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Hydrofluorocarbons (HFCs) are currently the most used refrigerants in heat pumps and re-

frigeration devices worldwide. However, due to environmental concerns, the use of HFC 

refrigerants is currently being phased out. Hydrofluoroolefins (HFOs) have been proposed 

as suitable replacements for HFCs due to their lower global warming potential (GWP). When 

considering a replacement refrigerant for a certain application, a suitability and performance 

evaluation of the refrigerant is required. In addition, some HFOs are classified as flammable. 

The flammability also poses new challenges for manufacturers, and may affect the design of 

the refrigeration devices, production processes, work practices and facilities. 

The aim of this thesis was to study the drop-in performance of HFOs and HFO/HFC-blends 

in a combined heating and cooling application. The study includes an analysis of the ther-

modynamic properties, as well as a performance evaluation of potential replacement refrig-

erants. The benefit of utilizing a liquid-line/suction-line heat exchanger (LLSL-HX) is also 

studied. The drop-in performance and environmental impacts of the lower GWP alternatives 

are modeled and analyzed with Oilon Ltd’s modeling tool for the P150 heat pump. 

Results show that the R-513A has similar drop-in performance values and lower environ-

mental impacts compared to that of the R-134a. Results also show that the R-1234yf has the 

highest increase in volumetric cooling capacity, and the R-134a has the lowest as a result of 

implementing the LLSL-HX. 
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Fluorihiilivedyt, eli HFC-yhdisteet ovat lämpöpumpuissa ja jäähdytyslaitteissa maailman-

laajuisesti eniten käytettyjä kylmäaineita. Ympäristösyistä HFC-kylmäaineiden käytöstä ol-

laan kuitenkin luopumassa. Hydrofluoro-olefiineja, eli HFO-yhdisteitä on esitetty HFC-kyl-

mäaineiden korvaajiksi niiden alhaisemman kasvihuonehaitallisuuden vuoksi. Kun lämpö-

pumpuissa ja jäähdytyslaitteissa ollaan siirtymässä korvaaviin kylmäaineisiin, aineen sovel-

tuvuus ja suorituskyky tulee tarkoin selvittää. Lisäksi jotkut HFO-kylmäaineet luokitellaan 

syttyviksi. Syttyvyys voi aiheuttaa haasteita kylmälaitteiden valmistajille ja sillä saattaa olla 

vaikutuksia jäähdytyslaitteiden suunnitteluun, työskentelytapoihin ja tuotantoprosesseihin. 

Opinnäytetyön tavoitteena oli tutkia HFO-yhdisteiden ja HFO/HFC-seosten ”drop-in” suo-

rituskykyä lämpöpumpussa. Opinnäytetyö sisältää analyysin vertailtavien kylmäaineiden 

ominaisuuksista ja suorituskykyarvoista. Työssä tutkittiin myös LLSL-HX (liquid-line/suc-

tion-line) -lämmönsiirtimen vaikutusta kylmähöyryprosessiin. Lisäksi HFO ja HFO/HFC-

seosten suorituskykyä ja ympäristövaikutuksia P150-lämpöpumpussa mallinnettiin Oilon 

Selection Tool -työkalulla. 

Tulokset osoittavat, että R-513A kylmäaineella on samankaltaiset ”drop-in” suorituskyky-

arvot ja pienemmät ympäristövaikutukset kuin alkuperäisellä R-134a. Tulokset osoittavat 

myös, että R-1234yf:llä on suurin ja R-134a:lla on alhaisin tilavuustuoton kasvu LLSL-HX:n 

käyttöönoton seurauksena.  
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SYMBOLS AND ABBREVIATIONS 

Roman 

𝑐𝑣 Specific heat capacity constant volume  J⋅kg−1⋅K−1  

𝐶𝑂2𝑒
 Tons of CO2 equivalent   tons of CO2  

E Energy consumption   kWh, MWh 

ℎ Specific enthalpy   kJ/kg 

L Leakage per year   kg/year 

m Refrigerant charge   kg 

�̇� Mass flow    kg/s 

𝑛 Mole    mol 

𝑛𝑜𝑡 System operating time   years 

𝑄 Heat    J 

�̇� Heat transfer rate   kW 

𝑅 Molar gas constant   8.314 J⋅K−1⋅mol−1 

S Entropy    J⋅kg−1⋅K−1 

𝑇 Temperature    ºC, K 

V Volume    m3 

v Specific volume   m3⋅kg-1 

W Work    J 

 

Greek 

𝛼𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 Recovery factor   [0-1] 

𝛽 CO2-emission factor   kg/kWh 

𝜂𝐶  Compressor isentropic efficiency  [0-1] 

𝜂𝑚𝑎𝑥 Carnot efficiency   [0-1] 

𝜂𝑡ℎ Thermal efficiency   [0-1] 

𝜂𝑉 Compressor volumetric efficiency  [0-1] 

𝛾 Adiabatic index  



 
 

 

Abbreviations 

AIT Auto-Ignition Temperature 

ATEL Acute-toxicity exposure limit 

CFC Chlorofluorocarbons 

COP Coefficient of Performance 

EC European Commision 

EU European Union 

GWP Global Warming Potential 

HCFC Hydrochlorofluorocarbons 

HFC Hydrofluorocarbons 

HFO Hydrofluoroolefins 

HOC Heat of Combustion 

LFL  Lower flammability limit 

MAC  Mobile air-conditioning systems 

NBP Normal Boiling Point 

ODL Oxygen deprivation limit 

ODP  Ozone Depletion Potential 

OEL  Occupational Exposure Limit 

PED Pressure equipment directive 

TEWI Total equivalent warming impact 

UFL  Upper flammability limit 
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1  Introduction 

The European Union’s F-gas Regulation aims to reduce emissions of fluorinated gases by 

enforcing maximal admissible GWP-values. The regulation imposes provisions on EU mem-

bers to gradually reduce the use of fluorinated gases, including hydrofluorocarbons. The aim 

is to reduce the use to one fifth of 2015 level by 2030. Hydrofluorocarbons or HFCs, are 

currently the most used refrigerants in heat pumps and refrigeration systems. However, the 

F-gas Regulation forces the transition to more environmentally friendly low GWP alterna-

tives. Hydrofluoroolefins or HFOs have been presented as suitable replacements for HFCs 

due to their low GWPs. However, when proposing a replacement refrigerant for a certain 

application, a comprehensive evaluation of the performance and behavior of the refrigerant 

is required. Furthermore, some HFOs are also classified as flammable. When implementing 

flammable refrigerants, the production process and facilities also needs to be adapted to cope 

with flammable substances. Manufacturers of heat pumps and refrigeration appliances are 

now facing change; balancing environmental impacts, performance and cost, while ensuring 

the safe use of refrigerants will be their task in the coming years. 

The aim of this thesis is to study the drop-in performance of HFOs and HFO/HFC-blends in 

a combined heating and cooling application. The study includes a comparative analysis of 

the refrigeration properties, as well as a performance evaluation. The thesis includes a theo-

retical overview regarding refrigeration cycles and refrigerants; as well as the classification, 

environmental indicators, calculation models and standards concerning heat pumps and re-

frigerants. Furthermore, the thesis includes a literature review regarding some of the latest 

studies on the transition from HFCs to HFOs. 
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Background and research problem definition: 

Manufacturers of refrigeration units need new information regarding the transitioning to 

lower GWP refrigerants; both regarding the effects of HFOs and HFC-HFO blends on actual 

refrigeration devices, as well as the potential effects on their production processes and facil-

ities. The study work consists of two main topics, as follows: 

 

Topic 1. Low GWP refrigerant drop-in evaluation for R-134a replacement 

The drop-in performance impacts of the lower GWP alternatives are modeled and analyzed. 

Performance and Total Equivalent Warming Impact (TEWI) calculations with both the orig-

inal refrigerant, and lower GWP alternatives are conducted. In addition, the thermodynam-

ical and chemical properties of the refrigerants are compared and discussed. 

Research questions: 

1. In what way does the thermodynamical properties of the compared refrigerants dif-

fer, and what are the potential impacts when transitioning from R-134a to a lower 

GWP alternative? 

2. In what way will the performance values of each refrigerant be impacted when a 

liquid-line/suction-line heat exchanger (LLSL-HX) is implemented? 

3. In what way will the heating and cooling capacities and Coefficients of Performance 

(COP) -values of the P150 heat pump be impacted when a lower GWP refrigerant is 

implemented? 

4. In what way will the TEWI of the P150 heat pump be impacted when a lower GWP 

refrigerant is implemented? 

 

Topic 2. Mildly flammable A2L refrigerants 

The safety categorization, flammability indicators, legislation and standards concerning heat 

pumps and refrigerants as well as flammable refrigerants will be presented in the theoretical 

overview (chapter 3). The general effects of the implementation of A2L refrigerants will be 

discussed in chapter 5. 
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1.1  Structure 

This thesis consists of three main parts. Initially a theoretical overview regarding the core 

topics will be presented. The theoretical overview is followed by the study conducted, dis-

cussion and conclusions. In addition, some suggestions for future research will also be pre-

sented. The structure of this thesis is presented in Figure 1. 

 

 

Figure 1. The structure of the thesis. 

 

Chapter 1 includes the introduction of the research topic, and lays out the background, aim 

and research questions of the thesis. In chapter 2, a theoretical overview regarding the re-

frigeration cycle and calculation models will be presented. Chapter 3 includes the history, 

physical and chemical properties, categorization, and environmental aspects of refrigerants. 

Both chapter 2 and 3 also presents calculation methods, indicators and standards utilized in 

the study. Furthermore, chapter 3 includes a literature review regarding some of the latest 

studies on the transition from common HFCs to HFOs. The literature review emphasizes on 

the drop-in transition from R-134a to HFOs. Chapter 4 provides the context, details and 

calculations regarding the conducted study, as well as an in-depth analysis of the findings. 

Finally, chapter 5 includes a discussion regarding the research objectives, questions, results 

and findings. 
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2  The Refrigeration cycle 

Heat pumps, refrigerators and air condition units are in principle similar devices; the only 

major difference is in their objective. A heat pumps purpose is to maintain a heated area at 

an elevated temperature, whilst the objective of a refrigerator and air condition unit is to 

maintain a refrigerated area at a lower temperature. Heat pumps, refrigerators and air condi-

tion units are all reversed heat engines, that utilizes the refrigeration cycle to transfer heat. 

In this chapter a theoretical overview of the heat engine and the refrigeration cycle will be 

presented. 

 

2.1  The Heat Engine and thermal efficiency 

A heat engine is a thermodynamic system that converts thermal energy into mechanical en-

ergy by utilizing a temperature difference. The operating principle of a heat engine is illus-

trated in Figure 2. Heat is transferred (QH) from a hotter body (TH) to a cooler body (TC) 

whilst some of the heat is converted into mechanical work (W), and some heat (QC) is lost 

to the surroundings. 

 

 

Figure 2. Operating principle of a heat engine. 
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The work output from a heat engine is achieved by utilizing the properties of a working fluid 

like a gas or a liquid. Take, for example, a thermal power station. Water (acting as the work-

ing fluid) is pressurized, heat is added in the boiler producing high-pressured steam, the 

steam then expands in a tubine generating mechanical work. Finally, the low-pressured 

steam is condensed back to a liquid. The temperature difference needed by a heat engine can 

be produced in a variety of ways, for instance via combustion, solar or nuclear -power. 

A heat engine is not able to convert all the received heat into mechanical work, some waste 

heat will always be generated. Take, for example, the internal combustion engine found in 

automobiles. Heat is generated as a result of the combustion of a fuel-air mix. The tempera-

ture of the flue gas rises, and the pressure in the cylinder increases; finally, the hot exhaust 

gas expands applying force on a piston. As the piston is pushed, thermal energy is converted 

into mechanical energy: heat engine. During the conversion process the temperature and heat 

content of the gas decreases, however some energy is still wasted through the exiting exhaust 

gas. 

Another classic example of a heat engine is the steam engine. High pressure steam is gener-

ated via a combustion process. The force generated by the steam pressure is utilized to push 

a piston generating mechanical work. In the case of a steam engine, water acts as a working 

fluid. The first commercial steam engines dates back to the beginning of 1700. Figure 3 

illustrates an early steam engine invented by Jacob Leupold in 1712.  Leupold's steam engine 

was a two-cylinder steam engine that was utilized to work a water pump. (Widernet, 2020.) 

 

 

Figure 3. Jacob Leupold's steam engine from 1720 (Widernet, 2020). 
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The term “Heat Engine” refers to a specific device that is commonly a part of a thermody-

namic cyclic operation. A thermodynamic cycle consists of thermodynamic processes that 

occurs in sequence, and eventually returns to its initial state. The processes involve interac-

tions with the surroundings, including the transfer of heat from or to the system, and work 

done to or by the system. 

Thermodynamic cycles can generally be categorized as either power cycles or refrigeration 

cycles. Cycles that have a net work output (known as engines), implement the so-called 

power cycle. Systems that produce a refrigeration effect, implements the so-called refriger-

ation cycle. Heat pumps, refrigerators and air condition units fall into the second category. 

There are both open and closed cycles. In case of a closed cycle, the working fluid is recir-

culated (heat pump, thermal power plant). However, in open cycles the fluid is acquired at 

the beginning of each cycle (air intake of combustion engines). Thermodynamic cycles can 

further be categorized as vapor or gas cycles, according to the state of the working fluid. 

There are a variety of thermodynamic cycles (Table 1) that make use of heat engines. Some 

of which are only theoretical, and some are more realistic approximations of real processes 

and devices. (Çengel, et al., 2019.) 

 

Table 1. Examples of common thermodynamic cycles (Çengel, et al., 2019). 

Cycle: Description: 

The Carnot cycle Theoretical ideal thermodynamic cycle. 

Reversed Carnot cycle Reversed heat engine cycle that describes the heat pump and refrigeration cycle. 

Rankine cycle Ideal vapor power cycle (steam turbine). 

Stirling cycle Cycle describing the utilization of Stirling devices as heat engines. 

Otto cycle Idealized cycle describing the gasoline/petrol combustion engine. 

Diesel cycle Idealized cycle describing the diesel combustion engine. 

Brayton cycle Cycle describing the utilization of gas turbines. 
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A heat engine working in a thermodynamic cycle must always exchange heat both with a 

hot reservoir and cold reservoir. Even an ideal thermodynamic cycle must reject some heat 

to restore the cycle to its initial state. Therefore, a heat engine is not able to convert all the 

received heat into mechanical work, as some waste heat will always be generated. This con-

cept is also formulated in the Kelvin-Planck statement of the second law of thermodynamics. 

The efficiency measure of a heat engine is the fraction of heat input that is converted into 

mechanical work. This measure is known as the thermal efficiency, and can be expressed 

according to Equation 1. (Krannila, 1978.) 

 

𝜂𝑡ℎ =
𝑊

𝑄𝐻
 

 

 

(1) 

  

Where 𝜂𝑡ℎ is the thermal efficiency of the heat engine, W is the net work output, and 𝑄𝐻 the 

heat input. The thermal efficiency (𝜂𝑡ℎ) can also be expresses with the heat input (𝑄𝐻) and 

heat output (𝑄𝐶), as shown in Equation 2. (Krannila, 1978.) 

 

𝜂𝑡ℎ = 1 −
𝑄𝐶

𝑄𝐻
 

 

 

(2) 

 

Even when the heat engine is not a part of a cyclic operation, the second law of thermody-

namics sets the limits on its potential thermal efficiency. A heat engine with 100 % thermal 

efficiency would require a heat output (𝑄𝐶) of zero, and this is not possible according to the 

second law of thermodynamics. 
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2.2  The Carnot cycle and Carnot efficiency 

The Carnot cycle illustrates an idealized thermodynamic cycle, proposed by the French en-

gineer Sadi Carnot in 1824. The Carnot cycle has the greatest efficiency achievable by a heat 

engine, and works as a theoretical upper limit for any heat engine model. The Carnot cycle 

is a fully reversible thermodynamic cycle, and operates between an isothermal heat source 

and heat sink. A heat engine that implements the theoretical Carnot cycle is known as a 

Carnot heat engine. The Carnot heat engine consists of two adiabatic and two isothermal 

processes, as illustrated in Figure 4. (Çengel, et al., 2019.) 

  

Figure 4. The Carnot cycle in a pressure-volume (left) and temperature-entropy (right) dia-

gram (Çengel, et al., 2019). 

Let’s derive the efficiency of an ideal gas Carnot heat engine. Starting from point 1 (Figure 

4), the working fluid expands isothermally during which it receives thermal energy from the 

heat reservoir (1-2). The heat received during the expansion process (Equation 3) equals the 

isothermal expansion work done (Equation 4). (Lampinen, 2010.) 

 

𝑄𝐴 = −𝑊𝐴 (3) 

 

𝑊𝐴 = −𝑛𝑅𝑇𝐻 ln (
𝑉2

𝑉1
) 

 

(4) 
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Where 𝑄𝐴 is the heat received, 𝑊𝐴 the expansion work done, 𝑛 the amount of substance, 𝑅 

the universal gas constant, 𝑇𝐻 temperature of the hot sink, 𝑉1 and 𝑉2 the corresponding vol-

umes. The working fluid is then disconnected from the heat source, and the gas expands 

adiabatically until it reaches the temperature level of the cold sink (2-3). During the adiabatic 

processes, the system does expansion work on the environment (Equation 5), while the heat 

transfer equals zero (Equation 6). (Lampinen, 2010.) 

 

𝑊𝐵 = 𝑛𝑐𝑣(𝑇𝐿 − 𝑇𝐻) 

 

(5) 

 

𝑄𝐵 = 0 

 

(6) 

  

Where 𝑄𝐵 is the transferred heat, 𝑊𝐵 the expansion work done, 𝑛 the amount of substance, 

𝑐𝑣 the specific heat capacity, 𝑇𝐿 the temperature level of the cold sink and 𝑇𝐻 the temperature 

level of the hot sink. The working fluid is then compressed isothermally, during which heat 

is transferred from the working fluid to the cold sink (3-4). The change in temperature is 

zero, hence the change in internal energy is zero. The heat received (Equation 7) equals the 

isothermal expansion work (Equation 8) done. (Lampinen, 2010.)  

 

𝑄𝐶 = −𝑊𝐶 

 

(7) 

 

𝑊𝐶 = −𝑛𝑅𝑇𝐿 ln (
𝑉4

𝑉3
) 

 

(8) 

 

Where 𝑄𝐶 is the heat rejected, 𝑊𝐶 the compression work done, 𝑛 the amount of substance, 

𝑅 the universal gas constant, 𝑇𝐿 temperature of the cold sink, 𝑉3 and 𝑉4 the corresponding 

volumes.  
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Finally, the gas is compressed adiabatically until it reaches the original temperature of the 

cycle (4-1). During the adiabatic compression, the environment does compression work on 

the system (Equation 9), while the heat transfer equals zero (Equation 10). The work done 

equals the change in internal energy. (Lampinen, 2010.) 

 

𝑊𝐷 = 𝑛𝑐𝑣(𝑇𝐻 − 𝑇𝐿) 

 

(9) 

 

𝑄𝐷 = 0 

 

(10) 

  

Where 𝑄𝐷 is the heat transferred, 𝑊𝐷 compression work done, 𝑛 the amount of substance, 

𝑐𝑣 the specific heat capacity and 𝑇𝐻 the temperature level of the hot sink and 𝑇𝐿 temperature 

level of the cold sink. The heat received (𝑄𝑖𝑛) by the heat engine during one cycle can be 

formulated according to Equation 11. (Lampinen, 2010.) 

𝑄𝑖𝑛 = 𝑛𝑅𝑇𝐻 ln (
𝑉2

𝑉1
) 

 

(11) 

In the course of the expansion, the ideal gas does work on the surroundings, for example 

pushing a piston. However, the compression stage requires work done by the surroundings. 

The area covered by the path represents the net work (𝑊𝑛𝑒𝑡) done during one cycle, and can 

be formulated according to Equation 12. (Lampinen, 2010.) 

 

𝑊𝑛𝑒𝑡 = 𝑛𝑅𝑇𝐻 ln (
𝑉2

𝑉1
) − 𝑛𝑅𝑇𝐿 ln (

𝑉3

𝑉4
) 

 

(12) 

 

For a reversible adiabatic compression or expansion, the relations between the respective 

volumes can be expressed with the help of an adiabatic index (𝛾), as show in Equation 13. 

(Lampinen, 2010.) 

 

(
𝑉2

𝑉1
)

𝛾−1

= (
𝑉3

𝑉4
)

𝛾−1

   ↔    
𝑉2

𝑉1
=

𝑉3

𝑉4
    

(13) 



19 

 

As a result of Equation 13, the net work equation (Equation 12) can be simplified, and for-

mulated according to Equation 14. (Lampinen, 2010.) 

 

𝑊𝑛𝑒𝑡 = 𝑛𝑅(𝑇𝐻 − 𝑇𝐿) ln (
𝑉2

𝑉1
) 

 

 

(14) 

As presented in Equation 1, the efficiency measure of a heat engine is the portion of heat 

input that is transformed to mechanical work. Based on the Carnot cycle, Mr. Sadi Carnot 

showed, that the maximum efficiency of a heat engine, depends merely on the temperatures 

(Equation 15) that the heat engine operates between. Equation 15, is known as the Carnot-

efficiency, and represents the greatest efficiency achievable by any heat engine. (Lampinen, 

2010.) 

 

𝜂𝑚𝑎𝑥 =
𝑛𝑅(𝑇𝐻 − 𝑇𝐿) ln (

𝑉2

𝑉1
)

𝑛𝑅𝑇𝐻 ln (
𝑉2

𝑉1
)

=
𝑇𝐻 − 𝑇𝐿

𝑇𝐻
= 1 −

𝑇𝐿

𝑇𝐻
 

 

 

(15) 

 

Since the Carnot cycle has the greatest efficiency achievable by a heat engine, it would cer-

tainly be a great model for actual thermodynamic cycles. However, the theoretical Carnot 

cycle is not a realistic model for real cycles. Real cycles have many irreversibilities and 

technical obstacles that make them less efficient. Even though the cycle cannot be achieved 

in actual devices, it can work as an ideal model against which actual heat engines can be 

compared. It also illustrates the relation between the temperature difference and the theoret-

ical maximum efficiency; which is also applicable for actual cycles. For example, by in-

creasing the temperature difference between the steam boiler and condenser in a thermal 

power plant, the theoretical maximum efficiency increases as a result. (Çengel, et al., 2019.) 

  



20 

 

2.3  The Reversed Carnot cycle 

Based upon the second law of thermodynamics, and formulated in the Clausius statement, it 

is impossible for heat to spontaneously transfer from a lower temperature body to a higher 

temperature body. Heat transfer can only spontaneously occur from a hotter reservoir to 

colder one. Since the Carnot cycle presented in chapter 2.2 is fully reversible, all heat and 

work interactions can therefore be reversed.  As a result, the Carnot cycle in revere allows 

for heat being transferred from a lower temperature body to a hotter body. This operation is 

however done at the expense of external work done to the system (Figure 5). When the Car-

not cycle is revered, it is known as the Carnot refrigeration cycle and works as the theoretical 

model for heat pumps and refrigerator devices. Heat pumps and refrigerators are in fact re-

versed heat engines, and their working fluid is known as refrigerants. A cooling or heating 

device applying the reversed Carnot cycle is known as a Carnot refrigerator or Carnot heat 

pump. (Çengel, et al., 2019.) 

 

 

Figure 5. Operating principle of the Carnot refrigeration cycle. 

 

The Carnot refrigeration cycle works within the saturation line of a refrigerant (Figure 6), 

and the processes proceeds counterclockwise compared to the Carnot heat engine. The Car-

not refrigeration cycle consist – in its simplest form – of a compressor, throttling device, and 

two heat exchangers known as an evaporator and condenser. The main purpose of a heat 

engine is to produce work, the main purpose of a Carnot refrigeration cycle is to transfer 

heat from a colder body to a hotter body. 
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During the Carnot refrigeration cycle, the refrigerant undergoes periodic phase transition, 

resulting in heat-absorption (Qin) and heat-rejection (Qout). As a consequence, the Carnot 

refrigeration cycle can in theory be utilized for heating and cooling applications. (Wikstén, 

1996.) 

 

 
 

Figure 6. The principle of the Carnot refrigeration cycle (Çengel, et al., 2019). 

 

The Carnot refrigeration cycle consist of four processes, as follows (Wikstén, 1996): 

1-2      Heat is isothermally absorbed by the refrigerant in constant pressure and temperature. 

2-3     The refrigerant is isentropically compressed, temperature of the refrigerant rises. 

3-4      Heat is isothermally rejected by the refrigerant to the environment. 

4-1     The refrigerant expands isentropically back to state 1. 

 

The heating and cooling performance of the refrigeration cycle is generally represented with 

the Coefficients of Performance -value (COP). The COP -value describes the ratio of thermal 

energy transferred to the amount of external work done to the system. 
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As the Carnot refrigeration cycle is in fact the Carnot cycle in reverse, the COP -value can 

likewise be formulated merely as a function of temperatures, as shown in Equations 16 and 

17. (Çengel, et al., 2019.) 

 

𝐶𝑂𝑃𝑅 =
𝑇𝐿

𝑇𝐻 − 𝑇𝐿
 

 

 

(16) 

 

𝐶𝑂𝑃𝐻𝑃 =
𝑇𝐻

𝑇𝐻 − 𝑇𝐿
 

 

 

 

(17) 

Where 𝑇𝐻 represents the higher temperature reservoir, and 𝑇𝐿 lower temperature reservoir in 

the cycle. The 𝐶𝑂𝑃𝑅 describes the coefficients of performance for the cooling (refrigerator) 

effect, and 𝐶𝑂𝑃𝐻𝑃 describes the coefficients of performance for the heating (heat pump) 

effect. Depending on the perspective and application, the efficiency of interest is commonly 

either the cooling performance or the heating performance. (Wikstén, 1996.) 

As it is based on the Carnot cycle, the Carnot refrigeration cycle is the most efficient refrig-

erator cycle that can operate between two temperatures. However, it is not a viable option 

for actual heat pumps and refrigerator devices due to impracticalities. The isothermal heat 

transfer occurring in processes 1-2 and 3-4 are rather good approximations, and are closely 

achievable in real condensers and evaporators. However, the compression of a liquid–vapor 

mixture (2-3) is not practical and it is difficult to construct a compressor that handles two 

phases. In addition, the precise management of the condensation process (3-4) is also diffi-

cult to achieve. Furthermore, the isentropic expansion and compression are idealized, and in 

real processes there are a variety irreversibilities causing entropy to increase. Although the 

Carnot refrigeration cycle cannot be accomplished in practice, it works as an ideal model 

against which actual heat pumps and refrigeration devices can be compared. (Çengel, et al., 

2019.) 
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2.4  The ideal vapor-compression refrigeration cycle 

Some of the impracticalities concerning the Carnot refrigeration cycle presented in chapter 

2.3 can be resolved by vaporizing the refrigerant prior to the compression stage. The vapor-

izing eliminates the issue raised regarding the compression of a liquid-vapor mixture. The 

cycle resulting is known as the ideal Vapor-compression refrigeration cycle (Figure 7), and 

is the reference cycle for actual heat pumps and refrigerator systems. (Çengel, et al., 2019.) 

  

Figure 7. The ideal vapor-compression refrigeration cycle (Çengel, et al., 2019). 

 

The ideal vapor-compression refrigeration cycle consist of four stages as follows (Çengel, 

et al., 2019): 

1-2    Isentropic compression of the refrigerant 

2-3    Heat is rejected at a constant pressure by the refrigerant 

3-4    The refrigerant expands to evaporator pressure level in a throttling device 

4-1    Heat is isothermally absorbed by the refrigerant in constant pressure 

 

During the isentropic compression stage (1-2), the temperature of the refrigerant reaches a 

superheated level and rises well above the surrounding temperature, before entering the con-

denser. The refrigerants higher temperature, results in heat being transferred from the work-

ing fluid to the environment. 
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As heat is rejected to the environment (2-3), the refrigerant condenses back to a saturated 

liquid. The saturated liquid is then throttled back to the pressure level of the evaporator unit 

(3-4), during which the temperature of the refrigerant drops well below the temperature of 

the environment. The refrigerant enters the evaporator unit as a low temperature mixture of 

liquid and vapor. The lower temperature relative to the low temperature reservoir allows heat 

transfer to the refrigerant, during which the refrigerant is vaporized. The refrigerant fully 

evaporates in the evaporator (4-1) prior to the compression stage. The vaporization is an 

essential part, due to the fact that real compressors can't compress liquid–vapor mixtures. 

(Çengel, et al., 2019.) 

The throttling process included in the ideal vapor-compression cycle (3-4) is not isentropic, 

therefore the cycle is not internally reversible. Due to its irreversibilities, the ideal vapor-

compression refrigeration cycle is a more realistic representation of an actual refrigeration 

cycle. However, the compression stage is still considered isentropic, and this do not represent 

an actual compression process.  

The COP -values (Equation 18-19) of an ideal vapor-compression cycle, can be calculated 

with the work done to the system (𝑊𝑖𝑛), and the corresponding heat input (𝑄𝑖𝑛)  or output 

(𝑄𝑜𝑢𝑡). (Krannila, 1978.) 

 

𝐶𝑂𝑃𝑅 =
𝑄𝑖𝑛

𝑊𝑖𝑛
 

 

 

(18) 

 

𝐶𝑂𝑃𝐻𝑃 =
𝑄𝑜𝑢𝑡

𝑊𝑖𝑛
 

 

 

(19) 

 

Where the 𝐶𝑂𝑃𝑅 is the coefficients of performance for the cooling effect (refrigerator), and 

𝐶𝑂𝑃𝐻𝑃 is the coefficients of performance for the heating effect (heat pump). The ideal vapor-

compression cycle is a more realistic model for actual heat pumps and refrigeration units. 

However, being an idealization, it does not account for the many irreversibilities occurring 

in real devices. (Çengel, et al., 2019.) 
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2.5  The actual vapor-compression refrigeration cycle 

Despite of the ideal vapor-compression cycle – represented in chapter 2.4 – being a more 

realistic refrigeration model, real heat pumps and refrigerators have many irreversibilities. 

The refrigeration cycle that accounts for these irreversibilities, is known as the actual vapor-

compression cycle (Figure 8). The actual vapor-compression refrigeration cycle consists of 

the following stages. (Çengel, et al., 2019.) 

1-2    Non-isentropic compression of the superheated suction gas 

2-3    Pressure and heat loss in pipes and devices 

3-4    Heat rejected, during which pressure and heat loss may occur 

4-5    Pressure and heat loss in pipes and devices 

5-6    Non-isentropic expansion of the subcooled refrigerant 

6-7    Pressure and heat loss in pipes and devices 

7-8    Heat is absorbed by the refrigerant, during which pressure and heat loss may occur 

8-1    Pressure drop and useless superheating may occur in suction pipes 

 

 
 

Figure 8. The actual vapor-compression refrigeration cycle in temperature-entropy diagram 

(Çengel, et al., 2019). 

As discussed in chapter 2.4, in an ideal cycle the refrigerant leaves the evaporator as satu-

rated vapor; however, the precise controlling of the refrigerant quality is difficult in practice, 

and in actual devices the refrigerant is usually superheated prior to the compressor stage. 

This (purposeful) superheating assures that the refrigerant is fully vaporized before entering 

the compressor. The superheating also increases the specific volume of the refrigerant, and 
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as the work done by a compressor is proportional to the density of the fluid, the superheating 

increases the required work input as well. The compression process in an actual vapor-com-

pression refrigeration cycle is not reversible or adiabatic, and therefore it is not isentropic. 

In addition to the superheating implemented in the evaporator, it is likewise difficult to man-

age the condensation process precisely. It is not desirable to pass a vapor-liquid mix to the 

throttling device; therefore, in actual vapor-compression refrigeration cycles the refrigerant 

is usually purposefully subcooled to ensure a liquid phase prior to the throttling. (Çengel, et 

al., 2019.) 

As mentioned, the compression work input in real compressors is not isentropic. The effi-

ciency of real compressors can be described with an isentropic efficiency. The isentropic 

efficiency represents the ratio of the actual work input required, to an isentropic compression 

as shown in Equation 20: 

 

𝜂𝐶 =
𝑊𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐

𝑊𝑟𝑒𝑎𝑙
 

 

 

(20) 

Where 𝜂𝑐 is the compression isentropic efficiency, 𝑊𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐 the isentropic work input, and 

𝑊𝑟𝑒𝑎𝑙 the actual work input. The isentropic efficiency of a compressor is dependent on the 

compressor type and inlet and outlet conditions. Table 2 presents some typical isentropic 

efficiencies for reciprocating compressors. 

Table 2. Typical isentropic efficiencies of reciprocating compressors (Eckhard, 2012). 

Reciprocating compressor type: Typical isentropic efficiency: 

Small hermetic compressors (domestic applications) 0.40 – 0.65 

Medium semi-hermetic compressors 0.50 – 0.75 

Large open compressors 0.60 – 0.85 

 

In addition to compressor type and configuration, the compression ratio, compressor rota-

tional speed, suction gas properties as well as the environment are some factors that also 

effects the isentropic efficiency (Eckhard, 2012).  
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In addition to the compression isentropic efficiency, the compressor volumetric efficiency 

also describes the operational performance of a compressor.  The volumetric efficiency (𝜂𝑉) 

is the ratio of the actual volume flow rate (�̇�𝑎𝑐𝑡𝑢𝑎𝑙) and the theoretical maximum volume 

flow rate (�̇�𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙), as shown in Equation 21. 

 

𝜂𝑉 =
�̇�𝑎𝑐𝑡𝑢𝑎𝑙

�̇�𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙

 

 

 

(21) 

The theoretical maximum flow rate is the actual displacement volume of the compressor. 

Ideally the ratio would be 1. However, in actual compressors the ratio is reduced due to 

phenomena’s including: 

• Pressure drop in valves and flow channels 

• Leakage and back flow from the compression chamber 

• Superheating occurring in the compressor 

• Re-expansion in clearance volume 

 

In addition to compressor type and configuration, the compression ratio, compressor rota-

tional speed, suction gas properties as well as the environment are some factors that effects 

the volumetric efficiency. The pressure ratio has a particular impact on the volumetric effi-

ciency for reciprocating compressors. Table 3 presents some typical volumetric efficiencies 

for reciprocating compressors and pressure ratios. (Eckhard, 2012.) 

Table 3. Typical volumetric efficiencies of reciprocating compressor (Eckhard, 2012). 

Reciprocating compressor type: Typical volumetric efficiency: 

Low pressure ratios (Air-conditioning) 0.7 – 0.9 

Medium pressure ratios (Cooling and heating application) 0.6 – 0.8 

High pressure ratios 0.4 – 0.7 

 

The pressure ratio does not have as large impact on scroll and screw compressors due to the 

fact that they are valveless. Generally higher volumetric efficiencies can be achieved for the 

same pressure ratios with scroll and screw compressors compared to reciprocating compres-

sors. (Eckhard, 2012.)  
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2.6  LLSL-HX heat exchangers 

The cooling capacity of a refrigeration cycle can in some instances be improved by employ-

ing a liquid-line/suction-line heat exchanger (LLSL-HX). With a LLSL-HX the high-pres-

sured refrigerant is utilized to superheat the suction gas prior to the compression stage. This 

results in a subcooling of the high-pressured refrigerant, ultimately leading to an increase in 

cooling capacity. The principle of the LLSL-HX and the effects on the heating and cooling 

capacities are illustrated in Figure 9. 

 

 
 
 

 

Figure 9. Schematics of the LLSL-HX refrigeration model. 

The LLSL-HX can also be used to ensure that the refrigerant entering the compressor is fully 

vaporized, as well as ensuring a liquid phase entering the throttling device. The implemen-

tation of a LLSL-HX may have a negative or positive impact on the COP -values. The LLSL-

HX superheats the refrigerant prior to entering the compressor; this increases the specific 

volume that in turn increases the needed work input. (Domanski, et al., 1994.) The super-

heating can also affect the compressor isentropic efficiency, as well as the volumetric effi-

ciency (Eckhard, et al., 2012). The superheating effect of a counter flow configurated LLSL-

HX can be described with the effectiveness value (Equation 22). 

𝜀 =
𝑇𝑐𝑜𝑙𝑑,𝑜𝑢𝑡 − 𝑇𝑐𝑜𝑙𝑑,𝑖𝑛

𝑇ℎ𝑜𝑡,𝑖𝑛 − 𝑇𝑐𝑜𝑙𝑑,𝑖𝑛
=

𝑇1 − 𝑇6

𝑇3 − 𝑇6
=

∆𝑇𝑠𝑢𝑐𝑡𝑖𝑜𝑛 𝑔𝑎𝑠 

∆𝑇𝑚𝑎𝑥𝑖𝑚𝑎𝑙
 

(22) 

 

The effectiveness (𝜀) of a LLSL-HX is the ratio of suction gas temperature increase 

(∆𝑇𝑠𝑢𝑐𝑡𝑖𝑜𝑛 𝑔𝑎𝑠), and the maximal temperature difference (∆𝑇𝑚𝑎𝑥𝑖𝑚𝑎𝑙) of the fluids entering 

the LLSL-HX (Incropera, 2007). 
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3  Refrigerants 

The working fluid utilized in refrigeration cycles of heat pumps and refrigeration units is 

known as a refrigerant. The purpose of the refrigerant is to absorb and transport energy be-

tween heat reservoirs. In this chapter a theoretical overview regarding the history, physical 

and chemical properties, categorization, and environmental aspects of refrigerants will be 

presented. In addition, standards related to heat pumps, refrigeration units and refrigerants 

will be presented. Furthermore, this chapter includes a literature review regarding some of 

the latest studies on the transition from HFCs to HFOs, emphasizing on the transition from 

R-134a to HFOs. 

 

3.1  History 

The earliest devices implementing the refrigeration cycle were developed in the early 19th 

century. The first commercial refrigeration unit was commissioned in 1850, and it was pri-

marily used for the production of ice. Early refrigeration devices utilized the highly volatile 

and flammable ethyl ether (C4H10O), as a refrigerant. The use of ethyl ether was however 

abandoned due to safety reasons, as it was shown to form explosive peroxides when it re-

acted with oxygen. (Kakko, 2012.) 

In the beginning of 1900s, ammonia (NH3) was a popular choice for industrial and commer-

cial applications, especially in the food and beverage industry. Even though ammonia is 

flammable and considered toxic, it is still widely used as a refrigerant today. The market for 

refrigerator systems started to rapidly develop in the 1920s, when the use of refrigerators 

and air condition units become more popular. Refrigerant used in light-commercial and con-

sumer applications, included methyl chloride (CH₃Cl) also known as R-40, and sulphur di-

oxide (SO2); both turned out to be unsuited as refrigerants, due to their flammability and 

toxicity. In the late 1920s, as a result of refrigerant leaks causing death, public health con-

cerns drove the industry to develop safer refrigerants. In 1928, as a result of a research pro-

ject led by General Motors, the first non-toxic, non-flammable refrigerant dichlorofluoro-

methane (CHCl2F) was produced. (Çengel, et al., 2019.) 
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Dichlorofluoromethane, also known as R-21 was a partially halogenated hydrocarbon com-

monly known as HCFCs. The R-21 was however replaced prior to commercial use by the 

more suitable trichloromonofluoromethane or R-11 (CCl3F), and dichlorodifluoromethane 

or R-12 (CCl2F2). The R-11 and R-12 were fully halogenated hydrocarbons commonly 

known as CFCs. The widespread use of CFCs began in 1930s when General Motors and 

DuPont started the commercial production of the R-11 and R-12. The availability of a non-

flammable nor toxic refrigerant, accelerated the transition away from natural refrigerants. 

The refrigerant R-11 was primarily used in commercial size air conditioning systems, whilst 

the R-12 was more suitable for domestic size refrigerators and air conditioners. Due to the 

properties and low cost of chlorofluorocarbons, CFCs were also widely utilized in a range 

of other applications including aerosols, foam materials, and as solvents. Ammonia, despite 

its toxicity, was also widely used especially in the industrial sector due to its good thermo-

dynamic properties and affordability. (Çengel, et al., 2019.) 

The popularity of CFCs and HCFCs, increased until the mid-1970s, when the negative im-

pact of chlorofluorocarbons on the earth’s protective ozone layer was discovered (Molina et 

al., 1974). The depletion of the ozone layer contributed to the greenhouse effect, causing 

global warming. As a result, individual countries began to restrict the use of CFCs.  United 

States, Canada, Norway and Sweden was among the first to regulate the use of R-11 and R-

12. (Kakko, 2012.) 

In 1987 the international treaty named The Montreal Protocol on Substances that Deplete 

the Ozone Layer was introduced by the UN. The so-called Montreal Protocol was design to 

protect the ozone layer by phasing out the use of ozone-depleting substances, including 

CFCs and HCFCs. It entered into force 1989, and as of now, has universal global ratification. 

The Montreal Protocol has since undergone multiple revisions, however the initial version 

stated that the majority of refrigeration in use at the time (1989), should be discontinued 

during the following 10 years. At the time, CFCs and HCFCs were particularly popular, 

however the regulation of CFCs and HCFCs led to the search – yet again – for more envi-

ronmentally friendly alternatives. (EPA, 2022.) 
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As the ozone-depleting effect of CFCs and HCFCs was revealed, it was discovered that the 

fully halogenated CFCs are significantly more harmful to the ozone than the partially halo-

genated HCFCs. In fact, the partially halogenated refrigerant R-22 had only 5 % of the 

ozone-depleting effect compared to the fully halogenated refrigerant R-12. For this reason, 

the use of CFCs was banned by international agreements in the 1990s and completely phased 

out by the mid-1990s. As a result, the HCFCs refrigerant R-22 became widely used in heat 

pumps, air conditioners, and industrial size refrigeration devices. However, it was gradually 

replaced with the chlorine-free refrigerant R-134a. (Çengel, et al., 2019.) 

Due to stricter regulations apposed on refrigerants, and plans to phase out halogenated hy-

drocarbons, the industry was yet again forced to look for more environmentally friendly 

alternatives. In the mid-1990, some substitutes for CFCs and HCFCs were introduced. The 

newly developed refrigerants included, hydrofluorocarbons or HFCs. Even though HFCs 

were not ozone-depleting compounds, they were nonetheless powerful greenhouse gases and 

therefore not feasible permanent substitutes for CFCs and HCFCs. The Kyoto Protocol 

adopted in 1997 to control greenhouse gas emissions, further accelerated the development 

of a non-toxic, non-ozone depleting refrigerant that would also not act as a greenhouse gas. 

(Rippon, et al., 2019.) 

The history of refrigerants can roughly be divided into four generations. The first generation 

was born in the 1830s as the early refrigeration device was developed. The focus point was 

merely on the refrigerants thermodynamical properties. The second generation (CFCs) was 

introduced in the 1930s, when there was a need for a non-toxic and non-flammable alterna-

tive. In the 1990s, the issues with CFCs were discovered; this led to the development of non-

ozone depleting, third generation refrigerants including HFCs. The more environmentally 

friendly HFCs, including common refrigerants like R-32, R-125, R-134a, R-404A, R-410A 

became – alongside natural refrigerants – popular, and are still utilized as of now in a wide 

range of applications. 
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Although the ozone depleting potential of HFCs is less significant than with previous refrig-

erants, it is still a strong greenhouse gas. Thus, in 2019 an amendment to Montreal Protocol 

named the “Kigali Amendment” laid out the roadmap for the out-phasing of HFCs. Accord-

ing to the amendment, developed countries should significantly reduce the use of HFCs by 

2036. The phase-out from third generation refrigerants like HFCs, refueled the search for the 

“ideal” refrigerant. (EPA, 2022.) 

In addition to earlier agreements like the Montreal Protocol, the European Union has set its 

own legislation and targets considering ozone-depleting substances. As the Montreal Proto-

col focuses mainly on the production and bulk trade of ozone-depleting substances, the Eu-

ropean Unions “Ozone Regulation” from 2009 also legislated the use of ozone-depleting 

substances. The legislation in EU is among the strictest in the world, and EU has in many 

cases surpassed the Montreal Protocol by phasing out certain substances more rapidly than 

required. In 2006, the first revision of EUs F-gas Regulation was adopted. The initial regu-

lation focused on preventing emission of fluorinated gases by requiring regular checks and 

proper services to equipment, and mandated the recovery of gases when the device is de-

commissioned. The current revision (2015) aims to reduce the use of certain F-gases to ap-

proximately one fifth of 2015 levels by 2030, and imposes provisions on EU members to 

gradually reduce the use of fluorinated greenhouse gases. In addition to the F-Gas Regula-

tion, the European Union’s MAC Directive legislates the use of fluorinated gases in mobile 

air-conditioning systems (MACs). Initially adopted in 2006, it introduced a gradually en-

forced directive, that ultimately led to the banning of fluorinated gases with a high global 

warming potential in new vehicles. (European Commision, 2022.) 

HFOs, or fydrofluoroolefins have been introduced as fourth-generation refrigerants. HFOs 

are organic compounds composed of hydrogen, fluorine and carbon. HFOs do not deplete 

the ozone layer when released into the atmosphere, nor are they potent greenhouse gases. 

HFOs include the R-1234yf, that has been introduced as a potential drop-in replacement for 

the popular R-134a (Nair, 2021). 
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3.2  Properties of refrigerants 

Thera are a variety of variables to consider when a refrigerant is proposed for a certain pro-

cess and application. These factors include safety, thermodynamic and chemical properties, 

environmental properties and cost. There is generally no “perfect” refrigerant available for 

a certain application, and compromises usually have to be made. In this chapter some com-

mon selection criteria’s and required properties of refrigerants are presented. Listed below 

are some typical factors to consider when evaluating a refrigerant (Wikstén, 1996).  

• Suitable saturation pressures for available heat source and heat sink 

• Moderate compression-ratio 

• High latent heat, low freezing point, high critical temperature, low viscosity, high 

thermal conductivity 

• Small specific volume of vapor 

• Safe: non-flammable, non-explosive, non-toxic, non-corrosive and environmentally 

friendly 

• Good oil miscibility 

• Cost of refrigerant: direct and indirect costs 

• Easy to spot leakage 

 

Fundamentally, the operating environment of the heat pump, refrigerator or air conditioning 

system defines the requirements for the refrigerant. The temperature levels involved dictates 

the thermodynamic properties needed from the refrigerant. To achieve heat absorption in the 

evaporator, the temperature of the environment needs to be higher than the saturation tem-

perature of the refrigerant. Equally, to achieve heat rejection in the condenser, the tempera-

ture of the environment needs to be lower than the saturation temperature of the refrigerant.  

The saturation temperatures of a refrigeration system are determined by the prevailing con-

denser and evaporator pressures. Therefore, by adjusting the pressure levels in the refriger-

ation cycle, the behavior and suitability of a refrigerant can be altered to a certain point. 

However, there are practical limitations that constrain the pressure levels in actual devices. 

The lowest pressure is in the evaporator, and to prevent air leakage into the system, the 

evaporator pressure should predominantly be kept above atmospheric pressure. 
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To achieve a higher temperature level in the condenser, the condenser pressure level can be 

increased. However, as a result the compression-ratio increases, which may decrease the 

compression efficiencies, increase power input, as well as decrease the cooling capacity of 

the system. Furthermore, when the operating pressure of a system rises, the system costs also 

tends to rise due to additional requirements on the components. Therefore, the pressure-ratio 

should be kept low or moderate to further a more efficient system (Wikstén, 1996). When 

the temperature difference of the heat source and heat sink is high, or the evaporator tem-

perature is especially low, multistage refrigeration systems can be utilized to retain a good 

efficiency. (Çengel, et al., 2019.) 

The latent heat of the refrigerant affects the performance of the cycle, and should be consid-

ered when selecting a refrigerant and the corresponding pressure levels. The higher the heat 

of transformation for a refrigerant is, the lower the required mass flow is for a certain heat 

transfer rate (Equation 23). The lower the mass flow is, the lower the required compressor 

power input generally is. (Wikstén, 1996.) 

   

�̇� = �̇�∆ℎ 

 

(23) 

 

Where �̇� is the heat transfer rate, �̇� mass flow of the refrigerant, and ∆ℎ is the heat of 

transformation. The compression power input required is also affected by the specific vol-

ume of the refrigerant vapor. Thus, a refrigerant gas with a small specific volume is generally 

more efficiently compressed (Wikstén, 1996). 

To achieve an effective heat absorption in the evaporator, the temperature of the environment 

needs to be 5-10 °C higher than the saturation temperature of the refrigerant for a given 

pressure. Equally, to achieve an effective heat rejection in the condenser, the temperature of 

the environment needs to be 5-10 °C lower than the saturation temperature of the refrigerant 

for a given pressure. The actual required temperature difference between the refrigerant and 

the environment is also affected by the mediums involved, and how the heat is dissipated.  

(Çengel, et al., 2019.) 

Generally – especially in heat exchangers where highly conductive materials are used – the 

factor that determines the heat transfer rate is the effectiveness of convection. Convection 

occurs, when heat is transferred between the environment and the refrigerant. 
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The heat transfer rate via convection can be determined with Newton's law of cooling (Equa-

tion 24) (Incropera, 2007). 

   

�̇� = ℎ𝐴(𝑇𝑠 − 𝑇∞) 

 

(24) 

 

From Newton's law of cooling we can conclude that the heat transfer rate via convection (�̇�) 

is a function of the convective heat transfer coefficient (ℎ), heat transfer area (𝐴), tempera-

ture of the heat exchanger surface (𝑇𝑠), and the fluid temperature (𝑇∞). The fluid properties 

and the convection type determinates the value of the heat transfer coefficient. The coeffi-

cient tends to be lower when heat is transferred to a gas, and higher when transferred to a 

liquid; it also tends to be lower in natural convection compared to forced convection. (In-

cropera, 2007.) For these reasons, the temperature difference needed for an effective heat 

transfer in refrigeration cycles, is also highly dependent on the application. For example, the 

temperature of the refrigerant can generally be kept lower in the condenser when it is cooled 

with a liquid instead of a gas. (Çengel, et al., 2019.) 

The criteria for a suitable refrigerant are not only determinate by the thermodynamical prop-

erties of the refrigerant. The chemical, environmental and safety aspects also effects the se-

lection process; these are more broadly discussed in chapter 3.6 and 3.7. 

 

3.3  Types and classifications 

Multiple types of refrigerants have been developed over the years. Different refrigerants 

have different thermodynamical properties, level of safety and toxicity, and varying envi-

ronmental impacts. Therefore, some refrigerants are banned, some strictly utilized merely in 

industrial applications, some in commercial applications, and some in domestic and mobile 

refrigeration applications.  
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Some common refrigerant categories and types are presented in Table 4. 

Table 4. Common refrigerant categories and types (McLinden, et al., 2020). 

Type: Name: Common types: 

CFCs Chlorofluorocarbons R-11, R-12, R-502 

HCFCs Hydrochlorofluorocarbons R-22, R-141b 

HFCs Hydrofluorocarbons R-134a, R-404, R-407, R-410 

HFOs Hydrofluoroolefins R-1234yf, R-1234ze 

 Natural Refrigerants R-290 (Propane), R-600a (Isobutane), R-717 (Ammonia), R-744 

(Carbon dioxide) 

 

Chlorofluorocarbons, or CFCs are fully halogenated hydrocarbons, containing chlorine (Cl), 

fluorine (F) and carbon (C). CFCs have a high global warming potential, and a high ozone 

depleting effect when released into the atmosphere. However, as a result of the Montreal 

Protocol, the production of CFCs has been ceased (in developed countries) since 1995. Hy-

drochlorofluorocarbons, or HCFCs are partially halogenated hydrocarbons, containing hy-

drogen, chlorine, fluorine and carbon. HCFCs have a high global warming potential, yet a 

medium ozone depleting effect. The use of HCFCs have been substantially reduced due to 

the the Montreal Protocol, and is rapidly being phased-out in the EU as a result of the F-Gas 

Regulation. HFCs, or hydrofluorocarbons are organic compounds that contain hydrogen, 

fluorine and carbon. CFCs does not deplete the ozone layer, but still contributes to global 

warming when released into the atmosphere. HFCs are currently being phased-out in the EU, 

as a result of the F-Gas Regulation. Hydrofluoroolefins, or HFOs are organic compounds 

containing hydrogen, fluorine and carbon. HFOs does not deplete the ozone layer, and have 

a low global warming potential. (McLinden, et al., 2020.) 

Natural refrigerants are generally climate-neutral. Natural refrigerants do not deplete the 

ozone layer, and generally makes a small contribution to global warming. Due to the looming 

phase-out from third generation refrigerants like HFCs, HFOs and natural refrigerants are 

presented as environmentally friendly options. However, natural refrigerants and HFOs are 

in some cases flammable, and therefore poses new challenges. (McLinden, et al., 2020).  
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Refrigerants are either pure chemical compounds or mixtures (blends) of different refriger-

ants. Some refrigerant mixtures are azeotropic, thus having a constant boiling point and be-

have like a pure compound. Other mixtures are non-azeotropic, meaning that the individual 

components may have different boiling points; this can lead to non-simultaneous evaporat-

ing and condensing of the different refrigerant components. (Kakko, 2012.) 

 

3.4  Numbering of refrigerants  

The numbering of refrigerants dates back to the original naming convention that was devel-

oped when the first fluorocarbons were produced in the 1930s. The numbering standards for 

refrigerants is currently a part of the ISO 817 standard, that contains the number designation 

and safety classifications of refrigerants. 

The standardized numbering provides a way to include details regarding the substance in the 

naming of the refrigerants. The ISO 817 standard assigns information to the refrigerant 

name, containing the chemical group and composition of the substance. The refrigerants 

numbering typically start with a R-, however in some cases the refrigerant group is used 

instead. The refrigerant group is then followed by the assigned number that indicates the 

chemical composition of the refrigerant. The assigned number consists of up to four digits 

that reveals the composition of the refrigerant. The formation of the digits is presented in 

Table 5. (ISO 817, 2022.) 

 

Table 5. Refrigerant assigned number (ISO 817, 2022). 

Digit: 1 2 3 4 

R- Number of unsaturated car-

bon-carbon bonds. Omitted 

if value is zero. 

Number of carbon at-

oms minus one. 

Omitted if value is 

zero. 

Number of hydro-

gen atoms plus 

one. 

Number of fluo-

rine atoms. 

  C-1 H+1 F 

 

  



38 

 

The numeric value can be followed with a lower-case letter, indicating that the refrigerant is 

an isomer. Furthermore, an uppercase letter after number sequence, indicates that the refrig-

erant has various compositions. The assigned numbering convention allows the refrigerants 

to be grouped according to their chemical composition. Table 6 presents the various refrig-

erant groups formed, when applying the standardized number convention. (ISO 817, 2022.) 

Table 6. Refrigerant groups. 

Series: Refrigerant compounds: 

000  Methane based 

100 Ethane based 

200 Propane based 

300 Cyclic organic 

400 Zeotropes 

500 Azeotropes 

600 Organic 

700 Inorganic 

1000 Unsaturated organic 

 

For example, as tetrafluoroethane (Table 7) has no unsaturated carbon-carbon bonds, two 

carbon atoms, two hydrogen atoms, and no fluorine atoms, the resulting ISO 817 -based 

number is R-134. 

Table 7. Characteristics of tetrafluoroethane (ASHRAE, 2022). 

Name: Tetrafluoroethane 

Chemical formula: CH2FCF 

Chemical bonds and molecule structure: 

    

 

Since there are two isomers of tetrafluoroethane, a lower case a is appended to the number 

series resulting in R-134a. Furthermore, as tetrafluoroethane is a hydrofluorocarbon (HFCs), 

the refrigerant is commonly represented as, R134a, R-134a or HFC-134a. 
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3.5  The GWP, ODP and TEWI -indicators 

The environmental impacts of refrigerants are characterized by two main indicators, ODP 

(ozone depletion potential), and GWP (global warming potential). The ODP-value is a rela-

tive indicator of the degradation to the ozone layer a refrigerant can potential cause when 

released into the atmosphere. The ODP is a value between 0-1, and uses the R-11 as a refer-

ence with a fixed value of 1. CFCs have high ODP-values while HCFCs generally has low 

ODP. HFCs, HFOs and natural refrigerants generally have zero ozone depletion potential. 

(ASHREA, 2022.) 

The GWP-value is a relative indicator of the global warming potential for refrigerants. The 

GWP-value uses carbon dioxide as a reference gas, with a fixed value of 1. The GWP indi-

cates how destructive the refrigerant is compared to carbon dioxide over a certain time pe-

riod, usually 100 years. Values ranges from ammonia, with a GWP of 0 to, for example, 

trifluoromethane (R-23) with a value of 14 800. (ASHREA, 2022.) 

The TEWI (total equivalent warming impact) is an indicator that accounts for both the direct 

emissions (GWP), and the indirect emissions of a refrigerating system during its lifetime. 

The refrigerating system utilizes energy, and the indirect emissions are formed during the 

energy production and transmission process. The TEWI-value for a certain refrigerating sys-

tem is calculated according to Equation 25 (EN 378, 2022). 

 

𝑇𝐸𝑊𝐼 = 𝐺𝑊𝑃 ∙ 𝐿 ∙ 𝑛𝑜𝑡 + [𝐺𝑊𝑃 ∙ 𝑚 ∙ (1 − 𝛼𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦)] + 𝑛𝑜𝑡 ∙ 𝐸𝑎𝑛𝑛𝑢𝑎𝑙 ∙  𝛽 

 

(25) 

Where 𝐺𝑊𝑃 is the CO2 related global warming potential for the refrigerant, L the annual 

refrigerant leakage, 𝑛𝑜𝑡 the system operation years, 𝑚 the refrigerant charge, 𝛼𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 the 

recovery factor, 𝐸𝑎𝑛𝑛𝑢𝑎𝑙 the annual energy consumption, and 𝛽 the specific indirect carbon 

dioxide emission. Other possible greenhouse gas sources should also be accounted for 

(Equation 26), and is calculated according to EN 378 as follows: 

𝐺𝑊𝑃𝑖 ∙ 𝑚𝑖 ∙ (1 − 𝛼𝑖) (26) 

Where i represents the specific emission source. 
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In addition to the direct and indirect emissions accounted for in the GWP, ODP and TEWI -

indicators, there are other factors that effects the overall environmental impact of a refriger-

ating system. According to the EN 378, a life cycle approach should be taken when address-

ing the total environmental impacts. The standard highlights a few additional factors that 

affect emissions during its life cycle, including: 

• Optimization of heat load requirements 

• Energy efficiency of systems and components 

• The selection of a suitable refrigerating system and refrigerant for a certain application 

• Refrigerating system control methods 

• Maintenance and service frequency, leak avoidance 

• Sensitivity of charge on efficiency 

• The state of the recovery and/or recycling of refrigerant 

 

Another indicator commonly used is the CO2 equivalent -value of a refrigerant. The CO2 

equivalent -value is the product of a refrigerant GWP -value, and the charge of a refrigerating 

system; it provides a way to compare the environmental impacts of different refrigerants per 

mass basis. The CO2 -equivalent value is usually presented in ‘Tons of CO2 equivalent’, and 

is calculated according to Equation 27. 

 

𝐶𝑂2𝑒
=

m ∗ GWP

1000
 

 

 

(27) 

Where m is the mass of a refrigerant charge in kg, and GWP is the global warming potential 

of the refrigerant. 
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3.6  Safety group classifications 

Refrigerants are also split into groups according to their toxicity and flammability. Official 

safety classifications for refrigerants are defined in the international standard ISO 817. Based 

on the standard, refrigerants are divided into two safety groups according to their toxicity, 

and further classified in three main and one subgroup according to their flammability. The 

ISO 817 safety group classification of refrigerants is presented in Table 8. 

 

Table 8. Safety group classifications (ISO 817, 2022). 

 Lower toxicity Higher toxicity 

No flame propagation A1 B1 

Lower flammability A2L B2L 

A2 B2 

Higher flammability A3 B3 

 OEL ≥ 400 ppm OEL < 400 ppm 

 

According to the ISO 817 standard, the toxicity of a refrigerant is classified based on occu-

pational exposure limits (OEL). The OEL is the highest acceptable average concentration of 

a certain toxic substance in the workplace air. The substance is considered to have a higher 

toxicity, when the measured OEL -value has been shown to be below 400 ppm. 

The flammability is classified based on the flame propagation of the refrigerant at a pressure 

level of 101.3 kPa, and 60 °C. Refrigerants classified as A1 and B1, have no flame propaga-

tion; in other words, they are not flammable. Refrigerants, classified with “Lower flamma-

bility” or “Higher flammability”, all exhibits some flame propagation when tested. Flamma-

ble refrigerants are further categorized into a lower and higher flammability class, according 

their physical properties; these properties include the lower flammability limit (LFL), flame 

propagation speed, and heat of combustion (HOC). 
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The flammability group conditions based upon ISO 817, are presented in Table 9. 

Table 9. Safety group classifications for flammable refrigerants (ISO 817, 2022). 

  Conditions: Propagation speed *: 

Lower flammability A2L, B2L LFL > 0.10 kg/m3 and HOC < 19 MJ/kg ≤ 10 cm/s 

A2, B2 LFL > 0.10 kg/m3 and HOC < 19 MJ/kg > 10 cm/s 

Higher flammability A3, B3 LFL < 0.10 kg/m3 or HOC > 19 MJ/kg > 10 cm/s 

* flame propagation speed tested at 101.3 kPa and 23 °C. 

 

The subgroup A2L/A2L was added in 2018, and contains refrigerants with a lower flame 

propagation speed compared to class A2/B2 and A3/B3. Some GWP, ODP and safety group 

classifications of common refrigerants are represented in Table 10. 

 

Table 10. Characteristics for common refrigerants (ISO 378, 2022). 

Refrigerant: Type GWP ODP Safety group 

R-11 CFC 4 750 1 A1 

R-12 CFC 10 900 1 A1 

R-502 CFC 4 657 0.33 A1 

R-141b HCFC 725 0.11 - 

R-22 HCFC 1 810 0.055 A1 

R-134a HFC 1 430 0 A1 

R-404A HFC 3 922 0 A1 

R-407A HFC 2 107 0 A1 

R-407C HFC 1 774 0 A1 

R-410A HFC 2 088 0 A1 

R-1234yf HFO 4 0 A2L 

R-1234ze HFO 7 0 A2L 

R-1233zd HFO 4.5 0 A1 

R-290 (Propane) Natural 3 0 A3 

R-600a (Isobutane) Natural 3 0 A3 

R-717 (Ammonia) Natural 0 0 B2L 

R-744 (Carbon dioxide) Natural 1 0 A1 

 

Generally speaking, CFCs, HCFCs, HFCs belong to safety group A1. Most HFOs falls under 

group A2L with some exceptions. All hydrocarbons are classified as A3. Ammonia is toxic, 

and has a lower flammability classification, thus belonging to group B2L. Carbon dioxide is 

neither toxic or flammable, and belongs to group A1. 
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3.7  Transition to HFO refrigerants 

Due to the ongoing phase-out from third generation refrigerants, the heat pump and refrig-

eration appliance industry is driven towards low GWP -alternatives. In this chapter, a litera-

ture review regarding the thermodynamical properties, compatibility, flammability and per-

formance values of HFOs are presented and compared to common HFCs. The literature re-

view emphasizes on the drop-in transition from R-134a to HFOs. 

 

3.7.1  Thermodynamical properties 

Pure HFOs and HFO/HFC-blends are projected to replace HFCs due to their lower GWPs. 

In Table 11, some GWP values of common HFOs and HFO/HFC-blends are presented. The 

R-134a is also listed as a reference refrigerant. 

Table 11. Characteristics for common refrigerants (EN 378, 2021). 

Refrigerant: Type GWP Safety group Composition: [kg-%] NBP [°C] 

R-134a HFC 1 430 A1  -26.07 

R-450A HFO-HFC 604.7 A1 R-134a/1234ze(E) (42/58) -23.4 to -22,8 

R-513A HFO-HFC 631.4 0 1234yf/134a (56/44) -29.1 

R-1234yf HFO 4 A2L  -29.5 

R-1234ze(E) HFO 7 A2L  -19.0 

R-1233zd(E) HFO 4.5 A1  18.1 

R-1336mzz(E) HFO 9 A1  7.4 

 

HFO compounds have been studied increasingly in recent years. Some of the HFOs that have 

been extensively researched includes, R-1233zd, R-1234yf and R-1234ze. Especially the R-

1234yf have received much attention due to its similarities to the widely used R-134a refrig-

erant. The R-1234yf has been found to be a suitable drop in replacement for R-134a appli-

cations. (Mota-Babiloni et al., 2017).  
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The thermodynamic properties of a refrigerant fundamentally determinates its suitability for 

different refrigeration applications. One factor effecting the suitability is the critical temper-

ature of the substance. The higher the critical temperature is, the higher the potential subcrit-

ical condensing temperature is. In other words, a high critical temperature increases the po-

tential heat output temperature, which makes the refrigerant more versatile in a sense. Stud-

ies show, that the critical temperatures of common HFOs are similar or higher than of HFCs 

(Figure 10). For example, the critical temperature of R-1234yf is close to the critical tem-

perature of R-134a; this supports the projection that R-1234yf would act as a replacement 

for the R-134a. (Nair, 2021). 

 

Figure 10. Critical temperatures of common HFOs and HFCs (Nair, 2021). 

The normal boiling point (NBP) of a refrigerant is also an important factor. The NBP de-

scribes the temperature in which the evaporation occurs at atmospheric pressure. A low NBP 

allows for the refrigerant to evaporate and absorb heat from low temperature reservoir, with-

out a higher vacuum. Most NBPs of HFOs presented in Table 11 are similar to that of the R-

134a (-26.1 °C). However, the R-1233zd(E) has a particularly high NBP of 18.1 °C; this 

indicates that the R-1233zd(E) is more suitable for applications that does not require heat 

abortion from low temperature reservoirs. 

Another important factor is the saturation pressures of a refrigerant. The saturation pressure 

at some prevailing temperature, also dictates the suitability of a refrigerant for a certain ap-

plication. The saturation pressures of the R-134a and some alternative drop in HFO replace-

ments are presented in Table 12. The temperature range utilized is typical for refrigeration 

systems. 
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Table 12. Saturation pressure of R-134a and common HFOs (Nair, 2021). 

 Saturation pressure [Mpa] 

Temperature [°C] R-134a R-1234yf R1234ze(E) 

-3,15 0.2608 0.2834 0.1925 

6,85 0.3727 0.3959 0.2767 

16,85 0.5180 0.5393 0.3866 

26,85 0.7028 0.7186 0.5270 

36,85 0.9334 0.9392 0.7029 

46,85 1.2166 1.2076 0.9200 

56,85 1.5599 1.5290 1.1830 

66,85 1.9715 1.9100 1.4993 

76,85 2.4611 2.3610 1.8755 

86,85 3.0400 2.8930 2.3199 

Reference: Nair (2021) Nair (2021) NIST (db. 23) 

 

Studies show that the saturation pressures for the R-134a and R-1234yf are similar. The 

similarity further supports the projection that R-1234yf would act as a replacement for the 

R-134a. The saturation pressure of the R-134a is however slightly lower at the lower tem-

perature end, and higher at the high temperature end; this indicates that the compression 

work is smaller when utilizing the R-1234yf compared to the R-134a (Nair, 2021). 

The transport properties of a refrigerant also effect the performance of the refrigeration sys-

tem. For instance, the viscosity has an impact on the rate of pressure drop in pipelines and 

equipment’s for liquid flows. In addition, a pressure drop in the condenser or evaporator 

effects the saturation temperature and the heat transfer properties. In two-phase flows, vapor 

density has been shown to be the dominant factor effecting pressure drop; a high vapor den-

sity predicts a low pressure drop. The increase in refrigerant mass flow also increases the 

pressure drop, however it also tends to increase the convection heat transfer coefficient. 

(Brignoli et al., 2017.) 
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The fluid properties of a refrigerant also effect the convection heat transfer coefficient, which 

in turn effects the rate of heat transfer in the evaporator and condenser. A high convection 

heat transfer coefficient lowers the required temperature difference in heat exchangers, re-

sulting in a lower pressure ratio. The vapor density and liquid thermal conductivity have the 

largest impacts on heat transfer in two phase heat transfer. Higher vapor density and thermal 

conductivity has resulted in a higher convection heat transfer coefficient. (Brignoli et al., 

2017).  

In a refrigeration system, the majority of heat is transferred in the evaporator and condenser 

units; this heat transfer occurs mainly during the boiling and condensation of the refrigerant. 

Therefore, the heat transfer characteristics during phase-change effects the effectiveness and 

therefore the selection of heat exchanger equipment’s. Boiling phase change heat transfer 

can occur either as pool boiling or flow boiling. The pool boiling performance of some HFOs 

have been shown to be greater than with R-134a refrigerants (Gorgy, 2016; Kedzierski et. 

al, 2018). Gorgy (2016) stated that the convective heat transfer coefficient of the R-

1233zd(E) was shown to be 19 % greater than that of the R-134a. Kedzierski (2018) per-

formed pool boiling experiments on refrigerants including, R-134a, R-1234yf, R-450A, R-

513A. Kedzierski concluded that the R-1234yf and R-513A requires a 16 % - 19 % lower 

heat flux compared to the R-134a, and the R-450A required only 43 % of the heat flux com-

pared to the R-134a. 

The flow boiling characteristics of the R-1234yf has been shown to be similar to those of the 

R-134a. The R-1234ze(E) has a lower flow boiling performance compared to the R-134a 

and R-1234yf when the vapor quality is low. However, R-1234ze(E) surpasses the boiling 

performance of the R-134a and R-1234yf as the vapor quality gets high. (Ribatski et. al, 

2017.) Furthermore, the convective heat transfer coefficients of HFO/HFC-blends have been 

shown to be smaller compared to pure HFOs (Azzolin et. al, 2016). 

The results regarding heat transfer performances of R-1234ze(E) and R-1234yf vary depend-

ing on testing method, pressures and vapor quality. However, multiple studies concluded 

that both the R-1234ze(E) and R-1234yf are suitable as replacements for the R-134a as far 

as heat transfer performance is considered (Nair, 2021). 
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Other thermodynamic properties including, density, specific heat capacity, thermal conduc-

tivity, viscosity are also important factors of a refrigerant. Recent studies have shown that 

the specific equation of state utilized in the NIST REFPROP 10 database 23, predicts the 

behavior of common HFOs with good accuracy. Most thermodynamic property values cal-

culated with REFPROP 10 database 23 have been shown to have certainty of ± 0,5 %. How-

ever, the specific heat value has a slightly larger uncertainty of ± 5 % (Nair, 2021.) 

Another aspect to consider is the compressor oil miscibility with the refrigerant. Generally, 

some oil exits the compressor discharge in conjunction with the refrigerant. Therefore, some 

lubrication oil is in fact circulating throughout the refrigeration cycle. It is desirable that the 

lubrication oil would return to the compressor, instead of gathering in the cycle and eventu-

ally negatively effecting its performance. The oil may lower the heat transfer properties in 

evaporator and condenser units, as well as increase the pressure drop. The sufficient misci-

bility of the lubrication oil and refrigerant furthers the return of the oil to the compressor. 

Therefore, it is a property that should be considered when transitioning to HFOs. (Youbi-

Idrissi, 2008.) 

Polyolester (POE) and polyalkylene glycol (PAG) are some of the most commonly used 

compressor lubrication oils. Recent studies have shown that both the R-1234ze(E) and R-

1234yf has a good miscibility with POE oils between temperatures of 5-75 °C. Generally, 

the R-1234ze(E) has been shown to have a better miscibility than of the R-1234yf. Further-

more, POE oils show better miscibility than PAG for R-1234yf refrigerants. (Jia et al., 2020.) 

The R-1234yf has been found to have a better lubricity with POE oils than the R-134a has 

(Nair, 2021). 
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3.7.2  Flammability 

The potential flammability of some HFO refrigerants poses new challenges on refrigeration 

system manufacturers and users. When adopting flammable refrigerants, the appliance, pro-

duction process and in some cases customer facilities needs to be adapted to cope with flam-

mable substances.  

The LFL and UFL are measures commonly used in studies comparing the “flammability” of 

different refrigerants. From a safety perspective, the UFL should be as low as possible, and 

the LFL should be as high as possible; this results in a narrow concentration range in which 

the substance can ignite. (Nair, 2021.) The LFL and UFL of some HFOs compared to hy-

drocarbons are presented in Table 13. 

Table 13. Flammability levels for common HFOs. 

Refrigerant: Temperature [°C] LFL [%] UFL [%] Reference: 

R-1234yf 298 ± 5 K 5,6 13,6 Askar et al. (2018) 

R-1234ze(E) 298 ± 5 K 6,5 12 Askar et al. (2018) 

R-600a (isobutane) 298 K 1,8 8,8 Zhai et al. (2020) 

R-290 (propane) 298 K 2,3 9,7 Zhai et al. (2020) 

 

The temperature of the refrigerant has been shown to affect the flammability levels. The 

flammability concentration range of the R-1234yf has been shown to increase as the temper-

ature increases. The LFL was measured to be 7.05 % and UFL 11,70 % at 5 °C. However, 

when measured in 100 °C, the LFL was measured to be 5,80 % and UFL 12,70 % (Kondo 

et. al, 2012.) 

Both Askar (2018) and Kondo (2012) concluded that R-1234yf can be considered more 

flammable then R-1234ze(E). It has been shown that the flammability is also in some cases 

dependent on the relative humidity of the air.  
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For example, the flammability range of R-1234ze(E) increases as the relative humidity in-

creases, and is not flammable at all in dry air at room temperature. The flammability levels 

of R-1234yf as a function of relative humidity is presented in Figure 11 (Kondo et. al, 2012). 

 

Figure 11. Flammability as a function of relative humidity (Nair, 2021). 

 

Another measure of flammability is the propagation speed of a refrigerant. According to the 

ISO 817 standard, all A2L refrigerant must have a propagation speed below 10 cm/s. Heat 

of combustion (HOC) also affect the safety classification of refrigerants. The heat of com-

bustion is required to be below 19 MJ/kg for a refrigerant to be classified with a lower flam-

mability. 

 

3.7.3  Drop-in performance and efficiency 

It goes without saying that the performance and the efficiency must be evaluated when trans-

ferring from one refrigerant to another. The impact on performance and efficiency regarding 

the drop-in transition to HFOs have been the focus of multiple studies in recent years. “Drop-

in” refers to the direct replacement of a refrigerant without substantial modifications to the 

actual heat pump or refrigeration device. Especially the impacts on R-134a and R-410A sys-

tems have been researched.  
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The following observations (Table 14-15) have been made in various studies related to the 

drop-in replacement of HFOs into refrigeration systems using R-134a. 

Table 14. Drop-in replacement studies for R-134a in domestic refrigerators. 

Application: Replacement: Observations: Reference: 

Domestic re-

frigerator 

R-1234yf* - Increase in massflow rate 

- Increase in power consumption 

- Decrease in pull-down time (7.3 %) 

- Decrease in duty cycle (23 %) 

- Decrease in energy consumption (3 %) 

Aprea et al. (2016)  

R-1234ze(E)* - Increase in subcooling (from 0.3 K to 8.3 K) 

- Decrease in energy consumption (9.0 %) 

Aprea et al. (2018) 

*optimal charge (kg) for each refrigerant, **same charge (kg) for all tests 

 

Generally, drop-in performance and efficiency studies have shown a slight decrease in cool-

ing capacity and COP when transitioning from R-134a to R-1234ze(E) or R-1234yf. Some 

of the differing results are due to the different charge methods utilized. 

Table 15. Drop-in replacement studies and observations for R-134a. 

Application: Replacement: Observations: Reference: 

Vapor com-

pression re-

frigeration 

system. 

R-1234yf** - Decrease in cooling capacity (8.6 %) Sanchez et al. 

(2017) R-1234ze(E)** - Decrease in cooling capacity (17.8 %) 

R-1234yf - 5-6 % decrease in cooling capacity 

- 7 % lower COP 

Mota-Babiloni et al. 

(2014) 
R-1234ze(E) - 5-6 % decrease in cooling capacity 

- 6 % lower COP 

- Concluded that (LLSL-HX) liquid line suction 

line heat exchanger may increase efficiency 

R-1234yf - Increase in subcooling can increase cooling capac-

ity by 15 % and can also be achieved by a LLSL-

HX 

Qi (2015) 

R-1234yf - COP increase by 4.4 % when utilizing LLSL-HX Wantha (2019) 

*optimal charge (kg) for each refrigerant, **same charge (kg) for all tests 

 

Many performance studies have also concluded that R-1234yf is a viable drop-in substitute 

for R-134a. The use of a LLSL-HX to improve the COP has also been suggested in multiple 

studies. (Nair, 2021.) 
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3.8  Standards and regulations  

The European Union’s F-gas Regulation drives the industry towards low GWP refrigerants 

by gradually banning the use of HFCs. In this chapter, the F-gas regulation will be intro-

duced, as well as some of the most fundamental standards regarding refrigeration systems 

and the use of refrigerants in the EU and Finland. 

 

3.8.1  European Union’s F-gas Regulation 

The EUs F-gas Regulation (842/2006) aimed to reduce emissions of fluorinated greenhouse 

gases by improving their containment and recovery. The first revision was enforced in 2007, 

and included the following measures. (Bitzer, 2022.) 

• Mandatory regular leak checks 

• Training and certification requirements 

• Reporting of F-gas usage by manufacturers 

• For stationary refrigeration’s systems there was no prohibitions of use 

 

In 2011, the impacts of the initial F-gas Regulation (842/2006) was assessed by the EU. 

Although the regulation was shown to have had a positive impact on reducing emissions, 

EU officials estimated that the measures were not sufficient to meet the medium and long-

term reduction targets. As a result, the revising of the 2006 version of the F-gas Regulation 

was commenced. The revising led to stricter and more ambitious targets and requirements. 

The revised F-gas regulation (517/2014) was set in force in 2015; some of the essential 

changes to its predecessor are listed below. (Bitzer, 2022.) 

• Gradually enforced maximum admissible GWPs was assigned per application. The 

total volume of F-gases should be phased-down to 21 % by 2030 from the level of 

2015. 

• Manufacturers are mandated to report actual consumption of F-gases. Possible (on 

request) quotas for manufacturers to control consumption of refrigerants. 

• Additional regulations were applied, considering the marking, containment and leak 

checks of F-gases. Restriction on devices containing F-gases imported from outside 

the EU. Mandatory reporting required by importers of F-gases. 
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The gradual phase-down timeline from the revised F-gas Regulation (517/2014) is illustrated 

in Figure 12. 

 

Figure 12. EUs phase-down plan of fluorinated hydrocarbons (Bitzer, 2022). 

 

To reach the emissions targets, the F-gas Regulation imposed gradually implemented prohi-

bitions on the use of refrigerants according to their GWP, as follows. (Danfoss, 2021.) 

• As of 2015, only refrigerants with a GWP below 150 are permitted in domestic re-

frigerators and freezers. 

• As of 2020, only refrigerants with a GWP below 150 are permitted in hermetically 

sealed movable room air conditioning devices. In addition, the use of refrigerants 

with a GWP over 2500 is prohibited in stationary systems and commercial refriger-

ators. Furthermore, the servicing of equipment using new refrigerants with a GWP 

over 2500 is prohibited. 

• As of 2022, multipack centralized refrigeration systems (minimum of two compres-

sors, cooling capacity over 40 kW) can only use refrigerants with a GWP below 150. 

The high stage of cascade systems can however utilize refrigerants with a maximum 

GWP of 1500. Commercial hermetically sealed refrigerators and freezers must use a 

refrigerant with a GWP below 150. 

• As of 2025, single split air condition systems, with less than 3 kg of refrigerant can’t 

use refrigerants with a GWP over 750. 

When the revisited F-gas Regulation was forced into act in 2015, the average GWP -value 

of HFC refrigerants used in the EU was approximately 2250. To reach the quantitative goals 

of 21 %, the average GWP -value should be under 500. The F-Gas Regulation ultimately 

leads to the banning of some commonly used refrigerants, including R-134a, R-404, R-407, 

and R-410. (Bitzer, 2022.) 
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To further the phase-out from hydrofluorocarbons, the European Commission has published 

a set of low GWP alternatives to commonly used HFCs. The alternative refrigerant catego-

ries are listed below. (European Commision 2, 2022.) 

• Low GWP HFCs 

• HFOs 

• Blends of HFC-HFO 

• Natural refrigerants 

 

The European Commission presents potential low GWP replacements for a range of catego-

ries, including commercial and industrial refrigeration, stationary and mobile air condition-

ing, as well as for domestic heating and cooling systems. Table 16 lists some low GWP 

alternatives presented for commercial refrigeration in centralized systems. This category in-

cludes, for example large scale refrigeration systems used in the “super markets”. (European 

Commision 2, 2022.) 

 

Table 16. Low GWP alternatives for commercial refrigeration, centralized systems.  

 Type: Refrigerant: GWP Safety group: To replace: 

Natural refrigerants R-290 (propane) 

R-717 (ammonia) 

R-744 (CO2) 

3 

0 

1 

A3 

B2L 

A1 

R-134a, R-404A, R-407A 

R-134a, R-404A, R-407A 

R-134a, R-404A, R-407A 

HFC-HFO blends R-448A 

R-449A 

1387 

1397 

A1 

A1 

R-404A 

R-404A 
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Table 17 lists the low GWP alternatives presented for industrial refrigeration systems. This 

category includes, large refrigeration facilities in the food and beverage industry, as well as 

in the process industry. (European Commision 2, 2022.) 

Table 17. Low GWP alternatives for industrial refrigeration systems. 

 Type: Refrigerant: GWP Safety group: To replace: 

Natural refrigerants R-290 (propane)  

R-717 (ammonia)  

R-744 (CO2)  

R-1270 (propene) 

3  

0 

1 

2 

A3 

B2L 

A1 

A3 

R-134a, R-404A, R-407A 

R-134a, R-404A, R-407A 

R-134a, R-404A, R-407A 

R-134a, R-404A, R-407A 

HFC-HFO blends R-449A 

R-450A 

R-513A 

1397 

605 

631 

A1 

A1 

A1 

R-404A 

R-134a 

R-134a 

HFOs R-1233zd 

R-1234ze 

4.5 

7 

A1 

A2L 

R-134a, R-404A 

R-134a, R-404A 

 

Table 18 lists the lower GWP alternatives presented for heat pump systems.  

Table 18. Low GWP substitutes for heat pump systems. 

 Type: Refrigerant: GWP Safety group: To replace: 

Natural refrigerants R-290 (propane) 

R-718 (H2O) 

R-744 (CO2) 

3 

0 

1 

A3 

A1 

A1 
 

R-134a, R-407A, R-410A 

R-134a, R-407A, R-410A 

R-134a, R-407A, R-410A 

HFC-HFO blends R-454C 

R-513A 

148 

631 

A2L 

A1 

R-410A 

R-134a 

HFCs R-32 675 A2L R-134a, R-407A, R-410A 

 

This category (Table 18) includes, heating and cooling systems that are utilized both in pri-

vate households and commercial facilities. (European Commision 2, 2022.)  
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3.8.2  The EN 378 standard 

The European standard EN 378 includes the safety and environmental requirements for re-

frigerating systems and heat pumps. The EN 378 describes standards for the installation, 

maintenance, operation, as well as design, construction, repair and disposal of refrigerating 

systems and devices. The standard was approved by European Committee for Standardiza-

tion in 09/2016, and has the status of a Finnish national standard (SFS-EN 378). The EN 378 

applies according to the list below (AREA, 2019). 

• Heat pumps and refrigerating systems of all sizes (both mobile and stationary) 

• Both primary and secondary heating and cooling systems 

• Both for new refrigerating systems, and for systems being modified or extended (in-

cludes refrigerant type conversion) 

• Components installed, replaced or added to a system (when replacement component 

is not identical) 

• Refrigerating system positioning 

• An existing refrigerating system that is being relocated 

 

The EN 378 Standard consists of four parts, as shown in Table 19. (EN 378, 2022.) 

Table 19. Standard EN 378 part 1–4 (EN 378, 2022). 

Document: Name: 

EN 378-1:2016 Basic requirements, definitions, classification and selection criteria. 

EN 378-2:2016 Design, construction, testing, marking and documentation. 

EN 378-3:2016 Installation site and personal protection. 

EN 378-4:2016 Operation, maintenance, repair and recovery 

 

The first document (EN 378-1:2016) contains terms and definitions for refrigerating sys-

tems, occupancies and locations, components, accessories and fluids. It also includes the 

classifications of access categories, facilities, and equipment’s, as listed below. (EN 378, 

2022.) 

• Access categories 

• Location classification of refrigerating systems 

• Designation and safety classification of refrigerants 
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The EN 378-1:2016 also contains information regarding the quantitative limitations and 

maximum refrigerant charge limits, based on location classification, access category, refrig-

erant flammability and toxicity. Furthermore, it addresses the competence requirements and 

definitions of (installation/maintenance) personnel. (EN 378, 2022.) 

Part 2 (EN 378-2:2016) of the EN 378 standard contains information related to the design, 

construction, testing, marking and documentation of refrigeration systems. The EN 378-2 

lays out the safety requirements for components and piping systems; lists requirements and 

the related standards and tests for equipment’s, including heat exchangers, oil separators, 

dyers, filters, mufflers, compressors, pumps, valves, safety devices, indicators, gauges, sol-

dering and welding materials, pipes and piping components. In addition, the standard pre-

sents the requirements and category determinations for single components and assemblies. 

(EN 378, 2022.) 

The EN 378-3:2016, and the third document of the EN 378 standard describes location-

specific requirements for refrigerating equipment’s. The EN 378-3 standard defines require-

ments for machinery rooms, containing specific requirements for flammable and toxic re-

frigerants. In addition, it addresses topics like electrical installations and inspections, leak 

detectors, alarms, instruction, manuals and personal protective equipment’s (PPEs) and first 

aid. (EN 378, 2022.) 

The EN 378-4:2016, and part 4 of the EN 378 standard addresses the operation, maintenance, 

repair and recovery of refrigerating systems. It contains the requirements for operating in-

structions, and documentation requirements for the installation, maintenance and repair of 

refrigerating systems. In addition, it describes the requirements for the recovery, reuse and 

disposal of refrigerating systems and refrigerants. (EN 378, 2022.) 
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3.8.3  The EN 60335-2 standard 

The European Standard EN 60335 addresses the safety standards for “Household and similar 

electrical appliances”. Table 20 presents the documents that particularly addresses the safety 

standards of refrigeration systems, including air-conditioners and heat pumps. 

Table 20. The EN 60335-2 Standards for refrigeration systems and heat pumps. 

Part: Description: 

EN 60335-2-24 Particular requirements for refrigerating appliances, ice-cream appliances and ice 

makers. 

EN 60335-2-40 Particular requirements for electrical heat pumps, air-conditioners and dehumidifi-

ers. 

EN 60335-2-89 Particular requirements for commercial refrigerating appliances with an incorpo-

rated or remote refrigerant condensing unit or compressor. 

 

The EN 60335 part 2-24, addresses the safety standards for domestic refrigeration devices. 

The standard covers appliances with a rated maximum single-phase voltage of 250 V, and 

other appliances with a maximum rated voltage of 480 V. The standard also covers battery 

operated appliances with a maximum rating of 24 V. 

The European Standard EN 60335 part 2-40, addresses the safety standards of heat pumps, 

air conditioners and dehumidifiers. The standard applies for devices that are intended to be 

used in households, commercial applications and the light industry. The standard covers ap-

pliances with a rated maximum single-phase voltage of 250 V, and other appliances with a 

maximum rated voltage of 600 V. The EN 60335 part 2-89, addresses the safety standards 

of commercial refrigeration devices, including blast chillers as well as service, storage and 

trolley cabinets. 

The EN 60335 also applies refrigeration systems containing flammable refrigerants. How-

ever, currently the standard does not include the subgroup A2L.  
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3.8.4  The EN 60079 standard 

When flammable refrigerants are implemented, additional requirements are potentially im-

posed on the refrigeration devices, equipment’s, installations and facilities. The European 

Standard EN 60079 defines the general construction, testing and marking requirements for 

Ex-equipment and Ex-components used in potentially explosive atmospheres. In addition, 

the standard addresses the classification of areas where flammable vapors may appear, and 

specifies the requirements for electrical installations in potentially explosive atmospheres. 

Furthermore, the standard specifies the requirements for type “n” equipment’s. The standard 

contains multiple documents; however, the following parts are directly related to heat pumps 

and refrigeration devices. 

  

EN 60079-0 Part 0: Equipment - General requirements 

o Scope, terms and definitions 

o Equipment grouping and requirements 

o Ex-components 

o Tests, documentation, marking and instructions 

 

EN 60079-10-1 Part 10-1: Classification of areas. Explosive gas atmospheres 

o Classification of areas 

o Release of flammable substance, ventilation and dilution 

o Type and extent of zones 

 

EN 60079-14 Part 14: Electrical installations design, selection and erection 

o Selection of equipment 

o Protection from dangerous sparking 

o Electrical protection, switch-off and electrical isolation 

o Cables and wiring systems 

o Additional requirements for pressurized enclosures 

 

EN 60079-15 Part 15: Equipment protection by type of protection "n" 

o Requirements for equipment  
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3.8.5  Other standards and regulations 

Appliances manufactured and intended to be sold in the European Economic Area (EEA) is 

generally required a CE mark. The CE marking requires that the product is produced in 

compliance with European health, safety, and environmental protection standards. In addi-

tion to the standards earlier presented, there are a variety of other standards and regulations 

that needs to be implemented. The follow list contains, some potentially relevant standards 

and regulations for heat pump manufacturers. 

 

• Finnish Occupational Safety and Health Act (738/2002) 

• Machinery Directive (MD) (2006/42/EC) 

• Pressure Equipment Directive (PED) (2014/68/EU) 

• CLP Regulation (1207/2008) 

• Low Voltage Directive (LVD) (2014/35/EU) 

• ATEX Directive (2014/34/EU) 

• Qualification requirements for handling of F-gases 766/2016 and 452/2009 

• Tukes: Storage of hazardous chemicals 

• Laki vaarallisten kemikaalien ja räjähteiden käsittelyn turvallisuudesta (390/2005)  

• Asetus vaarallisten kemikaalien teollisesta käsittelystä ja varastoinnista (59/1999) 
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4  Low GWP refrigerant drop-in evaluation for R-134a replacement 

Oilon Ltd is a Finnish technology company founded in the beginning of 1960. Oilon devel-

ops and produces industrial size heat pumps, chillers, burners as well as domestic size heat 

pumps. Oilon Ltd’s products are widely used in heating and cooling applications both in the 

residential sector as well as in industrial applications. Oilon has a turnover of 70 million 

euros, and employs nearly 400 people. In addition to production facilities in Finland, Oilon 

has facilities in the United States, China as well as in Russia. 

Oilon has a large product line of heat pumps and chillers, ranging from a few kilowatts to 

multiple megawatts. Currently many of their applications utilize HFC refrigerants which are 

soon to be phased out. Oilon is actively researching and developing their product line and 

preparing for the transition to low GWP refrigerants. This chapter contains an analysis of 

the transition to a low GWP alternative in Oilon’s Chill Heat P150 heat pump. The P150 is 

a heat pump system designed for combined heating and cooling in large residential buildings 

(5000 – 15 000 m2). The P150 contains dual reciprocating compressors, and was originally 

developed for the R-134a refrigerant. The P150 can produce hot water reaching approxi-

mately 90 °C, and depending on its configuration, the P150 can produce over 200 kW of 

heating power and approximately 160 kW cooling power.  

Chapters 4.1 and 4.2 contains thermodynamical evaluations and performance calculation 

implemented with properties required from NIST Standard Reference database 23. Further-

more, chapter 4.3 contains performance calculations produced with Oilon Ltd’s modeling 

tool. Oilon Ltd’s modeling tool attempts to take many irreversibilities occurring in real pro-

cesses into account. Oilon Ltd’s modeling tool estimates pressure and heat losses, as well as 

utilizes specific calculation models provided by the compressor manufacturers when calcu-

lating the compression efficiencies and temperatures. 

The property evaluations performed in this chapter are conducted for a temperature range 

from -5 °C to 85 °C. The performance calculations are implemented with an evaporation 

temperature of 0 °C and condensing temperature of 80 °C; these are a typical temperature 

values that are used, when the P150 is applied in a combined heating and cooling configu-

ration. All pressures presented are absolute pressures. 
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4.1  Refrigerant selection and evaluation 

In discussions with Oilon Ltd, and based upon findings from the literature review, the re-

frigerants presented in Table 21 was selected for the R-134a refrigerant replacement analy-

sis. The proposed replacements include both pure HFOs as well as HFO/HFC-blends. Some 

of the pure HFOs – including R-1233zd(E) and R-1336mzz(E) – were found unsuitable for 

this application (temperatures), due to their high NBPs. This chapter presents the proposed 

alternative refrigerants for the P150 heat pump system, and compares their properties to that 

of the R-134a. 

Table 21. Refrigerant properties (EN 378, 2022). 

Refrigerant Formula Type GWP ODP Safety class Composition [weight %] 

R-134a CH2FCF3 HFC 1 430 0 A1 - 

R-450A - HFO-HFC 604.7 0 A1 R-134a/1234ze(E) (42/58) 

R-1234ze(E) CF3CH=CHCl HFO 7 0 A2L - 

R-1234yf CF3CF=CH2 HFO 4 0 A2L - 

R-513A - HFO-HFC 631.4 0 A1 1234yf/134a (56/44) 

 

The R-1234ze(E) and R-1234yf are pure HFOs; the R-450A and R-513A are HFO/HFC-

blends. The blending lowers the original GWP -value of the HFC refrigerant, yet maintains 

some of the thermodynamic properties of the pure HFC compounds. The pure HFOs clearly 

has the lowest GWPs, with an over 99 % reduction from the R-134a. Both HFO/HFC-blends 

have approximately 55 % lower GWP compared to the R-134a. The flammability properties 

of the refrigerants in question are presented in Table 22.   

 

Table 22. Refrigerant flammability properties (EN 378, 2022). 

Refrigerant LFL [vol-%]*  UFL [vol-%]* ATEL/ODL [kg/m3] Auto ignition temp. [°C] 

R-134a - - 0.21 743 

R-450A - - 0.32 - 

R-1234ze(E) 6.5 12.0 0.28 368 

R-1234yf 5.6 13.6 0.47 405 

R513A - - 0.33 - 

* Askar et al. (2018) 

Both the R-1234ze(E) and R-1234yf are classified as A2L or mildly flammable. 
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The thermodynamical properties of the selected refrigerants are presented in Table 23. 

Table 23. Refrigerant thermodynamical properties 

Refrigerant NBP [°C] Triple point [°C] Critical temp. [°C] Critical pressure. [bar] 

R-134a -26.07 -103.3 101.06 40.59 

R-450A -23.4 to -22.8 N/A 104.47 38.22 

R-1234ze(E) -18.97 -104.15 109.36 36.35 

R-1234yf -29.49 -150.38 94.7 33.82 

R-513A -29.10 N/A 94.9 36.48 

Table 23 values are obtained with NIST Standard Reference database 23. 

 

The R-450 is a non-azeotropic refrigerant, meaning that the individual components have 

slightly different boiling points; this leads to a glide in the NBP. The critical temperatures, 

pressures and NBPs are illustrated in Figure 13. The values are obtained with NIST Standard 

Reference database 23. 

 

Figure 13. Critical temperatures and pressures. 

 

The NBPs of all refrigerants are below the evaluated evaporation temperatures, which indi-

cates, that the evaporation pressure would be above atm -pressure for all refrigerants.  The 

critical temperatures and pressures of all refrigerants are above the evaluated condensation 

temperature levels. Therefore, a subcritical process is possible for all refrigerants compared.  

Figures 14 to 25 contain details regarding the thermodynamic properties of the refrigerants 

in question. All thermodynamic properties utilized in the calculations are obtained with 

NIST Standard Reference database 23.  
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Figure 14 presents the vapor saturation pressures, ranging from -5 °C to 85 °C. 

 

Figure 14. Vapor saturation pressures and temperatures. 

The R-1234ze(E) has the lowest saturation pressures, ranging from 1.79 bar at -5 °C to 22.3 

bar at 85 °C. The R-513A has the highest saturation pressures, ranging from 2.7 bar at -5 °C 

to 29.8 bar at 85 °C (Figure 14). A higher-pressure level may lead to stricter provisions and 

ultimately cost increase. The R-1234ze(E) component in the R-450A seems to lower the 

saturation pressures compared to the pure R-134a. 

Figure 15 presents the evaporation pressure as a function of evaporation temperature.  

 

Figure 15. Evaporation pressures and temperatures 

The results (Figure 15) show that all evaporation pressures at a temperature of -5 °C are 

above atmospheric pressure. 
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Figure 16 presents the latent heat as a function of saturation temperature.  

 

Figure 16. Latent heat at saturation temperatures. 

 

The latent heat of the R-134a is largest at temperature ranges from -5 °C to 71.4 °C. There-

fore, the R-134a absorbs and rejects the most heat per mass basis. However, at temperatures 

over 71.4 °C the R-1234ze(E) has an increasingly higher latent heat compared to the R-134a. 

Furthermore, as the saturation temperature reaches 80 °C, the latent heat of the R-450A also 

surpasses the R-134a.  

The results indicate that the R-1234ze(E) and R-450A benefits from a high condensing tem-

perature, and their mass based latent heat are comparable with the R-134a as temperatures 

reaches 75 °C. The blend R-450A seems to benefits from its R-1234ze(E) component – from 

the latent heat point of view – at higher temperatures. 
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Figure 17 presents the specific volume of saturated vapor as a function of saturation temper-

ature. The R-1234ze(E) has the highest specific volume at -5 °C and is 20.9 % larger than 

that of the R-134a. The R-1234yf has the smallest specific volume at -5 °C and is 21.1 % 

smaller than that of the R-134a. Higher specific volume generally increases compressor work 

input. 

 

Figure 17. Specific volume of saturated vapor. 

 

The R-513A and R-1234yf has the highest vapor density; a high vapor density predicts a low 

pressure drop in two-phase flow. 
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Figure 18 presents the volumetric cooling capacities with evaporation temperatures ranging 

from -5 °C to 15 °C, and a constant condensing temperature of 80 °C. The R-134a has the 

highest volumetric cooling capacity across the whole temperature range. The R-513A has 

the second highest, averaging 17 % lower than that of the R-134a. The R-1234yf has the 

lowest volumetric cooling capacity, averaging 35 % lower than that of the R-134a.  

 

Figure 18. Evaporation volumetric cooling capacity. 

The high volumetric cooling capacity of the R-134a is due to its relatively small suction gas 

specific volume (Figure 17) as well as its high latent heat (Figure 16).  

For this idealized refrigeration cycle, the R-513A and R-450A seems to have superior volu-

metric cooling capacities compared to that of the pure HFOs R-1234yf and R-1234ze(E). 

This indicates that the R-134a component found in both the R-513A and R-450A increases 

their volumetric cooling capacities. 

  



67 

 

Figure 19 presents the mass based specific cooling capacity, ranging from -5 °C to 15 °C 

with a constant condensing temperature of 80 °C. The R-134a has the highest mass-based 

cooling capacity across the whole temperature range. The R-1234yf has the lowest mass-

based cooling capacity, averaging 35 % lower than that of the R-134a. 

 

Figure 19. Mass based cooling capacity. 

 

Figure 20 and 21 presents the thermal conductivity of saturated liquid and vapor respec-

tively. A higher thermal conductivity generally predicts a higher convection heat transfer 

coefficient. The R-134a has the highest saturated liquid thermal conductivity across the ma-

jority of the temperature range (Figure 20). However, at temperatures above 70-85 °C, the 

R-450A and R-1234ze(E) have similar or better thermal conductivities than the R-134a. The 

R-1234yf has the lowest saturated liquid thermal conductivity, averaging 23 % lower than 

that of the R-134a. 

The results indicate that the liquid thermal conductivity of R-450A and R-1234ze(E) are 

more similar to that of the R-134a when condensation temperatures rises. Thus, they benefit 

more from the high condensation temperature when compared to the original (R-134a) re-

frigerant. 
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Figure 20. Thermal conductivity of saturated liquid. 

 

The saturated vapor thermal conductivities of the different refrigerants are similar across a 

temperature range of -5 °C to 55 °C (Figure 21). At temperatures above 55 °C, the R-513A 

has an increasingly higher thermal conductivity, ultimately reaching a 12 % larger value than 

that of the R-134a. 

 

 

Figure 21. Thermal conductivity of saturated vapor. 
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Figure 22 and 23 presents the viscosity of saturated vapor and liquid, ranging from -5 °C to 

85 °C.  

 
Figure 22. Viscosity of saturated vapor. 

 

The saturated vapor viscosities of all refrigerants are similar across the whole temperature 

range and comparable with that of the R-134a (Figure 22). 

 

 

Figure 23. Viscosity of saturated liquid. 
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The saturated liquid viscosities of R-134a, R-1234ze(E) and R450A are similar across the 

whole temperature range (Figure 23). The R-1234yf has the lowest liquid viscosity across 

the whole temperature range, averaging 25 % lower than that of the R-134a. The R-513A 

also shows a lower liquid viscosity across the whole temperature range. The lower liquid 

viscosities of the R-1234yf and R-513A may lead to a lower pressure drop in liquid flows. 

As the R-513A has the R-1234yf as a component, it seems that the R-1234yf reduces the 

pressure drop causing “qualities” of the pure R-134a. 

Figure 24 and 25 presents the specific heat capacity of saturated vapor and liquid respec-

tively.  

 

Figure 24. Specific heat capacity of saturated vapor. 

 

The specific heat capacities (both liquid and vapor) of the different refrigerants are similar 

across a temperature range of -5 °C to 55 °C. However, at temperatures above 55 °C, the R-

513A and R-1234yf has increasingly higher specific heat capacities, both for liquid and va-

por phases. 
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Figure 25. Specific heat capacity of saturated liquid. 

The relatively high specific heat capacities, low viscosities and high vapor thermal conduc-

tivities of the R-513A and R-1234yf, predicts a higher convective heat transfer coefficient. 

The relatively high specific heat capacity of saturated liquid of the R-1234yf and R-513A 

may indicate a greater potential for subcooling, as more heat is transferred for the same 

temperature decrease. For the same reason, the relatively high specific heat capacity of sat-

urated vapor of the R-1234yf and R-513A may indicate a lower compressor discharge tem-

perature. 

The lubrication oil suitability for the refrigerants in question are represented in Table 24. 

Table 24. Lubrication oil suitability. 

Refrigerant Mineral oil POE  

(Polyol ester) 

PAG 

(Polyalkylene glycol) 

R-134a Not suitable Suitable Not suitable 

R-450A Not suitable Suitable Limited use 

R-1234ze(E) Not suitable Suitable Limited use 

R-1234yf Not suitable Suitable Limited use 

R513A Not suitable Suitable Limited use 

 

The oil suitability is similar for all compared refrigerants (Table 24). 
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4.2  Ideal Refrigeration Cycle evaluation 

In this chapter a performance evaluation of the proposed replacement refrigerants is pre-

sented. An ideal refrigeration cycle is evaluated, as well as a cycle utilizing a LLSL-HX heat 

exchanger. 

 

4.2.1  Basic refrigeration model evaluation 

 

I this chapter a steady state analysis of an ideal refrigeration cycle is presented for each 

replacement refrigerant. The COP -values, saturation pressures, and heating/cooling capac-

ities are compared. The following assumptions and conditions are applied in the basic re-

frigeration model evaluation: 

• No pressure or heat losses in pipelines or other equipment’s 

• Change in potential and kinetic energy are negligible 

• Throttling process is isenthalpic 

• Compression isentropic efficiency of 100 % 

• Evaporation temperature 0 °C 

• Condensing temperature 80 °C 

• Subcooling of 35 K 

o Typical value for P150 combined heating and cooling configuration 

 

Figure 26 illustrates the basic refrigeration cycle schematics and processes. 

 
 

Figure 26. Schematics of basic refrigeration cycle (Çengel, et al., 2019). 
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Figures 27 to 30 contain details regarding the basic refrigeration model performance evalu-

ation. All thermodynamic properties utilized in the calculations are obtained with NIST 

Standard Reference database 23. All pressures are absolute pressures. 

Figure 27 presents the isentropic COP -values for the refrigerants. The calculated COP -

values are rather similar; R-1234ze(E) having the highest COPR value of 2.99 and the R-

513A the lowest of 2.92. The R-134a has a COPR value of 2.98. 

 

Figure 27. Refrigeration model isentropic COP -values. 

 

The isentropic COPs calculated for the refrigerants do not differ significantly (Figure 27). 

Due to the fact that the process is idealized, the calculated COPs mainly presents the maxi-

mal coefficient of performance achievable for these refrigerants with these temperatures.  

As the COP differences are rather insignificant, factors – including compressor efficiencies 

– may shift the order. Thus, conclusion of a significantly better COP cannot be made based 

upon these results.  
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Figure 28 presents the evaporator and condenser pressure levels as well as the pressure ratios. 

The R-1234ze(E) has the lowest evaporation pressure of 2.2, and the R-513A has the highest 

at 3.3 bar. The R-134a has an evaporation pressure of 2.9 bar. The R-1234ze(E) also has the 

lowest condensing pressure of 20.1, and R-513A has the highest at 26.9 bar. The R-134a has 

an evaporation pressure of 26.3 bar. The R-1234ze(E) has the highest pressure-ratio of 9.3, 

and the R-1234yf has the lowest of 8.0. The R-134a has a pressure-ratio of 9. 

 

 

Figure 28. Refrigeration model pressure levels. 

 

A higher-pressure level may lead to stricter provisions and ultimately cost increase. The 

pressure ratio is lowest for the R-1234yf, this may indicate a higher compression efficiency. 

All evaporation pressures are above atm pressure. Furthermore, the condenser pressures and 

temperatures are below their corresponding critical values. This indicates that all refrigerants 

are suitable for this specific application, from a saturation temperature and pressure point of 

view. 
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Figure 29 presents the mass-based heating and cooling capacities as well as the isentropic 

work input required. The R-134a has the highest cooling and heating capacity of 135 kJ/kg 

and 180 kJ/kg respectively. The R-1234yf has the lowest cooling and heating capacity of 102 

kJ/kg and 137 kJ/kg respectively. 

 

Figure 29. Isentropic refrigeration model energy flows. 

 

Figure 30 presents the volumetric cooling capacities. The calculated value presents the heat 

absorbed in the evaporator per cubic meter. It is the mass-based cooling capacity divided by 

the specific volume of the suction gas.  

 

Figure 30. Refrigeration model volumetric cooling capacity. 
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The R-513A has the highest volumetric cooling capacity of 1950 kJ/m3 followed by the R-

134a with 1948 kJ/m3 (Figure 30). It is noteworthy, that the R-134a had a clearly higher 

cooling capacity compared to that of the R-513A when no subcooling was used (Figure 18). 

Without subcooling, the R-134a had a superior volumetric cooling capacity, however with 

35 K subcooling the R-513A surpasses that of the R-134a. The heat absorption in the evap-

orator increases 77.2 % for the R-134a, and 111.9 % for the R-513A as a consequence of the 

35 K subcooling. This indicates that the R-513A is especially well suitable for application 

where subcooling is rather significant. 

The lower volumetric cooling capacities of the R-1234ze(E) and R-450A indicates that they 

would not reach the same thermal heating and cooling capacities (per volume basis) as the 

R-134a when used as a drop-in replacement. However, the high volumetric cooling capacity 

of the R-513A supports the idea that it would be a viable drop-in replacement for the R-

134a. 
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4.2.2  LLSL-HX refrigeration model evaluation  

In this chapter a steady state analysis of an ideal refrigeration cycle utilizing a LLSL-HX 

heat exchanger is presented. The purpose of this analysis it to view how the LLSL-HX ef-

fects the cooling/heating capacities, and COP values of the proposed R-134a replacements. 

The analysis is conducted by increasing the effectiveness of the LLSL-HX from 0 to 100 %. 

The following assumptions and conditions are applied in the LLSL-HX refrigeration model 

evaluation, 

• No pressure or heat losses in pipelines or other equipment’s 

• Change in potential and kinetic energy are negligible 

• Throttling process is isenthalpic 

• Compression isentropic efficiency of 100 % 

• Evaporation temperature 0 °C 

• Condensing temperature 80 °C 

• Subcooling of 35 K (prior to LLSL-HX) 

o Typical value for P150 combined heating and cooling configuration 

 

Figure 31 illustrates the LLSL-HX refrigeration model schematics and processes. 

 

 
 
 

 

Figure 31. Schematics of the LLSL-HX refrigeration model. 

 

Figures 32 to 35 presents the effects of the LLSL-HX to the basic model, as a function of 

LLSL-HX effectiveness. All thermodynamic properties utilized in the calculations are ob-

tained with NIST Standard Reference database 23. All pressures are absolute pressures. 
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Figure 32 presents the COPR -values as a function of LLSL-HX effectiveness. Results show 

that the isentropic COPR of all refrigerants increases due to the use of a LLSL-HX. The R-

1234ze(E) has the highest isentropic COPR across the whole effectiveness range. The R-

134a has the second highest isentropic COPR for an effectiveness of 0 % – 30 %, however 

at higher LLSL-HX effectiveness the R-450A, R-1234yf and R-513A surpasses the COPR 

of the R-134a. The R-1234yf has the highest increase (8.8 %) in COPR and the R-134a has 

the lowest increase (3.3 %) using a 100 % LLSL-HX effectiveness. Furthermore, the R-

1234yf also has the highest increase (4.1 %) in COPR and the R-134a has the lowest increase 

(1.2 %) using a 50 % LLSL-HX effectiveness. 

 

 

Figure 32. COPR as a function of LLSL-HX effectiveness. 

 

The R-1234yf sees the greatest and the R-134a the lowest increase in isentropic COP over 

the whole LLSL-HX effectiveness (Figure 32). It is noteworthy, that the isentropic COP of 

the HFO and HFO/HFC-blends surpasses that of the R-134a when the LLSL-HX effective-

ness reaches approximately 60 %. 
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Figure 33 presents the specific volumes of the refrigerants as a function of LLSL-HX effec-

tiveness.  

 

Figure 33. Specific volume as a function of LLSL-HX effectiveness. 

 

The LLSL-HX increases the suction gas temperature and specific volume; this in turn may 

affect the compressor efficiencies. The R-513A has the highest increase (20.1 %) in specific 

volume and the R-1234ze(E) has the lowest increase (18.5 %) using a 100 % LLSL-HX 

effectiveness. Furthermore, the R-513A also has the highest increase (10.6 %) in specific 

volume and the R-1234ze(E) has the lowest increase (9.9 %) with a 50 % LLSL-HX effec-

tiveness. 
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Figure 34 presents the volumetric cooling capacity as a function of LLSL-HX effectiveness. 

The R-1234yf has the highest increase (14.8 %) in volumetric cooling capacity and the R-

134a has the lowest increase (6.5 %) using a 100 % LLSL-HX effectiveness. Furthermore, 

the R-1234yf also has the highest increase (7.9 %) in volumetric cooling capacity and the R-

134a has the lowest increase (3.2 %) using a 50 % LLSL-HX effectiveness. 

 

 

Figure 34. Volumetric cooling capacity as a function of effectiveness. 

 

The cooling capacity of the R-513A is increasingly higher than that of the R-134a as the 

LLSL-HX effectiveness increases. The cooling capacity of the R-513A is 0.1 % grater than 

that of the R-134a with a 0 % effectiveness, 2.7 % grater with a 50 % effectiveness, and 4.8 

% grater with a 100 % effectiveness. The volumetric cooling capacity of the R-134a and R-

513A were more or less similar in the basic refrigeration model evaluation (Figure 30). The 

R-513A seems to benefit (as a result of the R-1234yf component) from the use of a LLSL-

HX compared to the R-134a. 
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Figure 35 presents the isentropic discharge temperature as a function of LLSL-HX effective-

ness. 

 

Figure 35. Isentropic discharge temp. as a function of LLSL-HX effectiveness. 

The LLSL-HX also increases the discharge gas temperature. The discharge temperature lim-

its the potential maximal effectiveness that can be utilized with the LLSL-HX. Particularly 

high discharge temperatures may cause lubrication oil degradation or carbon deposits; this 

will negatively affect the operation or potentially damage to the compressor. The maximum 

discharge temperature is generally dependent on the compressor type and lubrication oil. For 

example, the maximum discharge temperature of the P150 is set to approximately 125 °C. 

The R-134a has the highest isentropic discharge temperature across the effectiveness range, 

and R-1234yf the lowest. It is worth pointing out that the discharge temperature is highly 

dependent on the compressor isentropic efficiency. As the isentropic efficiency decreases, 

the discharge temperature raises. However, the results (Figure 35) may indicate that there is 

a grater potential for higher LLSL-HX effectiveness when utilizing R-1234yf, R-1234ze(E), 

R-513A and R-450A, due to the fact that they have originally lower discharge temperatures. 

In chapter 4.3, the discharge temperatures are generated using calculation models provided 

by the compressor manufacturers, thus resulting in more comparable results. 

It is also worth pointing out, that by decreasing the condenser temperature, the potential 

maximum effectiveness of the LLSL-HX increases. 
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4.3  Refrigeration cycle evaluation with Oilon Ltd’s modeling tool 

In this chapter a comparative analysis regrading the effects of the different refrigerants on 

the Oilon’s Chill Heat P150 heat pump will be presented. The performance calculations are 

conducted with Oilon Ltd’s modeling tool version 2022.03.11. The software estimates pres-

sure and heat losses, and utilizes specific calculation models provided by compressor man-

ufacturers when calculating compression efficiencies and temperatures. The following pa-

rameters and configurations are used when modeling the performance of the different refrig-

erants, 

• All equipment’s including condenser, evaporator, subcooler throttle units are accord-

ing to the original P150 cycle and identical in every calculation 

• Dual P150 SU HC compressors in paralell configuration (60 Hz) 

• System working life of 15 years. 

• Annual peak usage: 2000 hours. 

• Saturation pressures calculated according to heating and cooling medium target tem-

peratures. Both the heating medium and the cooling medium are water. 

• Temperature levels set for district heating and cooling 

o Heating medium inlet temperature of 40 °C, and outlet of 80 °C 

o Coolant inlet temperature of 15 °C, and outlet of 5 °C 

o Refrigerant is subcooled to 41 °C 

• Recovery at end of lifetime implemented by drawing 5 mbar vacuum. 

• Leakage rate of 3 grams per year. (Max. allowable according to EN 378). 

• Cycle volume 0.04 m3. 

• Refrigerant charges 

o R-134a 21.0 kg 

o R-450A 20.4 kg 

o R-513A 21.1 kg 

o R-1234ze(E) 24.1 kg 
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Figure 36 illustrates the (simplified) refrigeration model used with the Oilon Selection Tool. 

 

 

Figure 36. Schematic of refrigeration cycle used with Oilon modeling tool. 

 

4.3.1  Drop in performance evaluation  

The heating and cooling capacities calculated for the different refrigerants are displayed in 

Table 25. 

Table 25. Heating and cooling capacities. 

Refrigerant Heating capacity [kW] Cooling capacity [kW] Subcooler [kW] 

R-134a 206 kW 133 kW 49 kW 

R-450A 183 kW 120 kW 48 kW 

R-1234ze(E) 163 kW 108 kW 38 kW 

R-513A 215 kW 140 kW 61 kW 

 

The results show (Table 25) that with an identical P150 -setup, the drop-in performance of 

the R-450A and R-1234ze(E) will not match the heating and cooling capacities (kW) of the 

R-134a. However, the R-513A surpasses the R-134a both in heating and cooling capacity. 

The results are in line with the volumetric cooling capacities calculated for the ideal model 

in chaper 4.2.1. In other words, a high volumetric cooling capacity indicated a high drop-in 

heating and cooling capacity (kW) and vice versa. 
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The COP -values calculated for the different refrigerants are displayed in Table 26.  

Table 26. COP values. 

Refrigerant COPHP COPR 

R-134a 2.75 1.78 

R-450A 2.82 1.85 

R-1234ze(E) 2.88 1.91 

R-513A 2.77 1.80 

 

The R-1234ze(E) has the highest COP-values. This was also the case in the ideal model 

calculated in chapter 4.2.1. The R-134a has the lowest COP -values. 

The compressor power consumption values calculated for the different refrigerants are dis-

played in Table 27. The R-1234ze(E) has the lowest power consumption. The R-1234ze(E) 

also had the lowest specific work requirement calculated in chapter 4.2.1. 

 

Table 27. Power consumption and annual energy consumption and production. 

Refrigerant PC [kW] EC [MWh/y] * EHP [MWh/y] ER [MWh/y] 

R-134a 75 kW 150 412 266 

R-450A 65 kW 130 366 240 

R-1234ze(E) 57 kW 114 326 216 

R-513A 78 kW 156 430 280 

*Compressor annual energy consumption. 

 

Saturation temperatures and temperatures calculated for the different refrigerants are dis-

played in Table 28. 

Table 28. Saturation pressures and temperatures in the evaporation and condenser units. 

Refrigerant Evaporator [bar] Condenser [bar] Evaporator [°C] Condenser [°C] 

R-134a 3.05 24.9 1.16 77.4 

R-450A 2.71 22.6 1.84 79.0 

R-1234ze(E) 2.28 19.3 1.46 78.3 

R-513A 3.43 25.6 1.59 77.6 
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Compressor pressure levels and discharge gas temperatures calculated for the different re-

frigerants are displayed in Table 29. 

 

Table 29. Compressor pressure levels and discharge gas temperatures. 

Refrigerant Inlet pressure [bar] Outlet pressure [bar] Discharge gas temp. [°C] 

R-134a 2.95 25.5 116.0 

R-450A 2.61 23.1 109.0 

R-1234ze(E) 2.20 19.8 107.0 

R-513A 3.31 26.2 105.0 

 

The R-134a has clearly the highest discharge gas temperatures; this was also the case in the 

basic model calculated in chapter 4.2.1. Interestingly, the R-513A has a lower discharge gas 

temperature compared to the R-1234ze(E) despite the fact that it contains R-134a. This may 

be due to the higher vapor specific heat capacity of the R-513A compared to the R-1234ze(E) 

(Figure 24). 

Table 30 contains TEWI calculation performed for the different refrigerants based on the 

simulation results produced by Oilon’s modeling tool. 

Table 30. TEWI values for different refrigerants. 

Refrigerant GWP 

** 

L 

[kg/year] 

𝑛𝑜𝑡 

[years] 

m 

[kg] 

𝛼𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦  

[0-1] 

𝐸𝑎𝑛𝑛𝑢𝑎𝑙  

[kWh] 

𝛽 ∗ 

[g CO2/kWh] 

TEWI 

[kg CO2] 

R-134a 1 430 0.003 15 21.0 0.98 150 000 89 200 915 

R-450A 604.7 0.003 15 20.4 0.98 130 000 89 173 824 

R-1234ze(E) 7 0.003 15 24.1 0.98 114 000 89 152 194 

R-513A 631.4 0.003 15 21.1 0.98 156 000 89 208 555 

* Three-year average carbon dioxide emissions for electricity production in Finland (Motiva, 2022). ** GWP 

values according to EN 378. 

Due to the relatively low energy consumption and high COP, the R-1234ze(E) has the lowest 

TEWI of the compared refrigerants. The results and conclusions of the TEWI -values are 

discussed in chapter 5.2.  
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Table 31 contains the lifetime specific TEWI-calculations performed for the different refrig-

erants based on the simulation results produced by Oilon’s modeling tool. As a comparison, 

the emissions from district heating in 2020 was 177 g/kWh and electricity generation were 

89 g/kWh (Motiva, 2022). 

 

Table 31. Lifetime specific TEWI values for different refrigerants. 

 

Refrigerant 

Heating 

TEWI [g CO2/kWh] 

Cooling 

TEWI [g CO2/kWh] 

R-134a 32.51 50.35 

R-450A 31.66 48.28 

R-1234ze(E) 31.12 46.97 

R-513A 32.33 49.66 

 

Due to the high COP -value, the R-1234ze(E) has the lowest TEWI of the compared refrig-

erants. The results and conclusions of the TEWI -values are discussed in chapter 5.2.  
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4.3.2  Performance evaluation with adjusted R-513A configuration 

As shown in Table 25, the drop-in the heating and cooling capacities (kW) of the R-513A 

system surpasses the values of the original R-134a system. However, by decreasing the fre-

quency of the second P150 compressor to 55 Hz, the heating and cooling capacity of the R-

513A system can be matched with that of the original R-134a system; this allows for a com-

parison between two refrigerants with a similar thermal output. 

The heating and cooling capacities (kW) calculated for the R-134a and R-513A (one com-

pressor at 55 Hz) are displayed in Table 32. The results show that by decreasing the fre-

quency to 55 Hz for one of the R-513A system compressors, similar heating and cooling 

capacities can be reach. 

Table 32. Heating and cooling capacities. 

Refrigerant Heating capacity [kW] Cooling capacity [kW] Subcooler [kW] 

R-134a 206 kW 133 kW 49 kW 

R-513A * 207 kW 135 kW 58 kW 

* Second compressor at a lowered frequency of 55 Hz. 

 

The compressor power consumption values for the R-134a and R-513A systems are dis-

played in Table 33. The result show that a decrease in compressor frequency, resulted in a 

decrease in the power consumption of the R-513A system compared to drop-in values (Table 

27). 

Table 33. Power consumption and annual energy consumption and production. 

Refrigerant PC [kW] EC [MWh/y] * EHP [MWh/y] ER [MWh/y] 

R-134a 75 kW 150 412 266 

R-513A** 74 kW 148 414 270 

*Compressor annual energy consumption. ** Second compressor at a lowered frequency of 55 Hz. 
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The COP values for the R-134a and R-513A systems are displayed in Table 34. The COP -

value of the R-513A system saw a small increase compared to original drop-in values (Table 

26). 

Table 34. COP values for R-134a and R-513A systems. 

Refrigerant COPHP COPR 

R-134a 2.75 1.78 

R-513A * 2.78 1.82 

* Second compressor at a lowered frequency of 55 Hz. 

The TEWI calculations for the R-134a and R-513A systems are displayed in Table 35. 

Table 35. TEWI values for different refrigerants. 

Refrigerant GWP 

** 

L 

[kg/year] 

𝑛𝑜𝑡 

[years] 

m 

[kg] 

𝛼𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦  

[0-1] 

𝐸𝑎𝑛𝑛𝑢𝑎𝑙  

[kWh] 

𝛽 ∗ 

[g CO2/kWh] 

TEWI 

[kg CO2] 

R-134a 1 430 0.003 15 21.0 0.98 150 000 89 200 915 

R-513A 631.4 0.003 15 21.1 0.98 148 000 89 197 875 

Three-year average carbon dioxide emissions for electricity production in Finland (Motiva, 2022). ** GWP 

values according to EN 378. 

The TEWI -value of the R-513A system saw a small decrease compared to original drop-in 

values (Table 30). Table 36 contains the lifetime specific TEWI-calculations performed for 

the R-134a and R-513A systems. 

Table 36. Lifetime specific TEWI values for different refrigerants. 

 

Refrigerant 

Heating 

TEWI [g CO2/kWh] 

Cooling 

TEWI [g CO2/kWh] 

R-134a 32.51 50.35 

R-513A 31.86 48.86 

 

The result show that a decrease in compressor frequency, resulted in a smaller TEWI -value 

for the R-513A system compared to that of the R-134a and the original drop-in value (Table 

31). 
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5  Discussion and conclusions 

In this chapter a summary of the findings and conclusion made in chapter 4 is presented. 

Furthermore, some suggestions for future research is presented. 

 

5.1  Ideal refrigeration cycle and LLSL-HX evaluation 

All evaporation pressures for the compared refrigerants are above atm pressure, as well as 

below their critical temperatures and pressures. This indicates that all refrigerants are suita-

ble from a saturation temperature and pressure point of view. 

The isentropic COPs calculated do not differ significantly from each other. The high volu-

metric cooling capacity of the R-513A with a 35 K subcooling, supports the idea that the R-

513A would be the most suitable drop-in alternative for the R-134a. The R-513A also seems 

to benefit the most from subcooling (as a result of the R-1234yf component). With 35 K 

subcooling the R-513A surpasses that of the R-134a. The heat absorption in the evaporator 

increases 77.2 % for the R-134a, and 111.9 % for the R-513A as a consequence of the 35 K 

subcooling. 

When comparing pure HFOs, the R-1234yf has a superior volumetric cooling capacity, and 

would be from that point of view the most suitable option. From the refrigerants studied, the 

pure HFOs clearly has the lowest GWPs, with an over 99 % reduction from the R-134a. Both 

HFO/HFC-blends have approximately 55 % lower GWP compared to the R-134a. From a 

purely GWP point of view, the HFOs are, of course, more attractive. 

The HFOs evaluated are both classified as mildly flammable A2L refrigerants; this generates 

additional challenges. The flammability needs to be taken into consideration when the re-

frigerant is transported, stored, applied, used and recovered. In addition, the flammability of 

the working fluid needs to be the taken into consideration when designing the refrigeration 

unit. The comparison of “flammability level” of the two HFOs can be done by reviewing 

their LFL and UFL values. From this point of view, the R-1234yf is a “more” flammable 

substance, as it has a wider flammability range. However, the difference in flammability is 

not significant. 
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The results presented and discussed in chapter 4 answered research question 1: 

1. In what way does the thermodynamical properties of the compared refrigerants dif-

fer, and what are the potential impacts when transitioning from R-134a to a lower 

GWP alternative? 

 

The LLSL-HX calculations show that the isentropic COPs and volumetric cooling capacities 

of all refrigerants increases due to the use of a LLSL-HX. Results also show that the HFO 

HFC-HFO blends benefits more from the LLSL-HX than the R-134a. The R-513A and R-

1234yf seems to especially benefit from the use of a LLSL-HX. 

The results presented in chapter 4.2.2 answered research question 2: 

2. In what way will the performance values of each refrigerant be impacted when a 

liquid-line/suction-line heat exchanger (LLSL-HX) is implemented? 

 

The LLSL-HX evaluation is purely theoretical and does not take into consideration the pos-

sible compression efficiency decreases due to the superheating of the suction gas. However, 

the results indicate that there are benefits to be made with a LLSL-HX for HFOs and HFC-

HFO blends. The lower discharge temperatures compared to that of the R-134 also indicate 

that there is LLSL-HX potential for the R-513A and R-1234yf. 
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5.2  Refrigeration cycle evaluation with Oilon Ltd’s modeling tool 

When only comparing the modeled coefficient of performances (Table 26), the R-1234ze(E) 

was superior. In other words, the energy produced with the P150 and R-1234ze(E) during 

its lifetime, was done in a more efficient way. However, the COP -values and TEWI -values 

(Table 30) are not easily comparable values. As a result of the drop-in replacement, different 

refrigerants produced a different amount of energy, with a different heating and cooling ca-

pacity during their lifecycle. In fact, the R-450A and R-1234ze(E) was not able to produce 

the same heating and cooling capacities as the R-134a and R-513A (Table 25). Therefore, 

one conclusion is that the drop-in performance of the R-450A and R-1234ze(E) was not 

equivalent to that of the R-134a. Utilizing the low GWP HFOs in the P150 would result in a 

decrease in heating and cooling capacity (kW). However, the COP would be superior, and 

the emissions would be smaller. 

As for the TEWI -values calculated, the R-1234ze(E) was superior. In other words, the life-

time emissions produced with the P150 and R-1234ze(E), was lesser compared to the other 

refrigerants. However, the TEWI -values calculated are highly dependent on COP values 

and energy consumption. Therefore, they should not be compared without understanding the 

effects of the produced and used energy. In either case, the emissions from the refrigerants 

plays an insignificant part in the calculated TEWI -values as the energy consumption in-

creases. The emissions due to the GWP are small compared to the emissions of the electricity 

production. 

The results presented answered both research questions 3 and 4. 

3. In what way will the heating and cooling capacities and Coefficients of Performance 

(COP) -values of the P150 heat pump be impacted when a lower GWP refrigerant is 

implemented? 

4. In what way will the TEWI of the P150 heat pump be impacted when a lower GWP 

refrigerant is implemented? 

 

The R-513A surpassed the R-134a both in heating and cooling capacity, as well as in COP. 

Furthermore, with an adjusted configuration (Chapter 4.3.2), the R-513A showed a superior 

COP, as well as lower emissions with the similar heating and cooling capacity (kW).  
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The results are highly dependent on the calculation models utilized in Oilon Ltd’s modeling 

tool; and as with any computational modelling, the results should not be taken as absolute 

truths. However, the results indicate that the R-513A is the most viable drop-in option for 

the P150 at these circumstances. This conclusion is also supported by results gained from 

the theoretical calculations made in chapter 4.2.1. For instance, the volumetric cooling ca-

pacity of the R-513A was shown to be superior to that of the R-134a (Figure 30). 

 

5.3  Suggestions for future research 

The blend R-513A (R-1234yf/R-134a (56/44)) seems interesting for the following reasons, 

• Comparatively, the R-513A seems to benefit more from subcooling 

o Maybe due to higher specific heat capacity of liquid 

• Comparatively, the R-513A seems to benefit more from the use of LLSL-HX 

o Maybe due to higher specific heat capacity of vapor 

• Comparatively, the R-513A seems to have a lower discharge temperature 

o Maybe due to higher specific heat capacity of vapor 

 

Other interesting observations, 

• The R-513A has comparatively high conductivity of saturated vapor 

o May result in better heat transfer 

• The R-513A has comparatively low specific volume of saturated vapor 

o May result in lower work input 

• The R-513A has comparatively low viscosity of saturated liquid 

o May result in lower pressure loss 

 

The efficiency improvement potential of the R-513A and R-1234yf should be further re-

searched and tested in actual devices. The study should emphasize on the possible “real life” 

benefits of using a LLSL-HX.  
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