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Abstract 

When running a refrigeration system, the refrigerant will always leak into the atmosphere in 
various ways. The leakage of currently used refrigerants have a non-negligible impact on the 
global warming. The European Commission recently approved the Regulation No 517/2014 on 
fluorinated greenhouse gases (FGR). This regulation implies, among other, that refrigerants with 
GWP of 2500 or more will be restricted from being used in stationary refrigeration equipment 
being placed on European refrigeration market. In this study a number of new refrigerants are 
analysed and evaluated as potential replacements for R404A which is a popular commercially 
used refrigerant with high global warming potential. A few refrigerants from different 
manufacturers have been evaluated using a computer model of a basic vapour-compression 
system, as well as analysed from the position of refrigerant safety. It was found that the best short 
term replacement for R404A are two refrigerants called R448A and R449A and the best long 
term replacement is DR7. 
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Sammanfattning 

I ett kylsystem kommer köldmediet alltid att, på ett eller annat sätt, läcka ut i atmosfären. Läckage 
av all världens köldmedium har en icke försumbar inverkan på den globala uppvärmningen. Den 
europeiska kommissionen nyligen godkänt en förordning kallad Regulation No 517/2014 on 
fluorinated greenhouse gases (FGR). Denna förordning innebär, bland flera saker, att 
kommersiella köldmedium med en global uppvärmningspotential på 2500 eller mer kommer att 
förbjudas för användning i stationära kylsystem. I denna studie har ett antal nya köldmedier 
analyserats och utvärderats i syfte att hitta ersättare till R404A vilket är ett populär kommersiellt 
köldmedium med en hög global uppvärmningspotential. Jämfört med R404A har nya köldmedier 
from olika producenter utvärderas i en databaserad modell av ett enkelt kylsystem för att 
utvärdera deras effektivitet. Studien fokuserar också på säkerhet kring köldmedier och 
tillsammans med resultaten från modellen framkom det att på kort sikt är det bästa alternativet 
för att ersätta R404A är två köldmedium kallat R448A R449A och på lång sikt ett köldmedium 
kallat DR7.      

 

 

  

-3- 
 



Table of contents 

Abstract .......................................................................................................................................................... 2 

Sammanfattning ............................................................................................................................................ 3 

Nomenclature ............................................................................................................................................... 6 

1 Introduction .......................................................................................................................................... 8 

1.1 Background ................................................................................................................................... 8 

1.1.1 F-gas Regulation .................................................................................................................. 8 

1.1.2 GWP ...................................................................................................................................... 8 

1.2 Vapour-compression system .................................................................................................... 10 

1.3 Temperature glide ...................................................................................................................... 13 

1.4 A number of criteria are set to any substance thought to be used in vapour compression 
cycle. 14 

1.4.1 Chemical stability ............................................................................................................... 14 

1.4.2 Thermal efficiency ............................................................................................................. 14 

1.4.3 Critical point and boiling temperature ........................................................................... 15 

1.4.4 Flammability ....................................................................................................................... 15 

1.5 New generation of refrigerants ................................................................................................ 16 

1.6 R404a replacements ................................................................................................................... 17 

2 Objective and goal ............................................................................................................................. 19 

2.1 Limitations to the study ............................................................................................................ 20 

3 Method ................................................................................................................................................ 21 

3.1 Model of a vapour compression system ................................................................................. 21 

3.2 Operating conditions................................................................................................................. 21 

3.3 Glide ............................................................................................................................................ 21 

3.4 Coefficient of performance ...................................................................................................... 22 

3.5 Volumetric cooling capacity ..................................................................................................... 23 

3.6 Compressor discharge temperature ........................................................................................ 23 

3.7 Pressure ratio .............................................................................................................................. 24 

3.8 Assumptions ............................................................................................................................... 24 

3.9 Sensitivity analysis ...................................................................................................................... 24 

4 Results and Discussion ...................................................................................................................... 25 

4.1 Results of sensitivity analysis .................................................................................................... 30 

5 Conclusions and future work ........................................................................................................... 31 

5.1 Conclusions ................................................................................................................................ 31 

-4- 
 



5.2 Suggested future work ............................................................................................................... 31 

References ................................................................................................................................................... 32 

Appendix ..................................................................................................................................................... 34 

 

-5- 
 



Nomenclature 

 

Title    Symbol  Unit 

Coefficient of performance    COP (-) 

Global warming potential    GWP (-) 

Ozone depletion potential   ODP (-) 

Isentropic compression efficiency  ηC (-) 

Enthalpy     h (kJ/kg) 

Entropy    s (kJ/kg K) 

Temperature    T (°C) 

Pressure    P (kPa) 

Capacity     Q (kW) 

Power    E (kW) 

Quality of vapour   Q (-) 

 

Regulation (EU) No 517/2014 of the European 

Parliament and of the Council of 16 April 2014 

on fluorinated greenhouse gases  FGR (-) 
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Subscript    Symbol 

Inlet of the evaporator   a 

Inlet of the compressor   b 

Inlet of the condenser   c 

Inlet of the expansion valve   d 

Condenser    1 

Evaporator    2 

Superheating    SH 

Superheat after glide   SHnew 

Subcooling    SC 

Bubble point temperature   bub 

Dew point temperature   dew 

Number of refrigerant    k 

Relative to baseline refrigerant  % 
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1 Introduction  

1.1 Background 

Refrigeration is to many people something that is taken for granted. A refrigerator is likely part of 
people’s everyday life, especially in the western world. Like many of the modern mass-produced 
products they have an effect on the global warming. Most refrigerators today, both domestic and 
commercial are operated by a vapour-compression system in various forms and sizes. One thing 
they have common is that they use a refrigerant as the working fluid. Apart from the energy that 
is required for the manufacturing, transport etc. and the electricity required to run the 
refrigerators, the working refrigerant itself has an effect on the climate. It leaks from the system 
and out in the atmosphere in various ways. It has been shown that most refrigerants today are 
very strong greenhouse gases, many have a global warming potential of more than a thousand 
times stronger than carbon dioxide. As in many other sectors that contribute to global warming, 
measures must be taken to reduce the effect refrigeration has on global warming.  

 

1.1.1 F-gas Regulation 

Apart from the ethical reasons that motivates more environmentally friendly refrigerants there are 
a number of legalisations that requires a change from conventional refrigerants. One regulation is 
the European Regulation No 517/2014 on fluorinated greenhouse gases, also called the F-gas 
regulation (FGR). This is a legalisation that aims to protect the environment by reducing 
emissions of fluorinated greenhouse gases, and, among many other things, bans refrigerants with 
GWP of 2500 and greater from use in a number of applications from 2020. The most common 
refrigerants and thereby most affected by the regulation are R404a and R507c which all have a 
GWP higher than 2500 (F-gas regulation by the European Commission, 2014) Due to the F-gas 
regulation conventional refrigerants have to be replaced.  

 

1.1.2  GWP 

The FGR is not the first restriction of refrigerant use. In 1970s, it was discovered that the use of 
Freon was the main cause of the depletion of the ozone-layer and in 1987 Freon was banned by 
the Montreal Protocol (S. Devotta, et al. 1992).  

The refrigerants effect on the ozone layer was from then expressed in ODP which is a 
comparative unit of how much damage a certain refrigerant and its chemical compound does to 
the ozone layer in comparison to the effect of equivalent mass of the commonly used Freon – 
chlorodifluoromethane (Bolaji and, Z. Huan, 2013). The Montreal Protocol was successful, many 
countries signed the treaty and high ODP refrigerants were banned. A recent reports from the 
World Meteorological Organization implies that the ozone layer is recovering and will in the 
middle of this century reach the same level as before the human-induced depletion began (WMO, 
2014). 
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Because of the effects of the Montreal Protocol, companies had to start developing different 
refrigerants in order to replace the phased out ones. A popular group of refrigerants introduced 
during that time was the group of hydrofluorocarbons (HFCs) with zero ODP. However, during 
the 1990s when the issue of global warming was drawing attention to, a problem with the new 
refrigerants appeared. Although they had a very low ODP they had a high impact on the global 
warming.  

When the Sun’s radiation hits the earth most of it passes through the atmosphere, it hits the 
ground and is reflected as infrared radiation back to the atmosphere. This radiation is later 
absorbed as heat energy by the gasses in the atmosphere. A few examples of these gasses are 
carbon dioxide (CO2), methane (CH4) but also the chemical compounds of refrigerants in groups 
such as CFCs, HCFCs and HFCs. These gasses absorbs the infrared radiation from the sun, 
some more than others. Different gasses also exists in the atmosphere for a longer period of time 
than the others. The amount of heat these gasses can absorb in comparison to equivalent mass of 
CO2 is expressed by the Global Warming Potential (GWP) (Bolaji and, Z. Huan, 2013). 
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1.2 Vapour-compression system 

In order to determine how well a new refrigerant can function in a vapour-compression system, 
the simple refrigerator system has been analysed. A basic vapour-compression system consist of a 
condenser, an expansion valve, an evaporator and a compressor. The refrigerant flows through 
this system and undergoes changes as it is affected by different pressure and temperatures. The 
setup of a basic vapour-compression cycle is shown in Figure 1. 

 

Figure 1: A basic vapour-compression refrigeration cycle (the arrows denotes the 
flow direction of the refrigerant).  

 

State a-b 

When the refrigerant flows in the evaporator, near the refrigerated space, the compressor keeps 
the refrigerant at such a pressure that if any more heat is added to the refrigerant it will start to 
vaporize. The vaporising temperature of the refrigerant needs to be colder than in the desired 
temperature inside the refrigerated space. According to the second law of thermodynamic, a 
system will always try to achieve thermodynamic equilibrium. The heat can only flow in one 
direction, from the hotter refrigerant space to the colder refrigerant making the refrigerant to 
evaporate. When the refrigerant evaporates the enthalpy increases, process a-b, Figure 2. At a 
certain point inside the evaporator, when all the liquid has evaporated, the refrigerant will still 
absorb heat from the refrigerated space. This means that both enthalpy and temperature will 
continue to increase and the refrigerant will from now on have a degree of superheating. The 
refrigerant needs to be superheated in order to make sure that it is free from liquid which would 
otherwise damage the compressor (Granryd, et al. 2005). Superheat is measured as the difference 
between the temperate of the vapour when entering the compressor and the vapour saturation 
temperature. 
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Figure 1: Pressure-Enthalpy diagram for various points in the cycle.  

 

State b-c 

The refrigerant continues to flows through the compressor where it is compressed, making the 
pressure and temperature to increase. In an ideal compression, the compressor works 
adiabatically which equals to no losses like friction and no change in entropy, Figure 3. However, 
no compressor can work adiabatically and therefore there is always a compressor efficiency 
coefficient. Diagram in Figure 3 is closely related with diagram in Figure 2. 

 

-11- 
 



 

Figure 2: Temperature-Entropy diagram for various points in the cycle.  

 

State c-d 

The refrigerant is pumped to the condenser and since it now has a higher temperature than the 
surrounding space it starts to condensate. At point c, the inlet of the condenser, the temperature 
is higher than the condensing temperature. This temperature will sink to condensing temperature 
at the entrance and then the refrigerant will condense under constant pressure. The heat 
transferred away from the refrigerant will cause the enthalpy to decrease. When all the vapour has 
turned into liquid the surrounding space will continue to absorb heat from the refrigerant and 
make it subcooled. The degree of subcooling is measured by the difference between the saturated 
liquid temperature at the condensation pressure and the temperature measured after the 
condenser. 

State d-a 

The expansion valve together with the compressor controls the refrigerants flow and the systems 
pressure. When the condensed refrigerant flows through the valve the pressure and temperature 
drops and from the subcooled region the refrigerant starts to vaporize and the cycle is started 
again. 
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1.3 Temperature glide 

If a refrigerant is a mixture of two or more substances it might behave differently than a single 
substance refrigerant. Some mixtures are considered as azeotropic which means that when they 
evaporate at a well-defined boiling temperature. 

Some mixtures have so called zeotropic properties. This means that the components phases, 
inside the mixture will differ from each other when heated. If a zeotropic refrigerant would flow 
through the evaporator, the vapour and the liquid would have a different mass-percentage of the 
components. (SWEP, 2015) In the azeotropic case, the refrigerant would flow through the 
evaporator and the liquid and vapour would have the same mass-percentage of the components. 
For a zeotropic refrigerant this means that the bubble temperature is not the same as the dew 
temperature. In a vapour-compression system this will result in an increase of temperature in the 
evaporator. This difference in temperature is called temperature glide. For a zeotropic refrigerant 
two new temperatures are defined as; temperature when the first bubble is spotted and the 
temperature when the last liquid drop of refrigerant is spotted. The pressure is held constant and 
the zeotropic properties of the refrigerant causes a temperature drop in condenser and a rise in 
evaporator. In figure 4 this phenomenon is graphically illustrated. (DuPont Suva, 2004). 

 

 

Figure 4: Behaviour of a zeotropic refrigerant in a pressure-enthalpy diagram.  
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1.4 A number of criteria are set to any substance thought to be 
used in vapour compression cycle.  

1.4.1 Chemical stability  

A refrigerant needs to be chemically stable. Ones the refrigerant flows in the system it can’t 
decompose or react with the other materials used to run the refrigerating process. Chemical 
stability is desirable property inside the system, however, when the refrigerant leak out in the 
atmosphere an ideal refrigerant would not stay stable but decompose easily and make it more 
environmentally friendly.  

 

1.4.2 Thermal efficiency 

 

Figure 5: Pressure-Temperature curve for five refrigerants. 

 

The system need to have a number of thermal properties suitable for application, for example the 
pressures should not be too high, nor too low. The compressor and expansion valve together 
with the properties of the refrigerant controls the pressure and temperature. All these factors 
needs to be suited to the desirable conditions in which the system should operate. A pressure 
level below atmospheric in the system can result in unwanted air getting sucked in to the system 
and cause ice plugs in the expansion valve (Granryd, et al. 2005). On the other hand too high 
pressure requires heavy constructions. Finding the COP and the volumetric cooling capacity of 
the system are two important ways of measuring the efficiency of the system. In Figure 5 the 
pressure and temperature curve are plotted for five different refrigerants. The working pressure 
and the corresponding temperature in the evaporator and condenser is a very important 
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correlation and will, together with the refrigerant, describe the basic operating conditions of a 
vapour-compression system.  

 

1.4.3 Critical point and boiling temperature 

The critical point of a substance is reached at the end point of the phase equilibrium curve. There 
is no longer possible to distinct the gas from liquid and the substance is at a supercritical stage. In 
Figure 4 the critical point is at the top of the curve. If the operating temperature of the condenser 
is too close to the critical temperature it will result in lower COP. (Ramesh Chandra Arora, 2010) 

 

1.4.4 Flammability 

Due to safety reasons an ideal refrigerant is not flammable, but many refrigerants that possesses a 
number of the desirable criteria are flammable and therefore should be used in specially designed 
systems. ASHRAEs Standard 34 describes a refrigerants flammability with 3 classifications and 
one subclass, Table 1. Although classification 2L is a subclass of the second class, its flammability 
“risk” is lower because of the burning velocity limit of maximum 10 cm/s. In Figure 6 a few 
refrigerants are classified in regards to their heat of combustion and burning velocity. Some of 
the new promising refrigerants such as R-1234ze are placed in the 2L class. However, when using 
refrigerants in the 2L class the safety demands are still the same as other flammable refrigerants 
(Energiteknik, 2014) The Testing of the refrigerant has taken place in atmospheric pressure and 
at 60º C. Second column describes when flame propagation occurs depending on how much 
volume percentage of the refrigerant is in the air. Third column shows how much heat that is 
released when the refrigerant combusts. 

 

Table 1: Refrigerant flammability (International Institute of Refrigeration 2008). 

Classification % in air by volume Heat of combustion J/kg 

1 No flame propagation when tested 

2L >3,5 <19000 

2 >3,5 <19000 

3 ≤3,5 ≥19000 
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Figure 6: The heat of combustion and the burning velocity of a few refrigerants. 
(Honeywell, 2014) 

 

1.5  New generation of refrigerants 

Some of the most recently developed refrigerants are called hydroflouroolefins, HFOs. Together 
with the HCs (Hydrocarbons) they are a part of the fourth generation refrigerants. The HFOs, 
which are unsaturated HFCs, are characterized by their low GWP, cost-effectiveness and good 
energy efficiency (John Tomczyk, 2014).  

However, it is shown that making single-substance refrigerants as alternative for R404A is very 
limited and there are only a few substances from this group that can meet the standards of the 
refrigerant criteria previously mentioned (Bitzer, 2014). 

Two common refrigerants from the HFO-group are R1234yf and R1234ze which both have zero 
ODP and very low GWP (4 and 7) and thereby could satisfy the demands of FGR. R1234yf and 
R1234ze are however both mildly flammable, classification 2L. They are used as a single 
refrigerant for the system or often blended with other refrigerants to modify their properties and 
often reduce the GWP. By blending, the refrigerant mixture will get a lower GWP the more of 
the HFOs that is added, but on the other hand the mixture also increases in flammability (Bitzer, 
2014). 
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1.6 R404a replacements 

R404a is a popular commercially used refrigerant with a GWP of 3922. AHRI (Air-Conditioning, 
Heating, and Refrigeration Institute) is a trade association which recently presented the 
composition of a number of new promising low-GWP refrigerants which are seen to 
replacements for conventional ones. Some of the refrigerants that were suggested to work as a 
replacement for R404a are listed in Table 2 below. The refrigerants composition and their mass-
percentage is described in the second and third column. The flammability classification is 
presented next, followed by their GWP-value. A number of these refrigerants have not yet been 
given an ASHRAE classification because they are too new or in a stage of development. The 
refrigerants are in almost all cases composed by old HFCs and the newer HFOs (R-1234yf and 
R-1234ze(E)). The ODP is zero for all refrigerants. 

Table 2: Main characteristics of R404A and its potential replacements (AHRI, 2014)  

Refrigerant Composition % of Mass Flammab
ility 

GWP1 

R404a R143a/R125/R134a (52/44/4) 1 3922 

R449a R-32/R-125/R-134a 
/R-1234yf 

(24/25/26/25) 1  1397 

R448a R32/R125/R1234yf/R134a 
/R1234ze(E) 

(26/26/20/21/7) 1 1273 

ARM-30a R32/R1234yf (29/71) 2L 199 

ARM-31a  R-32/R-134a/R-1234yf (28/21/51) 2L 491 

D2Y65 R-32/R-1234yf (35/65) 2L 239 

DR-7 R-32/R-1234yf (36/64) 2L 246 

L40 R-32/R-152a/R-1234yf 
/R-1234ze(E) 

(40/10/20/30) 2L 285 

R-32/R-
134a 

R-32/R-134a (50/50) 2L 1053 

R290 R-290 100 3 3 

1IPCC AR4 values 
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Table 3 lists the same refrigerants as in Table 2 but in regards to their boiling temperature and 
critical point. As shown the boiling and critical temperature of the new refrigerants is similar to 
R404a and is therefore, with regards to their temperature and pressures, applicable on a system 
that uses R404a as a refrigerant. The refrigerant is listed followed by its boiling temperature under 
atmospheric pressure. In the third column the critical temperature and finally the critical pressure. 

Table 3: Main thermophysical properties of R404A and its potential replacements  

Refrigerant Boiling temperature Critical temperature Critical pressure 

R404a -46,5°C 72.0 °C1 3.73 MPa1 

R449a -44°C 81.5 °C2 4.45 MPa2 

R448a -44,8°C 83.6 °C3 4.66 MPa3 

ARM-30a -41,4°C 90.29 °C4 4.34 MPa4 

ARM-31a -36,9°C 90.9 °C4 4.46 MPa4 

D2Y65 -38,5°C 89.3 °C4 4.52 MPa4 

DR-7 -38,2°C 89.2 °C4 4.55 MPa4 

L40 -44,3°C 89.9 °C4 4.84 MPa4 

R-32/R-134a -44,7°C 86.7 °C4 5.20 MPa4 

R290 -42,1°C 96.74 °C5 4.25 MPa5 

1(A-GAS, 2004) 

2(Linde, 2014) 

3(Honeywell, 2015)  

4(P Makhnatch 2015, pers. comm., 18 August) 

5(Air Liquide, 2015) 
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2 Objective and goal 

As global warming continues, there is a need of finding alternative refrigerants with a low GWP 
which contributes to make refrigeration environmentally sustainable. This is motivated by both 
ethical reasons and a number of legalisations, including the FGR. New refrigerants with a lower 
GWP than currently used ones have to be evaluated to determine which refrigerants would best 
replace the old ones. 

 

The goal of this study is to identify the best possible replacement of R404a for supermarket 
refrigeration systems. The objectives of the study are therefore as follows: 

 

1. Building a model of a simple vapour-compression system 
2. Evaluating the system performance by comparing the alternative refrigerants to R404a. 
3. Draw the conclusions based on the modelling results and by applying relevant selection 

criteria 
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2.1 Limitations to the study 

There is a number of limitations to this study. The only system that has been analysed is a basic 
vapour compression system. In reality there is a number of different system used which is more 
complicated and more complex to analyse. A huge number of parameters could have been 
focused on and the results might have been different. This study focuses on evaporation and 
condensing temperatures. If the superheating or subcooling is alternated the results might have 
been different. 

The assumptions made and explained in 3.5 has been motivated by other studies and their effect 
on a real system has not been included in the study.  

Moreover, there should be no confusion that this study has only compared the refrigerants direct 
effect on the global warming, the damage that they do themselves by leaking from the system. 
The indirect effect of refrigeration, the electricity required for running the system has not been 
taken into consideration nor has the energy required for manufacturing the refrigerants or the 
refrigerators, neither the social situation for workers in the factories that produce refrigerants. To 
find out if refrigeration is truly sustainable all the aspects of sustainability must be analysed; 
economic, social and environmental. This paper only covers some of the environmental aspects. 
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3 Method  

3.1 Model of a vapour compression system 

A model of the vapour-compression described in section 1.2 has been built by using the Refprop 
library. The Refprop library is a database developed by NIST (National Institute of Standards and 
Technology) and it is used in a number of different thermodynamic calculations. The basic 
calculations used to calculate the enthalpies, entropies and pressure values is excluded here. To 
see how the basic values are calculated go to the Appendix A2. 

 

3.2 Operating conditions 

To make an analysis of the system some parameters will be predetermined. These are the 
condensing temperature T1, the evaporating temperature T2, the subcooling TSC, and superheating 
TSH. 

The refrigerants from Table 2 will be tested under two conditions, evaporation and condensing 
temperature similar to a freezer and a refrigerator. For freezing conditions evaporation 
temperature will be set to -30 ºC and condensing temperature to 40 ºC. For refrigeration 
conditions evaporation temperature will be set to -10 ºC and condensing temperature to 40 ºC.  
Superheating and subcooling is set to 5 ºC. The compressor isentropic efficiency is assumed to be 
0.7. The operating conditions is motivated by similar studies (Adria´n Mota-Babiloni et al, 2014).   

 

3.3 Glide 

For the zeotropic refrigerants, there will be a non-negligible temperature difference in the 
evaporator and the condenser. Since condenser and evaporator temperatures are predetermined, 
the bubble and dew temperature are found by iteration and together with properties from 
refrprop found by: 

𝑇𝑇2 = 1
3
𝑇𝑇2𝑏𝑏𝑏𝑏𝑏𝑏 + 2

3
𝑇𝑇1𝑑𝑑𝑑𝑑𝑑𝑑      (1)

   

𝑇𝑇1 = 1
2
𝑇𝑇1𝑏𝑏𝑏𝑏𝑏𝑏 + 1

2
𝑇𝑇1𝑑𝑑𝑑𝑑𝑑𝑑     (2) 

 

Equation (1) and (2) has been taken directly from (Honeywell, 2012). 

The bubble and dew temperature is a function of pressure and a quality. The glide needs to be 
calculated in order to know if equations are necessary to use. If the glide is less than 1 °C it is 
considered to be negligible and equations are not necessary to use.  (Bitzer, 2014) 
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3.4 Coefficient of performance  

The Coefficient of performance is one way of measuring the vapour-compression systems 
efficiency. It describes how much refrigeration effect is accomplished by a certain amount of 
work input to the system. The COP is therefore related to the compressor and its efficiency and 
energy demand. Higher COP indicates better efficiency of the system. The COP is calculated by 
the dividing the evaporator capacity with the compressor power.  

𝐶𝐶𝐶𝐶𝐶𝐶 = �̇�𝑄2
�̇�𝐸𝑡𝑡

                (3) 

Where the evaporator capacity is 

�̇�𝑄2 = �̇�𝑚(ℎ𝑏𝑏 − ℎ𝑎𝑎)                     (4) 

The compressor power is  

�̇�𝐸𝑡𝑡 = �̇�𝑚(ℎ𝑐𝑐−ℎ𝑏𝑏)
𝜂𝜂𝑖𝑖𝑖𝑖

                  (5) 

Where equations (3), (4) and (5) are taken from (Granryd, et al, 2005) 

Combining equation (3), (4) and (5) gives 

 

       𝐶𝐶𝐶𝐶𝐶𝐶 = �̇�𝑚(ℎ𝑏𝑏−ℎ𝑑𝑑)
�̇�𝑚(ℎ𝑐𝑐−ℎ𝑏𝑏)

𝜂𝜂𝑖𝑖𝑖𝑖

= 𝜂𝜂𝑖𝑖𝑖𝑖
(ℎ𝑏𝑏−ℎ𝑑𝑑)
(ℎ𝑐𝑐−ℎ𝑏𝑏)

  (6) 

How much the COP for the chosen refrigerant alters from the COP of R404A can be calculated 
with  

𝐶𝐶𝐶𝐶𝐶𝐶% = 𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡−𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅404𝐴𝐴
𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅404𝐴𝐴

                (7) 
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3.5 Volumetric cooling capacity 

The volumetric cooling capacity is a measurement of the refrigerating effect is per volume. The 
specific volume, vb, is a function of the enthalpy, the entropy, and the chosen refrigerant. 

𝑣𝑣𝑏𝑏 = 𝑓𝑓(ℎ𝑏𝑏 , 𝑠𝑠𝑏𝑏 ,𝑅𝑅𝑘𝑘)                                           (8) 

 

With the volume known the volumetric refrigeration effect if found by 

 

𝑉𝑉𝐶𝐶𝐶𝐶 = ℎ𝑏𝑏−ℎ𝑟𝑟
𝑣𝑣𝑏𝑏

    (9) 

 

Similarly to COP, the relative volumetric refrigeration effect will be calculated in equation 

 

                𝑉𝑉𝐶𝐶𝐶𝐶% = 𝑉𝑉𝐶𝐶𝐶𝐶1,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡−𝑉𝑉𝐶𝐶𝐶𝐶1,𝑅𝑅404𝐴𝐴

𝑉𝑉𝐶𝐶𝐶𝐶1,𝑅𝑅404𝐴𝐴
                (10) 

 

3.6 Compressor discharge temperature 

As the refrigerant flows through the compressor the temperature will rise to the highest in the 
system. The compressor discharge temperature should preferably be as low as possible in order 
to lessen the strain on the compressor and prolong its life. (B.O. Bolaji, et al., 2011) 

𝑇𝑇𝑑𝑑𝑖𝑖𝑖𝑖 = 𝑓𝑓(ℎ𝑐𝑐, 𝑠𝑠𝑏𝑏 ,𝑅𝑅𝑘𝑘)                     (11) 

In comparison with R404A 

𝑇𝑇𝑑𝑑𝑖𝑖𝑖𝑖,% = 𝑇𝑇𝑑𝑑𝑖𝑖𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡−𝑇𝑇𝑑𝑑𝑖𝑖𝑖𝑖,𝑅𝑅404𝐴𝐴

𝑇𝑇𝑑𝑑𝑖𝑖𝑖𝑖,𝑅𝑅404𝐴𝐴
                                   (12) 
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3.7 Pressure ratio 

The quotient between pressure in the condenser and pressure in the evaporator give a ratio which 
can be used to estimate how hot the system will get. To keep temperatures moderate, the 
pressure ratio of equation should be as low as possible (B.O. Bolaji, et al, 2011). Moreover, with 
low condenser pressure, the equipment and the piping can be made with less weight that is not 
required to withstand high pressure. (Refrigeration and Air Condition, 2010) 

𝑅𝑅𝑖𝑖 = 𝐶𝐶1
𝐶𝐶2

              (13) 

In comparison with R404A 

𝑅𝑅𝑖𝑖,% = 𝑅𝑅𝑅𝑅𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡−𝑅𝑅𝑅𝑅𝑖𝑖,𝑅𝑅404𝐴𝐴
𝑅𝑅𝑖𝑖,𝑅𝑅404𝐴𝐴

          (14) 

 

3.8 Assumptions  

A number of assumptions are made which will make the results in this study alter from a real 
systems. The enthalpy remains unchanged as it flows through the expansion valve, the expansion 
is adiabatic. No frictional pressure drops in evaporation and condenser have been taken into 
account. When the refrigerant flows through the pipes there will always be frictional forces 
caused by for example flow type, viscosity. These forces will cause pressure drops and therefor a 
real system is not working under constant pressure at all points. There will always be heat loses to 
the surroundings which has not been taken into consideration. The compressor isentropic 
efficiency has been assumed to be 0.7. 

 

3.9 Sensitivity analysis  

There is a number of parameters that could be altered for making a sensitivity analysis. In this 
study a 5°C increase in condensing temperature is tested to see how it affects the results on the 
volumetric cooling capacity. A number of parameters could be altered to do a more 
comprehensive sensitivity analysis. 
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4 Results and Discussion 

The first result is the temperature glide of the refrigerants, Figure 7. As expected R290 has zero 
glide due to the fact that it is a single substance refrigerant. In the evaporator, R404a has a glide 
which is 0.34°C and is therefore regarded as a near-azeotropic refrigerant. Equations (1) and (2) is 
not applied on R290 and R404a. The glide for freezing conditions and for the condenser is 
roughly the same.   

 

  

Figure 7: The temperature glide in the evaporator for refrigeration conditions.  
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Figure 8 shows that all of the tested refrigerants have a higher COP% than R404a. When 
operating in freezing conditions R32/R134a has the highest COP% (+12.4%). Not far behind are 
ARM30a and DR7 with both ~+11.8% COP%. The refrigerants with the worst COP% is R449a 
and R449a which both have about 9% better performance than R404a. In refrigeration 
conditions ARM31a together with R290 has the highest COP% (~+7.6%). ARM30A and D2Y65 
perform slightly worse and have a performance around +6.9% better than R404a. The worst 
performing refrigerants in refrigeration conditions are, as in freezing conditions, R449a and 
R448a with a performance around +5.2% better than R404a. The grey pillars denotes the 
freezing conditions and the black pillars the refrigeration. 

  

Figure 8: The Coefficient of performance. The difference in COP of the tested 
refrigerants with R404a as a basis.  
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Figure 9 shows the relative volumetric cooling capacity where R404a is compared with the rest of 
the refrigerants. It is shown that all the tested refrigerants have a VCC% that is worse than R404a. 
The refrigerant which performed the worst under freezing conditions was ARM31a with and 
VCC% of -26.9%. ARM31a is followed by D2Y65 with -23.2% and then a big increase to 
ARM30a with -12.7%. Refrigerant with the best VCC% but still negative was R448a with -1.0%. 
Under refrigerant conditions the results are similar with ARM31a as the worst VCC% (-25.1%) 
and R448a (-1.0%).  

 

Figure 9: The difference in VCC of the tested refrigerants with R404a as a basis. 
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The discharge temperature is higher than R404a for all the tested refrigerants. R290 along with 
ARM31a and D2Y65 has less than 10% higher discharge temperature than R404a. L40 and 
R32/R134a performs worst and has 40% higher discharge temperature than R404a. 

  

Figure 10: The difference in Discharge temperature of the tested refrigerants with 
R404a as a basis.  

Figure 10 shows the results of the discharge temperature. As shown, all the refrigerants have the 
same or higher discharge temperature than R404a. For L40 and R32/R134a its almost 50% 
higher. ARM31a and D2Y65 together with R290 all have roughly the same discharge temperature 
and for refrigerating conditions R290 have the same temperature as R404a. Figure 11 shows the 
discharge temperature in absolute values. 

 

Figure 11: Absolut values of Discharge temperature 
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Figure 12 shows the results of the pressure ratio when compared to R404a. All the refrigerants 
except R290 have a pressure ratio which is higher than R404a and thereby would require higher 
compressor work. R23/R134a is the refrigerant with the worst pressure ratio, especially under 
freezing conditions. ARM31a and L40 has a high pressure ratio under freezing conditions. In 
refrigeration conditions the difference in pressure ratio is smaller. For R290 the pressure ratio is 
better than R404a in both freezing and refrigeration conditions.   

 

 

Figure 12: The difference in Pressure ratio of the tested refrigerants with R404a as 
a basis.  
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4.1 Results of sensitivity analysis 

Figure 13 presents the results of a 5°C increase in evaporation temperature with otherwise the 
same operating conditions as before. When compared to Figure 9 the volumetric cooling capacity 
improves with an increasing evaporating temperature. For some refrigerants, like R448a and L40 
the volumetric cooling capacity is actually better than R404a. Although R448a and L40 performs 
slightly better than R404a in conditions with higher evaporating temperature, it does not change 
the outcome of the ordinary results. The worst performing refrigerant is still ARM31a and the 
best is R448a. The grey pillars denotes the freezing conditions and the black refrigeration. T1 is 
here increased with 5°C. 

  

Figure 13: The difference in Volumetric cooling capacity of the tested refrigerants 
with R404a as a basis.  
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5 Conclusions and future work 

5.1 Conclusions 

The results shows that the two refrigerants L40 and R32/R134a have both relative high COP% 
and VCC% under both freezing and refrigerating conditions. Moreover DR7 has good COP% but 
slightly worse VCC%. R448a has the best volumetric cooling capacity but low COP%. Although 
L40 and R32/R134a has good COP and VCC% they both have a high pressure ratio and 
discharge temperature. The refrigerant with best pressure ratio and discharge temperature is 
R290. 

In terms of flammability, R448a and R449a has the highest safety classification, 1. The rest has 
the classification 2L and R290 has classification 3. In terms of GWP, R448a, R449a and 
R32/R134a has high GWP (above 1000), DR7 and L40 both has much lower GWP (around 
260).  

The high discharge temperature and pressure ratio indicate that currently used systems and 
compressors might be insufficient. Also, as previously described, refrigerants with the safety 
classification 2L are only allowed to be used with higher safety standards.  

As said in the literature review, there is no ideal refrigerant. This is also indicated from the results 
of the refrigerants tested in this study. From the results it is shown that there is not a natural 
replacement for R404a, all of the tested refrigerants have drawbacks. 

There is a need within the following years to alternate refrigerating system so they can operate 
with slightly flammable refrigerants and still makes it safe for the users. Systems and compressors 
must also be made sure to withstand higher discharge temperatures and higher pressure ratio. In 
short term, R448a and R449a are the best replacement to R404a. Although they have a GWP of 
1346 and 1410 respectively, it is significantly lower than the GWP of R404a (3922). In the long 
term, together with more research on flammability, a possible replacement for R404a is DR7. 

 

5.2 Suggested future work 

In the future the study can be developed further by more research in flammability and find how a 
real system is constructed in order to make more relevant conclusions.  
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Appendix 

A1 The Excel-file used for calculations 
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A2- BASIC CALCULATIONS 

Point B 

Figure 1 shows that 𝐶𝐶2 = 𝐶𝐶𝑎𝑎 = 𝐶𝐶𝑏𝑏. When refrigerant has fully vaporized the iterated pressure, as 
calculated before is thereby equivalent to.   

𝐶𝐶2 = 𝑓𝑓(𝑇𝑇2𝑑𝑑𝑑𝑑𝑑𝑑,𝑄𝑄 = 1,𝑅𝑅𝑘𝑘)                             (A1) 

 

When this pressure is known enthalpy for the superheated refrigerant can be calculated as a 
function of pressure and the superheated temperature. The superheat is also affected by the glide 
as described in (Honeywell, 2012). 

𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑 = 𝑇𝑇𝑆𝑆𝑆𝑆 −
1
3
𝑇𝑇𝐺𝐺𝐺𝐺𝑖𝑖𝑑𝑑𝑑𝑑                        (A2) 

 

Where the glide is calculated  

 

𝑇𝑇𝐺𝐺𝐺𝐺𝑖𝑖𝑑𝑑𝑑𝑑 = 𝑇𝑇2𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑇𝑇2𝑏𝑏𝑏𝑏𝑏𝑏                         (A3) 

 

Enthalpy in b can now be calculated 

 

ℎ𝑏𝑏 = 𝑓𝑓(𝐶𝐶2,𝑇𝑇2𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑,𝑅𝑅𝑘𝑘)                              (A4) 

 

As well as entropy 

 

𝑠𝑠𝑏𝑏 = 𝑓𝑓(𝐶𝐶2,𝑇𝑇2𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑,𝑅𝑅𝑘𝑘)          (A5) 

 

Point C  

From Figure 2 it is shown that 𝐶𝐶1 = 𝐶𝐶𝑐𝑐 = 𝐶𝐶𝑑𝑑 and the iterated pressure as calculated in equation is 
thereby equivalent to. 

 

𝐶𝐶1 = 𝑓𝑓(𝑇𝑇1𝑏𝑏𝑏𝑏𝑏𝑏,𝑄𝑄 = 0,𝑅𝑅𝑘𝑘)             (A6) 
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In an ideal case the compressor works adiabatically which means entropy is unchanged. (Figure 3) 
Therefore entropy in point b and c are equivalent. Enthalpy is 

 

ℎ𝑐𝑐 = 𝑓𝑓(𝑠𝑠𝑐𝑐,𝐶𝐶1,𝑅𝑅𝑘𝑘)                     (A7) 

 

Point D 

As pressure is the same and temperature has dropped with the subcooling enthalpy is 

 

ℎ𝑑𝑑 = 𝑓𝑓(𝐶𝐶1,𝑇𝑇1𝑏𝑏𝑏𝑏𝑏𝑏 − 𝑇𝑇𝑆𝑆𝐶𝐶 ,𝑅𝑅𝑘𝑘)                            (A8) 

 

Point A 

The enthalpy remains constant through the expansion valve wish makes 

 

      ℎ𝑎𝑎 = ℎ𝑑𝑑                        (A9)  

 

Temperature glide 

(𝑄𝑄 = 1 is equivalent to 100% vapour and 𝑄𝑄 = 0 is equivalent to 0% vapour). Figure 4 gives 

  

𝑇𝑇1𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑓𝑓(𝐶𝐶1,𝑄𝑄 = 0,𝑅𝑅𝑘𝑘)       (A10) 

 

𝑇𝑇1𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑓𝑓(𝐶𝐶1,𝑄𝑄 = 1,𝑅𝑅𝑘𝑘)       (A11) 

 

𝑇𝑇2𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑓𝑓(𝐶𝐶2,𝑄𝑄 = 0,𝑅𝑅𝑘𝑘)       (A12) 

 

𝑇𝑇2𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑓𝑓(𝐶𝐶2,𝑄𝑄 = 1,𝑅𝑅𝑘𝑘)         (A13) 
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Adding equation (A10) – (A13). 

 

𝑇𝑇2 = 1
3
𝑓𝑓(𝐶𝐶2,𝑄𝑄 = 0,𝑅𝑅𝑘𝑘) + 2

3
𝑓𝑓(𝐶𝐶2,𝑄𝑄 = 1,𝑅𝑅𝑘𝑘)                   (A14) 

 

𝑇𝑇1 = 1
2
𝑓𝑓(𝐶𝐶1,𝑄𝑄 = 0,𝑅𝑅𝑘𝑘) + 1

2
𝑓𝑓(𝐶𝐶1,𝑄𝑄 = 1,𝑅𝑅𝑘𝑘)                   (A15) 

 

The pressure is chosen by iteration until the desired evaporating and condensation temperatures 
are achieved. When the desired pressure is achieved the bubble and dew temperatures can be 
calculated by inserting the pressure 
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