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Abstract 

This study aimed to facilitate evaluation of alternative refrigerants for the air conditioner 

market. In order to achieve this target, two objectives were set. The first being the identification 

of alternative refrigerant with regard to regulations and trends. The second being enabling of 

thermodynamic evaluation of refrigerants for single components in air conditioners via design 

and installation of a test rig.  

A literature review was conducted to investigate the regulations, standards and trends for nine 

regions with high market shares. Furthermore, refrigerant substitutes for R410A and R22 where 

identified. The literature showed strong indications that a global HFC phase down is on the 

horizon, but that the approach and urge for such a phase down varies between regions where 

three main priorities could be seen; efficiency, GWP values and safety. Comparing these 

priorities with simulated refrigerant characteristics such as Carnot efficiency, GWP values, 

volumetric capacity and the liquid density using RefProp, identified alternatives. Further the 

literature showed that the lower flammability limit (LFL) and the amount of charge allowed 

were limiting factors for flammable refrigerant. There are many new refrigerants that could 

have less charge for the same capacity the LFL however restricts the refrigerants like R290, 

R441A and R443A only to be used in small systems.  

A test rig was designed and constructed in order to enable testing of single components in air 

conditioners. To verify the test rig, tests conducted with an evaporator using two refrigerants: 

R410A and R32. The reliability and validity of the tests was studied by comparing the results 

from the air side and refrigerant side, via uncertainty calculations using the GUM method and 

by a thermodynamic evaluation. The results of the repetition tests showed an expanded 

uncertainty, with a confidence interval of 95%, of 26 W for a cooling capacity of 2190W for 

R410A ( , 410 2190 26evap R AQ   W). For the R32 the expanded uncertainty was 27W for a 

cooling capacity of 2795W ( , 32 2795 27evap RQ   W). Also the test rig was verified to be used 

for analyzing detailed evaluation of evaporators such as looking at heat transfer and the 

differential pressure drop. Further the study presented six conclusions:  

 When evaluating refrigerants regional priorities between efficiency, safety and GWP 

values, refrigerant characteristics and type of unit need to be considered. 

 Safety standards need to be more acceptable towards flammable refrigerants in order to 

meet low GWP targets.  

 The change in market trends leads to new roles for the refrigerant and compressor 

suppliers and put higher demand on air conditioner manufacturers to consider 

refrigerant characteristics in product development. 

 The importance of experimental thermodynamic evaluation on refrigerants effect on 

single components is increasing.  

 Performance of different refrigerant for single components can be evaluated for 

optimizing cycle performance.  

 Leapfrogging in the developing world can lead to a faster introduction of low GWP 

refrigerants.  
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Nomenclature 

Abbreviations  

APF   Annular performance factor 

COP   Coefficient of performance 

GWP   Global warming potential  

F-gases  Fluorinated gases 

h   Hour 

LFL   Lower flammability factor  

ODP   Ozone depleting potential  

RAC   Residential air conditioner  

TEWI   Total equivalent warming potential   

W   Watt 

Symbols 

covre ery    Recovery factor (-) 

A     Area (m2) 

E     Mechanical work (kJ/kg) 

E     Compressor Power (W) 

h     Enthalpy (kJ/kg) 

0h     Installation height (m) 

L     Leakage rate (kg)  

m     Refrigerant charge (kg) 

m     Mass flow (kg/s) 

n     Amount of the time of the year (-) 

P     Pressure (bar) 

q     Refrigerant quota (kg) 

Q     Heat supplied (kJ/kg) 

Q     Capacity (W) 

R     Ideal gas constant (1/M) 

T     Temperature (K or C) 

U     Overall heat transfer coefficient (W/m2K) 

V     Volume (m3) 

sV     Swept volume flow rate (m3/s) 

Greek letters  

     Convection heat transfer coefficient (W/m2K) 

     Indirect emission factor (CO2/kWh) 

     Thickness (m) 

     Work (kJ/kg) 

     Efficiency (-) 

     Isentropic exponent (-) 

     Conductivity heat transfer coefficient (W/mK) 

     Specific volume (m3 /kg) 

     Logarithmic mean temperature difference (K) 
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     Vapor quality (-) 

     Pressure ratio (-) 

     Relative humidity (-)  

Subscript 

1   High temperature 

2   Low temperature  

Carnot   Carnot cycle  

comp   Compressor 

evap   Evaporator 

in   Inlet 

is   Isentropic 

m   Mean 

out   Outlet  

ref   Refrigerant  

SH   Super heat 

sys,losses  System losses 

Conversion  

Yen to U.S. dollar [1 USD=0,0083 Yen] (Bloomberg, 2015) 
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I. Introduction and background 

1. Introduction 

Before the 18th century the levels of greenhouse gases in the atmosphere has been on a nearly 

constant level of about 280 ppm for at least 800 years. Since the pre-industrial times, however, 

the greenhouse gases has increased with over 40% and strong indications shows that human 

activity has contributed to this increase (European Environment Agency, 2015). Consequences 

of the carbon emissions from these gases are difficult to foresee. Researchers claim that global 

warming are leading to consequences such as glacier retreat, changes in timing of seasonal 

events and changes in agricultural productivity. (U.S. Global Change Research Program, 2014) 

One category of gases contributing to this change is fluorinated gases (F-gases). F-gases are 

synthetic compounds and many of the F-gases have a high global warming potential (GWP) 

values of over 2000. Meaning that every kg of released gas into the atmosphere correspond to 

a release of 2000 kg CO2. 

Today F-gases correspond to approximately 2% of the world’s total carbon emissions, yet there 

are reasons to investigate how to reduce the use of these gases (IPCC, 2014). Unlike the direct 

carbon emissions from CO2 the F-gases are more efficient of trapping heat via radiative forcing, 

meaning that F-gases in a greater extend contribute to global warming. Furthermore, many 

organizations such as the American Energy Protection Agency (EPA), Energy Management 

Forum and Emission Database for Global Atmospheric Research all estimate the usage of these 

gases will increase faster than others. In a study by EPA showed that the amount of F-gases 

increased with 120% between the years of 1990 and 2005 and the growth is estimated to 336% 

between 2005 and 2030 (EPA, 2012).  

In parallel, the world population is growing as well as the middle class in developing countries 

with a result of higher demand on the standard of living. (Kharas, 2011) One example is the 

Chinese air conditioner market where the number of household with an air conditioner grew 

from less than 1% to 62% of all Chinese households between the years of 1990 and 2003 (Sivak, 

2013). This clearly shows the urge for new technology to meet the demand from a growing 

middle class while having a low impact on the environment is increasing. An area where this is 

highly applicable is the air conditioner industry with an estimated market growth of nearly 20% 

between the years 2013 and 2018. The estimated increase in number of sold air conditioners for 

different regions can be seen in Figure 1, showing that these values are even higher for certain 

developing areas such as China and Latin America. 
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Figure 1 – Number of sold air conditioner units 2013 and estimations for 2018 

A major part of the carbon emissions connected with air conditioners comes from the energy 

use of the products and therefore the energy efficiency has been a big focus for manufacturers 

for decades. This has resulted in solutions for promoting energy efficient products, such as 

energy grading and legislations regarding minimum energy performance standards (MEPS) 

have been enforced. Still, with a booming demand for air conditioners and an increase in 

environmental impact from these units several initiatives, legislations and standards are 

targeting the refrigerants with the aim of restrain the type of refrigerants used. One example is 

the recent F-gas regulation commenced by the European Commission, entered into force in 

January 2015. This does not only introduce a phase down of refrigerant with high GWP values 

but also target specific products, where air conditioners are one of them. (Gluckman Consulting 

, 2014) 

In order to find suitable substitutes there are several options being investigated and discussed. 

Natural occurring refrigerants, such as CO2, ammonia or hydrocarbons are options and may be 

suitable for some applications. But while the GWP values are extremely low for these 

refrigerants they struggle with other drawbacks making them less suitable. CO2 demands high 

working pressures, ammonia is toxic and some hydrocarbons are flammable. Apart from the 

natural refrigerant several synthetic alternatives with lower GWP values are on the agenda but 

these synthetic mixes and blends are new and also often flammable which may be problematic 

in case of leakage. (Spatz & Minor, 2008)  

With a rapidly changing market, both in market growth and concerning legislations for 

refrigerants the focus on these substances are increasing. Much information are available today 

regarding refrigerants. Many studies however are either focusing on the thermodynamic 

properties in general or the studies are made by market stakeholders gaining from certain 

results, such as refrigerant and compressor suppliers. In parallel with the lack of global 

legislations for the use of refrigerants making it complex for global companies in the air 

conditioning industry to evaluate alternatives in an objective manner. 
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2. Objective and methodology  

This study aimed to facilitate the evaluation of alternative refrigerants in the commercial sector. 

This was done via focusing on two parts in the evaluation. 

2.1 Objective 

The objectives of this study were:  

a) to identify alternative refrigerants suitable for room air conditioner with regard to global 

trends and legislations. 

b) to enable thermodynamic evaluation of refrigerants for single components in air 

conditioners via design and installation of a test rig. 

2.2 Delimitations 

This study was a project limited to 20 weeks. In order to keep focus on the scope, a number of 

delimitation has been set: 

 This study would research the legislations and standards for the leading countries in the 

air conditioner market: the United States, China, India, Indonesia, Europe, Australia, 

Saudi Arabia, Brazil and Japan, see Appendix A. 

 This project comprises refrigerants that are present in any room air conditioner unit 

available on the market today and refrigerants suggested as substitutes from six of the 

biggest bulk suppliers, Mexichem, Arkema, Daikin, DuPont, Honeywell, Linde Group. 

This project did not consider refrigerants in early research stage or refrigerants for other 

applications than room air conditioners.  

 The test rig was to be installed at Electrolux AB in Stockholm Sweden. It was to be 

integrated with a calorimetric psychometric climate chamber. The capacity of the test 

rig was decided to match capacity for room air conditioners, e.g. 1-7kW. 

 The test rig will be verified by testing two different refrigerants for an evaporator.  

2.3 Project procedure  

In order to reach the set goals of the project a number of activities have been conducted, for an 

overview of the methodology of the project, see Figure 2. 
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Figure 2 – An overview of the project methodology 

The first activity included gathering market insight and researching testing procedures. This 

was done via discussions with experts in the area to get insight of market perceptions, attitude 

to the local air conditioner market and attitude for different refrigerants in a number of regions. 

Testing procedures were investigated via conduction of different types of tests for different 

conditions in the test facility. Testing standards and data collection were also studied.   

The next activity included an increased knowledge of the attitude for different refrigerants 

globally, both from the standpoint of legislations, suppliers and upcoming activities. This was 

done via a literature review including studies of global agreements, present and submitted 

proposals of national legislations, safety standards and information regarding suppliers. 

Furthermore a study on refrigerants and simulation of thermodynamic properties was 

conducted. 

Simultaneously an activity was conducted focusing thermodynamic evaluation of refrigerants 

in single components via a design and installation of a test rig. The test rig was designed with 

criteria’s such as stability and flexibility in order to handle different refrigerants. Through 

standards, uncertainty calculations and with comparison to theory the test rig was verified.  

The results were summarized, further analyzed and discussed. A number of conclusions that 

reflected the objectives were stated and presented in this report.   

Market insight & testing background 

Regulations & safety 

standards 
Design of test rig 

Simulations and 

refrigerants 

Installation and 

verification of test rig 

Analysis and discussion 

Report and presentation 
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2.4 Thesis outline 

The report addresses a broad target group and is therefore divided into four parts in order to 

facilitate for the reader. The parts were written to be independent of each other.  

Part I – Introduction and background gives an introduction to the problem regarding 

refrigerants and the carbon emissions related with the air conditioner industry. It also describes 

the aim of the project, delimitations and the project procedures. Further a background on air 

conditioners, refrigerants and thermodynamic properties is presented in this section. 

Part II – Identification of refrigerants with regard to regulations, standards and trends gives 

information regarding the air conditioner market, trends and different stakeholders. Regulations 

and safety standards for regions around the world are presented and trends for different 

suppliers are introduced. Further simulations of thermodynamic properties for a number of 

refrigerants are presented. In Part II the results from the simulation and the comparison of the 

regulations and global trends and as well as different refrigerants are presented.  

Part III – Enabling evaluation of refrigerants via design and installation of a test rig contains 

the steps for the design of a test rig for evaluating refrigerants, the installation and the evaluation 

of the system. It discusses test plans and testing procedures. This part also shows calculations 

of the tested results and compares experimental results with theory in order to validate the test 

rig. An uncertainty calculation are also presented here to show the reliability of the results.   

Part IV – Discussion and conclusion holds a discussion of market trends and the importance 

of experimental testing. It also considers future work needed to strengthen this study, as well 

as conclusions. 
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3. Background 

The history has shown that humans have tried to cool the indoor air for thousands of years, from 

evaporating water to cool down the air in ancient Egypt to fans and air conditioners being used 

today. With an increasing market and concern for the global climate change, new technology 

with a wider sustainable focus is essential for the future (Dincer, 2000).  

3.1 Air conditioners  

The most common way to cool down the indoor air today is by using the vapor compression 

cycle. The vapor compressor cycle work under the principle of the second law of 

thermodynamics: “It is impossible for any system to operate in a cycle in such a way that the 

sole result would be a heat transfer from a cooler to a hotter body”. To be able to supply a 

cooler temperature than the surrounding the system also need to reject heat with a higher 

temperature to another heat sink. The refrigeration system uses the heat from the low 

temperature heat sink in order to create a lower temperature; this can be seen schematically in 

Figure 3. (Moran, et al., 2010) 

 

Figure 3 – Schematic picture over a refrigeration system 

The system must also work under the condition of the first law of thermodynamic, which means 

that the energy can only be transferred or transformed and cannot be created or destroyed. As 

seen in Figure 3, for a refrigerant system this means that the energy that is rejected to the high 

temperature heat sink, 
1Q , is the sum of the energy from the low temperature heat sink,

 2Q , and 

the electrical or mechanical work, E , provided to the system expressed as  

   (1.1) 

Most air conditioners today are working under this principle. (Nag, 2013) 

1 2Q Q E 
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3.1.1 Basic components in an air conditioning system 

An air conditioner consist of five important components: compressor, condenser, expansion 

device, evaporator and a working medium, the refrigerant. These components are working 

together in order to provide the surrounding with a colder temperature.  

Compressor  

The purpose of the compressor is to rise the pressure of the refrigerant gas from the low 

evaporating pressure to the high condensing pressure. This can be done with different 

compressor techniques such as scroll, screw, piston, rotary and turbo compressors. They are all, 

except the turbo compressor, positive displacement compressors. They work by the principle 

of reducing the volume of the gas during the compression process. The turbo compressor is a 

dynamic compressor and the gas is compressed due to high-speed impellers. Compressors in 

refrigeration system can also be classified as open or hermetic compressors depending on the 

position of the drive motor.  

One potential problem with compressors in an air conditioning system, is that the refrigerant 

often is close to the saturation curve. Small liquid droplets may enter the compressor and this 

may damage the compressor. This may also lead to loss in efficiency due to droplets will be 

present in the next revolution of the compressor and prevent gas from fill up the total amount 

of volume in the compressor. This will result in a lower volume flow for the same input power. 

Therefore, the volumetric and isentropic efficiency will increase with an increased superheat of 

the gas entering the compressor, up to a certain limit. (Granryd, et al., 2009) 

The needed power for the compressor, compE , can be expressed as 

    (1.2) 

where comp  is the efficiency of the compressor, refm  is the refrigerant mass flow and 
ish  is 

the isentropic enthalpy difference over the compressor. Here
ish  can be written as 

    (1.3) 

where ,is outh  is the isentropic enthalpy after the compressor and 
inh  is the enthalpy before the 

compressor. The isentropic enthalpy correspond to an ideal compression following the constant 

entropy lines. However, the real enthalpy after the compressor will increase due to losses, see 

Figure 4. 

1
comp ref is

comp

E m h


 

,is is out inh h h  
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Figure 4 – Schematic picture of the relation between real and isentropic compression 

Condenser 

The main purpose of the condenser in an air conditioner is to transfer the heat from the 

refrigerant to the high temperature heat sink. The refrigerant enter the condenser as a 

superheated gas and leave, ideally, as a sub cooled liquid. There are different type of condensers 

such as, air and water cooled and evaporative condensers, whereas for air conditioners, air 

cooled condensers are the most common. 

The heat rejected in the condenser, 1Q  , can be expressed as 

    (1.4) 

where 2Q  is the heat absorbed in the evaporator, compE   is the power input to the compressor 

and ,sys lossesQ   is the system heat losses to the surrounding through pipes, the compressor etc. 

The condenser capacity can also be expressed as  

   (1.5) 

Where 
1h  is the enthalpy difference over the condenser with the same reasoning as Equation 

(1.2). The total efficiency for the air conditioning system is highly influenced by the efficiency 

or the effectiveness of the condenser. (Granryd, et al., 2009) 

Expansion device  

The expansion device is used to maintain the pressure difference between the condensing and 

evaporating pressure in the vapor compressor cycle. The expansion device may also be used for 

1 2 ,comp sys lossesQ Q E Q  

1 1refQ m h 
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adjusting the superheat into the compressor and the refrigerant flow to match the wanted 

capacity in the heat exchangers.  There are many types of expansion devices being used in 

residential air conditioning units, electric devices can be regulated from a signal or mechanical 

devices that are set for a fixed value. Type chosen depend on price and the function of the 

product. (Granryd, et al., 2009) (Catanoa, et al., 2013) 

Evaporator 

In the refrigerant cycle, the cooling provided to the surrounding are coming from the evaporator. 

There are many types of evaporators. For room air conditioners the most common type is air 

coolers (finned tubes heat exchangers). The refrigerant normally enter the heat exchanger as a 

mix of the two phases vapor and liquid. As described above, it is important for the compressor 

that the refrigerant is superheated when it leaves the evaporator and enters into the compressor.  

There are two working principle for the refrigerant to evaporate into the evaporator. These two 

are called direct expansion evaporator and flooded evaporators. The direct expansion is the 

working principle mainly used for room air conditioner. The direct expansion evaporator is 

often controlled with the expansion valve, controlling the amount of refrigerant supplied to the 

evaporator. (Granryd, et al., 2009) 

Condensation on the air side of the evaporator may be a problem if the evaporator temperature 

is below the dew point of the humid air. Frost may occur if the system is operating with an 

evaporating temperature below 0 °C, therefore, defrosting has to be scheduled at regular 

intervals. (Mader, 2012) 

The same reasoning as for the evaporating capacity, 2Q , can be expressed as 

    (1.6) 

where 
2h  is the enthalpy difference over the evaporator. 

Refrigerants  

The refrigerant is the working media that flows in a vapor compression cycle and it also is the 

component that connects the other four components in the system. There are many different 

refrigerants that are being used for air conditioners globally. The refrigerant is a substance or a 

mixture, which needs to be chemically stable in the cycle. This is the most important criteria 

that need to be full filled. Other criteria’s are high thermal conductivity, low viscosity, low 

vapor heat capacity, easy leak detection, low cost and etc. depending on application. 

Refrigerants can be divided in different classes, natural refrigerants, HFO’s, HFC’s, HCFC’s 

and mixtures of these. (Granryd, et al., 2009) More about refrigerants can be seen in section 

3.2.  

3.1.2 Refrigerant cycle  

Figure 5 shows the ideal refrigerant cycle in a vapor compression cycle in a pressure-enthalpy 

(P-h) diagram with the four components described above.  

2 2refQ m h 
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Figure 5 - Pressure enthalpy diagram for the basic vapor compression cycle.  

The basic vapor compression cycle is described in any thermodynamic text book, e.g. 

Engineering Thermodynamics (Nag, 2013). The compression is taking place from state 1 – 2, 

both the pressure and the temperature will increase after the compression and the refrigerant is 

superheated. The refrigerant is then entering the condenser and the condensing of the refrigerant 

is taken place between 2 – 3. Here the pressure is constant and the temperature is decreasing. 

The refrigerant often leaves the condenser as a few degrees sub cooled liquid. The expansion is 

taken place between 3 – 4. Here the pressure is decreased to the evaporating condition. This 

during a constant enthalpy, an isenthalpic expansion. Between 4 – 1 the refrigerant evaporate 

in the evaporator under a constant pressure. The temperature is constant in the two-phase zone 

and then increasing when the refrigerant passing into the superheated region, before entering 

the compressor.  

In order to evaluate the performance of the cycle it is common to refer to the cycle’s capacity 

to produce cooling compared to the input power. The cooling capacity is defined as described 

in Equation (1.6). The cooling efficiency is defined as the cooling capacity, 2Q  , divided by the 

electrical power, compE   , this fraction is often referred to as the coefficient of performance 

(COP) and can be expressed as 

  . (1.7) 

Further performance of air conditioners can also be evaluated via the seasonal coefficient of 

performance (SCOP). This means a coefficient of performance that also consider the 

fluctuations of usage over the year. It considers temperature variations over the year and 

standby periods etc. (Palmitera, et al., 2011) 

2
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3.2 Refrigerants  

The refrigerant is the working medium in a vapor compression cycle. The first refrigerants used 

were natural substances such as ammonia, carbon dioxide, sulfur dioxide and water. Some fatal 

accidents during the 1920s due to leakages, led the way for the first synthetic refrigerants 

introduced to the market in 1930. Stability and durability was the main focus. These so called 

Freons became the standard refrigerants. The Freon’s where widely used in many applications 

until the 1970s when Mario Molina and F. Sherwood Rowland presented the theory that Freons 

had ozone depleting effect and that the ozone layer was decreasing. Their theory showed to be 

correct and this later led to a phase out of the Freons with the Montreal Protocol in 1987. New 

refrigerants where introduced into the market, this was the start of the HFC’s. Today the focus 

is to reduce the GWP while keeping the products safe and efficient. The brief refrigerant history 

timeline can be seen in Figure 6. Today the refrigerant R410A is the most commonly used 

refrigerant. (McLindena, et al., 2014)  

 

Figure 6 - History time line of refrigerants 

Refrigerant classification  

Many different refrigerants has been used during the last 100 years, with different 

thermodynamic properties due to the structure of the molecule compounds. They can be divided 

into five categories; CFC, HCFC, HFC, HFO and Natural.  

 CFC stands for chlorofluorocarbons, which is a hydrocarbon where all hydrogen atoms 

are substituted with chlorine and fluorine.  

 HCFC is a chlorofluorohydrocarbon and is a hydrocarbon that contain fluorine atoms 

and at least one chlorine atom.  

 HFC stands for flourohydrocarbons, which is a HCFC, but without chlorine atoms. 

 HFO stands for hydrofluoroolefin, meaning a HFC but unsaturated since it contains a 

special olefin binding that makes it easier to dissolve in the atmosphere.  

 Natural is the natural substances that are being used as refrigerant, such as ammonia and 

carbon dioxide etc.  
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Some examples of refrigerants for the different categories are presented in Figure 7, it also 

separate pure fluids and blends.  

 

Figure 7 – Some refrigerant in different classifications 

Classifications for refrigerant names can be seen in Appendix B. 

Safety 

Refrigerants are also classified depending on their level of safety. The American Society of 

Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) are the organization 

globally used for safety standards for refrigerants. ASHRAE has divided all refrigerants into 

eight different categories. The two basic considerations are flammability and toxicity. The 

letters A and B correspond to toxicity classes and the numbers 1-3 correspond to flammability 

classes. The categories are presented in Figure 8. A1 are not considered as flammable and not 

toxic, A2L are considered as mildly flammable, A2 as flammable and A3 considered as 

extremely flammable. B1-B3 follow the same flammability concerns as for A1-A3 but also 

have toxicity identified at concentrations less than 400ppm. These levels has showed to be toxic 

both for humans and nature with consequences such as acidification of seas. (Watson, 2013) 

 

Figure 8 – ASHRAE safety classifications  
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The flammability classes are divided regarding lower flammability limits (LFL) of the 

refrigerants and can be seen in Appendix B.  

3.2.1 Environmental impact 

Different refrigerants have different effect on the environment. The two most common 

environmental properties that may help categorize refrigerants are GWP and Ozone Depleting 

Potential (ODP). Refrigerant may also be directly toxic both for humans and nature. Apart from 

this there is also indirect environmental effects from refrigerants, such as the energy 

consumption associated with the products they are used in. 

Ozone depleting potential (ODP) 

Refrigerants containing chlorine, fluorine and carbon (CFCs) are stable in the troposphere and 

travels up to the stratosphere where they are being hit by direct sun light. Sun light containing 

strong UV light breaks down the molecule. The chlorine atoms will then contribute to depleting 

the ozone layer when reacting with the ozone molecules. ODP is the measure of how the 

refrigerant are affecting the stratospheric ozone layer. The chemical reaction can be seen as 

 . 

The ClO  molecule is unstable in the atmosphere. This will lead to the chlorine atom who will 

react again with ozone molecules until a more stable molecule is created. (U.S. Enviromental 

Protection Agency, 2010) 

The definition of the ODP of different refrigerant is relative to the refrigerant R11 (CFC-11) 

which has the ODP value 1. Table 1 shows different ODP values for some common refrigerants.  

Table 1 – ODP values of some refrigerants 

Refrigerant  ODP value (R11 eq.) 

R11 1 

R12 1 

R22 0,055 

R410A 0 

Global warming potential (GWP) 

The other environmental measure of different refrigerants are the GWP value. This is a measure 

of how the refrigerant contribute to the atmosphere as a greenhouse gas. Due to the fact that 

many refrigerants are stable in the atmosphere, they will be a contributor for many years, this 

has led to that the GWP100 often is used. GWP100 is the value of a lifetime of 100 years in the 

atmosphere. The GWP value of the refrigerant is relative to the effect of carbon dioxide which 

then have the GWP value 1. The GWP value of different refrigerants may vary between 

different sources. In this report GWP values from the intergovernmental panel on climate 

change (ipcc) forth assessment report (AR4) are presented. These differs from the values in the 

fifth edition, however, many regulations are using AR4 values. In Table 2 GWP values for some 

common refrigerants are being shown.  

3 2Cl O O ClO  
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Table 2 – GWP values of some common refrigerants  

Refrigerant  GWP value 

R11 10900 

R12 4750 

R22 1810 

R410A 2088 

R125 3500 

R32 675 

R1234yf 4 

R290 4 

Total equivalent warming impact (TEWI)  

Total Equivalent Warming Impact (TEWI) measures not only the direct impact from the 

refrigerants, such as the ODP or the GWP, but also the primary effects from electricity 

generation. The TEWI number is a sum of two parts, the direct impacts and the indirect impacts. 

These are measured in kg CO2 equivalent. As an example the direct impacts are the released 

refrigerant during operation and at final deposit. The indirect impacts can relate to the energy 

efficiency of the refrigerant. The kg CO2 equivalent comes from the primary energy source used 

as the power supply to the product where the refrigerant are being used.  The TEWI number is 

calculate by 

   (1.8) 

where GWP  is the GWP number of the refrigerant, m is the refrigerant charge, 
annualL  is the 

annual leakage rate in kg, n is the amount of time of the year that the system is operating, 

covre erya is the recovery fraction at final deposit, 
annualE is the energy consumption per year in 

kWh and   is the indirect emission factor in kg CO2 per kWh electricity. This makes it possible 

to compare different refrigerants, having different GWP and can provide different efficiencies 

in different parts of the world. (The Australian Institute of Refrigeration, Air conditioning and 

Heating, 2012) 

3.3 Thermodynamic refrigerant properties 

As described above, different refrigerants have different compounds. This is affecting the 

thermodynamic properties for the refrigerant, this may corresponds different cycle efficiency 

for different refrigerants. When comparing refrigerants, there are certain properties that needs 

to be taken into account e.g. pressure ratio, volumetric capacity, heat transfer and the cycle 

efficiency. (Granryd, 2001) 

 cov1annual re ery annualTEWI GWP m L n GWP m a E n         
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3.3.1 Pressure ratio 

Different refrigerants have different pressures corresponding to different temperatures in the 

two phase zone. These pressures correspond to the evaporating and condensing temperature. 

The pressure ratio,  , is the ratio between these pressures which is increased by the compressor 

and is expressed as 

   (1.9) 

where 
1P  is the discharge pressure out from the compressor and 

2P  is the suction pressure of 

the refrigerant entering the compressor. A smaller pressure ratio is beneficial for the total 

efficiency for the cycle, due to the direct relation to the compressor work needed. This can be 

schematically seen in Figure 9.   

 

Figure 9 – Schematically picture of the relation of pressure ratio and enthalpy difference for the compressor 

3.3.2 Volumetric capacity  

The volumetric cooling capacity, 
volumetricQ , is the amount of cooling capacity per volume 

refrigerant and is expressed as 

   (1.10) 
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where ,evap outh  is the enthalpy out from the evaporator, ,inevaph  is the enthalpy before the 

evaporator, ,evap outv  is the specific volume of the refrigerant out from the evaporator and
volumetric

is the ideal volumetric efficiency.  
volumetric  can be expressed as 

    (1.11) 

where C  is the compressor clearance ratio,   is the pressure ratio and n  is the polytropic 

index of the refrigerant. The cooling capacity, 2Q , can now be expressed as  

   (1.12) 

where sV  is the swept volume of the compressor. A high volumetric cooling capacity means 

that the compressor can have a smaller swept volume than for a refrigerant with a lower 

volumetric cooling capacity for the same capacity (M. Fatouh, 2006).  

3.3.3 Refrigerant mixtures and temperature glide 

Refrigerants can be both pure refrigerants and mixtures of different refrigerants. A pure 

refrigerant has the same temperature at constant pressure for saturated liquid, ´T , and for 

saturated vapor, ´´T , expressed as  

  .  (1.13) 

A refrigerant mixture may have different temperatures, ´T  and ´´T  for saturated liquid and 

saturated vapor for a constant pressure. This can be seen schematically in Figure 10. 

 

Figure 10 – Schematic picture for temperatures for pure refrigerants and refrigerant mixtures in the two phase 

zone 

For the evaporating or condensing temperature the mean temperature, T , is often used. T is 

expressed as the mean value of ´T and ´´T as 

1

1 ( 1)n
volumetric C    

2 s volumetricQ V Q 

´ ´´T T
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 .  (1.14) 

The temperature difference is referred to as the temperature glide and may vary between 

different mixtures. This glide may affect the heat transfer coefficient in both evaporator and 

condenser. This change in heat transfer coefficient is often negative for the system efficiency 

due to a higher pressure ratio needed to reach the condensing pressure. How much effect this 

has on the system depends not only how large the glide is (directly correlated with the 

composition of the refrigerant) but on other things, such as type and geometry of the heat 

exchanger. Another phenomenon is when different components of the refrigerant evaporate at 

different temperature, the temperature difference increases between the wall and the bulk 

temperature of the refrigerant. (Granryd, et al., 2009) 

Also, if there is a leakage in the system, the most volatile component in the refrigerant is most 

likely to leak first. When refilling the system the mixture will have different amounts of 

compounds to the original mixture and this will lead to different thermodynamic properties and 

for example increase the temperature glide. (SWEP International AB, 2010) 

3.3.4 Cycle efficiency 

Equation (1.7) expresses the cycle efficiency. When comparing different refrigerants it can be 

suitable to express the cycle efficiency. The ideal cycle efficiency i.e. no super heat after the 

evaporator, no sub cooling after the condenser and an isentropic efficiency of 100% over the 

compressor (Granryd, 2001). This can be expressed as 

   (1.15) 

Where evaph  is the enthalpy difference over the evaporator where ,evap outh  and ,inevaph  are the 

enthalpies after and before the evaporator, comph  is the enthalpy difference over the compressor 

where comp,is,outh  is the isentropic enthalpy after the compressor and comp,inh  are the enthalpy 

before the compressor. This can also be seen schematically in Figure 11. 
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Figure 11 – Schematically figure for the enthalpy difference over evaporator and compressor 

The maximum theoretical efficiency for a thermodynamic cycle working between two 

temperatures, corresponding to an evaporating and a condensing pressures is the Carnot cycle 

efficiency, 
CarnotCOP , and it can be expressed as 

   (1.16) 

where evapT  is the temperature corresponding to the evaporating pressure and 
condT  is the 

temperature of the condensing pressure (Umberto, 2013). The Carnot efficiency, 
Carnot , of the 

refrigerant can now be described as the efficiency, evapCOP , of the refrigerant working between 

two temperatures compared to the Carnot cycle efficiency, 
CarnotCOP , expressed as 

   (1.17) 

Equation (1.16) describes the theoretical efficiency for a refrigerant, this reasoning can also be 

applied for practical cases where compressor efficiency, and efficiency of condenser and 

evaporator effect the system performance. (Granryd, 2001)  

3.3.5 Heat transfer and logarithmic mean temperature different  

The heat transfer over a heat exchanger can be calculated with help of the temperature profile 

over the heat exchanger. An example of an idealized temperature profile over an evaporator can 

be seen in Figure 12. The idealized profile does not include refrigerant temperature glide or 
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pressure drop of the refrigerant over the evaporator and assume that the direction of the 

refrigerant and the heat source is counter current.  

 

Figure 12 – Idealized temperature profile for both sides over an evaporator 

The cooling capacity for an evaporator, evapQ  , can be calculated with 

   (1.18) 

where U  is the overall heat transfer coefficient for the evaporator, A  is the heat transfer area, 

m  is the logarithmic mean temperature difference between the refrigerant and the heat source 

and F  is a correction factor. The heat transfer area A  in Equation (1.18) are different for the 

refrigerant and the heat source, for practical reasons it is easier to see the area and the overall 

heat transfer coefficient together, UA , as the UA-value. The UA  value can be seen as a 

combination of conduction and convection and can be calculated as 

   (1.19) 

where   is the convection heat transfer coefficient for each fluid, refA  and ,heat sourceA is the 

contact area of each fluid, 
mA  is the mean area of the two sides,   is the conductivity of the 

material used in the heat exchanger between the two fluids and   is the thickness of the wall 

between the fluids. The logarithmic mean temperature difference, 
m , is expressed as 

   (1.20) 
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where 
1  is the temperature difference between the refrigerant outlet and the heat source inlet 

and 
2  is the temperature difference between the refrigerant inlet and the heat source outlet as 

seen in Figure 12. (Claesson, 2005) (Granryd, et al., 2009) 

The logarithmic mean temperature difference may be helpful when choosing the heat exchanger 

size exchanger. In general, a large heat transfer area will result in a lower 
m  which will be 

beneficial for the system performance but the initial cost may be expensive due to better 

performance the running cost may be lower. The heat transfer is important for new refrigerants, 

as the effectiveness of the condenser and evaporator may have a large impact on the cycle 

performance. (Ananthanarayanan, 2013) (Granryd, et al., 2009) 
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II. Identification of refrigerants with regard to regulations, standards and trends 

4. Identification of refrigerants with regards to regulations, standards and 

trends  

Up until now R22 and R410A have been the standard refrigerants for decades. But higher focus 

on GWP values and stricter regulations have resulted in a number of alternative refrigerants 

being introduced into the market. However, while GWP values and thermodynamic properties 

are important for evaluation of these suggested alternatives there are many other factors to 

consider.  

The controlling bodies setting the rules for refrigerants and their priorities should also be taken 

into account. In order to do so this part in the study aims to via comparing thermodynamic 

characteristics with regulations, standards and trends identify alternative refrigerants for the air 

conditioner market. 

4.1 Method 

In order to keep the study rigorous and methodical criteria’s were set for the identification of 

refrigerants with regard to regulations and standards. To gather primary data of common 

refrigerants, working procedures and attitude for regulations and standards in the case study of 

Electrolux, eight experts in the field was selected and interviewed. The interviews were a 

sample selected from the criteria’s of experience and knowledge about refrigerants and/or the 

market on regional basis. Since the aim of the interviews was to get insight of important 

considerations and much information could be commercial sensitive due to confidentiality, all 

interviews were semi-structured interviews including open questions and probes. The strength 

of this interview technique is the processes of open discovery where the interviewees have the 

chance to highlight their opinions and important considerations. The weakness is the possibility 

to analyze the data and see parallels between the different interviewees, with the aim being to 

identify topics interesting for further consideration all data collected from interviews were 

strengthen by literature. (Collins & Hussey, 2009) 

A literature review was conducted to study secondary data of the regulations, standards and 

trends in the nine focus regions, as well as refrigerants used today. A number of criteria’s were 

set to increase the reliability and validity of the study. 
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 All data should be directly connected with the objective to identify refrigerants for 

regulations, standards and trends.  

 Only data from recent articles in time should be considered, for regulations and 

standards the latest reviews were studied. 

 Key words were used to ensure a consistent, objective study for all focus regions. 

Example of key words was: HFC, MEPS, energy efficiency, governmental support, 

refrigerant etc. 

 Data regarding regulations and safety standards were collected from governmental 

websites, standardization organizations and/or studies commissioned by controlling 

bodies.  

 Supplier trends were gathered via company presentations, interviews with 

representatives and information from company websites.  

Further simulations using the programs Excel and Ref.Prop were conducted to simulate 

thermodynamic properties of refrigerants. Here common refrigerants used today as well as 

blends suggested as substitutes by refrigerant suppliers were simulated.  

4.2 Global agreements  

There are today many organizations working globally to find ways to reach more sustainable 

solutions for the earth. The concern regarding the refrigerants, there are today two agreements 

focusing on a global scale, these being the Montreal Protocol and the Kyoto Protocol.   

4.2.1 The Montreal Protocol 

The Montreal Protocol is the only universal ratified agreement directly correlated with 

refrigerants environmental impact. The Montreal Protocol was agreed in September 1987 and 

was entered into force in January 1989. The protocol’s mission is to reduce production and 

consumption of ozone depleting substances. In 2009 the protocol achieved universal ratification 

with 197 countries participating. The protocol enables the parties to respond quickly to changes 

in information from new research via an adjustment provision. As a result, the protocol works 

as a quick and flexible tool for countries to accelerate the reduction of chemicals, which will 

directly apply to all counties being part of the protocol. (UNEP, 2012) 

The protocol is today controlling nearly 100 chemicals, which are dealt with in several 

categories. Until today the protocol has been adjusted six times, and most recently a stricter 

HCFC phase out schedule was introduced in 2007. (UNDP, 2012) 

HCFC phase out 

One important factor for the Montreal protocol is its differential approach towards developing 

and developed countries. In the protocol they are referred to as A5 and non-A5 parties where 

A5 parties correspond to developing countries and non-A5 to developed countries. An example 

is the phase out of the HCFCs. The protocol employs a phase out schedule where both the pace 

and the baseline year of the schedules differ for developing and developed countries, see Figure 

13 (UNDP, 2012). 
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Figure 13 - HCFC phase out plan for developing and developed countries  

Multilateral fund 

Another initiative to increase awareness and possibility to keep an environmental focus and 

keep up with the targets in developing countries is the multilateral fund. The fund established 

by the protocol where an executive committee of 14 countries, 7 developing and 7 developed, 

are managing the fund. The funding is divided by region, based from country size but 

specifically on industrial activities both present today and on the pace of expansion, see Figure 

14. The latter being the reason to the large amount of funding going to Asia and the Pacific with 

emerging economies such as China and India. (UNEP, 2012) 

              

 

Figure 14 – Funding from Multilateral Fund by region 
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Upcoming 

The Montreal Protocol is, as mentioned, a tool for a flexible approach towards reduction of 

hazardous substances. The last years discussions have concerned the HFCs. These substances 

have high GWP values and many stakeholders believe that a global phase down of these 

refrigerants should be amended to the Montreal Protocol. Over 100 countries have showed a 

positive attitude towards such a phase down (Doniger, 2014). Two suggestions for amendments 

has been submitted, one from the North American Energy Working Group (NAEWG). 

Including United States, Canada and Mexico the group amend for a HFC phase down with a 

90% reduction for developed countries by 2035 with the baseline being an average of 2011-

2012, see Figure 15. (U.S. Department of State, 2015) 

 

Figure 15 – HFC reduction steps for NAEWG amendment  

The other proposed amendment was submitted by the Federated States of Micronesia. The 

baseline is calculated as an average of the years 2014 - 2016. They amend a phase down with a 

start of a 15% reduction during 2017 and also state that by 2035 developed countries should 

have reached a reduction of 90% compared to the baseline. The details for developing countries 

as well as the path of the phase down are not stated but are referred to as subject that should be 

discussed during the United Nations climate change conference in Paris in December 2015. 

(United Nations Environment Programme, 2014) 

The United Nations climate change conference is an annular conference where 196 states gather 

in discussions on how to meet goals for climate change. The two amendments to the Montreal 

Protocol will most likely be discussed during the conference in December 2015. (UN Climate 

Change Conference, 2015) 

4.2.2 Kyoto Protocol  

The Kyoto protocol is an agreement linked to the United Nations framework convention on 

climate change; its main goal is to introduce emissions reduction targets. As for the Montreal 
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Protocol the Kyoto Protocol put stricter emission targets for developed countries. The protocol 

was adopted in December 1997 and by February 2005 the first commitment period entered into 

force. The baseline as of 1990 was to be set and between the years 2008-2012 the, at the time, 

37 industrial countries and the European committee was to decrease their greenhouse gases 

with an average of 5%. However, the United States has made it clear early that they not intended 

to reach the targets. (United Nations, 2015)  

In December 2012 a new amendment was introduced in Doha, Qatar where the targets for the 

second commitment period were set. The target is to further reduce greenhouse gases emissions 

from the baseline of 1990 (United Nations, 2015). While both Canada and the United States 

have clarified that they will not accept the amendment, China accepted the protocol in June 

2014 (United Nations Treaty Collections, 2015). However according to the protocol over 144 

countries needs to accept before the amendment can enter into force, in May 2015 only 30 

countries had ratified the amendment (Anon., 2015).  

4.3 Region specific regulations  

Region specific regulations for China, the United States, Europe, Japan, Brazil, Saudi Arabia, 

Australia and the region of South East Asia, with India and Indonesia in focus, are also of 

interest. HCFC phase out schedules, implementation plans, energy efficiency levels required 

and other consideration influencing the regions refrigerant production and usage are considered. 

4.3.1 Europe (F-gas regulation and MEPS) 

In Europe the awareness of refrigerants impact on the environment is high compared to the rest 

of the world. The HCFC phase out started long ago and corporate companies phased out many 

of the gases before European legislation forced them to. Most recently a revision of the F-gas 

regulation was published in May 2014 and some statements entered into force already in 

January 2015. This forces several sectors into finding new solutions within a short time frame 

(European Commission, 2015). The F-gas regulation has a number of focus areas; HFC phase 

down run by a quota system, leakage control and specific bans.  

HFC phase down 

The new F-gas regulation from 2014 includes a part that introduces a phase down of HFC 

refrigerants. Many of the conventional refrigerants that worked as substitutes for the HCFC are 

within this category, such as R410A in air conditioners. The phase down covers all types of 

HFCs and any mixture containing a HFC, and demands a reduction by 79% until 2030. This is 

planned to be done gradually, see Figure 16. This limits the total HFCs that can be placed on 

the market. The regulations do not cover pre-charged products until January 2017, but after this 

date also the pre-charged units should follow the phase down. (European Commision, 2014)  
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Figure 16 – HFC phase down 

The quota system 

The HFC phase down is regulated via a quota system. All companies selling bulk refrigerants 

can apply for quotas. Quotas are CO2 equivalent based and are not refrigerant specific. The 

quota, q , is calculated by 

   (1.21) 

where refM  is the total mass of each refrigerant and refGWP  is the corresponding GWP value. 

For example, this means that 10 ton of R410A is equal to the same amount of quota as for 14,3 

ton of R134a due to the CO2 equivalent. 

The baseline is an annular average between the years 2009 and 2012 (EPEE, 2014). The quotas, 

both for non-EU and EU countries are calculated annually. The European Commission has also 

set aside a reserve corresponding to 10% for new comers in order for new companies to enter 

the market. Today all allocated quotas are free of charge but whether a price should be 

introduced will be further discussed in 2017. In 2022 European commission will carry out a 

review to evaluate the effectiveness of the legislation (EPEE, 2014).  

Manufacturers and importers of pre-charged products 

Many companies in Europe are today having their products manufactured in non-EU countries. 

Some of these products uses refrigerant in order to function and are often filled at the location 

of manufacturing. In order to bring these products into EU the refrigerant inside will have to be 

part of the quota system. In order to achieve this there are four options:  
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 The HFCs are bought from a non-EU based company holding quota via an “Only 

Representative”. 

 The HFCs are bought from an EU based company that is holding quota and is shipped 

to the manufacturing company where the products are charged and then imported into 

the EU.  

 The HFCs are bought from an EU based company that is holding quota, the products 

are charged in the EU.  

 The products are imported into the EU with refrigerant bought from a company that is 

not holding quota. The importer uses an “incumbent” HFC quota holder to grants the 

importer the authorization to use a quota.  

Specific bans 

The F-gas regulation also introduces a number of product and application specific bans. These 

applies in a number of different sectors as a tool of targeting the HFC phase down. For room 

air conditioners, two bans are of interest. (EPEE, 2014) The first covering movable room air 

conditioning appliances, meaning all units defined as hermetically sealed (factory sealed) which 

by the end user are movable between rooms, such as portable units. The ban enters into force 

in January 2020 and bans the existence of refrigerants with GWP of 150 or more in all new 

products.  

The second ban apply for single split air conditioning systems with less than 3kg of F-gases, it 

enters into force in January 2025 and bans refrigerants with GWP of 750 or more in these 

products.   

Reporting 

Another important consideration introduced in the new F-gas regulation is the reporting of 

HFCs used by manufacturers and importers for companies. EU and Non-EU manufacturers 

both need to be able to proof that the HFCs used in their equipment are part of the quota systems 

by establishing a Declaration of Conformity, this applies from January 2017. Depending on the 

situation, the information that needs to be provided is different (EPEE, 2014). Exactly what the 

declaration should include is not clearly stated in the F-gas regulation of 2014.  

Apart from this there are additional obligations for manufacturers located outside of EU and 

importers: 

 Importers introducing 500 tonnes or more of CO2 equivalent inside of pre-charged 

equipment to the EU-market are obligated to report their imports through an online 

register to the European Commission. This is to be done at latest 1st of March for the 

preceding year, starting March 2015.  

 The Declaration of Conformity needs to be verified by and independent auditor as of 

2018.  (EPEE, 2014) 

Leakage control 

In Europe, leakage control is another important consideration. The previous standard from 

EN378:2008 was reviewed and updated in the new F-gas regulations. The limits for units where 

leakage control is mandatory are now depended on the CO2 equivalent. For not hermetically 

sealed systems such as split units the maximum CO2 equivalent is 5 tonnes, corresponding to 
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2,39kg of R410A. For hermetically sealed products the limit is 10 tonnes, corresponding to 

4,78kg of R410A. Over these limits, regular leakage tests need to be conducted every 12 months 

(every 24 month if leakage sensor is in place). Until January 2017 only units with more than 3 

kg need to be tested, as the former legislation states. (EPEE, 2014) 

Energy efficiency 

The energy efficiency regulations were recently reviewed in Europe and the MEPS values of 

today were introduced in January 2014. Values for air conditioners and comfort fans with a 

cooling capacity under 12 kW, see Table 3.  (European Comission, 2012) It can be interesting 

to see that the standard differ dependent on if the refrigerants GWP value is over or under 150, 

giving room for low GWP refrigerant with lower efficiency to enter the market.   

Table 3 – MEPS in Europe for air conditioners with a cooling capacity under 12kW 

 SCOP 

If GWP of refrigerant > 150 for 0-12 kW 3,8 

If GWP of refrigerant < 150 for 0-12kW 3,42 

Upcoming  

All details on how the F-gas regulation will be implemented is not described in the regulation 

and a review of the regulation is still to come. European Commission has stated that a 

thoroughgoing review will run until 2022 to evaluate it. More information on the Declaration 

of Conformity also needs to be in place (EPEE, 2014). Further the Safety standard EN378 is 

being review and how this will handle the use of flammable refrigerants will effect the 

refrigerant climate in Europe. 

4.3.2 United States (EPA, SNAP and MEPS) 

In 1970 United States government introduced the Clean Air Act (CAA), an act with the mission 

to reduce air pollution with one of the focuses being greenhouse gases and refrigerants. The 

same year the government created the environmental protection agency (EPA), the agency 

responsible for developing, implementing and enforce regulations in line with CAA. Since then 

the act has been revised and renewed at several times. Together with the Montreal Protocol is 

today the main incentive for going towards low GWP and zero ODP refrigerant in the United 

States. (EPA, 2013) EPA is working with a number of specific regulatory programs, where the 

phase out of ozone depleting substances is one of them, the Significant New Alternatives Policy 

(SNAP) is another.  

HCFC phase out 

Issued under the CAA the regulations for EPAs HCFC phase out is based on the Montreal 

Protocol. In Table 4 the dates and actions planned for the phase out compared to the Montreal 

Protocol can be found.  
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Table 4 – United States HCFC phase out Schedule (EPA, 2012) 

Montreal Protocol United States 

Year to be 

Implemented 

% Reduction in 

Consumption and 

Production 

Year to be 

Implemented 

Implementation of HCFC Phase out through 

Clean Air Act Regulations 

2004 35.0% 2003 No production and no importing of HCFC-141b 

2010 75.0% 2010 In addition to the HCFC-141b restrictions, no 

production and no importing of HCFC-142b and 

HCFC-22 for new equipment (manufactured after 

1/1/2010).  

2015 90.0% 2015 No HCFCs production or importing, except for use 

as refrigerants in equipment manufactured before 

1/1/2020. 

2020 99.5% 2020 No production and no importing of HCFC-142b and 

HCFC-22 

2030 100.0% 2030 No production and no importing of any HCFCs 

The regulations are stated under CAA, a federal law. EPA has the right to issue import and 

production prohibition and any violations against the HCFC phase out are considered a federal 

crime. (Environmental Protection Agency, 2015) 

SNAP – Significant new alternatives policy 

With the phase out of existing refrigerant the Unites States has developed a policy to find 

alternatives, SNAP. SNAP is a program that lists and evaluate acceptable and unacceptable 

substitutes for ozone-depleting substances in many industrial and commercial sectors. Similar 

to the HCFC phase out SNAP is covered under the CAA authorizing the policy to regulate and 

evaluate substitutes. (Environmental Protection Agency, 2015) The list is considering more 

than just the environmental impact, safety concerns and economic feasibility is also important 

factors.  

Safety has been of high priority but since President Barack Obama introduced a new Climate 

Action Plan in 2013, EPA and SNAP has had a tool to increase the focus on the environmental 

importance (Executive Office of the President, 2013). Hence, during 2014 the acceptance has 

increased towards flammable refrigerant.  

In March 2015 EPA added five more refrigerants as acceptable subject to use conditions, all 

with flammable properties (A2L-A3 classification). These being:  

 Ethane in very low temperature refrigeration and in non-mechanical heat transfer. 

 Isobutane in retail food refrigeration and in vending machines.  

 Propane in household refrigerators, freezers, or combination refrigerators and freezers, 

in vending machines, and in room air conditioning units. 

 Hydrocarbon blend R-441A in retail food refrigeration, in vending machines and in 

room air conditioning units. 

 HFC-32 (R32) in room air conditioning units. 



 

39 

 

It should be mentioned that split units is not covered by the definition “Room air conditioning 

units” in this rule. Further the refrigerants are only to be used in new equipment especially 

designed for the specific refrigerant. Three of the new refrigerants added, Propane, R441A and 

R32 are all substitutes in the Residential Air Conditioner (RAC) sector. There GWP values are 

lower in comparison to R410A and R22, see section 3.2.1. Due to the environmental 

friendliness of these refrigerants, EPA is also exempting all of these substances, except R32, 

from the CAA venting prohibition, as current evidence suggests that their venting, release, or 

disposal does not pose a threat to the environment. (Environmental Protection Agency, 2015) 

Energy efficiency  

Apart from the regulations directly connected to refrigerants an important factor for air 

conditioners are the energy efficiency standards. A major part of the CO2 emissions from air 

conditioners is from the usage. Therefore the energy efficiency has been an important part for 

several years. The demand of higher efficiencies is directly connected to which refrigerants are 

possible to use. The U.S. Department of Energy (DOE) is the organization responsible for 

defining and implementing minimum energy efficiency levels. The first regulation came in 

1987 and the latest revision was in 2013 and these values entered into force starting from June 

2014. MEPS values for room air conditioners, including split units and window units, can be 

seen in Table 5 (U.S. Department of Energy, 2014). The values are depended on if it is an 

inverter technology, if the flow is directed or not and the cooling capacity of the units. 

Table 5 – COP values for room air conditioners in the United States (U.S. Department of Energy, 2014) 

Product class COP 

Without reverse cycle, directed flow, and less than 1,75kW  3,2 

Without reverse cycle, directed flow, and 1,75 to 2,34kW  3,2 

Without reverse cycle, directed flow, and 2,34 to 4,1kW  3,19 

Without reverse cycle, directed flow, and 4,1 to 5,86kW  3,14 

Without reverse cycle, directed flow, and 5,86 to 8,2kW  2,75 

Without reverse cycle, directed flow, and 8,2kW or more 2,64 

Without reverse cycle, without directed flow, and less than 1,76kW 2,93 

Without reverse cycle, without directed flow, and 1,76 to 2,34kW  2,93 

Without reverse cycle, without directed flow, and 2,34 to 3,22kW 2,81 

Without reverse cycle, without directed flow, and 3,22 to 4,1kW  2,78 

Without reverse cycle, without directed flow, and 4,1 to 5,86kW 2,72 

Without reverse cycle, without directed flow, and 5,86kW or more 2,75 

With reverse cycle, directed flow, and less than 5,86kW 2,87 

With reverse cycle, without directed flow, and less than 4,1kW  2,72 

With reverse cycle, directed flow, and 5,86kW or more 2,72 

With reverse cycle, without directed flow, and 4,1kW or more 2,55 

Casement-Only 2,78 

Casement-Slider 3,05 
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Upcoming 

Apart from the regulations in place today there are several amendments and reviews that are 

being discussed in the United States.  

HFC phase down 

After President Obama announced the climate actions plan in June 2013 the HFCs has also 

started to be a matter of discussion. The emissions related with HFCs in the United States are 

expected to triply by 2030. This together with the stricter regulations around the world, 

especially in Europe, with the F-gas regulation see 4.3.1, has initiated a discussion in EPA. 

During 2014 discussion about the phase down of HFCs has been active. (the White House, 

2015) 

In November 2014 EPA arranged a public meeting to discuss with stakeholders if and how a 

phase down HFCs could be implemented. What options are available on the market and what 

the barriers are etc. was discussed. However EPA states in their proposed rules that they are not 

at this time looking for a ban of HFCs for all sectors and end-users but rather to ban for specific 

applications (similar to the specific bans included in the F-gas regulation in Europe, see 4.3.1). 

President Obama introduced further executive actions to reduce emissions from greenhouse 

gases in connection with a meeting with Chinas president Xi Jinping in November 2014. These 

new actions include the promotion of the use of safer alternatives to HFCs in the federal 

government. They will continue expanding the list of HFC substitutes via the SNAP program 

and organizing sector workshops, involving refrigerant management in order to find new 

alternatives. DOE also announced new funding for research and development of technologies 

that lead to energy reductions in U.S. buildings (The White House, 2014), this includes efficient 

cooling technologies using alternative refrigerants.  

President Obama also announced the target of a 26-28% cut in climate pollution from the 2005 

levels by 2025. During the meeting between the president of China and the president Obama 

enhanced cooperation for a HFCs phase down was introduced. Where climate-friendly 

refrigerants is the target. (The White House, 2014). 

Department of energy - portable air conditioners  

In July 2013 US Department of Energy suggested to, among other products, define portable air-

conditioners as a consumer product. This would make it a product where MEPS values should 

be defined. DOE have calculated the average COP value to 2,8, hinting that the potential future 

value will be around this. (Department of Energy, 2015) 

Private sector 

Apart from the government efforts to reduce the HFCs, the Obama administration partners up 

with the private sector on new commitments to decrease emissions of greenhouses gases. This 

is also further strengthening the amendment to the Montreal Protocol for a global HFC phase 

down. Companies from the whole chain of refrigerants have stepped up with commitments to 

cut global HFC emissions equivalent to 700 million tons through 2025. Some of these 
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companies are: Arkema, Honeywell, Danfoss, Air Conditioning Heating & Refrigeration 

Institute, Carrier etc.  

4.3.3 Asia  

Asia is one of the biggest stakeholders on the market with over 60% of the total market share. 

Many of the biggest air conditioner manufacturers are also placed here.   

China 

China has today 43% of the global market share. Many of the world’s air conditioner 

manufacturers are placed in China such as Midea, GMCC, Gree etc. This makes China a big, if 

not the biggest, stakeholder in the air conditioner industry.  

HCFC phase out 

According to the Montreal Protocol, R22 and other HCFCs are banned by 2030 and according 

to the World Bank Chinas HCFC phase out is satisfying and meet the set targets. Today China 

is working with quota systems targeting specific sectors in order to reach the target values. A 

quota system for producers of HCFCs is also in place for 28 enterprises. (The World Bank, 

2015) 

Energy efficiency 

In 2009 the Chinese government updated the Chines MEPS values for air conditioners, these 

are presented in Table 6. (WATANABE, 2014) 

Table 6 – Chinese MEPS from 2009 

Unit Cooling Capacity (CC) [kW] COP 

Unitary units  2,9 

Split units CC ≤ 4,5 3,2 

4,5 < CC ≤ 7,1 3,1 

7,1 < CC ≤ 14 3,0 

Upcoming 

In 2010 the Ministry of Environmental Protection initiated a project to develop the energy 

efficiency in air conditioners. It was partly funded by the global environmental fund and 

consisted of three focus areas: air conditioner compressor efficiency upgrades, RAC efficiency 

upgrades and energy efficiency RAC promotion. With a budget of over 27 million dollars the 

project is targeting more energy efficient solutions for China. (UNDP, 2013) 

China’s government work to encourage R290 usage in air conditioners, for example the 

government have funded two big projects by Media and Meizhi to develop, for mass production, 

compressors and air conditioner units for R290. (United Nations Industrial Development 

Organization, 2014)  

In November 2014 the president of China, President Xi Jinping, and the president of the United 

States, Barack Obama, had a joint announcement. This included six areas where the two nations 
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are to collaborate in order to stop the global climate change. One of these being an agreement 

to work together towards a global phase down of HFCs and to work together for solutions 

during the Climate Conference in Paris in December 2015. (The White House, 2014)  

Japan  

Japan is one main stakeholder in the air conditioner market. In 2012, 7,9% of the world’s air 

conditioners were sold in Japan (Holley, 2014). And with several big companies manufacturing 

air conditioner such as Daikin, Hitachi, Panasonic and Toshiba it is clear that Japan is an 

important stakeholder for the market.  

When it comes to the HCFCs Japan is following the Montreal Protocol (UNEP, 2010). They 

have also accepted the Doha Amendment to the Kyoto Protocol (United Nations Treaty 

Collections, 2015). Apart from this Japans law “Fluorocarbons Recovery and Destruction Law” 

was promulgated in 2001 and is controlling fluorocarbons. (Ministry of the Environment, 2001) 

In June 2013 an amendment was approved to the Japanese law The Act of Rational Use and 

Proper Management of Fluorocarbons, this was planned to enter into force in April 2015. It 

contains four focus areas; HFC phase down, promotion of alternatives, containment from 

commercial equipment and proper refill and recovery (Ministry of Economy, Trade and 

Industry, 2013). In March 2015 the cabinet decided on a order to further specify how the 

enforcement and implementation of the rule should be done. This is still on going and necessary 

matters concerning the enforcement are expected to be presented during 2015 (Ministry of 

Economy, Trade and Industry, 2015).  

HFC phase down  

One of the areas that the new law is covering is an HFC phase down. It is based on target values 

where companies are required to show how they are working to reach the targets. The goal is 

to target a number of focus products. For room air conditioners the target year is 2018 and the 

targeted average GWP of 750. (Oki, 2014) How the phase down should be implemented is not 

clearly stated.  

Promotion of alternatives 

The promotion of alternative refrigerant is a focus in Japan that is discussed in the new act. 

Here it is stated that the companies affected by the HFC phase down has to be able to show 

products that considers safety, energy efficiency, economic affordability and low GWP values. 

How this will be implemented is not clear.  

Another initiative for promotion of alternative refrigerants is the project ”Project to Promote 

the Introduction of Energy-Efficient Refrigeration Technologies that Use Natural 

Refrigerants”. The project has set aside 50 million yen (40000 US dollars) to increase public 

awareness via development of installation manuals and briefings on natural refrigerants. Further 

5 billion yen (40 million US dollars) is set aside to spread energy efficient technology using 

natural refrigerants. Any private company running such project can apply for subsidy. (Ministry 

of the Environment, 2014) 
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Proper refill and recovery 

In many cases for non-hermetically sealed air conditioners the units are filled or partly filled in 

the place of installation, as for split units. Therefore, with the aim to prevent leakage during 

installation and service, Japan has introduced that recovery operators need to be registered by 

the local government. In the new act also the fillers need to be registered. The new act also 

consider the destruction and recycling of refrigerant where it needs to be approved by the 

national government to ensure minimum possible refrigerant leakage. (UNEP, 2013)  

Energy efficiency and the Top Runner Program 

In Japan, the Top Runner Program was established in 1998 to introduce energy consumption 

efficiency standards. The Top Runner Program is prescribed under the “Law concerning the 

Rational Use of Energy” and focuses on a number of products with high environmental impact. 

Air conditioners have been part of the program from the beginning. The MEPS values are 

expressed as annular performance factor (APF). Annular performance factor considered the 

combined heating and cooling capacity over the whole year. The values that covers all units in 

Japan can be seen in Table 7.  

Table 7 – Minimum Energy Performance Standards for Japan (Tetsuro Kishimoto, 2011) 

Minimum Energy Performance Standard APF 

Unit Form Cooling Capacity [kW] 

Direct air-blowing, wall type 

Non-ducted, wall-hung type 

units, Free-dimension type 

Up to 2,5 5,27 

Over 2,5 up to 3,2  4,9 

Over 3,2 up to 4,0  3,65 

Over 4,0 up to 7  3,17 

Over 7,1 3,1 

The Top Runner program also states target years when all units in the country should have 

reached a certain level, see Table 8. So far the air conditioner industry in Japan has reached the 

set goals in the Top Runner Program. The government subsides projects with clear objectives 

of trying to reach these targets. (Ministery of Economy, Trade and Industry, 2015) 
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Table 8 – Top Runner Program efficiency targets 

Target fiscal year after 2012 APF 

Unit Form Cooling Capacity [kW] 

Non-ducted, wall-hung type units, Dimension-

defined type 

Up to 3,2 5,8 

Over 3,2 up to 4,0  4,9 

Non-ducted, wall-hung type units, Free-

dimension type 

Up to 3,2 6,6 

Over 3,2 up to 4,0  6,0 

Non-ducted wall-mounted type (except multi-

type operating indoor units individually) 

Over 4 up to 5,0 5,5 

Over 5,0 up to 6,3 5,0 

Over 6,3 up to 28  4,5 

Other non-ducted type (except multi-type 

operating indoor units individually) 

Up to 3,2 5,2 

Over 3,2 up to 4,0 4,8 

Over 4,0 up to 28 4,3 

Upcoming  

In Japan the new act of rational use and proper management of fluorocarbons are being 

investigated in order to find a sufficient implementation system for many of the stipulated 

targets. (Ministry of Economy, Trade and Industry, 2015) 

4.3.4 South East Asia and India 

While South East Asia stands for less than 20% of the total Asian market, this is one of the 

areas with a high estimated growth. The two countries with the biggest market shares in South 

East Asia is India and Indonesia, both estimated to grow with 90% between the years of 2014 

and 2018, see Appendix A. 

India 

India is following the Montreal Protocol; it is controlled through a set of regulations that 

monitor production and use of ozone depleting substances in India. These includes among other 

things prohibitions for new manufacturing of HCFCs. It also considers importation prohibitions 

and registration obligations for all enterprises using HCFCs. (Ministry of Environment and 

Forests, 2008) 

The Ministry of Environment and Forests initiated in cooperation with Godrej, an air 

conditioner manufacturer and the German Federal Ministry of Environment a project to develop 

an air conditioner using R290. In 2012 Godrej put the product on the market and since over 80 

000 air conditioners using R290 has been placed on the Indian market.  (Schecco, 2012) The 

MEPS values for all units are a COP of 2,7. 

Indonesia 

Indonesia is a country with the biggest energy consumption in the area; they are following the 

Montreal Protocol regarding the phase out of HCFCs. Yet with a booming air conditioner 
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market Indonesia is targeting no R22 in air conditioners by 2020, ten years prior to the Montreal 

Protocol. (UNEP, 2011) 

The ministries of environment in Japan and Indonesia has together with Daikin, Panasonic, 

Fujitsu, Hitachi and Toshiba and supported by United Nations development program started 

working on producing high-efficiency air conditioners using R32 as refrigerants. The main goal 

is to achieve leapfrogging for Indonesia and other developing countries, going straight from 

R22 to R32. (UNEP, 2011) 

Indonesia’s government announced in November 2014 that MEPS value according to ISO 

5149: 2010 and IEC 60335-2-40-2010 will be introduced in the country. From what date this 

will enter into force is not stated. (Energy Indonesia, 2014)  

Energy efficiency  

While the big focus in South East Asia is the HCFC phase out, many countries are however 

doing force efforts to improve the energy efficiency. But help form international funds and 

government are necessary in order to combine the growing economies with environmental 

aspects. Several countries have stated energy consumption goals and some countries; Malaysia, 

Philippines, Singapore, Thailand, India and since 2015 also Vietnam has stated mandatory 

MEPS of different applications, among them room air conditioner, these can be found in 

Appendix C.  

4.3.5 Australia  

Australia had focus on green technology for a long period of time. In the air conditioner industry 

they are among other things targeting to phase out HCFCs four years before the Montreal 

Protocol. 

HCFC phase out 

The import and control of HCFCs is stated in the Australian legislation; Commonwealth Ozone 

Protection and Synthetic Greenhouse Gas management act and has been controlled since 1996. 

The act also controls the imports of air conditioners containing HFC (Department of the 

Environment, 2014). Australia has a stricter phase out plan than the original suggested by 

Montreal Protocol with almost all HCFCs being phased out by 2016, four years before the 

protocol states. (Department of the Environment, 2014) 

Energy efficiency 

MEPS values has been evaluated in Australia for many years and are continually revised and 

updated. The latest versions for air conditioners can be seen in Table 9, all values expressed as 

seasonal COP. (Australian Government, 2013) 
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Table 9 – Minimum energy efficiency requirements Australia (Australian Government, 2013) 

Product Description SCOP  

Non ducted unitary – all types, <10kW, all phases 3.10 

Non ducted unitary – all types, 10kW to <19kW, all phases 3.10 

Non ducted split systems – all types, <4kW, all phases 3.66 

Non ducted split systems – all types 4kW to 3.22 

Non ducted split systems – all types 10kW to 19kW all phases 3.10 

Upcoming 

Australia has earlier used a carbon tax system to reduce the carbon emissions. In 2014 the 

regulations was repelled and today there are no tax in place, this has been a big discussion in 

Australia. Some claims that the carbon taxes are essential to introduce the country to more 

sustainable sources of energy to prepare for future global reduction of carbon emissions. Others 

claim that the prices that businesses and private people need to pay for electricity etc. is not 

economically feasible when not being a global tax. It is likely that the carbon tax might be re-

introduced within the upcoming years. (Department of the Environment, 2014) 

4.3.6 Middle East/Africa 

In the Middle East and Africa most countries follow the Montreal protocol with the HCFC 

phase out for developing countries. Meaning a total phase out by 2030, in many countries the 

protocol is considered a recommendation rather than a requirement. In the region Saudi Arabia 

stands for the biggest market share of air conditioners, holding almost 20% of the global market.  

Saudi Arabia  

Saudi Arabia is the wealthiest country in the region and among the 30 biggest consumers of 

electricity in the world. It should also be mentioned that 70% of the country’s electric 

consumption goes into air conditioners, resulting in a big interest in the carbon emissions from 

these products.  

HCFC phase out 

Saudi Arabia has developed a more strict legislation than the Montreal Protocol for the phase 

out of HCFCs. For air conditioners R22 will, for window units be banned from January 2016 

and for all other units was banned in January 2015. (Chailerdvirakon, 2014) (Government 

Services and International Trade, 2014) 

Energy efficiency 

Apart from the stricter phase out schedule Saudi Arabia recently updated their MEPS values 

for air conditioners. The new values entered into force in January 2015, see Table 10. These 

apply for all imports. Apart from COP values for moderate climates, T1, the regulations also 

states COP values for hot climates, T3. (SASO, 2014) (SASO, 2007) 



 

47 

 

Table 10 – Minimum EER values Saudi Arabia 

Air Conditioner appliance 

type 

Rated Cooling Capacity (CC) in kW  COP Mandatory as of 21/01/2015 

T1 T3 

Single package of window 

type 

CC ≤ 5,28 2,9 2,1 

5,28 < CC < 7 2,8 2,0 

7 < CC ≤ 20 2,5 1,8 

Split type ducted and non-

ducted using air cooled 

condensers 

CC ≤ 20 3,4 2,4 

4.3.7 Latin America 

Latin America is a fast growing market. All of Latin America, including Brazil follows the 

Montreal Protocol for developing countries. HCFCs will be phased out by 2030. The overall 

MEPS value for Latin America is 2,34 COP. Mexico, Uruguay and Brazil have introduced more 

strict MEPS values for specific applications, among others air conditioners.  

Brazil  

Brazil is estimated as one of the fastest growing markets in the world for air conditioners, 

making them an important country regarding the phase down of environmental harassing 

refrigerants. Brazil is following a quota system for the HCFC phase out, where each 

manufacturer/supplier need to apply for quotas, similar to the European system for HFCs. 

Brazil’s MEPS values for air conditioners are ranging from 2,34 to 2,87 COP. (Mata Sandoval 

& Gomez, 2007) 

Upcoming 

In September 2014 a new global refrigerant management initiative was announced including 

three of the world’s leading refrigeration associations. These being the Alliance for Responsible 

Atmospheric Policy, the Air Conditioning, Heating and Refrigeration Institute (AHRI) and the 

Brazilian Association for HVAR-R (ABRAVA). The initiative aim to identify possibilities to 

reduce the leakage of HFCs from equipment. Today the leakage rate during service of 

equipment is the biggest source of HFC emissions globally. (UN, 2014) The initiative will find 

ways to educate installers and server personnel.  

4.4 Safety standards  

Apart from the regulations there are several safety standards available for the different regions. 

Both on international and regional level concerning everything from production, casing, 

labeling, energy grading to installation and testing standards. Many of these apply for all 

refrigerants.  

Apart from the traditional standards for air conditioners and handling of hazardous standards, 

flammable refrigerant such as R290, R161 and R32 has started a discussion about standards 

handling the use of these refrigerants. There are two standards that often influence the path of 
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regional standards, ISO 5149 and IEC 60335-2-60. The standard ISO 5149 was updated in 2014 

and was the first international standard to update the guidance after the mildly flammable 

category A2L, suggesting a less strict approach for these refrigerants (Junchaya, 2014). The 

standard IECC 60335-2-60 is being reviewed at the moment.  

United States 

Apart from what is acceptable and not on the SNAP list there are several safety standards that 

regulate the use of flammable refrigerants in the United States. Apart from the standards 

ASHRAE 15 and 34, UL484 and the OSHA hazardous substance regulations that are applicable 

for all refrigerants, there are a few regulations only applicable for flammable refrigerants.  

UL484 Supplement SA 

UL484 have a section concerning the use of flammable refrigerants in room air conditioners, 

supplement SA (Underwriters Laboratories Inc, 2014). This section states several safety 

precautions for the use of flammable refrigerant:  

 All units need to be protected and fully enclosed  

 Joints should be welded at the place of manufacturing 

 No lead/tin allows are acceptable in connections 

 Corrosion protection should be in place  

 Electrical components should be either ignition proof or located in an area where a 

potentially flammable gas mixture will accumulate or the units should be enclosed. 

 Leak simulations during development and manufacturing  

 Temperature and ignition tests  

 Personnel training and installations guides from manufacturer  

Regulation for marketing and labeling is found in Appendix C. A maximum charge depending 

on room size for refrigerant with flammable characteristics are also found in the standard. The 

following calculations for the maximum charge, in kg, for a room air conditioner are valid 

when  

   (1.22) 

where 
1m and 

2m  are variables depending on a volume and the LFL of the refrigerant and 

defined as 

   (1.23) 

and  

   (1.24) 

where 3

1 4V m , 3

2 26V m  and LFL is the lower flammability limit of the refrigerant, in kg/m3. 

The maximum refrigerant charge, 
maxM , for a room air conditioner in a room can be calculated 

as 

   (1.25) 

M

1 2m M m 

1 1 *m V LFL

2 2 *m V LFL

5
4

max 02,5* * *M LFL h A
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where 
0h  is the installation height over the floor, in m, A   is the floor area of the room. Different 

0h values for different installations can be seen in Table 11.  

The minimum floor area, 
minA , for a given refrigerant charge, M  , in an air conditioner can be 

calculated with 

  . (1.26) 

Table 11 – Values for different installations locations in room 

Installation location of unit  [m] 

Floor location 0,6 

Window mounted 1,0 

Wall mounted 1,8 

Ceiling mounted 2,2 

For non-fixed factory sealed single package air conditioner, such as portables, the calculations 

differs slightly and is valid when 

 .  (1.27) 

The maximum refrigerant charge, 
maxM , can be calculated as 

 . (1.28) 

The minimum room floor area, 
minA , can be calculated as 

 . (1.29) 

Some example of maximum charges depending on room size can be seen in Appendix C. For 

the general regulations there are no difference between the two ASHRAE flammability 

categories A2 and A2L.  

EPA amendment for flammable refrigerants 

Within the new regulation from EPA where five new refrigerants is introduced to the SNAP list 

they also introduced a stricter approach for safety. In this regulation the maximum charge is 

also depending on the cooling capacity of the unit, in order to keep the customers from buying 

a unit with higher charge due to it is increased capacity and ignore the limit maximum room 

size, see Appendix C. They also state the maximum limits, see Table 12 regardless of 

application and capacity. These values did get critic from the private sector during the review 

for being to high; EPA responded that these values would be further evaluated the upcoming 

year. It is always the strictest value from these three (capacity limit, room limit, max limit) that 

is valid. (Environmental Protection Agency, 2015) 

min 5
4

02,5* *

M
A

LFL h


0h

1 12m M m 

max

* *2,2

4

LFL A
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min
5,5*
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Table 12 – Maximum charge limits for R32, R290, R441A  

 Refrigerant Maximum charge [kg] 

Wall, Window, Ceiling air 

conditioners 

R32 7,96 

R290 1 

R441A 1 

Portable Air Conditioner R32 2,45 

R290 0,3 

R441A 0,33 

OSHA and EPA Risk Management Plan 

OSHA regulations for highly hazardous substances and EPA risk management plans are 

applicable for R290 where all places handling, producing, storing more than 4536 kg of propane 

are obligated to do an annual inventory of the chemical, submit material safety data sheet. 

Similar regulation applies for all A3 classified refrigerants. (EPA, 2015) 

Europe 

In Europe it is the safety standard EN378 that regulate the use of refrigerants. This also focuses 

on flammable refrigerants where the standard differ for A2 and A3 classified refrigerants. (CEN 

European Comitee for Standardization, 2015) 

All sources of ignition shall be kept from equipment that could come in contact with leaked 

refrigerant. For high pressure refrigerant such as CO2 the pressure equipment directive require 

extra reporting and safety assessment (Goetzler, 2011). Charge limitations with concern of 

room size are not dependent on safety classifications but are using LFL values. (NSAI, 2012)  

Charge limits 

In the European safety standard EN378 the charge limitations for refrigerants are stated, all 

units with less than 150 g of A2 or A3 refrigerant can be placed anywhere without restriction. 

Apart from this, the maximum charge limitations for flammable refrigerants depending on the 

room size is calculated in the same way as the Standard UL484, see Equation (1.22) - (1.29). 

Apart from this, maximum charge limits apply. The limits can be seen in Table 13, it is 

dependent on general occupancy zone, for room air conditioners, portable units are considered 

as occupancy class A “located in occupied space” and split units are considered as occupancy 

class B “supervised occupancy”. (NSAI, 2012) 

Table 13 – Maximum charge for air conditioners Europe 

Safety Classification Class A – General occupancy Class B – Supervised occupancy 

(compressor, liquid receiver in open air) 

A2 58xLFL 25kg 

A3 1,5kg 2,5kg 
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Middle East/Africa 

In general for the Middle East and Africa the regulation is very vague. Some countries are 

following the international safety standard ISO 5149 while others have no clear directive.  

In 2008 the Saudi Standards, Metrology and Quality Org. (SASO) signed an agreement to 

cooperate with the American standard association UL to reach better safety standards in the 

country. For flammable refrigerant Saudi Arabia is following the standard UL484 (UL, 2008). 

They are also following the ISO 5149.  

Latin America 

In general for Latin America a regulation is not in place. Some countries are following the 

international safety standard ISO5149 while others have no clear directive. UL484 is also 

commonly applied to give guidance. 

Australia 

Australia has specific regulations for flammable refrigerants (not including ammonia), where 

A2 and A2L according to ASHRAE is handled the same way. The regulations are found in 

AS/NZS 1677.2 – Refrigeration systems, part 2: Safety requirements that state the safety 

requirements for the use of flammable refrigerants.  

This regulation state the classification of occupancy and the maximum charge of refrigerants 

for different classifications and safety levels. For A3 classified refrigerant the use of the 

European and United States calculation is used, see Equation (1.22) - (1.29). Also the maximum 

charges are stated, in occupied spaces the limit is 1,5kg and up to 2,5kg for split units. However 

for A2 and A2L classified refrigerant it is only the practical limit multiplied by the net room 

volume that apply, this is the same procedure as for A1 categories. For some common practical 

limits see Table 14 (The Australian Institute of Refrigeration, Air conditioning and Heating, 

2012).  

Table 14 – Practical limits for a few refrigerants 

Refrigerant Practical Limit [kg/m3] Safety class 

R22 0,3 A1 

R125 0,39 A1 

R32 0,06 A2L 

R1234yf 0,06 A2L 

 

Design and construction is another highlighted part in the legislation, here the use of pressure 

vessels, piping and fitting and pressure protection are stated. The arrangement and liquid level 

for different gases is also regulated. Special training is required for installers. (Council of 

Standards Australia, 2013). In 2010 Australia initiated a project to review the current standard 

of AS/NZS 1677.2 and implemented the global standard ISO 5149 with amendments specific 

for Australia and New Zealand (Standards of Australia, 2010).  
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Asia 

In Asia the regulations and standards regarding the use of flammable refrigerants are not very 

clear. Many countries refer to the international standard ISO 5149 but very little regulation is 

stated. While China is refereeing to the Australian standard IEC/AS-NZS 60335.2.4, the 

regulation in South East Asia is not in place.  

In Japan it is the High-pressure gas safety Act that govern the regulation for refrigerants. This 

standard also includes additional measures for flammable and toxic refrigerants. It is divided 

for different refrigerant, ammonia and hydrocarbons demand explosion-proof structures. The 

part concerning mildly flammable refrigerant are being reviewed at the moment, due to vague 

formulations in the regulation. (Goetzler, 2011) Many of the mildly flammable refrigerants do 

only fit any specific category, resulting in an unclear regulation on how to handle these 

refrigerants. (JSRAE, 2013) 

4.5 Suppliers 

Apart from the regulations and standards different types of suppliers are big stakeholders for 

refrigerants, one of these being the suppliers of bulk refrigerant. With a change in the market 

the refrigerant suppliers are developing new alternatives with lower GWP values rapidly. All 

information in this section is from company websites or confidential company presentations, 

since the study does not focus on the opinions and paths for individual companies but rather on 

the overall trends the suppliers will be referred to as Supplier A, B, C etc.  

Supplier A has, with the new F-gas regulation developed in Europe, made clear targets on how 

they will adopt to the quota system. These by decreasing the GWP values of their sold 

refrigerants, see Figure 17. The figure shows that Supplier A estimate to decrease their amount 

of sold refrigerants with 18% while the decrease in CO2 equivalent is over 80%. 

 

Figure 17 – Change in amount of refrigerant and CO2 equivalent 2010-2013 
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The supplier suggests as an alternative to R410A, a HFO-based refrigerant. Due to safety 

standards are not yet fully developed for mildly flammable (A2L) refrigerant there will take 

around 3-5 years before these refrigerant will be in use.  

Supplier B suggests two different solutions, one as a drop-in replacement for R22 and one as a 

drop-in substitute for R410A.  

Supplier C is pushing for that R32 should be the next step for residential air conditioning. 

However the company still research on other solutions including CO2 and several HFO blends 

and has presented one HFO/R32 blend for industry use.   

Supplier D believes that HFOs are the next step or blends including HFOs and HFCs. Today 

they are suggesting one alternative as a replacement for R410A and two replacements for R22.  

Supplier E believes that HFC will have a vital role at least for Latin America and United States 

for a few more years mostly due to the safety regulations. The long-term goal is to focus on 

R32 as a base with HFO blends. Supplier E suggests one low GWP A1 solution as a substitute 

for R22 and two mildly flammable replacements for R410A. 

In Table 15 the alternative refrigerants from different supplier and some of their characteristics 

are presented. If nothing other is stated all refrigerant is A2L classified (mildly flammable). The 

refrigerants are not presented in any specific order. 

Table 15 – Substitutes for R410A and/or R22 from a number of refrigerant suppliers 

Refrigerant  GWP Compound Developed 

as 

substitute 

for 

Capacity 

compared 

to 

considered 

substitute 

Efficiency 

compared 

to 

considered 

substitute 

Other 

LTR4X ~ 

1300 

28% R32 

25% R125 

16% R134a  

31% R1234ze 

R22 Lower Lower Lower 

discharge temp, 

A1 – not 

flammable 

ARM-20a ~150 N/A R22 Lower Lower Glide up to 3°C 

ARM-20b ~300 N/A R22 Lower Lower Glide up to 4°C 

L20  45% R32 

35% R1234yf 

20% R152a 

R22 Similar Similar ~ 20% less mass 

flow 

Good for high 

ambient temp. 

DR-93 ~1230 N/A R22 N/A N/A A1 – not 

flammable 

N20 ~1000 31,5% R134a 

30% R1234ze 

12,5% R32 

12,5% R1234yf 

 13,5% R125 

R22 N/A N/A A1 – not 

flammable. 

Comparable 

performance to 

R407C 

DR-3 ~ 148 R32/R1234yf R22 N/A N/A  
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HPR1D ~410 60% R32 

34% R1234yf 

6% R744 

R410A Similar Similar  

HPR2A ~600 R32/R134a/R1234yf R410A Similar Similar Lower glide 

than HPR1D 

D2Y-60 ~ 300 60% R1234yf 

40% R32 

R410A N/A N/A  

ARM-71A ~450 50% R32 

40% R1234yf 

10% R134a 

R410A Lower Higher ~20% less mass 

flow 

1,9°C glide 

DR-5 ~500 73% R32 

28% R1234yf 

R410A N/A N/A  

L41 ~450 73% R32 

15% R1234yf 

12% R1234ze 

R410A Lower Higher Split unit for 

showcase in 

place, 

cooperation 

with Hair, 

Shanghai R&D 

Center & 

National 

Laboratory 

Good for high 

ambient 

temperature 

Further a number of blends containing natural refrigerants are being developed. Two blends by 

the company A.S. Trust and Holdings are: R441A and R443A. In April 2015 TEGA, a 

subsidiary of the Linde Group, a world-leading supplier of gases, signed blending rights to these 

two refrigerants. The characteristics of the two refrigerants can be seen in Table 16. Both of 

these refrigerants are claimed to be substitutes for R22, however R441A is mainly developed 

to replace R134a, both are classified as highly flammable, A3. 

Table 16 – Substitutes from natural refrigerant blends 

Refrigerant GWP Compound Developed 

as 

substitute 

for 

Capacity 

compared to 

considered 

substitute 

Efficiency 

compared to 

considered 

substitute 

Other 

comments 

R441A ~4 54,8% R290 

36,1% R600   

6,0% R600a 

3,1% R170 

R134a Higher Similar Only 30% of 

refrigerant 

charge needed 

R443A ~4 55% R1270 

40% R290 

5% R600a 

R22 Higher Similar Only 30% of 

refrigerant 

charge needed.  

While the refrigerant suppliers are developing a number of alternatives for the conventional 

R22 and R410A, these refrigerant need to be compatible with compressors in order to be used 

in commercial units. Today compressors working with R32 and R290 are available for mass 
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production. This can be further seen if looking at the air conditioner market where products 

using R290 and R32 is already in place in different regions of the world. For more information 

on activities from compressors suppliers and for the five biggest air conditioner manufacturers, 

see Appendix D.  

4.6 Thermodynamic properties 

From the literature a number of refrigerants has been identified, the used refrigerants today 

being R410A, R22, R32 and R290. Apart from these refrigerant suppliers are suggesting a 

number of blends as substitute for R22 and R410A, see Table 15 and Table 16. To compare 

these refrigerants with the regulations and trends these refrigerants have been simulated in 

Excel using thermodynamic properties from Ref.Prop. While R22, R32, R290 and R410A were 

predefined fluids/mixture; all other blends were defined. Defining mixtures in Ref.Prop brings 

an error due to the lack of correlation equations between the fluids in the mixture, however for 

new liquids this is a common way for evaluation (Makhnatch, 2015). 

The simulations have been done to reflect important thermodynamic properties such as pressure 

ratio, volumetric capacity and cycle efficiency, these are described in 3.3. Further the literature 

has showed that the discharge temperature after the compressor is important. The cycle 

efficiency are simulated both for a condensing temperature of 40°C and for a higher ambient 

temperature corresponding to a condenser temperature of 55°C. This due to the literature review 

showing high efficiency demands for high ambient temperatures in Saudi Arabia. Densities for 

different refrigerants are also presented.  

4.6.1 Pressure ratio 

The pressure ratio is an important consideration for the thermodynamic evaluation of 

refrigerants due to its direct correlation with the compressor work needed. In Figure 18 the 

pressure ratio for a range of evaporating temperatures are presented for the refrigerants studied. 

It can be seen that R290 shows the lowest pressure ratio regardless of evaporating temperature 

and R441A the highest. It can also be seen that the difference in pressure ratio decrease with an 

increasing evaporating temperature.  
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Figure 18 - Pressure ratio in relation to evaporating temperature for a number of refrigerants 

4.6.2 Volumetric cooling capacity 

Another important parameter for the thermodynamic evaluation is the volumetric cooling 

capacity, see Figure 19. The higher volumetric cooling capacity the smaller swept volume in 

the compressor, meaning a smaller compressor may be used. The only refrigerant with higher 

volumetric cooling capacity than R410A is R32.  

 

Figure 19 - Volumetric capacity for a number of refrigerants 

4.6.3 Carnot efficiency 

The ideal cycle efficiency means a cycle with 100% isentropic compressor efficiency where no 

superheat or no sub cooling are applied. This is a common way of comparing refrigerants due 

to the fact that compressor efficiency is difficult to foresee for different refrigerants and 

superheat and sub cooling have different effect for different refrigerants. To compare different 

refrigerant the ideal cycle is compared to the Carnot cycle resulting in the Carnot efficiency. 
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For a condensing temperature at 40°C the Carnot efficiency is presented in Figure 20. It can be 

seen that R32, R290 and DR-5 have higher Carnot efficiency than R410A.  

 

Figure 20 - Carnot efficiency for a condensing temperature at 40°C 

It may also be interesting to see how the Carnot efficiency differs for higher condensing 

temperatures for different refrigerants see in Figure 21. Here the refrigerant R443A also shows 

higher Carnot efficiency than R410A. 

 

Figure 21 - Carnot efficiency for a condensing temperature at 55°C 
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4.6.4 Discharge temperature 

The literature has discussed high discharge temperatures after the compressor for the refrigerant 

R32 therefore a simulation of these temperatures was conducted, see Figure 22. It can be seen 

that the discharge temperature is decreasing with a higher evaporating temperature, this due to 

the lower pressure ratio when the condensing temperature is set too constant. Several discharge 

temperatures are higher than that for R410A, this could lead to material limitations and 

problems with the miscibility with the oil.   

 

Figure 22 - Discharge temperature for condensing temperature of 40°C  

4.6.5 Density 

The liquid and vapor density is simulated for different refrigerant for different temperatures. 

This to help evaluate the charge needed of different refrigerants, see Figure 23 and Figure 24. 

 

Figure 23 – Density of a number of refrigerant in saturated liquid for a range of temperatures 
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Figure 24 - Density of a number of refrigerant for saturated vapor for a range of temperatures 

4.7 Analysis and result 
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than if and regardless of when this will happen a HFC phase down will come with the 

introduction of flammable refrigerants.  

4.7.2 Regional difference between approach and urge 

The long term goal of a HCFC and HFC phase down seem to be globally recognized, the urge 

and approach of reaching this goal seem to differ wildly between regions. Developing regions 

like Latin America and South East Asia still focusing on the phase out of R22, regions like 

Europe and Japan already in 2015 introduced phase down schedules for the obvious 

replacement R410A and other HFCs.  

This study showed that apart from the different urge of reducing the use of environmental 

harassing refrigerants, the priorities of the characteristics of the refrigerant that should work as 

substitute differ as well. Looking at global regulations, safety standards and trends it can be 

seen that there are three main priorities: indirect emissions, direct emissions and safety 

concerns, and more specific the main parameters being energy efficiency, GWP values and 

flammability.   

4.7.3 Indirect emissions 

The indirect emissions are often correlated with the energy efficiency of the units. The 

theoretical Carnot efficiency was simulated in Figure 20 showing that both the fluids R32, DR-

5 and R290 have higher energy efficiency than R410A, therefore being potential substitutes. 

However while the theoretical efficiency is high for these refrigerants the effect of non-

optimized technology, high discharge temperature, compressor efficiency etc. on single 

components as well as for the whole unit need further experimental evaluation.  

Countries where the energy efficiency is a main priority are Saudi Arabia and Japan. 

Furthermore Saudi Arabia’s demand of high energy efficiency for high ambient temperature 

need to be considered. As seen in Figure 21, R290, R443A, DR-5 and R32 have higher 

theoretical Carnot efficiency than R410A also for high ambient temperatures.  

4.7.4 Direct emissions 

The direct emissions are often expressed with the GWP values. Europe and Japan are the two 

regions indicating that GWP values are a main priority. Apart from the HFC phase down 

limiting the usage of HFCs and blends containing these substances, clear GWP limits have been 

set. One being the limit of 750 in GWP for all units in Japan and for split units in Europe. 

Comparing this to the refrigerants the substitutes R32, R290, HPR1D, HPR2A, D2Y-60, ARM-

71A, DR-5, L41, R441A and R443A are below this limit and could be options. Another limit 

is the maximum of 150 GWP for portable units in Europe; here R290, R441A and R443A could 

be options. Also a number of R22 substitutes like ARM-20a, DR-93 and DR-3 may work as 

substitutes. 

Further initiatives in the developing world like leapfrogging in Indonesia, discussed in section 

4.3.3, shows that priorities from global organizations and companies may influence the use of 

low GWP refrigerant. In Indonesia the target is high energy efficiency solutions using R32.  
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4.7.5 Safety concerns 

But in parallel with the priorities of direct and indirect emissions several regions are working 

with safety standards. The United States is one region showing safety as a high priority. With 

only three flammable refrigerants, R32, R290 and R441A being accepted no other flammable 

refrigerant is an option. For split units A1 refrigerants are today the only allowed refrigerants 

resulting in a continuous use of R410A. United States also works with extensive charge 

limitations for flammable refrigerants where the maximum charge is dependent on room size, 

capacity and a maximum value. For the capacity based charge limitations it can be interesting 

to look at the volumetric cooling capacity, see Figure 19, this can be seen for different 

refrigerants. This shows that theoretically R32 has high potential to produce high cooling 

capacity for a small swept volume. Therefore R32 could be a good option with consideration 

of the capacity based charge limitations.  

But more regions are covered by safety standards and this study shows that the amount of charge 

allowed is the main limiting factor for the flammable refrigerants. Many regions accept any 

refrigerant for charges under 0,15kg and maximum charges differ from different safety 

classification. It often in many regions becomes the LFL factor that is important, via the room 

size calculations. This limits refrigerant with high LFL, often being A3 refrigerants like R290, 

R441A, and R443A only to be used in smaller systems. Refrigerants with higher LFL values in 

the A2 and/or A2L category may work as options in medium-sized systems.  

The regulation in Australia show an ease on A2 and A2L refrigerants allowing bigger charges 

and in Japan the vague regulation give room for bigger charges of A2L options.  

It is clear that the charge limitations are important and refrigerants that need little charge would 

be beneficial for safety concerns. By looking at the density theoretical information on the charge 

needed for a refrigerant can be seen. For the volumetric capacity a higher vapor density result 

in a lower swept volume. Hence a lower charge in the compressor but for the condenser the 

liquid density should instead be as low as possible in order to have a smaller charge. Since most 

of the charge in kg is in liquid phase the importance of a low liquid density is higher. These two 

densities are shown in Figure 23 and Figure 24. The refrigerant with lowest liquid density, and 

therefore indicating low charges, are R290, R441A and R443A. Further HPR1D, L20, DR-5, 

ARM-71A and D2Y-60 show slightly lower density than R410A. Making these refrigerants 

theoretically beneficial for strict charge limitations.   

However looking at the safety standards it is clear that they are restricting the use of flammable 

refrigerants to a great extent. For a global push for a HFC phase down and in areas as for 

example in Europe with GWP values down to 150, the safety standards acceptance towards 

flammable refrigerants is a must to achieve the set goals.  

4.7.6 Leakage and management 

This study showed on an increased focus of leakage rates and personnel training. This indicates 

a global focus to reduce the carbon emissions from refrigerant not only from targeting high 

GWP refrigerants. However, an increased knowledge and a lower leakage rate would also be 
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beneficial for flammable alternatives in the long run. This might result in a more acceptance 

towards these refrigerants as well.  

4.7.7 The role of suppliers 

This literature review concerning suppliers clearly shows that there is a change in the different 

roles for the different suppliers. In a market where only R410A and R22 have been dominating 

several alternatives are being introduced. This will lead to an increase of the need of knowledge 

both for compressor suppliers and air conditioner manufacturers.  
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III. Enabling evaluation of refrigerants via design and installation of a test rig 

Result 

5. Test rig installation  

As seen in Chapter 3, there are many parameters that can affect the thermodynamic properties. 

This is important to take in to account when evaluating the performance of air conditioners and 

their components during product development. Air conditioners are being used all over the 

world and therefore it is important to have a wide range of test conditions with a high accuracy 

in order to simulate different climates for different regions. This can be done in several ways, 

however, with not enough accurate models available, calorimetric test rigs are being used more 

often in order to evaluate the performance of air conditioners. (G. Cherem-Pereira, 2012) 

The test rig was built to conduct experiments on heat exchangers in order to analyze the 

performance of different refrigerants properties for single components, such as condensers and 

evaporators. The first test was done with the refrigerant R410A but most of the components in 

the test rig are compatible with other refrigerants. Some components, such as the compressor, 

work better with a certain refrigerant and therefore were the test rig built so different 

components can be replaced in order to have the right components for the right refrigerant. The 

maximum working pressure for the components in the test rig is 45 bars. 

To verify the installation of the test rig, reliability of the test rig where analyzed with help of 

uncertainty calculations.  

5.1 Description of the test rig 

A schematic overview of the test rig layout can be seen in Figure 25. It is built to be flexible 

where different components can be experimentally tested. The base for the test rig has the 

measurements of 0,45 m x 0,9 m x 1,7 m (WxLxH). The test area for heat exchangers are inside 

a calorimetric climate chamber where the air side of the heat exchangers is measured according 

to the standard ISO 5151. The refrigerant cycle is designed for testing condensers and 

evaporators separately. The cycle has an evaporator and a condenser that is used as external 

heat sinks. This has also a positive synergy and the test rig could also be used for mapping 

different compressors for different refrigerants.  
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Figure 25 – Schematic picture over the test rig  

As a general overview, the system consists of three closed circuits; the refrigerant circuit, the 

external condenser circuit and the external evaporating circuit, as seen in Figure 25. The 

working medium in the condenser circuit is water and the mass flow can be controlled by the 

speed of a pump and a bypass over this pump. The water is connected to the district cooling 

water through a single phase plate heat exchanger. The district cooling water has a constant 

temperature of 8° C with small fluctuations over time (AB Fortum Värme, 2010). By controlling 

the water flow rate the vapor fraction may be controlled to wanted values. The evaporator circuit 

uses water-glycol brine as the working medium and is heated by a heater. The volume flow rate 

can be controlled in the same way as the condenser circuit. A picture of the test rig from inside 

the calorimetric chamber can be seen in Figure 26. 
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Figure 26 – Picture of the test rig.  

5.2 Description of the refrigerant loops 

Depending on whether tests on evaporators, condensers or compressors are being conducted 

the path of the refrigerant differs. These paths are controlled by using manual valves. The 

refrigerant path 1 was designed for testing evaporators, refrigerant path 2 for testing condensers 

and refrigerant path 3 was designed for testing different compressors. These loops will be 

described in detail below. 

The refrigerant path 1 was designed for testing evaporators, see Figure 27.  
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Figure 27 - Schematic picture over the test rig when testing evaporators. 

Here the refrigerant enters the compressor, where the gas is compressed leading to increased 

pressure. After the compressor the refrigerant enter an oil separator where the oil is separated 

from the refrigerant and returned into the compressor suction line. The hot gas, after the 

compressor, is then led to the condenser where it is condensed by the external heat sink 

connected to the chiller water. After the condenser the refrigerant enters a liquid receiver before 

passing a refrigerant mass flow meter. The refrigerant is led to the calorimetric climate chamber 

and just before the evaporator the refrigerant is expanded in an expansion valve. In the 

evaporator the liquid is evaporated and superheated. Then the gas is led back to the compressor 

suction line.  

The refrigerant path 2 was designed for testing condensers, see Figure 28.   
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Figure 28 - Schematic picture over the test rig when testing condensers 

After the compressor the hot gas is directly led in to the calorimetric chamber where it is 

condensed by the condenser. It is led back through a liquid receiver and a heat exchanger for 

sub cooling before entering the mass flow meter. The refrigerant is expanded before the 

evaporator. The evaporator is connected to the evaporator circuit and the brine heater. The gas 

is returned back to the compressor via the suction line.  

The refrigerant path 3 was designed for testing compressors, see Figure 29.  

 

Figure 29 - Schematic picture over the test rig when testing compressor 
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Here, after the compressor, the refrigerant enters the condenser connected to the chiller water 

circuit. Then the refrigerant is expanded before the evaporator. The evaporator is connected to 

the evaporator loop, same configuration as refrigerant path 2. The refrigerant then return to the 

suction line and the compressor. In this loop the calorimetric chamber is not used. 

5.3 Experimental setup   

The test rig was built in order to conduct experiments to evaluate different refrigerants impact 

and performance on single components. To ensure the performance of the experiment the test 

rig must be evaluated with respect to stability, reliability, validity and flexibility. This was done 

by conducting tests using two different refrigerants.  

For these test the evaporator was a tube and fin evaporator with the physical dimensions of 0,23 

m x 0,25 m x 0,04 m. The evaporator consisted of three rows with 11, 9 and 8 tubes at each 

row. The copper pipes had a diameter of 7 mm and the fin spacing between the aluminum fins 

were 1,3 mm. The evaporator was mounted in a duct to the wind tunnel in order to achieve 

uniform flow over the evaporator. The setup was built and installed according to standard 

ASHRAE 37-1988. A schematic picture can be seen in Figure 30. 

 

Figure 30 – Schematic picture of the experimental setup.  

5.3.1 Key components and uncertainty  

To compare the values of the air side with the refrigerant side, measuring devices was installed. 

There were also additional measuring devices for control calculations, such as heat balances for 

the external heat sinks. An overview of the measuring devices with range and uncertainty, are 

being presented in Table 17. Thermocouples was installed on the copper pipes under insulation 

in order to measure the refrigerant temperature. The refrigerant mass flow meter was a 

Yokogawa Coriolis effect. The pressure transmitters where Yokogawa digital absolute 

pressures transducers.  
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Table 17 – Key components and instrument for the test rig with measuring range and uncertainty 

Measurement Device  Type Accuracy  Range 

Refrigerant mass flow Coriolis effect  0,11% 0 – 120 kg/h 

Refrigerant temperature T-type 0,5 °C -200 – 200 °C 

Refrigerant pressure Digital absolute 

pressure transducer  

0,55% 0 – 7000 kPa 

Refrigerant differential pressure transducer   Digital differential 

pressure transducer 

0,55% 0 – 100 kPa 

Refrigerant density (control) Coriolis effect   

Water/brine volume flow (control) Paddle wheel  2% 50 – 2500 kg/h 

Water/brine temperature (control) Thermocouple 0,5 °C -200 – 200 °C 

The components and measuring devices, such as air sample measurement and air temperature 

measurement devices, in the calorimetric test chamber was installed according to the standard 

ISO 5151. The uncertainties on the measuring devices and the calculations was also following 

the ISO standard 5151.  

5.3.2 Thermocouples  

The thermocouples where installed on the outside of the copper pipes after first being prepared 

and coated with an enamel paint. An aluminum tape and also an insulation tape covered the 

thermocouple.  

The refrigerant was divided in two parts in the evaporator, an upper and a lower part. In order 

to see how the refrigerant was distributed in the two parts 18 thermocouple was installed 

according to Figure 31. This also enabled evaluation of the superheat in the outlet of the 

evaporator and in the different parts. 
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Figure 31 - Schematic scheme of the placement of the thermocouples on the evaporator (seen from the side) and 

picture of the thermocouples on evaporator 

5.3.3 Pressure measurements   

The total pressure was evaluated in two different places when testing the evaporator. Before the 

expansion valve and after the evaporator. This was done with a Yokogawa digital pressure 

transmitter. The measured evaporating pressure was used to calculate the evaporating 

temperature using thermodynamics properties from RefProp. The pressure together with the 

temperature measurement from the thermocouples was used to calculate the enthalpies.  

Furthermore, the differential pressure over the evaporator was measured by a digital differential 

transmitter, also from Yokogawa.  

5.3.4 Mass flow meter 

The mass flow meter was a Coriolis mass flow meter from Yokogawa. It was installed after the 

liquid receiver, where the refrigerant was in a sub cooled state. Before and after the mass flow 

meter sight glass and valves was installed. The Coriolis mass flow meter could also measure 

the density of the refrigerant. The density of the refrigerant was used for control calculations 

for the amount of sub cooling of the refrigerant.  

5.3.5 Climate chamber and wind tunnel  

The evaporator was installed inside a calorimetric psychometric climate chamber where the air 

temperature and relative humidity could be controlled. The test equipment in the calorimetric 

chamber was installed and the uncertainty for the measurement equipment follows the ISO 5151 

standards. An adapter for the wind tunnel was made where a duct was installed according to the 

standard ISO 5151, see Figure 30 for a schematic picture over the wind tunnel installation. 
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To measure the cooling capacity for the air side, the air enthalpy had to be calculated before 

and after the evaporator. Psychometric measures for air samples close to the inlet to the 

evaporator was taken where the dry and the wet bulb temperature was measured. The same 

measurements for the air after the evaporator was taken inside the wind tunnel. The air flow 

over the evaporator was calculated from the pressure drop over nozzles in wind tunnel where 

the pressure drop controls the exhaust fan from the wind tunnel. These calculations where done 

with the program Calorimetric Psychometric, an integrated program in the chamber.  

The calculation method for the air side cooling capacity can be find in the standard ISO 5151. 

The repeatability for the calorimetric chamber was ±2%.     

5.4 Test plan - Design of experiments  

Figure 32 shows the test plan for the experiments for the evaporator. R410A was the first 

refrigerant tested, then substituted to R32. The same test plan was used for both refrigerants. 

The test plan was constructed using Design Space Explorer; a statistical software developed by 

Electrolux AB that can generate test plans in order to minimize the amount of tests. The variable 

input parameters was evaporator temperature, evapT  , and the refrigerant mass flow, ,evap refm  . 

The output variable was the cooling capacity, evapQ . Detailed information about the test plan 

can be find in Appendix E. 

  

 

Figure 32 – Test plan for the tests 

5.5 Calculations  

The calculations were made in order to compare the cooling capacity on the refrigerant side 

with the air side. Also uncertainty calculations were made in order to analyze the uncertainty 

of the test rig.  
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5.5.1 Cooling capacity 

The cooling capacity on the refrigerant side was calculated and compared to the cooling 

capacity obtained by the integrated software of the wind tunnel (Psychometric Calorimetric). 

The cooling capacity for the refrigerant side, ,evap refQ , was calculated by 

   (1.30) 

where refm is the refrigerant mass flow measured by the Coriolis mass flow meter, ,evap refh  is 

the enthalpy difference over the evaporator on the refrigerant side. The enthalpy difference, 

,evap refh , was calculated by 

   (1.31) 

where , ,evap out refh is the enthalpy of the refrigerant leaving the evaporator and ,in,evap refh  is the 

enthalpy of the refrigerant before the evaporator. The enthalpy of the refrigerant entering the 

evaporator was assumed to be equal to the enthalpy before the expansion, ,s refh , assuming an 

isenthalpic expansion. This was calculated using the measured pressure and temperature before 

the expansion valve. The vapor quality of the refrigerant entering the evaporator, was calculated 

by assuming an isenthalpic expansion.  

The distribution of the refrigerant between the two paths in the evaporator was calculated by 

the sum of the enthalpy difference for the top and the bottom parts of the evaporator, see Figure 

31. The cooling capacity for the top part , ,evap top refQ  is calculated by 

   (1.32) 

where   is the fraction of the total refrigerant mass flow that is going into the evaporator and 

toph  is the enthalpy deference over the top part of the evaporator (from thermocouple #1 to 

#16 in Figure 30). The cooling capacity for the bottom part, , ,evap bot refQ , was calculated by the 

same reasoning (from thermocouple 8 – 15 in Figure 30), and can be calculated as  

   (1.33) 

where 
both   is the enthalpy difference over the bottom part of the evaporator. The total capacity 

is the sum of the top and the bottom part. When minimize the difference between this sum and 

the calculated total capacity with Equation (1.30) by varying   in Equations (1.33 and 1.34) 

the distribution of the mass flow in the different path can be obtained.  

5.5.2 Uncertainty calculations 

It is important to understand that a measured value never can be the real and true value of the 

wanted quantity, due to the fact that there is no such thing as a perfect measurement (Coleman 

& Steele, 2009). Also uncertainties are an idealized concept and cannot be known exactly. The 

calculations of the uncertainties was made with the guidelines “Guide to the Expression of 

, ,evap ref ref evap refQ m h 

, ,out, , ,evap ref evap ref evap in refh h h  

, ,evap top ref ref topQ m h 

, , (1 )evap bot ref ref botQ m h  
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Uncertainty in Measurement (GUM)” from the international organization Bureau International 

des Pois et Mesures (BIPM). (JCGM, 2008). See Appendix E for the theory for the uncertainty 

calculations.  

The calculations for random uncertainties for temperature, pressure and the mass flow were 

made with the results from the experimental test from R410A and R32. The enthalpy of the 

refrigerant is a function of both pressure and temperature,  ,h f T P . The uncertainty for the 

enthalpy before the evaporator, assuming an isenthalpic expansion, is then a function of the 

temperature and pressure before the expansion valve. First a combined uncertainty, ( )cu T , for 

the temperature was calculated as 

      2 2

c A Bu T u T u T    (1.34) 

where ( )Au T   is the standard deviation of the mean from the measured values of the temperature 

and ( )Bu T  is the standard uncertainty of the thermocouple. An effective degree of freedom for 

the combined uncertainty, ( )effv T , was calculated using the Welch-Satterthwaite equation  
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where  is the degree of freedom of each uncertainty. The same reasoning applies for the 

pressure uncertainty.  

For the enthalpy, a combined uncertainty, , was calculated as 

   (1.36) 

where 
ic  is a sensitive coefficient expressed as 

   (1.37) 

where 
i

f

h




 is a partial derivate of the function  ,h f T P . The derivate was calculated as a 

small change in temperature as 

   (1.38) 

and for the pressure 

  . (1.39) 

The combined uncertainty, ( )cu h , was then calculated as 
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  . (1.40) 

An effective degree of freedom for the enthalpy, ( )effv h , was calculated using the Welch-

Satterthwaite equation, see Equation (1.35)  

The total uncertainty for the cooling capacity ( )cu Q  follow the same reasoning. Here the 

capacity is a function of enthalpy and mass flow ( ,m)Q f h   where ( )cu m  was calculated 

with same reasoning as Equation (1.34). The combined uncertainty for the cooling capacity was 

then calculated as 

   (1.41) 

where ( )cu m is the uncertainty of the mass flow, (h )c inu  and (h )c outu  are the uncertainty of the 

enthalpy at the inlet and the outlet, 
Q

m
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in

Q

h
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Q

h




 is the derivate and was calculated as 

   (1.42) 

   (1.43) 

   (1.44) 

where inh  is the mean enthalpy for the inlet to the evaporator from the measurement, outh  is the 

mean enthalpy for the outlet to the evaporator from the measurement and m  is the mean mass 

flow for the refrigerant from the measurement. The effective degree of freedom ( )effv Q  was 

calculated with the same reasoning as Equation (1.35).  

The expanded uncertainty  U Q   with a confidence interval of 95% was then calculated as 

   (1.45) 

where 
95%k  is the coverage factor for the confidence interval of 95%. Tabulated values for 

95%k  

can be seen in Appendix E. 

5.6 Data collecting /The testing 

The first set of tests was done with the refrigerant R410A. The second set of tests were done 

with R32 as the refrigerant. The same components where used for both refrigerants. The test 

was done according to the test plan in Figure 32, however, some points were not possible to 
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reach. For example, it was not possible to reach low evaporating temperatures and high 

refrigerant mass flow at the same time with this configuration. For the low evaporating 

temperature the maximum mass flow where tested instead in order to get three test points. The 

differential pressure transducer was installed after the test on the R410A so no comparison 

between the two refrigerants could be made. An example of the data collected from the test can 

be seen in Appendix E.  

5.7 Analysis and result 

It is important that the values from the measurements are reliable when tests are being 

conducted and analyzed. When evaluating the performance of an evaporator the cooling 

capacity is one of the most important factors, besides heat transfer and pressure drop over the 

evaporator. The measured values at the refrigerant side are both compared to the air side over 

the evaporator and analyzed from an uncertainty perspective. The cooling capacity for the air 

side is from the software Psychometric Calorimetric. This is integrated in the calorimetric 

climate chamber and the cooling capacity from the refrigerant side is calculated out of the 

measurement from the test rig according to section 5.5.   

5.7.1 Reliability of test rig 

The reliability of the tests is being evaluated in order to insure that the test rig is measuring the 

capacity for the evaporator or condenser when conducting a test. First the refrigerant side is 

compared to the air side. 

Figure 33 and Figure 34 shows the cooling capacities for both the refrigerant side (x-axis) and 

the air side (y-axis) for R410A and for R32. Two linear lines indicate ± 2% of the capacity of 

the air side.  

 

Figure 33 - Cooling capacities for both air side and refrigerant side for the R410A tests 
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Figure 34 - R32 cooling capacity for both air side and refrigerant side 

It can be seen that R410A and R32 are following the linear trend between the air and refrigerant 

side and are inside of the ± 2% lines. This is an indication of that the test rig are well integrated 

in the climate chamber.  

Figure 35 and Figure 36 shows the cooling capacities for different evaporating temperatures for 

both the air side and refrigerant side, for R410A and R32 respectively.  

 

Figure 35 – R410A cooling capacity for different mass flows and evaporating temperatures  
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Figure 36 – R32 cooling capacity for both the air side and the refrigerant side for different evaporating temperature 

It can be seen that the different evaporating temperature are following the linear trend for the 

cooling capacity with an increased mass flow for the three evaporation temperatures.  

As discussed in section 5.5.2, a measured value can never be the true value. The measurement 

on the air side has an uncertainty lower than ±2%. The uncertainty for the test was calculated 

with the GUM method. With help from the repetition tests of one test point in the test plan. 

Figure 37 shows a visual distribution of the cooling capacity of the repetition tests for both 

R410A and R32.  

 

Figure 37 - Repetition tests for both R410A and for R32 
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calculations can be seen in Appendix E where the combined standard uncertainty with 

correlated input quantities are shown with the effective degree of freedom.   

5.7.2 Validity analysis  

The purpose of the test rig is to evaluate the effect of different refrigerant for single components 

such as heat exchanger. Figure 38 shows the difference in cooling capacity calculated according 

to section 5.5.1 above for different refrigerant mass flows.  

 

Figure 38 – Cooling capacity for R410A and R32 for different mass flows 

The difference in cooling capacity between R410A and R32 can be compared to the simulations 

in section 4.6 where the volumetric cooling capacity also is larger for R32 compared to R410A.  

The effect of the refrigerant of the heat exchanger can also be seen in the logarithmic mean 

temperature difference between the refrigerant and air side. Figure 39 shows the calculated 

logarithmic mean temperature from the test results.  
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Figure 39 – Logarithmic mean temperature difference between air and refrigerant side over the evaporator for 

R410A and R32 

It can be seen that R32 has a lower logarithmic mean temperature difference than R410A for 

the conducted test. This shows that for the same mass flow the area of the evaporator could be 

reduced and still reaches the same amount of cooling.  

Figure 40 shows the differential pressure difference for different mass flows over the 

evaporator for R32.  

 

Figure 40 - Differential pressure drop over the evaporator for R32  

The distribution over the top and bottom part appears to have no or very little effect on the total 

pressure drop over the evaporator or the total cooling capacity. 

The results from the analysis shows that the test rig can measure the effect of different 

refrigerant for single components, such as an evaporator.  
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IV. Discussion and conclusion 

6. Discussion 

With the aim of evaluating refrigerants for the commercial sector, this study has focused on two 

areas. The first area focusing on identification refrigerant with regards to regulations, standards 

and trends. The second aim focusing on the enabling of thermodynamic evaluation of 

refrigerants by designing and installing a test rig. The study showed that the approach and urge 

of finding alternative refrigerants differed for different regions. It also showed that refrigerant 

need to be compared with the priorities of each specific region. Furthermore, many safety 

standards are being reviewed and that almost all substitutes suggested are of flammable 

character. It also indicated that the role of suppliers and air conditioner manufacturers will 

change. Finally the study also showed that a test rig can be used in order to evaluate alternative 

refrigerants effect on single components in an accurate manner. 

6.1 Change in criteria’s of evaluation 

With the aim of evaluating refrigerants a number of delimitations were set from the start in this 

study. This study has focused on the evaluation of thermodynamic properties and their 

correlation with criteria’s of priorities indicated from regulations and trends today. The main 

priorities showed to be energy efficiency, GWP values and safety. But if the criteria’s of 

evaluation would change, other properties might be more important and other refrigerant might 

be of higher interest as substitutes.  

6.1.1 Safety standards 

This study shows that the safety standards for different regions are restricting the use of 

flammable refrigerants. Considering the global push towards a HFC phase down, as in Europe 

and Japan, may that to reach these targets this comes with the introduction of flammable 

refrigerants. If no further action is taken on safety standards, especially in the case of Europe 

these targets will be difficult to reach. Whether this indicates that the regulation is implemented 

to early or if the safety standards must be updated quick to fit these flammable refrigerant is 

difficult to determine. However, the ongoing review of many safety standards indicate that these 

are being updated. The question is how the new standards will handle the use of flammable 

refrigerant and especially if and how they will differ between the classes A2L, A2 and A3. It 

is, however, clear in order to reach the set targets of low GWP refrigerants and maintaining 

high energy efficiency the safety standards need to be more acceptable towards refrigerants 

with flammable character.  

6.1.2 Technologies for alternative refrigerants 

While technologies for the existing refrigerants R410A and R22 have been optimized for 

several years the technologies associated with alternative refrigerants are often new. This 

indicates a barrier for alternative refrigerants to enter the market due high efficiency demands, 
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only considering the COP. However, the literature indicates an increased focus on leakage rate 

and a dubiety regarding weather COP is the correct way of measuring refrigerant performance. 

This might lead to other measures like TEWI could be implemented. If this would be the case, 

regions with high efficiency demands might change their priorities and have a higher 

acceptance towards low GWP, less efficient refrigerants. Showing this kind of approach, 

involving more than just COP in their MEPS values, is Europe with their ease on over 10% for 

refrigerants with a GWP value of less than 150. If more of these regulations would enter into 

force the evaluation criteria’s of efficiency might change and this could be beneficial for low 

GWP refrigerants. 

6.1.3 Leakage rate and personnel training 

With new regulations in Japan and Europe, as well as global initiatives to reduce the leakage of 

refrigerants, an increased focus on leakage rate and management can be seen. This trend could 

be interesting for future evaluation of refrigerants. Hence, if leakage rates in the long term 

would be neglected values and handling of refrigerants would be professional through the entire 

life cycle, the impact of flammability, toxicity and GWP might be less important.  

The increased knowledge of personnel and a focus on leakage rate could therefore lead to a 

higher acceptance of flammable and toxic refrigerants in the long term. Giving room for 

flammable refrigerant and even for refrigerants that show high thermodynamic potential but 

have toxic characteristics, such as for example ammonia. With a higher focus on leakage rate 

other aspects could be more important as for example working pressures.  

6.1.4 Other environmental impacts 

Further aspects could come into consideration in a changing market. If new refrigerant becomes 

a standard rather than available in small scales, considerations that was never a problem might 

need to be taken into account. Acidification of lakes and seas from ammonia, substances formed 

during combustion of HFOs or the fact that natural gases not always are infinite sources. This 

shows that a change in the market would most likely change the criteria’s of evaluation, 

something that should be considered before choosing the next refrigerant. Further studies on 

this could be beneficial to evaluate the long-term nature of different refrigerants. 

6.2 The role of the air conditioner manufacturers  

Until today the thermodynamic properties of the refrigerants and their effect on air conditioner 

units has been well known. But in a changing market with many alternatives being introduced 

the knowledge of refrigerants is not always in place. Thermodynamic properties for the pure 

fluids like the natural refrigerants, R32, R1234yf etc. are available via research. However their 

affect and optimized cycles for the specific application area of air conditioners are not always 

in place. Regarding blends suggested, by refrigerant suppliers, much, or sometimes all of the 

information available is presented by the supplier itself, a source that not always tends to be 

objective.  
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6.2.1 Refrigerants as competitive advantage for air conditioner manufacturers 

With this change in the market, the refrigerants might get a new role for air conditioner 

manufacturers. With the refrigerant no longer being a matter of course but rather a conscious 

choice from a spectrum of alternatives, refrigerants might no longer work as a passive 

component. They could rather be something that can work as a competitive advantage. As for 

example if a company chose to be the first using a certain refrigerant with an optimized cycle, 

the product could be one of a kind. Either by offering higher efficiencies, smaller units or higher 

capacity. In order to get this done and keep the technical solutions associated with the 

refrigerant within the company. The air conditioner manufacturers need to be able to internally 

evaluate thermodynamic properties of refrigerants and evaluate how the refrigerants effect 

components in the cycle.  

6.2.2 The importance of thermodynamic evaluation  

Thermodynamic evaluation of refrigerant may be done from several perspectives. One common 

way to evaluate these is to simulate the thermodynamic properties of different refrigerants. 

However, there is a lack of accurate models for advanced simulation and with many new blends 

being introduced these simulation programs are not always up to date with all these mixtures. 

While there often are options available to define new mixtures they do not take into account the 

correlation between refrigerants in a blend and are only estimates. This indicates that the 

importance of experimental setups for thermodynamic evaluation becomes even more 

important than earlier for the air conditioner industry. Correlations from these experimental 

results such as compressor efficiency and heat transfer data can later be used in simulation 

models for an impartial comparison. 

6.2.3 Test Rig 

The results from the test rig shows that the test rig can measure the effect of different 

refrigerants on a heat exchanger. The test on an evaporator shows that the test rig can measure 

and make it possible to evaluate the difference in cooling capacity with a high accuracy. 

According to the standard ISO 5151 the measurement for the refrigerant should have an 

uncertainty lower than ± 2%. The calculated value for the repetition test shows that the 

calculated uncertainty for that test point is lower than 2%. This, together with the comparison 

with the air side indicate a high reliability of the results. The uncertainty with the largest impact 

is the uncertainty from the thermocouples and the resistance for converting the signal to the 

data acquisition center. With a higher accuracy on the thermocouples and the resistance the 

total uncertainty may be reduced.  

When comparing the air side and the refrigerant side the results are following a linear trend 

between the air side and the refrigerant side for the entire span of test. The evaporator used in 

these test are from a window type room air conditioner rated for 2,6 kW with R410A as the 

refrigerant, in the center of the obtained cooling capacity. This may indicate that the chosen 

range of mass flow is suitable for this evaporator. The evaporating temperature was chosen 

from the literature but it has shown that is has no or very little effect in the obtained cooling 
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capacity. This due to the fact that the temperature of the air was changed in order to obtain the 

wanted parameter. This makes the comparison between the simulated effects and the 

experimental results for different evaporating temperature difficult. This is something that can 

be done for future analysis of the effect of different refrigerants.  

For the evaluation only one size of evaporator were tested which makes it hard to conclude if 

the test rig may be used for larger heat exchangers. However, the components in the test rig are 

dimensioned to handle larger evaporators and condensers and due to the inverter compressor 

the system should be able to handle different sizes of heat exchanges.  

The result from the comparison between R410A and R32 confirm the simulations that it 

possible to obtain a larger cooling capacity with R32 as the refrigerant for the same evaporator. 

Performance studies for different components, such as evaporators and condensers, may help 

to increase performance of the cycle efficiency and the compression between R410A and R32 

here shows on a significant difference in cooling capacity for the same mass flow.  

6.3 Suppliers and leapfrogging 

The market is changing and this study indicates that with several alternative refrigerants being 

introduced, the roles of the refrigerant and compressor suppliers are increasing.  

With indications showing that the refrigerant and compressor suppliers, due to regulations such 

as the quota system for the HFC phase down in Europe or the global need of alternative 

refrigerant, the importance of the suppliers have increased. In this study a number of suppliers 

have been evaluated and their suggested substitutes have been presented. However, to gain 

better knowledge on how the suppliers’ role could impact the market a more extensive study 

should be conducted. Including studies on the trends of suppliers in a changing market, 

investigating all suppliers dealing with refrigerants and compressors both from primary and 

secondary data. Moreover, also with comparing to other markets who has gone through similar 

changes, such as the mobile air conditioning or refrigerators markets.  

With the increasing role of the suppliers regarding refrigerant as well as this study indicates the 

refrigerant suppliers will need to lobby their refrigerants in order to make sure they are 

compatible with compressors an interesting initiative have been introduced in Indonesia. As 

mentioned in this study Daikin, a refrigerant supplier, together with a number of stakeholders 

and funding’s from the United Nations, are running a program with the aim of leapfrogging 

R410A in Indonesia. The goal is to develop, produce and sell high-efficient air conditioner 

working with R32 for Indonesia. Daikin has several patents on the refrigerant R32 and this type 

of initiative seems to be beneficial for Daikin and the other private companies from a lobbying 

and marketing perspective. While it introduce a more sustainable solution for a developing 

country that is in the interest of the United Nations. Similar initiative where the lack of safety 

standards in developing countries, funding from global environmental supporting funds and 

knowledge from suppliers that want to lobby their solutions could be beneficial in other 

developing parts of the world as well, such as in Latin America, other parts of South East Asia, 

China and Africa.  
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To connect this to the energy efficiency this could also give room for low GWP refrigerant 

where the technology is not yet optimized to grow in areas where the demand of MEPS values 

are not as high, to further develop the technologies and then enter the developed world where 

higher demands apply.  

Such type of leapfrogging could be interesting for the market since the new alternatives would 

be first introduced in the developing world and later in the developed countries, the opposite 

than how it has been working until today. A study on how this could take actions is necessary 

for further evaluation. But this could mean that for evaluation of refrigerant it can be important 

to follow what is happening in the developing world. Furthermore a study should be conducted 

investigating the safety concerns when implementation low GWP refrigerants that are banned 

in the developed world due to safety issues. In the developing world the price of the units are 

often more important and this may lead to severe lack in safety.  
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7. Conclusions  

This study aimed to facilitate global companies in the air conditioner industry to evaluate 

alternative refrigerants. The main objective was to identify alternative refrigerants with regard 

to regulations, standards and trends and to enable thermodynamic evaluation on refrigerants 

effect on single components via design and installation of a test rig. Below follows the 

conclusions from this study.  

 In order to identify alternative refrigerants with regard to regulations, standards and 

trends three main categories need to be considered: efficiency, safety and GWP values 

of the refrigerants. These need to be compared with the region specific priorities, 

refrigerant characteristics and type of unit.  

 Safety standards around the world need to be reviewed and updated to become more 

acceptable towards flammable refrigerants in order to reach goals for lower GWP values 

while containing high energy efficiency. 

 A change in market trends leads to new roles for refrigerant suppliers, compressor 

suppliers and put higher demand on air conditioner manufacturers to integrate 

refrigerant characteristics in product development. 

 The importance of experimental thermodynamic evaluation on refrigerants effect on 

single components is increasing. 

 Performance of different refrigerant for single components may be evaluated for 

optimizing cycle performance in air conditioners.  

 Leapfrogging in the developing world may lead to a faster introduction of low GWP 

refrigerants.   
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8. Future work 

In the discussion areas of improvements and future research that could be beneficial for 

facilitating the evaluation of alternative refrigerants are discussed. Three of these are presented 

as suggestions for future work: 

 Investigation of how the role of the different suppliers will change and what impact this 

could have on the future for alternative refrigerant could be beneficial. Here the study 

of compressor suppliers and trying to map out how they will handle the change in the 

market could be of great interest.  

 This study was using the criteria’s of which legislations and trends are based on today 

such as GWP, COP etc. In a changing market it could be interesting to study how these 

criteria’s might change over time. Comparisons with other markets going through a 

similar change from one solution to several could be done.  

 This study has showed the importance of experimental evaluation for companies in 

product development. However how this could be used in an optimal way to gain 

competitive advantages and become future proof for changes in the refrigerant market 

in the future could be investigated. How an experimental test rig should be used to save 

time and effort and to optimize technologies could be studied.  

Further this study is based on the market trends, regulations and standards of today. If these 

were to change this might led to completely different results and conclusions. Therefore a 

continues study including analyses of market trends, investigating changes in regional 

regulations and safety standards and follow up global agreements and international standards 

are crucial when evaluating alternative refrigerants.  
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A. Appendix A – Air conditioning market  

1. Air conditioning market  

The air conditioner market is a fast growing market. The numbers of sold air conditioners 

increased with over 7 million units between the years of 2013 and 2014 according to market 

estimation conducted by BSRIA and the market is expected to continue on this trend, see Figure 

41.  

 

Figure 41  - Estimation of number of sold units until 2018 in the world 

The increasing trend is highly influenced by the growing Middle Class around the world. In 

Figure 42 the number of people in the Middle Class per region is presented for 2009 and the 

estimation for 2020 (Kharas, 2010). Many of the areas with the biggest growth are areas where 

the climate is extremely hot and the amounts of cooling degree-days are very high. This result 

in that one of the highest priorities for people entering the Middle Class is the purchase of an 

Air Conditioner.  

 

Figure 42 – Middle Class for different regions in 2009 and estimations for 2020 

Comparing this to a shorter time span from 2013 to 2018 for the amount of sold air conditioner 

units worldwide the trends are similar, see Figure 43 with the only different that the United 

States have an increase of sold units but a decrease in Middle Class.  
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Figure 43 – Number of sold air conditioner units 2013 and estimations for 2018 

The only region where the amount of sold units are estimated to decrease between the discussed 

years is Europe, but as one of the benchmarking industries for air conditioners this region still 

influence the market. 

2. Air conditioner market for different regions 

Asia Pacific is the biggest and also fastest growing market in the world for air conditioners. The 

amounts of sold units are estimated to increase with over 25% between the years of 2013 and 

2014. As seen in Figure 44 the biggest market with 67% of the Asia Pacific market is China 

and Japan holds a share of 11 %. 

   

Figure 44 – Air Conditioner units in Asia divided by country 2014 

The rate of the increase also differs for different countries. For the four countries with the 

biggest amount of sold units today: China, Japan, India and Indonesia the rate is presented in 

Figure 45 and Figure 46. 
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Figure 45 - Air Conditioners estimation China 2014-2018 

 

Figure 46 – Air Conditioner estimations for Japan, India and Indoensia 2014-2018 

It can be seen that while India and Indonesia is growing with more than 90%, China with 20% 

and Japan is decreasing the number of sold units with almost 10%.  

The Latin American market is estimated to increase from 13 to 19 million units from 2013-

2018. The sold units of 2014 and the estimated increase for different countries can be seen in 

Figure 47 and Figure 48. 

 

Figure 47 – Sold Units in Latin America 2014 
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Figure 48 – Estimated number of sold units in Latin America 2013-2018 

It is clear that the biggest stakeholder for the air conditioner market in Latin America is Brazil 

with both 51% of the market share and the biggest estimated increase.   

North America holds today around 15% of the market share. Figure 49 shows that the majority 

of this market is placed in the United States and also that it is here the estimated increase is 

biggest.  

 

Figure 49 – Estimation for number of sold units in North America 2013-2018 

Middle East and Africa is a region estimated to increase with over 50% the upcoming years and 

a region where hot, humid climates are common. Looking at the Middle East/African market it 

can be seen that the 46% is divided between many different countries (Other Middle East/Africa 

indicates the total number of units from countries with lower than 1% of the region total. 

However it is clear that Saudi Arabia alone holds the biggest share, see Figure 50. 

 

Figure 50 – Sold Units in Middle East & Africa 2014 
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In Europe the majority of the market share is found in Russia and Italy, see Figure 51.

 

Figure 51 – Sold Units in Europe 2014  
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B. Appendix B – Refrigerants 

3. Refrigerants for air conditioner applications 

There are a number of refrigerant applicable for air conditioners that are presented in this study. 

To give further knowledge about these they are presented here shortly. The refrigerants in focus 

are: R22, R410A, R125, R134a, R32, R1234yf, R1234ze(E), R152a, R170, R744 (CO2), R290 

(propane), R600a, R600, R1270 and R717 (ammonia), see Table 18. 

Table 18 – GWP, safety classification and LFL for a number of refrigerants 

Refrigerant GWP Safety class LFL 

R22 1700 A1 - 

R410A 2088 A1 - 

R125 3500 A1 - 

R134a 1430 A1 - 

R32 675 A2L 0,306 

R1234yf 4 A2L 0,299 

R1234ze 7 A2L 0,299 

R152a 124 A2 0,130 

R170 6 A3 0,038 

R744 1 A3 0,038 

R290 4 A3 0,038 

R600 3 A3 0,043 

R600a 3 A3 0,043 

R1270 2 A3 0,04 

R717 0 A2 0,106 

 

4. Refrigerant naming 

First, all refrigerant has a name that starts with an R, the prefix R stand for refrigerant. The 

suffix (a b and c) after the prefix are three digits that describes how the molecules are structured.  

For the first digit (hundreds) in the suffix (Rabc): 

- For refrigerants with the suffix a less than four (0 ≤ a ≤ 3) tells how many carbon atoms 

in the molecule minus one, example: 

o a = 0 – one carbon atom (R11, R22, etc.) (often not shown) 

o a = 1 – two carbon atoms (R134, etc.) 

- For refrigerants with the suffix a = 4 indicates that it is a zeotropic mixure (R410A) 
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- For refrigerants with the suffix a = 5 indicates that it is a azeotropic mixure  

- For refrigerants with the suffix a = 6 indicates that it is an organic compound (R600) 

- For refrigerants with the suffix a = 7 indicates that it is an inorganic compound (R744) 

The second digit (tens) in the suffix (Rabc): 

- For refrigerants with the suffix a less than four (0 ≤ a ≤ 3) b tells how many hydrogens 

atoms in the molecule plus one, example: 

- b = 1 – zero hydrogen atoms (R11, etc) 

- b = 2 – one hydrogen atom  

- For refrigerants with the suffix a = 4 or 5 indicates that bc is a floating number and 

determining the composition of the mixture 

- For refrigerants with the suffix a = 6: 

- b = 0 – it is a hydrocarbon 

- b = 1 – it is an oxygen compound 

- b = 2 – it is a sulfur compound 

- b = 3 – it is a nitrogen compound 

- For refrigerants with the suffix a = 7, bc indicate the molecule mass  

The third digit (unit) in the suffix (Rabc):  

- For refrigerants with the suffix a less than four (0 ≤ a ≤ 3) the suffix c indicate how 

many fluorine atoms there are in the molecule, example (Rabc): 

- c = 0 – zero fluorine atoms (R600, etc)  

- c = 1 – one fluorine atom 

In case of a lower letter as a suffix after the unit indicate that it is an isomer in the ethane series. 

A capital letter indicate that it exist different blends with different same bases but different 

amounts of the different compounds. (Intergovernmental organization for the development of 

refrigeration, u.d.) 

5. Refrigerant safety classification  

The flammability class 1-3 is defined by lower flammability limits (LFL), this is measured on 

how fast and with what heat the refrigerant is burning where the lowest value for the refrigerant 

is the limit, this is defined in air at 21°C and 101kPa. For class 1 no flame propagation should 

occur. Class 2 indicates a lower flammability limit of more than 0,10kg/m3 and heat combustion 

of less than 19kJ/kg. Class 3 is for fluids where the LFL are lower than 0,10kg/m3 and are then 

classified as highly flammable. Further class A2L was introduced by ASHRAE in 2012, this  

category indicate mildly flammable refrigerants and has a lower flammability limit of 

0,10kg/m3 and a laminar flame speed of less than 10cm/s. (Watson, 2013) 
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C. Appendix C – Regulations and safety standards 

6. MEPS values for South East Asia 

In Table 19 MEPS values for South East Asia can be found. (WATANABE, 2014) (Energy 

Commission, 2014) (S.Huliganga, 2013) (National Environment Agency, 2015) 

Table 19 – MEPS for South East Asia 

Country Units Cooling Capacity [kW] COP 

Malaysia All > 4,5 2,8 

4,5 up to 7 2,3 

Philippine All > 3,3 2,7 

< 3,3 2,5 

Singapore Window Up to 8,8 2,9 

Split – inverter >10 3,0 

 < 10 2,8 

Split – non-inverter > 10 3,3 

 < 10 2,8 

Vietnam Window All 2,3 

Split - inverter <5,5 2,6 

5,5 up to 7 2,5 

7 up to 14 2,4 

Split – non-inverter < 5,5 3 

5,5 up to 7 2,8 

7 up to 14 2,6 

India  All 2,7 

Thailand Wall and split units Up to 8 2,82 

7. Example of maximum charges United States 

In Table 20 examples from the maximum allowed charge dependent on room size is presented. 

Table 20 – Example of maximum charge 

Category LFL 

[kg/m3] 

 Maximum Charge [kg] 

if floor area =10m2 if floor area=15m2 if floor area =20m2 

R290 0,038 0,6 0,08 0,10 0,11 

1,0 0,13 0,16 0,19 

1,8 0,24 0,29 0,34 



 

ix 

 

2,2 0,29 0,36 0,41 

R32 0,306 0,6 1,08 1,32 1,53 

1,0 1,80 2,20 2,54 

1,8 3,24 3,97 4,58 

2,2 3,96 4,85 5,60 

8. Capacity based limitation on maximum charge  

The capacity based limitations on the maximum charge are presented in Figure 52. 

(Environmental Protection Agency , 2015) 
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Figure 52  - Capacity based charge limitations for United States for window units and packaged units 
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9. Flammable substitutes - Labeling and further conditions 

As stated to the amendment to the UL484 as well as new regulations with EPA announcements 

of new alternatives being placed on the SNAP there are specific regulation for flammable 

refrigerants.  

There are four labels that need to be in place for all A2 and A3 refrigerants:  

 (a) On the outside of the air conditioner: "DANGER- Risk of Fire or Explosion. Flammable 

Refrigerant Used. To Be Repaired Only By Trained Service Personnel. Do Not Puncture 

Refrigerant Tubing." 

(b) On the outside of the air conditioner: “CAUTION - Risk of Fire or Explosion. Dispose of 

Properly In Accordance With Federal Or Local Regulations. Flammable Refrigerant Used." 

(c) On the inside of the air conditioner near the compressor: “CAUTION - Risk of Fire or 

Explosion. Flammable Refrigerant Used. Consult Repair Manual/Owner's Guide Before 

Attempting To Service This Product. All Safety Precautions Must be Followed."  

(d) On the outside of each portable air conditioner: “WARNING: Appliance hall be installed, 

operated and stored in a room with a floor area larger the “X” m2 (Y ft2).” The value “X” on 

the label must be determined using the minimum room size in m2. For R-441A, use a lower 

flammability limit of 0.041 kg/m3.  

These markings have certain rules regarding letter size and color and where they should be 

placed. 

Further conditions include special ventilation, storage and handling regulations apply. There 

should be evacuation systems in all places of handling. All technicians and equipment 

manufacturers should have proper training, use protective equipment and use special tools.  
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D. Appendix D – Compressor and Air conditioner Suppliers 

10. Compressor suppliers 

As discussed in 4.5 the bulk suppliers of refrigerant are developing a number of alternatives for 

the conventional R22 and R410A. However these refrigerant need to be compatible with 

compressors in order to use them in commercial units. Therefore the compressor suppliers are 

big stakeholders for the process of defining the future refrigerants.  

GMCC is the biggest compressor manufacturer for air conditioners. According to their website 

every third air conditioner are using a GMCC compressor. They have introduced production 

lines for mass production both for R32 and R290, they also offer compressors working with the 

refrigerant R161. (GMCC, 2012) 

Emerson is one of the world’s biggest manufacturers of compressors. Emerson has developed 

a R32 Scroll Compressors: a compressor available both as simple single stage compressors as 

well as with either liquid injection or vapor injection. The company has pushed for this rather 

than R290 due to the safety concerns and for cost benefits compared to HFO blends. In 2014 

they introduced a series of R290 compressors due to the new F-gas regulations. (Emerson, 

2014) 

Danfoss, Hitachi and Sanyo also offer both R32 and R290 compressors. 

11.  Air conditioner Suppliers 

Air Conditioner suppliers are additional stakeholders for finding the next refrigerant. It is clear 

that while some refrigerant suppliers are running cooperation with compressor and air 

conditioner companies for showcase projects using the new alternatives stated above, there are 

two refrigerants that already are available on the market.  

While there are several companies manufacturing air conditioners there are a number of 

companies holding big shares of the market, the five biggest being Daikin, Gree, Carrier, Midea 

and Mitsubishi (BSRIA, 2014). 

An overview of a number of Air conditioner suppliers current activates are shown in Figure 53. 

 

Figure 53 - An overview of a number of air conditioner suppliers and their ongoing projects 

R290 R410A R32 
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Daikin is the name of the company holding the biggest share in the market. They are also the 

only manufacturer of both refrigerants and air conditioners. Daikin was the first company to 

launch a residential air conditioner working with R32 in November 2012, today they have over 

50 models working with R32. They are today focusing on progressing in Japan, India and 

Europe. (UNEP, 2013) Daikin has several patents for the use of R32 and are a bulk supplier; 

they are not working with R290 due to its flammability concerns. 

Gree is the largest air conditioner manufacturer in China and the second biggest in the world. 

In 2011 they opened a production line handling over 100000 units/year for room air 

conditioners using Propane as refrigerant. (Gree, 2014)  Together with the German GIZ 

Proklima and the Chinese government, Gree has agreed to convert 18 of their production lines 

for air conditioners using propane (GIZ China, 2014). Gree are already today selling units with 

R32.  

Carrier does not show any clear actions on what will be the next refrigerant. As a big stakeholder 

in the United States they seem to stay with R410A.  

Midea, another huge Chinese company is also working with sustainable options. Midea is, 

similar to Gree, one of the world’s fourth biggest manufacturers of air conditioners. Together 

with funding from the Chinese government, the Multilateral Fund, Midea is part of an official 

United Nations Industrial Development Organization Implementation Project (UNIDO, 2014). 

The project has developed a production line handling 200000 units/year of propane air 

conditioners. Midea has showed that the energy efficiency in these units are up to 15% higher 

and the charge needed is around 30-40% less than R410A. (United Nations Industrial 

Development Organization, 2014) In April 2013 Midea got two units using R290 and R32 TUV 

approved, a certification making it international safety certified. (TUVRheinland, 2013) 

Mitsubishi is another global company from Japan. As for the case of Daikin Mitsubishi, and 

also Hitachi and Panasonic has launched products using R32. (JRAIA, 2013) 

Apart from the big five shareholders there are smaller air conditioner companies already having 

sustainable options on the market, a few examples are presented here.  

De’longhi is an Italian company producing air conditioners for all over the world 16. Today 

they are offering four different air conditioning units working with hydrocarbons for the 

European market, all being portable units. (DeLonghi, 2014) 

Godrej is one of the biggest in small appliances in India. They were one of the first introducing 

a split unit working with propane as refrigerant and claims that their product “Godrej Green 

Balance Eon Split” are saving up to 23% more energy than other units in the same efficiency 

grading, which is the highest. (Godrej, 2014) 

Pioneer International is an Australian company also working with Propane. They are at the 

moment selling split units with Propane with the motivation of higher energy efficiency and a 

lower charge. (Australian Government, 2013) 
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E. Appendix E – Test Rig  

12. Test plan  

The design of experiment configuration was set to a full factorial design with a level 3. In order 

to calculate the random uncertainty one test point where tested 10 times after the full test plan 

was done, this gives, together with the first test, a degree of freedom of 10.    

The evaporating temperature was varied between 2 – 12 °C and the refrigerant mass flow was 

varied between 40 – 65 kg/h. Also a set of constant parameters can be seen in Table 21.  

is the vapor content before the evaporator,  is the superheat of the gas leaving the 

evaporator and  is the static pressure over the nozzles which controls the speed of the 

exhaust fan for the wind tunnel and  is the relative humidity in inlet over the evaporator 

on the air side. These parameters was chosen in order to get the similar conditions for the 

experiments.  

Table 21 – Constant parameters for the experiments.  

Parameter Value  

 

15% 

 

4 – 6 [K] 

 

-6 [mmH2O] 

 
45% 

 

  

,in refx

,SH refT

,nozzlestaticP

,air in
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,SH refT
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13. Uncertainty Theory  

Systematic and random uncertainties  

It is important to understand that a measured value never can be the real true value of the wanted 

quantity, also errors are an idealized concept and cannot be known exactly. There can be many 

types of uncertainties in measurements.  

Systematic uncertainty  

The first type of uncertainties are the fixed uncertainties. This will always occur when doing a 

measurement. These errors can be small or large depending on the accuracy from the 

measurement instrument. The measured value of an object can be presented with the best 

estimate ± an uncertainty, where the best estimate is the measured value and the uncertainty is 

the range of error in which the value can be in.  For one measurement it can be expressed as 

   (1.46) 

where  is range of values that the object will have within the chosen confidence interval, 

 is the measured value of  the object,  is the error where  is the deviation.  

Random uncertainty  

Random errors can occur from unpredictable variations in the measurement. This stochastic 

temporal variations can be, as same for the systematic errors, be both large and small. This 

errors do not occur from an accuracy of an instrument but from random spatial variations. It is 

however possible to reduce the consequence from these random errors by increasing the number 

of samples. The mean value, , can be expressed as 

   (1.47) 

where  is the measured value for each measurement and  is the amount of samples. If the 

measured values are a sample of a population the uncertainties are the sample standard 

deviation, , and can be expressed as 

  . (1.48) 

The standard deviation of the mean, , can then be expressed as 

   (1.49) 

For practical use a chosen confidence interval should be at least 95%. For a small sample size 

of the population a Student t-test is a suitable test. Here, the degree of freedom, , is expressed 

as 
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   (1.50) 

Now the range of the uncertainty for one side of the interval, , can be calculated with 

   (1.51) 

where  is a constant and depend on degree of freedom, , and chosen confidence interval. 

Different values for  can be seen in Table 22 with different degree of freedom and confidence 

interval.  

Table 22 – Values for the t-distribution for different degrees of freedom and confidence interval   

Degree of 

freedom 

Confidence Intervall 

v 90,0% 95,0% 98,0% 99,0% 99,5% 99,8% 99,9% 

1 6,3138 12,7065 31,8193 63,6551 127,3447 318,4930 636,0450 

2 2,9200 4,3026 6,9646 9,9247 14,0887 22,3276 31,5989 

3 2,3534 3,1824 4,5407 5,8408 7,4534 10,2145 12,9242 

4 2,1319 2,7764 3,7470 4,6041 5,5976 7,1732 8,6103 

5 2,0150 2,5706 3,3650 4,0322 4,7734 5,8934 6,8688 

6 1,9432 2,4469 3,1426 3,7074 4,3168 5,2076 5,9589 

7 1,8946 2,3646 2,9980 3,4995 4,0294 4,7852 5,4079 

8 1,8595 2,3060 2,8965 3,3554 3,8325 4,5008 5,0414 

9 1,8331 2,2621 2,8214 3,2498 3,6896 4,2969 4,7809 

10 1,8124 2,2282 2,7638 3,1693 3,5814 4,1437 4,5869 

11 1,7959 2,2010 2,7181 3,1058 3,4966 4,0247 4,4369 

12 1,7823 2,1788 2,6810 3,0545 3,4284 3,9296 4,3178 

13 1,7709 2,1604 2,6503 3,0123 3,3725 3,8520 4,2208 

14 1,7613 2,1448 2,6245 2,9768 3,3257 3,7874 4,1404 

15 1,7530 2,1314 2,6025 2,9467 3,2860 3,7328 4,0728 

        

20 1,7247 2,0860 2,5280 2,8454 3,1534 3,5518 3,8495 

25 1,7081 2,0596 2,4851 2,7874 3,0782 3,4502 3,7251 

30 1,6973 2,0423 2,4572 2,7500 3,0298 3,3852 3,6459 

35 1,6896 2,0301 2,4377 2,7238 2,9961 3,3400 3,5912 

40 1,6839 2,0211 2,4233 2,7045 2,9712 3,3069 3,5510 

45 1,6794 2,0141 2,4121 2,6896 2,9521 3,2815 3,5202 

                

50 1,6759 2,0086 2,4033 2,6778 2,9370 3,2614 3,4960 

100 1,6602 1,9840 2,3642 2,6259 2,8706 3,1738 3,3905 

∞ 1,6450 1,9600 2,3450 2,5760 2,7800 3,0000 3,2392 

 

1N  



x
random st

N


 

st 

st
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Combined standard uncertainties   

Often a measurement depend on more than one variable and the measurement instrument 

involved also has different uncertainties. The uncertainties can then be divided in two different 

types of uncertainties, Type A and Type B.  

Type A uncertainties are those uncertainties that can be evaluated with by statistical methods, 

such as the Equations (1.47) – (1.52). Type B uncertainties are those from measurement 

instruments for example, these can be provided from manufactures or from previously 

experience.  

The combined uncertainties, , for a function, , can be expressed as 

   (1.52) 

where   is the partial derivate for the function and  are the standard uncertainties. 

To express the uncertainty in a confidence interval the effective degree of freedom  can be 

calculated with Welch-Satterthwaite equation expressed as 

  . (1.53) 

Now the expanded uncertainty, , can be calculated with 

   (1.54) 

where  is the coverage factor, similar to  in Equation (1.52), and can be find in Table 

22. 
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14. Results from the uncertainty calculation 

The results from the uncertainty calculation can be seen in Table 23 below.  

Table 23 - Results from the uncertainty analysis for R410A and R32 

          

  22,25 [C] 16,04 

[bar] 

7,45 [C] 8,55 [bar] 235,2 

[kJ/kg] 

430,4 

[kJ/kg] 

40,4 

[kg/h] 

2190 [W] 

  0,5 [C] 0,16  

[bar] 

0,56 [C] 0,09 [bar] 0,84 

[kJ/kg] 

0,65 

[kJ/kg] 

0,10 

[kg/h] 

26,1 [W] 

 10 11 18 11 79 26 21 75 

 28,40 [C] 19,60 

[bar] 

6,23 [C] 8,50 [bar] 252,1 

[kJ/kg] 

521,5 

[kJ/kg] 

39,4 

[kg/h] 

2795 [W] 

 0,5 [C] 0,1 [bar] 0,5 [C] 0,09 [bar] 1,0 

[kJ/kg] 

0,41 

[kJ/kg] 

0,06 

[kg/h] 

26,6 [W] 

 10 11 17 10 152 38 27 79 

  

,evap int ,evap inP ,outevapt ,outevapP ,inevaph ,evap outh refm
evapQ

R410Ax

R410Acu

R 410Aeff

R32x

R32cu

R32eff
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15.  Example of data collected from test 

PSYCHROMETRIC CALORIMETER DATA SHEET 
 

 
 

 

 

              

[ Maker   ] :   
[ Test Date            
]: 

2015-05-08...13:31:21 

[ Test Method ] : Cooling 
[ File Name             
]: 

20150508_00163_Test 
R32 

[ Power Source ] : 50 Hz   1Phase  0 V 
[ OD Model Name   
]: 

 

[ 
Observer 

  ] : lars&Bella 
[ OD Serial 
Number ]: 

 

[ 
Refrigera
nt 

  ] : R32 / (2000)g 
[ ID Model Name     
]: 

 

[ 
Integtatio
n 

  ] : 5 min / 4 Numbers 
[ ID Serial Number   
]: 

 

[ ID Set DB/WB ] : 35,30℃ / 26,20℃ 
[ Exp. Device           
]: 

 

[ OD Set DB/WB ] : 41,10℃ / 31,20℃ 
[ Rated Capacity     
]: 

0,0 (W) 

[ Memo 1  ] : T_2.6 R32,T=12, m=65kg/h 
[ Rated Power         
]: 

0,0 (W) 

[ Memo 2  ] :  
[ Rated Current       
]: 

0,00 (A) 

[ Memo 3  ] :  
[ Rated EER             
]: 

0,000 (W/W) 

  MEASURING DATA UNIT 5 min 10 min 15 min 20 min Avg. 

   Total Capacity 

W 2 308,2 2 298,4 2 379,5 2 358,4 2 336,2 

kcal/h 1 984,7 1 976,2 2 046,0 2 027,8 2 008,8 

Btu/h 7 876,0 7 842,3 8 119,1 8 047,0 7 971,6 

  Total Power Input     W 1 112,3 1 094,5 1 110,8 1 107,6 1 106,3 

   E.E.R 

W/W 2,075 2,100 2,142 2,129 2,112 

kcal/
Wh 

1,784 1,806 1,842 1,831 1,816 

Btu/W
h 

7,081 7,165 7,309 7,265 7,206 

  Voltage        V 230,45 230,44 230,45 230,44 230,44 

  Total Current     A 4,83 4,76 4,83 4,81 4,81 

  Frequency     Hz 50,0 50,0 50,0 50,0 50,0 

  Power Factor     % 99,83 99,82 99,83 99,83 99,83 

  Total Capacity Ratio     % 
65 

535,00 
65 

535,00 
65 

535,00 
65 

535,00 
65 535,00 

  Total Power Input Ratio   % 
65 

535,00 
65 

535,00 
65 

535,00 
65 

535,00 
65 535,00 

  Total Current Ratio     % 
65 

535,00 
65 

535,00 
65 

535,00 
65 

535,00 
65 535,00 

  E.E.R Ratio     % 
65 

535,00 
65 

535,00 
65 

535,00 
65 

535,00 
65 535,00 

  Air Flow (Lev)     
㎥

/min 
5,07 5,05 5,04 5,04 5,05 

  Entering DBT     ℃ 35,28 35,28 35,29 35,29 35,28 

  Entering WBT     ℃ 26,16 26,10 26,23 26,23 26,18 

  Leaving DBT     ℃ 21,28 21,16 21,08 21,11 21,16 

  Leaving WBT     ℃ 20,16 20,09 20,00 20,07 20,08 

  Nozzle Inlet Temp.     ℃ 21,28 21,16 21,08 21,11 21,16 
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  Enthalpy (Ent)     kJ/kg' 81,24 80,98 81,55 81,55 81,33 

  Enthalpy (Lev)     kJ/kg' 58,19 57,95 57,65 57,87 57,92 

  Humid Ratio (Ent)     kg/kg' 0,0178 0,0177 0,0179 0,0179 0,0179 

  Humid Ratio (Lev)     kg/kg' 0,0145 0,0144 0,0143 0,0144 0,0144 

  Specific Heat     
kJ/kg

℃ 
1,04 1,04 1,04 1,04 1,04 

  Specific Volume (Lev)     ㎥/kg' 0,86 0,86 0,86 0,86 0,86 

  Static Pressrue     mmAq -6,01 -6,00 -6,01 -6,00 -6,00 

  Nozzle Press. Drop     mmAq 21,66 21,48 21,39 21,41 21,49 

  Heat Loss       W 42,96 43,32 43,63 43,52 43,36 

  Drain Weight     kg/h 1,18 1,16 1,26 1,24 1,21 

  Latent Heat     W 812,02 796,72 867,07 849,81 831,50 

  Sensible Heat      W 
1 

496,21 
1 

501,64 
1 

512,42 
1 

508,55 
1 504,74 

  Sensible Heat Ratio     % 64,83 65,34 63,57 63,97 64,41 

  Barometric Pressure     mBar 
1 

006,88 
1 

006,81 
1 

006,87 
1 

006,90 
1 006,86 

  Entering DBT     ℃ 41,15 41,09 41,08 41,10 41,11 

  Entering WBT     ℃ 31,20 31,17 31,18 31,19 31,19 

  Entering RH     %RH 46,58 46,63 46,74 46,71 46,66 

  Pd       
kg/㎠

A 
21,98 21,66 21,96 21,89 21,87 

  Ps       
kg/㎠

A 
11,22 11,12 11,10 11,20 11,16 

  
Open Nozzle : 30(OFF) 40(ON) 65(ON) 85(OFF) 
100(OFF) 

              

PSYCHROMETRIC CALORIMETER DATA SHEET 
 

 
 

  

              

No. MEASURING DATA UNIT           

1 OD_01:Discharge temp   ℃ 81,01 80,86 80,48 80,70 80,76 

2 
OD_02:Inlet chamber 
refrigerant side 

℃ 32,97 32,60 32,96 32,75 32,82 

3 
OD_03:Outlet chamber 
refrigerant side 

℃ 10,56 11,96 11,16 10,47 11,04 

4 OD_04:Condensor outlet   ℃ 32,95 32,36 32,86 32,77 32,74 

5 OD_05:Condensor inlet   ℃ 77,20 76,95 76,73 76,88 76,94 

6 
OD_06:After 
massflowmeter 

  ℃ 33,37 32,91 33,36 33,18 33,21 

7 OD_07:After bypass/Carel   ℃ 33,38 32,94 33,36 33,18 33,21 

8 
OD_08:used when testing 
condensor 

℃ 24,30 24,36 24,34 24,35 24,34 

9 
OD_09:used when testing 
condensor 

℃ 23,30 23,32 23,30 23,32 23,31 

10 OD_10:Suction temp     ℃ 11,13 12,34 11,02 11,25 11,43 

11 
OD_11:Condensor inlet 
Water 

  ℃ 10,38 10,02 10,36 10,24 10,25 

12 
OD_12:Condesor outlet 
Water 

  ℃ 29,86 29,35 29,84 29,67 29,68 

13 
OD_13:used when testing 
condensor 

℃ 0,00 0,00 0,00 0,00 0,00 

14 
OD_14:used when testing 
condensor 

℃ 23,07 23,12 23,11 23,08 23,10 
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15 OD_15:Evaporator inlet   ℃ 11,97 11,68 11,65 11,90 11,80 

16 OD_16:Evaporator outlet   ℃ 16,07 17,33 16,42 15,83 16,41 

17 OD_17:top-1R-bott     ℃ 11,89 11,61 11,57 11,82 11,72 

18 OD_18:top-1R-mid     ℃ 11,96 11,68 11,65 11,90 11,80 

19 OD_19:top-1R-top     ℃ 12,08 11,79 11,74 12,01 11,90 

20 OD_20:top-2R-top     ℃ 11,56 11,26 11,22 11,50 11,38 

21 OD_21:top-2R-bot     ℃ 14,92 14,59 14,58 14,68 14,69 

22 OD_22:top-3R-bot     ℃ 11,41 11,13 11,08 11,34 11,24 

23 OD_23:top-3R-top     ℃ 12,99 16,60 15,71 14,25 14,89 

24 OD_24:bot-1R-bot     ℃ 12,12 11,84 11,80 12,06 11,95 

25 OD_25:bot-1R-mid     ℃ 12,10 11,81 11,78 12,03 11,93 

26 OD_26:bot-1R-top     ℃ 11,77 11,47 11,44 11,69 11,59 

27 OD_27:bot-2R-top     ℃ 11,81 11,51 11,48 11,73 11,63 

28 OD_28:bot-2R-bot     ℃ 11,69 11,37 11,32 11,58 11,49 

29 OD_29:bot-3R-bot     ℃ 11,65 11,33 11,28 11,54 11,45 

30 OD_30:bot-3R-top     ℃ 12,88 12,70 12,71 12,82 12,78 

31 OD_31:top-out     ℃ 13,92 14,49 13,71 13,00 13,78 

32 OD_32:bot-out     ℃ 16,72 18,96 18,12 17,48 17,82 

33 OD_33:Before exp valve   ℃ 33,28 32,96 33,28 33,09 33,15 

34 OD_34:       ℃ 0,00 0,00 0,00 0,00 0,00 

35 OD_35:       ℃ 0,00 0,00 0,00 0,00 0,00 

PSYCHROMETRIC CALORIMETER DATA SHEET 
           

No. MEASURING DATA UNIT           

1 U1:Ref_Mass_flow     kg/h 65,13 64,10 64,93 65,07 64,81 

2 U2:Ref_Density     kg/h 921,39 923,59 921,54 922,16 922,17 

3 U3:Ref_Diff_pressure     ℃ 68,34 67,47 69,03 68,23 68,27 

 

 

 


