.04×10-9 2.25×10-6 - - 1.47×10-6 

Filling refrigerant 8.05×10-4 - 4.52×10-9 1.13×10-6 3.33×10-2 - 6.08×10-8 3.41×10-2 

Usage 
[machine room] 

Online*1 1.05×10-2 - 4.72×10-9 1.18×10-6 - - 6.35×10-8 

8.78×10-2 
Offline*1 1.05×10-2 - 4.72×10-9 1.18×10-6 - - 6.35×10-8 

Online*2 2.50×10-4 - 4.72×10-9 1.18×10-6 3.33×10-2 1.18×10-6 6.35×10-8 

Offline*2 - - 4.72×10-9 1.18×10-6 3.33×10-2 1.18×10-6 6.35×10-8 

Usage 
[outdoor] 

Online 1.16×10-2 - 4.72×10-9 1.18×10-6 - - 1.41×10-6 
1.25×10-2 

Offline 9.00×10-4 - 4.72×10-9 1.18×10-6 - - 1.41×10-6 

Repair 

Piping work 8.54×10-4 - 3.62×10-9 9.00×10-7 3.33×10-2 - 4.86×10-8 

2.05×10-1 

Cutting work 8.54×10-4 - 3.62×10-9 9.00×10-7 3.33×10-2 - 4.86×10-8 

Discharging 
refrigerant 8.54×10-4 - 3.62×10-9 9.00×10-7 3.33×10-2 - 4.86×10-8 

Detecting of 
refrigerant 8.54×10-4 - 3.62×10-9 9.00×10-7 3.33×10-2 - 4.86×10-8 

Charging 
refrigerant 8.54×10-4 - 3.62×10-9 9.00×10-7 3.33×10-2 - 4.86×10-8 

Checking and repair 8.54×10-4 - 3.62×10-9 9.00×10-7 3.33×10-2 - 4.86×10-8 

 
Overhaul 

Takedown 8.05×10-4 8.33×10-5 3.62×10-9 9.00×10-7 3.33×10-2 - 4.86×10-8 

1.70×10-1 

Refrigerant 
recovery 8.05×10-4 - 3.62×10-9 9.00×10-7 3.33×10-2 - 4.86×10-8 

After refrigerant 
recovery - - 3.62×10-9 9.00×10-7 3.33×10-2 - 4.86×10-8 

Setup 8.05×10-4 8.33×10-5 3.62×10-9 9.00×10-7 3.33×10-2 - 4.86×10-8 

Filling refrigerant 8.05×10-4 - 3.62×10-9 9.00×10-7 3.33×10-2 - 4.86×10-8 

Disposal 

Refrigerant 
recovery 8.05×10-4 - 4.52×10-9 1.13×10-6 3.33×10-2 - 6.08×10-8 

1.35×10-2 

After refrigerant 
recovery - - 4.52×10-9 1.13×10-6 3.33×10-2 - 6.08×10-8 

Dismantling 8.05×10-4 8.33×10-5 4.52×10-9 1.13×10-6 3.33×10-2 - 6.08×10-8 

Take out - 8.33×10-5 4.52×10-9 1.13×10-6 3.33×10-2 - 6.08×10-8 

*1: In machine room *2: In air-conditioned room 

8.3.4.4 Probability of refrigerant leaks 

According to a refrigerant leak accident report3-17) released by the High-Pressure 
Gas Safety Institute of Japan (KHK), 59% of a total of 76 accidents involved leaks from 
small piping, joints, or valves. Only 1% of the leaks involved vessels. Since the leaks were 
similar to those from multi-packaged air conditioning unit systems, they were categorized 
as burst leaks, rapid leaks, or slow leaks, as described in JRA-GL13.3-23) The six leaks 
categorized as burst leaks were attributable to the breakage of small-bore pipes caused 
by vibration or slight cracks in the pipes during maintenance work. The seven rapid leaks 
originated from damage to heat exchanger tubes during maintenance work. In both the 
burst and rapid cases, the refrigerant leaked as a gas. The other sixty-three slow leaks 
resulted from deterioration of sealing materials, cracking, or insufficient tightening of joints, 
corrosion, deterioration of pinholes, or other. 
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The report was compared to maintenance data3-24) from each company 
participating in the SWG. The probability of the occurrence of a refrigerant leak (Pl) in 
each leakage category was calculated for water-cooled chillers, air-cooled heat pumps, 
and centrifugal water chilling units, based on proportional available data calculated from 
past shipment data for each company from 2004 to 2011 (Table 8-38). Compared to 
refrigerant leakage accidents, the total for burst leaks and rapid leaks was at the same 
level—not lower than 1 × 10-4 times/(unit∙year). Thus, the data were considered 
trustworthy. Burst and rapid leaks from centrifugal chilling units with significantly more 
refrigerant have not occurred because slow leaks were repaired during maintenance work. 

Table 8-38: Probability of leaks, 2004-2011 

2004- 
2011Fy 

Probability of the occurrence of refrigerant leaks (times/(unit∙year)) 
Water-cooled 

chiller 
Air-cooled heat 

pump Centrifugal chiller Total 

Burst leak 5.83 × 10-6 1.35 × 10-5 0 1.07 × 10-5 
Rapid leak 1.07 × 10-4 1.87 × 10-4 0 1.56 × 10-4 
Slow leak 1.64 × 10-3 2.21 × 10-3 7.09 × 10-3 2.27 × 10-3 

 

8.3.4.5 Calculation of probability of accidental fires 

The conditions below are provided to avoid underestimating the frequency of 
accidents. 

(a) Four units of equipment are typically installed in the machine room. The 
startup/shutdown frequencies of the chiller and pumps are also considered.  

(b) All units installed outdoors are surrounded by soundproof walls; a flammable 
space in the case of a leak from the lower units is considered. 

(c) Ignition sources are assumed to be evenly distributed throughout the entire 
flammable space, including the floor surface. This includes, for example, the case of a 
lighter flame at ground level. 

(d) The probability of the presence of a flammable space in a space lacking 
ventilation is defined to be equal to the probability of refrigerant leaks. 

Table 8-39 (a) shows the technical requirements for safety as detailed in the next 
section. The probability of the occurrence of a fire accident is 3.89 × 10-12 
times/(unit∙year), assuming reasonable mechanical ventilation systems. This is based 
on a summary of water-cooled chillers in machine rooms and air-cooled pumps with 
sound-proof walls. The failure rate was assumed to be 2.5 × 10-4 times/(unit∙year) for 
mechanical ventilation, which is much lower than the probability for once every ten 
years and still meets safety requirements. 

Table 8-39 (b) shows the accident rate without mechanical ventilation, assuming Pfs 
= 1.32 × 10-4 times/(unit∙year). If a mildly flammable refrigerant leaks, a flammable area 
is formed with a higher accident value. If the rate of machine rooms without mechanical 
ventilation or insufficient ventilation is 1%, the accident rate increases to 1.32 × 10−6 
times/(unit∙year), which is unacceptable for users. If 1% of machine rooms lack 
ventilation, the probability is 1.32 × 10−6 times/(unit∙year), which is also unacceptable for 
users. 

Table 8-39: Probability of accidental fire 
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(a) With ventilation 

 LS LS ratio R 
With ventilation [times/(unit∙year)] 

LS LS under user’s 
management 

Suppliers Logistics 0.0517 1.51 × 10-13 - 

Operator 

Installation [carry-in] 0.0517 2.39 × 10-12 

3.89 × 10-12 

Installation [trial] (0.0023) 
Usage [machine 
room] 0.2144 4.97 × 10-13 

Usage [outdoor] 0.5002 
Repair 0.1207 1.00 × 10-12 
Overhaul 0.0098 

Suppliers Disposal 0.0517 9.22 × 10-12 - 

(b) Without Ventilation 

 LS LS ratio R 
Without ventilation [times/(unit∙year)] 

LS LS under user’s 
management 

Suppliers Logistics 0.0517 4.28 × 10-6 - 

Operator 

Installation [carry-in] 0.0517 4.66 × 10-6 

1.32 × 10-4 

Installation [trial] (0.0023) 
Usage [machine 
room] 0.2144 6.19 × 10-5 

Usage [outdoor] 0.5002 
Repair 0.1207 6.51 × 10-5 
Overhaul 0.0098 

Suppliers Disposal 0.0517 1.72 × 10-5 - 

8.3.4.6 Technical requirements for safety 

This section describes “Guideline of design construction for ensuring safety against 
refrigerant leaks from chiller using lower flammability (A2L) refrigerants,” the JRA GL-
152016 document specified by JRAIA, referring to the safety standards EN1127-13-13) and 
IEC 60079s3-14) for flammable gas.  

(1) Ventilation 
Since the refrigerant is heavier than air, A2L refrigerant leaking into a machine room 

tends to be confined to the lower part of the room. Typically, an exhaust port would be 
installed at the lower section of the room, while the air supply is pushed from a point 
higher than the top of the chiller. 

Guidelines specify that the ventilation frequency should be more than 4 times/h 
regularly. For machine room volumes of 192 m3 or more, the ventilation frequency should 
be 2 times/h or more. 

However, if the average concentration of refrigerant leaks from the refrigeration 
equipment does not exceed LFL/4, no compulsory mechanical ventilation requirements 
apply, since there is minimal danger of a fire accident. The guidelines state that it is 
desirable to ensure the ventilation frequency of 2 times/h or more for the above case. 

As a measure to reduce the risk of ventilator failure, the mechanical ventilator is 
composed of two systems, each of which ventilates twice per hour. 
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(2) Explosion-proof 
For A2L refrigerant, machines with a surface temperature of 700 °C or an electrical 

apparatus with a capacity less than 5 kVA are not ignition sources; further, no flammable 
space is formed if the necessary ventilation is deployed. Therefore, the guidelines require 
mechanical ventilation. Electrical components equipped with ventilation are not required 
to be explosion-proof. 

For refrigeration equipment using A2L, to safeguard against the event of refrigerant 
leaks, the refrigeration equipment should be equipped with a decorative panel with an 
opening of the appropriate area or an exhaust fan to prevent the creation o hazardous 
areas inside the refrigeration equipment. 

 
(3) Refrigerant gas leakage detection alarm equipment 
Although two systems of ventilation devices are provided to avoid the risk of the 

failure of the machine room ventilation device, the risk of the simultaneous failure of the 
two systems remains non-zero. Thus, a refrigerant gas leakage detection alarm facility is 
deployed.  

Since the detection alarm equipment must be fully operational, a separate power 
supply (including a battery back-up power supply) must be provided for the chiller and 
ventilation equipment. If a refrigerant leak is detected, a warning entailing both a light (lit 
or flashing lamp) and a sound (warning sound such as a buzzer) must be issued in places 
where people gather. 
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8.4 COMPLIANCE INITIATIVES TAKEN IN JAPAN 

8.4.1 Initiatives to adopt low GWP refrigerants in Japan 

8.4.1.1 Proactive measures to reduce GWPs 

There is urgent demand in Japan to examine ways to reduce the global warming 
potential (GWP) of the refrigerants used in refrigerating and air conditioning equipment. 
Nevertheless, many issues remain to be resolved in selecting the most appropriate 
refrigerant. In recent years, many have advocated for the use of natural refrigerants like 
CO2 and HC, based solely on the GWP values of refrigerants, which are known to have 
direct impact on global warming; others have stressed the importance of energy-saving 
performance in mitigating global warming, since this aspect affects, if indirectly, the 
amounts of carbon dioxide discharged from operating air conditioners. In addition, it is 
essential to examine safety when promoting widespread use.  

In Japan, it was commonly thought that it would take a long time to identify an ideal 
refrigerant that would be safe to use, have high energy-saving performance and low 
impact on global warming, and boast a low GWP to cause minimal direct effect on global 
warming. Therefore, efforts have been made to promote the widespread use of R32 
refrigerant energetically and ahead of others in the world by establishing a technology 
that would enable optimal use of R32 refrigerant (although it is mildly flammable), which 
has a GWP one-third that of the conventional R410A refrigerant used in air conditioners 
while offering high energy-saving performance, thereby reducing adverse effects on 
global warming as quickly as possible.  

Use of CO2 refrigerant in products other than air conditioners began in 2003, starting 
with domestic heat pump water heaters. Today, CO2 refrigerant is used in more than 6 
million units. Use of CO2 and NH3 is also actively promoted for refrigerating equipment.  

This chapter describes the commercial introduction of low GWP products in Japan, 
focusing in particular on the growing adoption of R32 refrigerant in air conditioning 
products. 

8.4.1.2 Switch to R32 for room air-conditioners and commercial air-conditioners 

Various efforts have sought to promote a transition to R32 refrigerant for room air-
conditioners and commercial air-conditioners confirmed safe for use with R32. As shown 
in Figure 8-12, as of 2018, the shift to R32 has been completed for almost all room air-
conditioners and for more than 70% of commercial air-conditioners of 6 HP or less. 

The technology required to use R32 refrigerant is diffusing not just in Japan, but 
across the world. Figure 8-13 shows the growing ratio of R32 air conditioners in global 
markets. 

In Japan, manufacturers have wrapped up efforts to develop basic technologies for 
R32 refrigerant and have moved on to improve equipment performance and expand the 
genres of equipment capable of using R32. Current development efforts focus on 
improving energy-saving performance and increasing operating temperature range and 
capacity range. 
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Figure 8-12: Ratio of R32 products in global markets 

 
Figure 8-13: Switching to R32 

Research on refrigerants with super-low GWPs and utilization of natural 
refrigerants may be needed to further reduce GWPs. As for expanding the use of natural 
refrigerants, many issues remain to be addressed and resolved. Continuing research and 
studies are required to meet growing expectations for increased use of natural 
refrigerants. 

8.4.2 Overview of products using low GWP refrigerants in Japan 

8.4.2.1 Room air-conditioners and commercial air-conditioners (for commercial and 
office use) 

In Japan, the shift in refrigerants from R410A (GWP2088) to R32 (GWP675) has been 
completed for almost all room air-conditioners and for 73% of commercial air-
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conditioners. Since each manufacturer’s product lineup is extensive, details are omitted 
here. The manufacturers have completed their refrigerant application technology 
development phases and initiated development activities to improve the energy-saving 
performance and comfort-enhancing performance of their products through system 
optimization.  

Manufacturer brand names of R32 room air-conditioners  
♦ Panasonic ♦ Daikin Industries ♦ Mitsubishi Electric  
♦ Hitachi Johnson Controls ♦ Toshiba ♦ Mitsubishi Heavy Industries  
♦ Fujitsu General ♦ Corona ♦ Sharp ♦ Chofu  
Manufacturer brand names of R32 commercial air-conditioners (for commercial and 

office use)  
♦ Daikin Industries ♦ Mitsubishi Electric ♦ Hitachi Johnson Controls  
♦ Panasonic ♦ Toshiba ♦ Mitsubishi Heavy Industries ♦ Fujitsu General  
Examples of technologies introduced for R32 refrigerant and incorporated into 

Panasonic’s room air-conditioners and Toshiba Carrier, Johnson Controls-Hitachi and 
Fujitsu General’s commercial air-conditioners are provided below. The attached 
reference document describes the features of these products in detail.  

Representative examples of technological developments are described below.  
(1) Increase in room air-conditioner capacity  
The maximum capacity of R410A room air-conditioners was once 8.0 kW. However, 

in 2014, manufactures took advantage of the characteristics of R32 to release room air-
conditioners with capacities of up to 9.0 kW.  

(2) Heat exchanger development examples  
(a) Shape of indoor unit heat exchanger  
Initiatives are underway to develop an optimal heat exchanger shape: for example, 

adopting bow-shaped, integrally molded fins to maximize heat exchange efficiency in 
limited spaces.  

(b) Diameter of indoor unit heat exchanger tube  
Heat exchange efficiency is being improved by combining tubes with different 

diameters ranging from 4.0 to 7.94 mm, based on the status of the refrigerant inside the 
heat exchanger, for the purpose of optimizing refrigerant flow velocity within the tubes. 
This contrasts to use of 7.0 mm tubes only in previous products.  

(c) Outdoor unit heat exchanger  
Efforts to develop micro-channel heat exchangers and expand their application are 

being promoted mainly for commercial air-conditioners, with the goal of reducing the 
amount of refrigerant contained in each product and improving heat exchange 
performance.  

(3) Compressor development examples  
Manufacturers are designing R32 products based on proprietary technologies. Some 

manufacturers have developed new frictional parts and technology to recover waste heat 
using a heat storage material that effectively utilizes R32 discharge temperature; these 
companies have released products with an increased operating temperature range and 
improved reliability.  

(4) Other  
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In newly released products, in addition to improving product energy-saving and 
comfort-enhancing performance by optimizing various element parts and control 
functions and incorporating sensors, manufacturers are employing technologies to 
improve reliability and expanding the range of operating temperature ranges to allow 
cooling operation under high ambient air temperatures and heating under low ambient air 
temperatures. 

8.4.2.2 Use of R32 in large capacity products 

Efforts are underway to promote use of R32, starting with groups of products 
confirmed safe to use in risk assessments undertaken at the time of the A2L application.  

(1) Case examples of the commercial introduction of multi air conditioners for building 
(mini-VRF with capacity of less than 3 tons, hybrid VRF, etc.) (Provisional)  

Daikin Industries and Mitsubishi Electric sell R32 models of selected capacity class. 
The attached reference document provides detailed information on these products.  

(2) Case examples of the commercial introduction of chillers (air-cooled type, water-
cooled type)  

This report introduces Daikin Industries’ module chiller as a case example. The 
attached reference document discusses the features of this product in detail.  

8.4.2.3 Use of low-GWP HFO refrigerant in centrifugal refrigerating machines 

As a case example, this document introduces Mitsubishi Heavy Industries Thermal 
Systems’ centrifugal refrigerating machine. Since the characteristics of centrifugal 
refrigerating machines allow use of HFO refrigerant, the use of a refrigerant with a GWP 
lower than that of R32, such as HFO-1233zd(E) or HFO-1234ze(E), is being explored. 
The attached reference document describes the features of this product in detail.  

8.4.3 Case examples of the commercial introduction of products that use low-
GWP refrigerant (A2L) in Japan 

This section introduces products with low-GWP A2L refrigerant introduced following 
the completion of product risk and safety assessments. As examples of such products, 
the following briefly describes mini-split room air-conditioners, commercial air-
conditioners (light commercial split air conditioners [PAC] for store application), multi air 
conditioners for building (mini-VRF with capacity of less than 3 tons, hybrid VRF, etc.), 
chillers (air-cooled type), and centrifugal refrigerating machines.  

8.4.3.1 Case examples of room air-conditioners 

Almost all room air-conditioner models available in Japan are equipped with an 
inverter. The transition from R410A to R32 with a GWP of one-third that of R410A has 
been completed. The following 10 companies sell such products:  

♦ Panasonic ♦ Daikin Industries ♦ Mitsubishi Electric ♦ Hitachi ♦ Toshiba  
♦ Mitsubishi Heavy Industries ♦ Fujitsu General ♦ Corona ♦ Sharp ♦ Chofu  
 
Product from Panasonic is presented below as a case example.  
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Panasonic Eolia X Series (CS-X220D to X900D2) released in November 2019. 
(1) Product overview  
Cooling capacity: 2.2 to 9.0 kW  
Heating capacity: 2.5 to 10.6 kW  
APF: 7.1 to 5.1  
Ambient air temperature range: continuous cooling operation under 50°C possible  
(2) Major technological developments  
The major technologies incorporated into the heat exchanger and compressor to take 

advantage of the characteristics of R32 are described below.  
(a) Heat exchanger  
As shown in Figure 8-14 the indoor unit heat exchanger features bow-shaped, 

integrally molded fins with different diameter tubes arranged optimally in a limited space. 
Earlier heat exchangers used only 7.0 mm tubes. The diameter of the tubes in the new 
heat exchanger vary (5.0, 6.35, 7.0, or 7.94 mm) according to the state of the refrigerant 
in the heat exchanger to optimize refrigerant flow velocity within the tubes and to improve 
heat exchange efficiency. The new heat exchanger achieves the required heat exchange 
performance in about 70% of the volume capacity required for the previous heat 
exchanger.  

(b) Recovery of exhaust heat from compressor  
As shown in Figure 8-15, the high discharge temperature of R32 refrigerant, one of 

its characteristics, is used as a heat source. About 25% of the exhaust heat from the 
compressor is recovered using a heat storage material and used to melt frost 
accumulating on the outdoor unit. This enables the air conditioner to continue heating, 
even when defrosting, thereby preventing a decrease in room temperature and 
maintaining comfort. This approach also conserves energy. Furthermore, the compressor, 
a core component used for compressing the refrigerant, is a scroll compressor. Scroll 
compressors offer both high capacity and excellent energy-saving performance and 
require no accumulator. These features have been maximized to minimize the 
dimensions of the heat storage tank used to store recovered exhaust heat. 

 
Figure 8-14: Hybrid heat exchanger in indoor unit 
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Figure 8-15: Heat recovery system 

Ultra Power Eco 
 
 

 
 

 
Type P80 Types P112 to P160 

Figure 8-16: External views of outdoor units 

 
Figure 8-17: Ambient air temperature vs. cooling capacity 

8.4.3.2 Case examples of commercial air-conditioners for commercial and office use 

A shift to R32 has been promoted for commercial air-conditioners, starting with air 
conditioners for commercial, retail, and office spaces confirmed safe based on risk 
assessments, following a similar initiative for room air-conditioners. The following seven 
companies sell such products’ brand:  

♦ Daikin Industries ♦ Mitsubishi Electric ♦ Hitachi ♦ Panasonic ♦ Toshiba  
♦ Mitsubishi Heavy Industries ♦ Fujitsu General  
The following presents Toshiba Carrier, Johnson Controls-Hitachi and Fujitsu 

General’s R32 air conditioning products as case examples. 
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Toshiba Carrier’s Ultra Power Eco Series (outdoor unit: ROA-RP803HX to 
1603HX): 

Cooling capacity: 7.1 to 14.0 kW  
Heating capacity: 8.0 to 16.0 kW  
APF: 7.1 to 6.2  
(1) Product overview  
Expanded operating temperature range 
Permissible ambient air temperatures for cooling operation: -15 to +5C°DB  
Equipped with cooling bypass circuit to reduce abnormal shutdown risks due to high 

temperatures. Capable of maintaining rated capacity even at ambient air temperature of 
46°C.  

Permissible ambient air temperatures for heating: -27 to +15C°WB.  
Reduces defrosting time by 20%.  
(2) Major technological developments  
(a) Heat exchanger  
The diameter of the heat exchanger tube has been reduced and its capacity 

increased, improving the heat exchange rate by about 30%.  
(b) Cooling bypass circuit  
The cooling bypass circuit suppresses temperature rises by diverting some of the 

refrigerant and using it to cool the compressor, thereby reducing compressor failures risk 
if ambient air temperatures rise.  

(c) Compressor  
The optimized compressor and high-power motor enable 10-rps compressor 

operations.  
• The optimized discharge port position and blade thickness minimize compression 

losses and frictional resistance.  
• Rotor improvements, including use of magnets, achieve high output, high efficiency, 

and low noise.  
• The structural parts of the compressor are DLC-coated for improved resistance 

against wear.  
 
Hitachi-Johnson Controls Air Conditioning “SHOENE NO TATSUJIN Premium” 

Series (Outdoor Unit: RAS-GP40RGH – RAS-GP160RGH): 
Cooling capacity: 3.6-14.0 kW,  
Heating capacity: 4.0-16.0 kW,  
APF 7.0-6.5  
(1) Product overview  
Achieved energy savings by redesigning the compressor structure and the 

refrigeration cycle control for R32 refrigerant as well as efficiency improvement by 
reducing loss in ventilation path to Indoor Unit and enhancing heat exchange efficiency 
of the heat transfer tubes and fins.  

(2) Major technological developments  
Compressor  
Efficiency improvement by optimized design of the displacement volume to suite R32 

refrigerant characteristics and to balance out both at partial load operation with long 
operating time and rated load operation in APF condition.  
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Efficiency improvement by enhancing the sealing performance between the 
compression chambers and newly developing oil supply structure into the compression 
chamber to prevent compression leakage inside the scroll during the compression 
process because R32 refrigerant has a smaller molecular weight than conventional 
R410A refrigerant.  

 
Figure 8-18: Outdoor unit exterior and main indoor unit exterior 

 
Figure 8-19: Improvements in compressors 

Fujitsu General’s lineup of room air-conditioners and air conditioners for 
commercial and office use: 

All manufacturers offer a comprehensive product lineup. Shown below is Fujitsu 
General’s lineup of R32 products (Figure 8-20). 

 

 
Figure 8-20: Outdoor unit exterior and main indoor unit exterior 
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Figure 8-21: Reduction of outdoor unit weight 

 
Figure 8-22: Compressor 

(1) Product overview  
High efficiency & small and light weight outdoor unit  
Outdoor unit is much more compact than conventional outdoor unit. It can be installed 

in a smaller place. (Figure 8-21) 
(2) Major technological developments  
Core components like the compressor, inverter, and propeller fan have been newly 

developed to suit the characteristics of R32 and to achieve high efficiency.  
(a) Compressor (Outdoor unit, Figure 8-22) 
The adoption of a new-type compressor motor and a review of compressed gas 

passages have led to the development of a high efficiency compressor optimized for R32 
(which also contributes to reduced operating noise). 

8.4.3.3 Case examples of commercial multi air conditioners 

Multi air conditioners that use R32 and have been confirmed safe by risk 
assessments are now commercially available. The following describes as case examples 
Daikin Industries and Mitsubishi Electric’s R32 products.  

Daikin Industries’ individually controllable commercial multi air conditioning 
systems (Green Multi): 

 
Figure 8-23: Overview of refrigerant temperature control 
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Figure 8-24: External view 

(1) Product overview  
GREEN Multi Series (RXUA224/280A), Released in August 2018  
8-HP model: APF (2015) 6.7, 10-HP model: APF (2015) 6.4 
Allowable operating temperature range  
Ambient air temperature during cooling operation: -5 to +50°CDB  
Ambient air temperature during heating operation: -20 to +16°CWB  
Indoor unit type: Ceiling-mounted cassette type, duct type  
 
For this product series, Daikin Industries developed a new scroll compressor and heat 

exchanger to allow use of R32. An overview of those components is provided in a later 
section.  

The use of R32 and Daikin’s original all-aluminum microchannel heat exchanger 
reduces the amount of refrigerant required. Compared to previous models,*1 the new 
product requires 25%*2 less refrigerant and reduces the refrigerant’s global warming 
impact by 76%*2. These figures meet the reduction target to be achieved by 2029*3 as per 
the Kigali amendment. The product also offers high energy-saving performance to reduce 
CO2 emissions during equipment operations, thereby reducing environmental load. 

 
(2) Major technological developments  
The following briefly describes the major core technologies used to develop the 

compressor and heat exchanger for the Daikin individually controllable commercial multi 
air conditioning systems that use R32.  

(a) Refrigerant temperature control  
The product features an original refrigerant control technology to enable accurate 

control of temperature based on room loads. Figure 8-23 shows an overview of this 
refrigerant temperature control. The refrigerant temperature control provided in this 
product prevents excessive indoor cooling/heating, thereby minimizing power 
consumption. This ensures high energy-saving performance to reduce power 
consumption and CO2 emissions, decreasing not just the adverse effects of refrigerant 
on global warming, but environmental loads resulting from equipment operation.  

(b) Compressor 
The product incorporates a newly developed scroll compressor with an R32 injection 

mechanism (Figure 8-25 (a)). The compressor can be installed in products with a capacity 

 
Outdoor unit 

   
Indoor unit 

HFC-32 refrigerant 

GREEN Multi 
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of 8 HP or 10 HP. The compressor is a variable scroll compressor incorporating an 
inverter with an injection mechanism to handle high R32 discharge temperatures.  

(c) Heat exchanger 
For this product series, Daikin developed an original all-aluminum microchannel heat 

exchanger, shown in Figure 8-25 (b). The microchannel heat exchanger features a design 
consisting of many flat small-diameter refrigerant passages. It is mounted in the outdoor 
unit. Since the refrigerant tube is flat, air flows smoothly around the heat exchanger tubes 
for efficient exchange of heat between the refrigerant and air. The microchannel heat 
exchanger is structured to make the best use of the high energy efficiency of R32 
refrigerant. It also achieves efficient heat exchange between the refrigerant and air, 
reducing refrigerant amounts.  

 
Figure 8-25: Overview of element technologies incorporated into individually controllable 

commercial multi air conditioning systems using R32 
Explanatory notes for *1 to *3 in the above section  
*1: Compared to the average value for the high efficiency series (multi air conditioners 

for building) of individually controllable commercial multi air conditioning systems sold by 
Daikin Industries from 2011 to 2013  

*2: 10-HP-equivalent systems installed using 50 m main pipe and 20 m branch pipe  
*3: Phased reduction of 70% by 2029 from the reference value determined based on 

the average quantity of HFC production/consumption in the period from 2011 to 2013 in 
industrialized nations, including Japan 

 
Mitsubishi Electric’s R32-Hybrid VRF commercial air-conditioner: 
The following is an excerpt from a technical paper on Mitsubishi Electric’s R32-Hybrid 

VRF. 

Equipped with injection mechanism 

(b) Micro-channel heat exchanger (a) Variable scroll compressor 
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Figure 8-26: Hybrid VRF 

(1) Overview of R32-Hybrid VRF (Nominal 22.4 – 56 kW cooling / 25 – 58 kW heating)  
The environment-friendly R32-Hybrid VRF configuration combines the advantages of 

R32 refrigerant, whose global warming potential (GWP) is about one-third that of R410A 
refrigerant, and the advantages of the Hybrid VRF, which achieves reductions in 
refrigerant amounts by transferring heat via water from the Hybrid Branch Controller to 
the indoor unit. It is the world’s first system that uses mildly flammable R32 refrigerant for 
multi air conditioning systems with two-pipe heat recovery functions and individually 
controlled indoor units and yet requires no safety measures, even when indoor units are 
installed in a small room.  

Figure 8-26 shows a Hybrid VRF system. Hybrid VRF is comprised of an outdoor unit; 
a Branch Controller; and a plurality of indoor units, similar to a conventional VRF with 
heat recovery functions. A pair of pipes connects the outdoor unit to the Branch Controller 
and the Branch Controller to the indoor unit. While the VRF transports heat between the 
outdoor unit and the indoor unit via the refrigerant, the Hybrid VRF transports heat 
between the outdoor unit and the Hybrid Branch Controller (mainly outdoors) via the 
refrigerant and between the Hybrid Branch Controller and indoor units (indoors) via water.  

Hybrid VRF connects two refrigerant pipes from the outdoor unit to the Hybrid Branch 
Controller to enable simultaneous cooling and heating. This generates cold water and hot 
water at the same time for the indoor unit. Since the Hybrid VRF is a package system that 
includes valves, pumps, and heat exchangers in the Hybrid Branch Controller, it has fewer 
components than four-pipe chiller systems, simplifying system design. Moreover, since 
the Hybrid VRF is a two-pipe system, it features fewer piping connections than a 3-pipe 
VRF system. 

The R32-Hybrid VRF transfers heat from the Hybrid Branch Controller to the indoor 
unit via water. In this way, the Hybrid VRF can eliminate the use of refrigerant from the 
Hybrid Branch Controller to the indoor unit and reduce the volume of refrigerant needed. 
In the case of a hotel operating multi air conditioner with rated cooling capacity of 33.6 
kW and 2.2 kW × 20 indoor units, the R32-Hybrid VRF can reduce refrigerant volumes by 

Outdoor unit  
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52 percent compared to the R410A-VRF and reduce greenhouse gas emissions (CO2 
equivalent) by 84 percent (in this calculation, the refrigerant pipe lengths of VRF and R32-
Hybrid VRF are 264 m and 40 m, respectively; in each case, the refrigerant piping length 
from the outdoor unit of the VRF and the R32-Hybrid VRF to the Branch Controller is 40 
m).  

The R32-Hybrid VRF transfers heat from the Hybrid Branch Controller to the indoor 
unit with water to restrict the area through which the refrigerant flows. Installing the Hybrid 
Branch Controller above the ceiling in the upper part of the room makes it possible to 
prevent direct refrigerant leakage indoors, especially in small spaces. No safety measures 
are required, even in cases involving the mildly flammable R32 refrigerant.  

 
(2) Elemental Technology for Configuring Equipment Systems  
(a) Hybrid Branch Controller  
Figure 8-27 shows the Hybrid Branch Controller (“HBC” hereafter). The HBC consists 

of valve blocks, two plate heat exchangers, and two pumps. The plate heat exchanger 
exchanges heat between the refrigerant supplied from the outdoor unit and water flowing 
from the indoor unit. The low-profile plate heat exchangers are used to install the HBC 
above the ceiling. The valve block switches the path of flow of water circulating between 
the HBC and the indoor unit and controls water flow rates. The pump circulates water 
between HBC and the indoor unit. Water flowing from the pump exchanges heat at the 
plate heat exchanger and is cooled or heated. Cold/hot water flowing from the plate heat 
exchanger is distributed to each indoor unit by the valve blocks, which exchange heat 
with air in the indoor unit. Two pumps circulate water from the indoor unit, and this water 
is distributed by the valve blocks.  

 

 
Figure 8-27: Hybrid Branch Controller 
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Figure 8-28: Installation image of R32-Hybrid VRF 

 
Figure 8-29: Refrigerant and water circuit diagram in heating and cooling operation mode 

(b) Operating Modes  
For heating, two plate heat exchangers act as condensers and generate the hot water 

needed to heat the room. Water circulating in the heating indoor unit takes up heat from 
the high temperature and high pressure gas refrigerant at the plate heat exchanger; is 
heated to become hot water; and is supplied to the indoor unit. For the cooling operation, 
two plate heat exchangers serve as evaporators to generate the cold water required to 
cool the room. Water circulating in the indoor unit to be cooled gives up heat to the low 
temperature, low pressure two-phase refrigerant at the plate heat exchanger until the 
water is cold, and is then supplied to the indoor unit. Figure 8-29 shows how the 
refrigerant circuit and water circuit function during simultaneous cooling and heating. Two 
plate heat exchangers act as condensers and evaporators to generate the hot and cold 
water needed to cool or heat the room. The water circulating in the heating indoor unit 
takes on heat from the high temperature and high pressure gas refrigerant at a plate heat 
exchanger that functions as a condenser and is heated and supplied to the indoor unit. 
The refrigerant condensed and liquefied in the condenser passes through the expansion 
valve, then becomes a low temperature, low pressure two-phase refrigerant. Thereafter, 
it flows into the plate heat exchanger functioning as an evaporator. The water circulating 
in the indoor unit to be cooled gives up beat to the low temperature, low pressure two-
phase refrigerant at a plate heat exchanger and is cooled and supplied to the indoor unit. 

(c) Prevent refrigerant leakage into the room  



Annex 54, Heat pump systems with low-GWP refrigerants 
 

 

143 
 

 

In the R32-Hybrid VRF (Figure 8-28), the HBC is installed above the ceiling. Indoor 
units with water circulation are installed in each room, preventing direct refrigerant leaks 
into the space, especially small spaces. Thus, even if the entire volume of the refrigerant 
leaks, the refrigerant concentration in each room will not exceed the specified 
concentration. No safety measures are required, even when using mildly flammable R32. 

8.4.3.4 Case examples of commercial introduction of chillers (air-cooled type) 

The shift to R32 is also being promoted for chiller systems. As a case example, the 
following introduces a product from Daikin Industries.  

Daikin Industries’ HEXAGON Force 32: (Released in November 2018) 

 
Figure 8-30: External view of HEXAGON Force 32 (4 units connected) 

 
Figure 8-31: Overview of variable feed water temperature control 

(1) Product overview  
HEXAGON Force 32 (HEXAGON Force)  
Capacity class: 30 to 60 HP (UWXY85FA, 118FA, 150FA, 180FA)  
Daikin’s HEXAGON Force 32 (HEXAGON Force) is the first*1 central air conditioning 

system to use a low-GWP R32 refrigerant. It boasts industry-leading energy-saving 
performance. The air-cooled heat-pump module chiller models were launched in 
succession from November 2018. This product series includes R32 models with 
capacities ranging from 30 to 60 HP. Figure 8-30 shows the HEXAGON Force 32 air-
cooled heat-pump module chiller that uses R32. For this product, Daikin developed an 
R32 scroll compressor. An overview of the compressor is provided in a later section.  

Using R32, whose GWP is one-third of R410A, this product reduces global warming 
effects by 68%*2 compared to conventional products.  
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The scroll compressors in this product series are equipped with an intermediate 
injection circuit that maximizes R32 heating performance. This improves heating 
performance by 5% in models of all classes compared to conventional products*3 and 
achieves industry-leading*4 heating COP.  

Explanatory notes for *1 to *4 in the above section  
*1: As of June 2018, according to Daikin Industries’ survey  
*2: Refrigerant effects on global warming, calculated by multiplying global warming 

potential (GWP) by amount of refrigerant. The GWP value used is the 100-year value 
specified in the IPCC Fourth Assessment Report.  

*3: HEXAGON Force module chillers UWXY-F and UWXA-F (R410A models)  
*4: Operating efficiency during periods when high loads are applied to air conditioners, 

such as midsummer and midwinter.  
Daikin Industries also sought to maximize user convenience, equipping the product 

as part of the standard configuration with an inverter pump that regulates the amount of 
water to reduce power consumption and with an active filter that suppresses higher 
harmonics to minimize adverse effects on other equipment. The product is easy to install 
and offers improved functionality. 

To further improve energy-saving performance and ease of use. Daikin developed a 
variable feed water temperature control, available as an option in the new BRG305A 
series module controllers. Figure 8-31 gives an overview of this control.  

The variable feed water temperature control provided in the product ensures high 
energy-saving performance and sufficient cooling, even on extremely hot days. It 
prevents excessive cooling/heating of the room, minimizing power consumption. 

Specifically, the control function features not just a conventional operation efficiency 
priority control that automatically adjusts equipment operations to maintain the most 
efficient operating conditions at all times, but a variable feed water temperature control 
as an option for the new BRG305A series module controller to further improve both 
energy-saving performance in actual use and user convenience. This function controls 
cold/warm water temperatures based on indoor environmental loads to prevent excessive 
cooling/heating of the room, thereby reducing power consumption. 

(2) Major technological developments  
(a) Compressor  
Daikin Industries has developed a scroll compressor with an R32 injection 

mechanism. This compressor is a variable scroll compressor that uses an inverter with 
an injection mechanism to handle the high discharge temperature of R32.  
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Figure 8-32: Variable scroll compressor 

8.4.3.5 Case examples of commercial introduction of centrifugal refrigerating machines 
that use HFO refrigerant 

The use of R32 as a low-GWP refrigerant has expanded to many products, as 
described up to this point. The use of HFO refrigerants has also begun in centrifugal 
refrigerating machines. The following introduces Mitsubishi Heavy Industries Thermal 
Systems’ products as case examples. 

 
Figure 8-33: Appearance of ETI-Z series 

 
Figure 8-34: Appearance of GART-ZE/ZEI series 

 
(1) Product overview 

• ETI-Z series 
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o Refrigerant: HFO-1233zd(E) 
o Released in September 2015  

• GART-ZE/ZEI series 
o Refrigerant: HFO-1234ze(E) 
o Released in April 2017  
o Refrigeration capacity range: 150 to 5,000 USRt  

(2) Product lineup  
The product lineup includes the small-capacity ETI-Z series and large-capacity 

GART-ZE/ZEI series, covering a range of refrigeration capacity from 150 to 5,000 USRt. 
Table 8-40 presents the major specifications for this product series. Figure 8-33 and 
Figure 8-34 show external views. 

Table 8-40: Main specifications of ETI-Z and GART-ZE/ZEI series 
*1 JIS condition. (Chilled water temperature 12/7°C, Cooling water temperature 32/37°C)  
*2 Chilled water outlet temperature 7°C, Cooling water input temperature 12°C  

(a) ETI-Z series  
Using HFO-1233zd(E) with a GWP of 1, this series of models equipped with a single 

compressor cover the capacity range of 150 to 350 USRt. The models with two 
compressors provide capacities of up to 700 USRt. The rated COP is 6.3, and the IPLV 
value, which indicates partial load performance, is 9.1; the products are compact and yet 
offer high performance. Furthermore, since the heat exchanger is integrated with a 400 
V-class inverter, the products are easy to install.  

(b) GART-ZE/ZEI series  
The GART-ZE/ZEI series uses HFO-1234ze(E) with a GWP of less than 1. The 

models equipped with a single compressor cover the range from 300 to 2,500 USRt. 
Models with two compressors provide capacities of up to 5,000 USRt. The GART-ZE 
series are standard constant-speed models. The GART-ZEI series are variable-speed 
models. These series can be used not just for cooling and heating rooms, but for heat 
recovery, heat pump, and low temperature heat storage applications. The compound 
models with two compressors connected in series can be used for process cooling 
applications to reduce temperatures to -20°C or below and for heat pump applications in 
which a heating tower temperature of lower than -10°C is used as a heat source.  

 
(3) Major technological developments  
The specific volume of the HFO-1233zd(E) gas used in the ETI-Z series is about five 

times that of HFC-134a. The specific volume of HFG-1234ze(E) used in the GART-
ZE/ZEI series is about 1.3 times that of HFC-134a. If a system were designed in the same 
way as a system using the previous refrigerant, the capacities of the compressor, 
evaporator, condenser, gas pipe, and others in the refrigerant gas passages would need 

 ETI-Z series GART-ZE/ZEI series 
Refrigerant HFO-1233zd(E) HFO-1234ze(E) 
Capacity range 150-700[USRt] 300-5,000[USRt] 
Max. Rated COP*1 6.3 6.4 
Max. COP at part 

load*2 25.5 24.0 (Valuable control) 

Maximum IPLV 
(JIS condition) 9.1 7.2 (Fixed control) 

8.8 (Valuable control) 
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to be increased. However, the following design improvements and engineering efforts 
improve performance, reducing installation space and special volumes to the same as or 
less than those for the previous product to facilitate use of the products as replacement 
units.  

(a) Adoption of aerodynamically designed shape suitable for each refrigerant type  
The shape of the compressor has been aerodynamically designed to provide greater 

air flow than conventional compressors of the same-diameter blades to handle the 
increased specific volumes of the refrigerant gas. Since the increase in the design air flow 
rate tends to reduce insulation efficiency, the shapes of the impeller blades and suction 
vanes were optimized through CFD analysis (Figure 8-35), increasing insulation efficiency 
and air flow rate by 3% and 60%, respectively, compared to a unit of the same capacity, 
and allowing use of a smaller compressor.  

(b) Direct coupling of compressor and motor (ETI-Z series)  
The impellers are connected directly to the motor shaft because the increased 

specific volume of the refrigerant would decrease the rotation speed of the compressor if 
the refrigeration capacity were the same. This enables the compact compressor to rotate 
at high speed and reduces the number of compressor bearings and step-up gears, 
reducing pressures losses and improving reliability. The arrangement of the impellers and 
motor on the same axis also contributes to small compressor size.  

(c) High performance technology for the heat exchanger  
The heat exchanger is a shell-and-tube type. Since the specific volume of the 

refrigerant gas is significant and the pressure difference between the condenser and 
evaporator is small compared to that in a conventional unit, each component is optimally 
positioned to suppress caused by refrigerant flow. Special design attention was given to 
minimizing dry-out, which is caused by local increases in the amount of refrigerant in the 
evaporator and reduces the heat exchange performance of the heat transfer tube. This 
keeps refrigerant liquid droplets from being drawn into the compressor with refrigerant 
gas from the upper section of the heat transfer tubes and minimizes pressure losses in 
the region where refrigerant gas flows into the condenser. 

 
Figure 8-35: CFD analysis of compressor 

1st Impeller

2nd Impeller

Inlet gide Vane
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