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Abstract 

This study aimed to reach a new solution for the defrost problem for air source heat pumps. In order to 

achieve this goal, the study was divided in 3 different parts. A literature survey about what the 

industry and the academy are utilizing now; a benchmark study with products that fit in a specific 

range of characteristics and then select and try one of the feasible solutions in the laboratory. 

A literature survey was done to search for alternative solutions for the defrost for air source heat 

pumps. Multiple types of solutions were found and they can be divided on electric defrost, hot gas 

injection methods, advanced circuiting systems, pre-dry treatment of air, surface treatment of the heat 

exchanger, thermal energy storage and other type of solutions that cannot be placed in the previous 

tags. 

The benchmark study was done simultaneously with the literature survey and two products of 9000 

Btu/h of heating capacity were dismounted and tested in the psychrometric chamber of Electrolux AB 

in Stockholm. The results were different and some conclusions were achieved, but the main difference 

between the units was the condensation temperature during defrost, which is related to a higher heat 

exchange between the refrigerant and the frost, also was noticed that the control of the compressor and 

electronic expansion valve, a high optimization of these can improve substantially the defrost of an air 

source heat pump. 

The solution selected to be tried in the lab was based on a thermal energy storage utilizing phase 

change materials (PCM). A PCM heat exchanger was designed, built and installed in the test rig. Two 

types of PCM were utilized, with melting points of 18ºC and 28ºC. They were compared with a 

reference without the PCM thermal energy storage. The results showed that 18ºC is not a viable 

election for a melting point of the PCM, and with this solution the defrost using the 28ºC PCM, the 

heat transfer can be improved in 57%, which means a shorter defrost period. Furthermore, the defrost 

cycle duration could be decreased up to a 67% and the energy consumption during the defrost was also 

decreased by a 70%.  
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Abstrakt 

Denna studie syftade till att nå en ny lösning för avfrostningen problem för luftvärmepumpar. För att 

uppnå detta mål, var studien uppdelad i 3 olika delar. En litteraturstudie om vad industrin och 

akademin utnyttjar nu; ett riktmärke studie med produkter som passar in i ett specifikt område av 

egenskaper och välj sedan och prova en av de möjliga lösningarna i laboratoriet. 

En litteraturundersökning gjordes för att söka efter alternativa lösningar för avfrostning för 

luftvärmepumpar. Flera typer av lösningar hittades och de kan delas på elavfrostning, varm gas 

injektion metoder avancerade lutande system, pre-torr behandling av luft, ytbehandling av 

värmeväxlaren, termisk energilagring och andra typer av lösningar som inte kan placeras i de tidigare 

etiketter. 

Riktmärket studie gjordes samtidigt med litteraturstudien och två produkter av 9000 Btu/h värmeeffekt 

var demonteras och testades i psychrometric kammare Electrolux AB i Stockholm. Resultaten var 

olika och vissa slutsatser uppnåddes, men den största skillnaden mellan enheterna var 

kondensationstemperaturen under avfrostning, som är relaterad till en högre värmeväxling mellan 

kylmediet och frost, också noterades att styrningen av kompressorn och elektroniska expansionsventil, 

kan en hög optimering av dessa förbättras avsevärt avfrostning av en luftvärmepumpen. 

Lösningen valts för att ställas inför rätta i labbet baserades på en termisk energilagring som använder 

fasomvandlingsmaterial (PCM). En PCM värmeväxlare designat, byggt och installerat i testriggen. 

Två typer av PCM utnyttjades, med smältpunkter av 18 ° C och 28 ° C. De jämfördes med en referens 

utan PCM termisk energilagring. Resultaten visade att 18ºC är inte en livskraftig val för en smältpunkt 

av PCM, och med denna lösning avfrostningen med hjälp av 28ºC PCM, kan värmeöverföringen 

förbättras 57%, vilket innebär en kortare avfrostningsperiod. Dessutom kan avfrostningscykeln tiden 

minskas upp till en 67% och energiförbrukningen under avfrostning också minskat med 70%.  
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Nomenclature: 

 

4wv 4-way-valve 

ASHP Air source heat pump 

EEV Electronic expansion valve 

GHG Greenhouse gas 

HE Heat exchanger 

hr Hour 

min Minute 

PCM Phase change materials 

SCOP Seasonal coefficient of performance 

SH Super heat 

TES Thermal energy storage 

Test 1 The experiment with 2.4 kg PCM RT18HC 

Test 2 The experiment with 4.8 kg PCM RT18HC 

Test 3 The experiment with 4.8 kg PCM RT18HC 

Test 4 The experiment with 3.4 kg PCM RT28HC 

Test 5 The experiment with 4.8 kg PCM RT28HC 

Test condition 1 Test in outdoor dry bulb temperature of 2 C and wet bulb temperature of 1 C 

Test condition 2 Test in outdoor dry bulb temperature of -7 C and wet bulb temperature of -8 C 

W Watt 

𝑄̇ 1
                                Heat exchanged from cold sink [W] 

𝑄̇ 
2
                                Heat exchanged from hot sink [W] 

𝐸                                  Overall energy consumption of the compressor [W] 

𝐸 𝑐𝑜𝑚𝑝                          Energy consumption of the compressor [W] 
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1 Introduction 

Global warming is one the greatest threats and challenges for human being in 21st century. The amount 

of CO2 in the atmosphere has increased around 34% from 1950 [1] and burning fossil fuel is 

considered the main cause. As a result, energy industry is on top of different sectors responsible for 

this situation. There have been many efforts to address climate change issue. For example, EU has 

targeted to reduce 20% in GHG emissions, improve 20% energy efficiency and increase renewable 

energy share by 20% in gross energy consumption by the year 2020 [2]. Final energy demand in the 

world is estimated to consist of 50% thermal energy [3]. Most of the efforts have already done for 

renewables do not serve to thermal energy demand. Attention to renewable heating and cooling is a 

key factor in action plan against climate change. 

Heat pumps are penetrating dwellings and receiving more share from energy market. In Sweden, more 

than 90% of newly built single family houses use heat pumps for space heating and domestic hot water 

[4]. Among different common heat sources, ambient air is the most widely used with 68% market 

share in Europe in 2014 [5]. The reason could be availability of heat source, low cost and easy 

installation of such systems. The reversible air to air heat pumps can provide an integrated heating and 

cooling system. In heating mode, it extracts heat from low temperature ambient air and convey it to 

the high temperature indoor. In other words, the heat is pumped to be used in indoor climate. This 

process inevitably associates with frost formation on outdoor heat exchanger, especially in winters 

when ambient air has quite low temperature.  

 

Figure 1. Heat pump sales by product category in EU in 2014 [5] 

The frost reduces the heat transfer capability of the heat exchanger which leads to lower evaporation 

temperature and lower energy efficiency of the system. The frost should be removed from the system 

in several intervals during the operation. This causes several technical problems for heat pump 

operation, interrupt the thermal comfort and jeopardizes the reliability of these systems.  

There are different methods to eliminate the formed frost from the heat exchanger including self-

defrosting [6], electrical defrosting, hot gas bypass [7], advanced circuiting for partly defrost of the 

heat exchanger, thermosiphon process by using thermal energy storage and reversed cycle. Among 

these methods, the latter is the most widely used in commercial heat pumps. During the heating mode 

of the system, the indoor heat exchanger is condenser and the outdoor heat exchanger is evaporator. 

The reversed cycle is operated by using a 4-way-valve which changes the connections and transforms 

the indoor heat exchanger (HE) to evaporator and the outdoor HE to condenser. This method has some 

drawbacks like thermal comfort interruption and system hysteresis. There are also different methods to 
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improve the reversed cycle e.g. using thermal energy storage to improve the defrost cycle and 

accelerate the frost melt.  

Some researchers have different approaches to tackle frost issue by preventing or delaying it to be 

formed. New materials can be coated on HE surfaces and enable the heat exchanger surfaces to have 

hydrophobic or hydrophilic specifications. This affect the time of frost formation and quality of 

formed frost which could improve both time intervals between defrost cycles and defrost cycle 

duration [8] [9]. Frost can also be prevented by dehumidification of intake air before passing the heat 

exchanger. This approach could be implemented by using a standard dehumidification device before 

the heat exchanger, a separate evaporator especially for dehumidification of air, special design of 

flanges, etc.  
Strong growth in air to air heat pump market reveals the huge demand for these systems and their long 

term positioning and share in energy market. There is big potential for the system and efficiency 

improvement which could save huge amount of energy in their long run. Solving or mitigating frost 

issue can not only help to achieve this goal, but also can contribute to have more reliable system with 

longer life time.  

2 Objective and methodology 

This thesis’s objective is to research and develop new ways to defrost ASHP. Mainly in the sector of 

small ASHP as is the case of the product of Electrolux AB. The thesis objectives were divided into 3 

parts. 

2.1 Objective 

The objectives of the thesis were: 

1. To make a research in the academic and commercial literature about new ways of defrosting. 

2. Study the different products in the same range as Electrolux specified and make a 

benchmarking study on different products. 

3. Select one of the possible solutions for the defrost and implement it and study its performance. 

2.2 Delimitations 

This master thesis project has an aim, and it is to be able to adapt the solution to a commercial product 

and it has to be feasible. Furthermore, the duration of the projects should be around 20 weeks but, the 

project is part of a bigger and longer project. To keep focus on the scope, a number of delimitations 

has been set: 

 Keep as much as possible the appearance/structure of the standard platforms. 

 If it is possible, have the frost-free device/solution as an ASHP accessory. 

 Minimum modifications in the refrigerant circuit design are highly desirable.  

 Software & control modifications can be implemented through electronic control box. 

 The Benchmark study cannot be too wide because of the time consuming of this task and the 

availability of the lab. 

 Develop a completely new design of the product is impossible in such time, so a preliminary 

study of the alternative chosen will be made with an experiment in a test rig. This study is for 

further steps in the project. 

2.3 Project procedure 

In order to be able to reach the objectives, the following tasks are showed in Figure 2. 
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Figure 2. Tasks of the project 

The first activity is Literature survey and consists of making a thorough research into the available 

literature such as international scientific journals, conference reviews among others, in the field of 

defrost and ASHP. 

Simultaneously an activity that is based on to do a research in the market about similar ASHP as the 

one in Electrolux. Then order the selected ASHP to study and proceed to dismount it and place the 

different sensors on it to do different tests after, in order to compare their performance and how this 

unit does the defrost and if it is better or not. 

The next task is to decide the solution that apparently, is more suitable following the delimitations 

remarked before. This consists in a meeting gathering all the different actors in this project and discuss 

between different proposals previously selected from the literature survey and the benchmark study. 

After the final decision, the following task is to design and build the test rig for the psychrometric lab 

at Electrolux AB and test it to evaluate its performance. 

Finally evaluate the results from the tests and write the report making a conclusion about the solution 

selected. 

3 Background 

3.1 Vapor Compression cycle 

When is time to talk about the generation of cold, the most used way is using the vapor compression 

cycle. The refrigeration systems use a Low Temperature heat source and a High temperature heat sink.  

This system follows the 2nd law of thermodynamics which says: “It is impossible for any system to 

operate in a cycle in such a way that the sole result would be a heat transfer from a cooler to hotter 

body”. In order to accomplish that, the refrigeration system reaches a temperature lower than the cold 

source and higher than the hot sink. This can be easily represented in the Figure 1. 
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Figure 3. Diagram of the system following 2nd law of thermodynamics 

 

The cycle also needs to follow the 1st law of thermodynamics, which means that the energy can only 

be transferred or transformed and cannot be created or destroyed. Translated to the cycle means that 

the energy transferred to the heat sink (𝑄̇2 ) must be the result of the sum of the heat transferred from 

the cold sink (𝑄̇ 1
 ) and the mechanical energy applied to the cycle. [10] 

𝑄̇ 1
 = 𝑄̇2 + 𝐸                                                                     (3.1)

  

3.1.1 Components of a vapor compression cycle 

A simple vapor compression cycle is compound by compressor, condenser, expansion valve, 

evaporator and refrigerant. The following part of the text describes briefly the different components of 

the cycle. 

Compressor 

The compressor is the only mechanical movement component in the cycle and provides the 

mechanical energy into the system. The compressor rises the pressure of the refrigerant gas flow from 

the low evaporating pressure to the high condensing pressure. There are different types of compressors 

such as scroll, piston, screw, rotatory and turbo compressors. All of this techniques except the turbo 

compressor are based on reducing the volume of the gas during the compression stage. The turbo 

compressor is a dynamic compressor ant the gas is compressed due to high-speed impellers.  

Is very important to get a proper superheat in the cycle in order to improve the performance in the 

compressor. The refrigerant works very close to the saturation curve and small droplets can be formed 

and enter the compressor reducing the volumetric and isentropic efficiency. This superheat must be not 

too high or the discharge temperature can be too high and damage the oil in the compressor and also 

the isentropic efficiency drops drastically in high discharge temperatures. 

The power needed to run a compressor 𝐸 𝑐𝑜𝑚𝑝, can be expressed as 

                                                           𝐸 𝑐𝑜𝑚𝑝 =
1

𝜂𝑐𝑜𝑚𝑝
𝑚 𝑟𝑒𝑓Δℎ𝑢                                                          (3.2)                     

where 𝜂𝑐𝑜𝑚𝑝 is the efficiency of the compressor, 𝑚 𝑟𝑒𝑓 is the refrigerant mass flow and Δℎ𝑢is the 

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

Δℎ𝑢 = ℎ𝑖𝑠,𝑜𝑢𝑡 − ℎ𝑖𝑛                                                                (3.3)              
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where ℎ𝑖𝑠,𝑜𝑢𝑡 is the enthalpy after the compression if the process would be isentropic and the ℎ𝑖𝑛 is the 

enthalpy in the suction of the compressor. This process is hypothetically reversible; this is not true 

since the real enthalpy after the compressor increases due to losses. This factor is corrected with the 

isentropic efficiency which is include in the compressor efficiency. 

Condenser 

This component is responsible for reject the reject the heat to the hot sink. Usually, in the case of air 

source heat pumps, is a fin-coil heat exchanger. Where the refrigerant runs inside the coil and the air is 

flowing between the fins and exchange the heat via convection principally. The refrigerant enters to 

the heat exchanger as a superheated gas and under good conditions should leave as a subcooled liquid. 

The heat rejected in condenser 𝑄̇2 can be expressed as equation (3.1) and also as the following 

equation 

𝑄̇2 = 𝑚 𝑟𝑒𝑓Δℎ2                                                                  (3.4) 

where Δℎ2 is the enthalpy difference over de condenser? Here Δℎ2 can be expressed as 

Δℎ2 = ℎ2,𝑖𝑛 − ℎ2,𝑜𝑢𝑡                                                             (3.5) 

In this expression ℎ2,𝑖𝑛 is referred as the enthalpy at the inlet of the condenser and ℎ2,𝑜𝑢𝑡 as the 

enthalpy at the outlet of the condenser. 

Expansion Valve 

The expansion valve is in charge of decrease the pressure from the high pressure level to the low 

pressure level. The expansion process is isenthalpic Is also in charge of the control of the superheat in 

the outlet of the evaporator regulating the mass flow of refrigerant (𝑚 𝑟𝑒𝑓). There are some types of 

expansion valves such as thermostatic or electronic. Thermostatic expansion valves work with a 

sensing bulb in the top of valve which is connected by a capillary tube to the outlet of the evaporator. 

The bulb is filled with a gas which is similar to the refrigerant, the gas rises the temperature as the 

same time as the suction in the compressor, this makes the pressure of the gas rise and acting on a 

spring who acts on the closure of the valve, this way regulates the mass flow and consequently the 

grade of superheat in order to adjust the cooling demand. The electronic expansion valves work in the 

same way as the thermostatic ones, the only difference is that they use electrical signals measured by a 

temperature sensor. 

Evaporator 

The evaporator is responsible to provide the cooling in the refrigeration system. This element is a heat 

exchanger. The most common type of heat exchanger used for air source heat pumps is, as equal as the 

condenser, a fin and a coil heat exchanger. During a correct use of the evaporator the refrigerant enters 

as a mix of gas and liquid as a consequence of the expansion in the expansion valve. The refrigerant is 

evaporated via a condensation of the cold air from the cold source. The same reasoning as for the 

condensation capacity (3.4), the cooling capacity 𝑄̇1  , can be expressed as 

𝑄̇1 = 𝑚 𝑟𝑒𝑓Δℎ1                                                                (3.6) 

where Δℎ1 is the enthalpy difference, which is a similar reasoning as (3.5), over the evaporator. 

Refrigerants 

The refrigerant is what it is called to the heat transfer fluid, which flows in a vapor compression cycle. 

This fluid is a substance or a mixture, which needs to be, for security reasons, chemically stable and 

inactive during the working conditions, not flammable, corrosive or toxic and must be miscible with 

the lubricant of the compressor. On the way of efficiency must have high thermal conductivity, 

reasonable pressure range during working conditions, low viscosity, low vapor heat capacity, low cost 
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and etc. depending on the application. There are classes of refrigerants depending on their molecular 

composition. This are HFO’s, HFC’s, HCFC’s, mixtures of these and what is called natural 

refrigerants, which are the rest of refrigerants used such as CO2, NH3, etc. [10] 

3.1.2 Characteristics of a vapor compression cycle 

Usually the refrigerant cycle is represented on a pressure-enthalpy diagram. Figure 2 shows the ideal 

refrigerant cycle in a pressure-enthalpy diagram.  

There are defined some coefficients, which says how well the cycle is working. This coefficient is 

called “Coefficient of Performance” or COP and is defined the following way 

𝐶𝑂𝑃1 = 𝑄̇1 /𝐸                                                                   (3.7) 

where in this specific 𝐶𝑂𝑃1 is defined, how good is the system working as a heat pump, but there is 

also the following definition of 𝐶𝑂𝑃2, which is defined as 

𝐶𝑂𝑃2 = 𝑄̇2 /𝐸                                                                   (3.8)   

in this 𝐶𝑂𝑃2 is defined how good is working our cycle as a refrigerator. If the equations (3.1), (3.7) 

and (3.8) are mixed, the following relationship is made 

𝐶𝑂𝑃1 = 𝐶𝑂𝑃2 + 1                                              (3.9) 

this relationship is only true if all the heat is rejected. 

The values of 𝐶𝑂𝑃1 or 𝑂𝑃2 , are values that are calculated for a fixed condition but, in reality a vapor 

compression cycle never works on a fixed condition during its whole use. Some factors such as 

external temperature or frost formation, affects to the performance of the cycle. [10] 

  

3.2 Air Source Heat Pumps 

Heat pumps are attracting increasing attention due to their features to meet the sustainability criteria. 

They transfer heat from cold environment to the warmer side and this heat is counted as renewable 

energy. The heat source could be ground, lake and sea water or the outdoor air. Among different types 

of heat pumps, air source heat pumps (ASHP) have gained prominent success due to their simplicity of 

installation, cost efficiency and reliable operation. 

Figure 4. P-H Diagram of a Vapor compression cycle [10] 
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An ASHP uses the vapor compression cycle as seen previously in section 3.1. Residential ASHP are 

compound by two units, one placed outdoors and the other one placed indoors. Figure 3 shows the 

appearance of typical Domestic ASHP, where the box with the visible fan is the outdoor unit. As a 

consequence, the other unit is the indoor unit. The Indoor unit is compound by a coil, which acts as an 

evaporator or a condenser depending on the function mode. The outdoor unit is bulkier and is where 

the rest of the components of the vapor compression cycle are situated such as the compressor, 4-way 

valve, expansion valve and heat exchanger, which works as contrary to the heat exchanger in the 

indoor unit.  

On one hand, when ASHP is working as an air conditioner, the heat exchanger in the indoor unit 

works as an evaporator. This extracts heat from the indoors and the other heat exchanger placed in the 

outdoor unit works as a condenser and rejects the heat extracted to the outdoors. On the other hand, 

when the ASHP is working as a heat pump, the heat exchanger in the unit works as a condenser 

rejecting the heat that has been extracted from the outdoors. This is thanks to the heat exchanger 

placed in the outdoor unit. 

3.3 Frost Formation 

So far, frost formation on outdoor heat exchanger has been inevitable part of ASHP which interfere 

the normal operation, causes significant drop in capacity and reduces the life of the ASHP. Frost is 

formed since usually the evaporation temperature in a heat pump vapor compression cycle is below 

zero and below outdoor dew point. The heat pump capacity drop is caused because of less heat transfer 

rate of evaporator which is a fin and tube heat exchanger with forced air flow.  

Frost has mainly 2 effects on heat transfer process of heat exchanger. First, the added frost layer, 

directly acts as heat transfer resistant and decrease the heat transfer coefficient of fins. The second and 

main effect is the accumulated frost between the fins blocks the air passage and causes high pressure 

drop along the heat exchanger. This results in reduction in air flow and air velocity which has 

prominent effect on heat transfer rate of heat exchanger.  

 

There are some relations to find out the rate of frost deposition on a surface [11].  

         𝑚 𝐻2𝑂 = δ A ΔPH2O                                                                                           (3.10) 

where:  

A = Area 

Figure 5. Domestic ASHP 
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ΔPH2O = Difference between the partial pressure of the water vapor in the air and at surface 

temperature. 

δ = A coefficient of diffusion. 

The coefficient of diffusion is defined by the relation:  

δ =
𝑀𝐻2𝑂

𝑀𝑎𝑖𝑟

1

𝑃. 𝐶𝑝
 α𝑐                                                                                               (3.11) 

where: 

𝑀𝐻2𝑂 = molecular weight of the water vapor (=18) 

𝑀𝑎𝑖𝑟 = molecular weight of the air (=29) 

P= the partial pressure of the air (average value between that in the surrounding air and the air in the 

boundary layer, very close to the surface.) 

CP  = the specific heat capacity of the air 

αc = the heat transfer coefficient by convection between the surface and the air. 

For air at normal atmospheric pressure the coefficient for diffusion becomes as follows:  

δ≅ 0.00062 αc    [kg/(s.m2.bar)]                                                                                                         (3.12) 

 

3.4 Defrost Techniques 

The frost formed on the evaporator should be removed in order to let the heat pump to continue 

delivering efficient and sufficient heat. There have been numerous efforts to mitigate the frost 

formation effects on heat pumps operation. There are different approaches about how this could be 

achieved. Most of the efforts have been to improve the defrost cycle by making it short, energy 

efficient and less effective on thermal comfort. Some researchers have tried to use different methods 

for defrost without meddling the cycle e.g. by using complicated circuit configuration of heat 

exchanger. In other approach, the focus is to delay the frost formation mainly by using special surface 

treatment. Another approach is to decrease the effect of formed frost on heat exchanger’s heat transfer 

specification and therefore delay the defrost cycle e.g. by using wider fin spacing. Some common 

defrost techniques are explained in the following sections. 

3.4.1 Electric/electronic Defrosting 

This branch of methods covers since the most simple’s methods such as use an electric resistance to 

melt the ice or just turn off the system to leave the evaporator to melt itself. The use of electric 

resistance means that all the heat needed to do the defrost have a 𝐶𝑂𝑃 of 1, which is a very inefficient 

method of defrost.  Davies T. et al [12] [13] studied the consumption of this kind of method comparing 

it with a new solution based on a Thermal Energy Storage. The method is effective but, it consumes a 

lot of energy. The energy that is not used for the defrost is used to warm the surroundings, which 

means an increase in the energy needed to cool down the chamber [12] [13].  

3.4.2 Hot gas injection methods 

One of this methods is the most used on ASHP and refrigeration systems and consist by reversing the 

cycle and change the outdoor unit from an evaporator to a condenser. The condensing temperature 

causes the frost to be melted and this fall from the fins. In this period, not only the system cannot 

deliver heat to the indoor, but also the indoor heat exchanger acts as evaporator and absorbs heat from 

indoor which significantly disrupt the thermal comfort inside the room. The amount of energy used for 
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performing defrost and also the energy used after defrost cycle to rehabilitate the disrupted thermal 

comfort is also considerable. [14]. Dong, J et al. [15] researched the different heat supplies of this 

usual method of defrost. The conclusions of this study are that indoor air contributed to 71.8% of the 

energy needed for defrost and that from this energy, only 59.6% is utilized for melting the frost. 

Furthermore, removing heat from the indoor affects to the indoor thermal environment and comfort.   

Another version of this technique exist, the hot gas by-pass defrost. This variation is based on a by-

pass after the compressor, which is connected to the inlet of the evaporator as Kathwate, S.D et al [16] 

reviewed. This method consists on inject hot gas discharged from the compressor into the inlet of the 

evaporator. This way, the low pressure increases, keeping cooling capacity without interruption. 

Furthermore, Choi, H.J et al. [17] [18] researched a new variation for the hot gas by-pass defrost 

consisting in two hot gas by-pass as they call it “Dual Hot Gas By-Pass” and one of them is connected 

to the inlet of the outdoor heat exchanger and the second one connected to the outlet of the exchanger. 

They compared with the usual reversed cycle defrost, the usual hot gas by-pass and with the new 

method. They claim that the dual hot gas by-pass takes more time to the defrost but if it takes into 

consideration the recovering time after the defrost, this new method is shorter than the reversed cycle. 

Furthermore, the hot gas by-pass takes too much time compared with the other two methods. Finally, 

the dual hot gas by-pass method increases in a 13% the energy efficiency of the reversed cycle 

method. 

 

Figure 6. Schematic diagram of experimental heat pump using DHBD method [17] 

3.4.3 Advanced circuiting systems 

This kind of method are based on multifunctional systems with 3 or more heat exchangers. Capable to 

alternate heat sinks or heat sources in defrost mode. These systems are capable to provide cooling and 

heating simultaneously.  

J. Kragh et al. [19] invented a new concept for a heat exchanger that solves itself the problem of frost 

formed. It is a counter flow heat exchanger. Since the condensing water is impossible to avoid, they 
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managed a way to easily remove the water without extra pumps or valves. The heat exchanger is 

placed vertically and by gravity the water is evacuated. The frost will be formed either way, so they 

divided in two the heat exchanger and with the proper control of two valves the defrosting is possible 

simultaneously with the performance. This heat exchanger reach efficiency of 88% at freezing 

condition. They only odd is its big volume. 

3.4.4 Pre-dry treatment of air 

All the methods mentioned before during this chapter aim for a quick defrost. In this section, the 

methods aim for frost-free heat pumps. The main source of the frost formed is the moist in the air, as it 

is explained in section 3.3. One way to avoid the moist is to dry the air before it reaches the 

evaporator.  

Y.J Dai et al. [20] researched the use of liquid desiccant to avoid the formation of frost. This hybrid 

system, combining the best of air dehumidification and vapor compression results in to a better 

performance. The reason of this is the removal of the latent heat, making the air easier to cool down. 

The only problem achieved with this solution is about the complexity of the cycle and that is too bulky 

to be used as a solution for a small unit. F.Wang et al. [21] developed a similar solution but utilizing 

solid desiccant. The frost is avoided, but a regeneration cycle is needed for when the desiccant is 

saturated and in practical condition is almost the same as a reverse cycle from the point of thermal 

comfort. 

3.4.5 Other defrosting methods 

Other solutions have been researched by the scientific community, these solutions cannot be tagged as 

before.  

M. Qu et al. [22] researched about the control strategy during defrost of EEV with two different 

approaches, leaving the EEV fully open and controlling the grade of SH. They concluded that 

controlling the grade of SH gives better efficiency to the defrost.  

 Y. Jiang et al. [23] did a research in control strategy for defrost. Observing the SH of the unit they 

claim when the defrost is needed. With this strategy, the ASHP act before the operation of the machine 

is compromised. Moreover, W.Wang et al. [24] developed a new control strategy for defrost utilizing 

new photoelectric sensors between the fins to notice when frost is formed. The studied shows that mal-

defrost are a thing that really happens and this is a way to avoid them. 

H. Tan et al. [25] developed a new method using ultrasonic vibrations applied on the fins to avoid frost 

formation. The results of the experience were a small frost layer formed and a COP improvement 

between 6.51% and 15.33%. 

N. Sonobe et al. [26] studied a method using particles thrown to the heat exchanger with an air-jet and 

the results were improved if the frequency actuating the air-jet is higher.  

 

3.5 Thermal energy storage  

One of the alternatives studied is to use thermal energy storage (TES). This can be achieved by 

cooling, heating, melting, solidifying or vaporizing a material with the energy becoming available as 

heat when the process is reversed. For the case of the study is necessary a higher temperature heat 

source where we achieve the energy necessary to defrost. There are two methods of TES; sensible heat 

thermal energy storage or latent heat thermal energy storage. [27] 
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3.5.1 Sensible Heat 

Sensible heat storage is based on raising or decreasing the temperature of a material. The good 

behavior of this material is dependent on the specific heat (𝐶𝑝) of this material. This heat exchange 

using this method is not isothermal. The equation of the amount of heat is (3.10) 

𝑄̇ = 𝑚𝐶𝑝(𝑇𝑓 − 𝑇𝑖)                                                            (3.13) 

where 𝑄̇ is the stored heat, 𝑚 is the mass of material used to storage heat, 𝑇𝑓 is the final temperature 

and 𝑇𝑖 is the initial temperature.  

3.5.2 Latent Heat 

Latent heat storage is a most efficient method. This method uses the change of phase of the materials 

to storage energy. Being opposite to the sensible heat, the heat exchange of this method is usually 

isothermal and uses narrow range of temperatures. The equation of the amount of heat is (3.11) 

𝑄̇ = 𝑚𝐿𝐻                                                                    (3.14) 

where 𝐿𝐻 is the specific latent heat of the material. This method has a critical point, choosing the 

adequate melting point and this is a characteristic of the material. Other important factors involved are 

thermal conductivity or specific latent heat. An efficient way to improve the amount of heat stored is 

to combine sensible and latent heat. The expression can be written in the following way  

𝑄̇ = 𝑚 ∗ 𝐶𝑝(𝑇𝑓 − 𝑇𝑚) + 𝑚𝐿𝐻 +𝑚 ∗ 𝐶𝑝(𝑇𝑚 − 𝑇𝑖)                               (3.15) 

where two sensible heats are visible, the first part before the phase change and the last part after the 

phase change. 

3.5.3 Thermal Energy Storage as a Defrost Solution 

The thermal energy stored can be used for the defrost. Several researches have as they main objective 

improve the defrost using the energy stored in one or both ways as explained before. The research of 

Davies T. et al [12] shows the results of their solution for defrosting freezers utilizing a thermal 

storage in series as a subcooler and running the defrost like a thermosiphon. They compared the 

solution with the traditional electric defrost for freezers and they achieved a reduction of 40% on the 

total energy consumed during the test and also increased the evaporating temperature from -44ºC to -

32ºC running more efficiently. 

 Dong et al [28] [29] did research on the field of PCM TES for defrost solution. They studied with a 

simple ASHP and also with a multi-split ASHP. For both cases the result was a shorter time of the 

defrost time in a 60% and an increase of the evaporating temperature.  

According to Long Z. et al [30], other sources of heat can be used for a TES. In that case, the residual 

heat of a compressor using a jacket filled with PCM can be enough to be used for the defrost. 

Furthermore, this solution develops a configuration that the unit is supplying heat even during defrost 

mode. In this case, the defrost was shortened by a 65% compared with the current method. Despite of 

the fact that, the input power during the heating mode was bigger, the total input power was decreased 

by a 27,9%. 

3.6 Hydrophobic and hydrophilic coatings 

Surface treatment by using Nano-technology to avoid or to delay the frost formation seems to be of 

interest for many industrial and research institutes. If the contact angle between the droplet and the 

surface is less than 90º, the surface is called hydrophilic and if the angle is more than 90º it means the 

droplet stands as a sphere which barely touches the surface it is called hydrophobic surface. Recent 

researches are focused on extreme cases which has caused the creation of new terminology. when the 
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contact angle is more than 160º, the surface is called super hydrophobic [31]. These surfaces imitate 

lotus leaves and their micro and nanoscale topography enable them to trap air between the surface 

texture below the overlaying liquid which causes high contact angle [32]. 

Apart from ASHP application, space and aviation industry, wind turbine manufacturers and 

refrigeration industry are in fan of development of such products. The surfaces with such 

characteristics are initially introduced as hydrophobic and super-hydrophobic surfaces which are 

already examined by some researchers to see their ice-phobicity and pago-phobicity features. 

Moreover, some researchers report even hydrophilic surfaces have better performance against frost 

compared to bare surfaces [8]. In general, surface characteristics are defined by the contact angle 

between a droplet and the surface it is located on.  

 

Figure 7. The contact angle between water droplet and three prepared samples of aluminum fins. a) Hydrophilic fin sample: 

α=15º; b) Bare fin sample: α=98º; c) Super hydrophobic fin sample: α=160 [9]  

Different researchers have different definitions for the terms of ice-phobicity and pago-phobicity. 

Some reports introduce them as weak adhesion strength between solid surface and ice [33]. Ice-

phobicity could be due to repelling water droplets or delaying ice nucleation. In this work, the 

attention and interest is more on preventing or delaying the formation of frost which could be due to 

combination of these attributes. These surfaces are expected to be durable in different weather 

conditions and also inexpensive to be used in ASHP application.  

There are different types of super-hydrophobic surfaces while in general two approaches exist which 

originates in their fabrication methods; top-down and bottom-up approaches [34].  

Top-down methods are substrate dependent and the methods directly generate surface roughness on 

the material which is the integral part of substrate and surface asperities are monolithic to the bulk 

material. Some examples of such employed methods are chemical etching [35] [36], electro-chemical 

etching [37], mechanical abrasion [38], polymer lamination [39] [40], laser ablation [41] [42], plasma 

etching [43], etc. The other approach is bottom-up methods which the most commonly used method is 

to coat the surface with low surface energy chemicals. The most common chemicals for such 

applications are long chain prefluorosilanes. The nature of this method makes it substrate independent 

and unlike the top-down methods, it is applicable on any type of surface. Apart from spray coating, 

electrospinning, dip-coating [44] and spin coating are other methods categorized in this approach [34]. 

[9] Wang et al. have assessed the effects of surface characteristics on liquid behaviors of fins during 

frosting and defrosting processes on 3 different aluminum fins which one was uncoated and 2 were 

coated with super-hydrophobic and hydrophilic coatings. Super-hydrophobic surface was fabricated 

by electro-chemical etching method. This research showed 79.82 % decrease of mass of residual water 

for super-hydrophobic surface compared with hydrophilic surface. In addition, defrost analysis 

showed water retention after frost melt is significantly higher in hydrophilic surface compared to 

super-hydrophobic surfaces. 
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Figure 8. Water retention after frost melt on aluminum fins [9] 

This is due to consolidation, rolling and departure of water droplets after defrost. 

[8] Haung et al. implemented an experiment with two manufactured heat exchangers, one with 

hydrophilic fins and other one with bare fins. They observed the frost formation was considerably 

delayed in the HE with hydrophilic fins compared to bare fins in the first cycle. But after first defrost, 

in the consecutive cycles, the frost was formed much faster in the heat exchanger with coated fins 

compared to the other one. The reason was explained due to hydrophilic properties, after frost melt, 

the water stays between the fins instead of departure and would freeze immediately after defrost cycle. 

This provides an opportune condition for the frost to be formed after the first cycle unless all the water 

attached to the fins is evaporated during the defrost cycle. 

4 Commercial systems benchmark 

This part of the project was conducted to evaluate the defrost mode of normal commercial ASHPs and 

to gain knowledge about the units’ performance and different manufacturers’ strategies to control and 

run the systems during the defrost mode. Using the results and information from the tests is not only 

helpful for this project to comprehend functional performance of commercial ASHPs, but also is 

useful for the project sponsor, Electrolux while their unit’s performance is evaluated and they could 

realize the potential improvements, especially on control strategies comparing it to other commercial 

units. In this report, the two commercial ASHPs used for benchmark are named as unit A and B. Table 

1 shows the specifications of these two systems. 

Table 1. General features of ASHP systems used in benchmark 

Description System A System B 

Heating capacity- kW (Btu/h) 3 (10200) 3.2 (10900) 

Cooling capacity- kW (Btu/h) 2.6 (8900) 2.5 (8500) 

SCOP 5.1 4.9 

Energy label (Heating) A+++ A++ 

Refrigerant R410A R410A 

Claimed defrost time (min) 10 3 
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4.1 Test details 

In this report, the two commercial ASHPs used for benchmark are named as unit A and unit B. They 

are tested in heating mode for two standard conditions designed for outdoor temperatures: a) test 

condition 1 in 2 ºC dry bulb temperature and 1 ºC wet bulb temperature and b) test condition 2 in -7 ºC 

dry bulb temperature and -8 ºC wet bulb temperature. The indoor condition was set on 20 ºC dry bulb 

temperature and 15 ºC wet bulb temperature. The chosen test points represent the upper and lower 

conditions for the outdoor temperature in moderate climate while heating is demanded and frost 

formation is usually an issue for an ASHP. The tests are performed in a psychrometric test laboratory 

consists of two separate room which could simulate the indoor and outdoor conditions. Figure 9 

presents the lab when the heat pump runs in cooling mode as an air conditioner. The outdoor unit is 

located in left side room while a homogeneous sample of inlet air is collected to be measured for its 

dry and wet bulb temperatures. The indoor unit is installed in the right side room while the outlet air is 

guided into a wind tunnel functioning to compensate pressure drop to measure air flow and other air 

specifications. Unlike the test room for outdoor unit, a homogenous sample of air could be measured 

for its temperature and humidity both in inlet and outlet of indoor unit.  

  

 

Figure 9. Psychrometric test lab 

Table 2 presents the range of temperatures, humidity, airflow, heating and cooling capacity which the 

test lab allows for the experiments.  

 

Table 2. Range of control parameters in psychrometric test lab 

Features Values 

Cooling/Heating Capacity Range 5000 Btu/h – 24000 Btu/h (Repeatability: ±2%) 

Indoor Room Temp. Control Range 10 ºC – 40 ºC 

Outdoor Room Temp. Control Range -10 ºC – 60 ºC 

Humidity Control Range 20%RH – 95%RH 

Air Flow Rate 120 m3/h – 2000 m3/h 
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The indoor fan speed for both of the systems was set to the highest possible. Since both of the units 

have inverters to control compressor frequency and each unit uses special control strategy. Figure 10 

shows a detailed schematic diagram of unit B published by its manufacturer. Observations revealed 

that unit A also have the same configuration of components. The units were run for the time required 

for 2 or 3 defrost cycles.  

 

Figure 10. Schematic diagram of unit B 

The temperatures in different parts of indoor and outdoor heat exchangers could be measured by the 

several installed thermocouples. The outlet air from the indoor HE had been blown into the wind 

tunnel shown in Figure 9. Thus, its mass flow, temperature and humidity could be measured by the 

tunnel. Moreover, the electricity input is measured by the laboratory facilities. The measurements 

could be shown and stored in a computer by a data acquisition system. By using these measurements, 

heating capacity could be calculated and the compressor run time could be observed. In addition, the 

thermodynamic cycles could be depicted using the logged temperatures. 

 

4.2 Benchmark results 

4.2.1 Test condition 1 (2/1 ºC) 

Systems A and B were tested for their defrost performance in test condition 1 with 2 ° C dry bulb and 

1 ° C wet bulb temperatures which is corresponds to 83.6% relative humidity. This is considered one 

of the worst cases (in standard [45]) from the point of view of frost issue. This is due to high absolute 

humidity in air in this temperature compared with colder temperatures with the same relative 

humidity. When the air is cooled down to the coil temperature, relatively higher moist is available to 

be condensed in higher temperatures.  

 

 

Table 3 implies some data extracted from the performance graphs in order to be able to compare two 

systems during defrost cycle.  
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Table 3. Brief comparison of the two systems defrost performance in test condition 1 

Defrost performance comparison 

Measured Data Unit System A System B 

Maximum Electricity Power Consumption W 650 1500 

Time which heating capacity is affected by a defrost cycle1 min 36 23 

Defrost cycle duration min 11.4 3.9 

Compressor run time during a defrost cycle min 8.4 3.3 

Compressor stop time before and after defrost cycle2 min 1.50 0.3 

Lost heat due to a defrost cycle kJ 3584 200.5 

Electricity consumed by compressor for a defrost cycle kJ 1946 1269 

 

A shorter defrost cycle means shorter disturbance of thermal comfort and is counted as a prominent 

advantage. System B benefits from this positive point comparing to its counterpart. Figure 11 shows 

the heating capacity of the systems during their whole tests. Defrost happened for system A about the 

minute 141. As it could be observed, system B is tested for longer time span and its test consists of 

two complete defrost cycles which started in the minutes 188 and 340. To better compare the 

performances, heating capacity and electricity consumption for one heating and defrost cycle is drawn 

for both of the systems in Figure 12. Such a cycle has almost the same duration of 2.5 hr for both of 

the systems.  

 

Figure 11. Comparison of the heating capacities of systems A and B 

                                                      
1 The heat is stopped to supply during a defrost cycle but even after the cycle is reversed, it takes some time before the 

system reaches to a stable condition with a steady heating capacity. All this period is counted as time which the heating 

capacity is affected by a defrost cycle. 
2 It is part of the control strategy for all the ASHPs to stop the compressor before switching the 4wv to avoid shock to the 

system. Each defrost cycle consists of 2 4wv switch, before and after the defrost, therefore the compressor stops 2 times for 

each defrost. 
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Figure 12. Comparison of heating capacity and compressor electricity consumption of systems A and B during a combined 

heating and defrost cycle 

 

Figure 12 reveals how the two systems are affected by the formation of frost. Their performance in 

heating mode were distinctively different which would be discussed in the end of this chapter. Since 

the aim in this section is to evaluate the defrost performance of the systems, to have better observation, 

the defrost period is focused in Figure 13.  

 

 

Figure 13. Heating capacity and electricity consumption of systems A and B during a defrost cycle 

 

Heating capacity and electricity consumption are interesting parameters, although, evaporation and 

condensation temperatures can better infer the performance of systems. Figure 14 and Figure 15 reveal 

these parameters for systems A and B respectively. The graphs are shown from the time that the 

capacity start to drop. The decline in capacity continues till the defrost cycle begins. The graphs show 

the parameters after defrost until they reach to a steady condition. By comparison of these two graphs, 

significant difference in their operation is perceived which could be due to different control of 

expansion valve and compressor.  
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Figure 14. Condensation and evaporation temperatures of system A during the period system affected by frost form and 

defrost cycle 

 

 

Figure 15. Condensation and evaporation temperatures of system B during the period system affected by frost form and 

defrost cycle 

 

Figure 16 and Figure 17, by focusing on defrost period and presenting sub-cooling and compressor 

suction temperatures in addition to evaporation and condensation temperatures, provides more holistic 

view of systems operation during defrost cycle.   
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Figure 16. Performance indicators of system A during a defrost cycle 

 

 

Figure 17. Performance indicators of system B during a defrost cycle 

 

4.2.2 Test condition 2 (-7/-8 ºC) 

The tests in section 4.2.1 were repeated in new condition with -7 C dry bulb and -8 C wet bulb 

temperatures. The condition is equivalent with 74.3% relative humidity. The frost issue was expected 

to be less effective due to, especially lower absolute humidity. Table 4 presents some brief information 

on the system’s comparison and Figure 18 to Figure 23 reveal their performance in different states.  
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Table 4. Brief comparison if defrost performance of systems A and B in test condition 2 

Defrost performance comparison 

Measured Data Unit System A System B 

Maximum Electricity Power Consumption in defrost mode W 784 1712 

Time which heating capacity affected by defrost cycle min 28.2 28 

Defrost cycle duration min 11.5 3.1 

Compressor run time during a defrost cycle min 8.4 2.50 

Compressor stop time before and after defrost cycle min 1.6 0.3 

Lost heat due to a defrost cycle kJ 2544.80 1442 

Electricity consumed by compressor for a defrost cycle kJ 1398.90 1647.65 

Heating capacity before defrost cycle kW 2.60 0.85 

 

 

Figure 18.Comparison of heating capacity and compressor electricity consumption of systems A and B during the whole test 

in condition 2. 
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Figure 19. Comparison of heating capacity and electricity consumption during the defrost cycle 

 

 

 

Figure 20.Evaporation and condensation temperatures of System A during the period which system is affected by frost and 

defrost cycle 
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Figure 21. Evaporation and condensation temperatures of system B during the time which system is affected by frost and 

defrost cycle 

 

 

Figure 22. Performance indicators of system A during a defrost cycle 
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Figure 23. Performance indicators of system B during a defrost cycle 

4.3 Discussions 

It is of the most importance to consider defrost duration when comparing defrost performance of 

different ASHPs. This importance comes from the fact that during this period, heat cannot be supplied 

and thermal comfort can be immensely affected and cause dissatisfaction if this takes long. As table 3 

and table 4 indicate, system B has considerable privilege on this matter since defrost cycle is in 

average, almost 70% shorter. Part of this shorter time is due to shorter compressor stop time before 

and after the reversed cycles. Due to compressor requirements and its internal structure, these devices 

cannot stop and start instantly. There is certain time required between each restart. For the system A, 

this time is around 1.5 minute while during defrost, 3 minutes is devoted for that. The compressor in 

System B operates differently. To initiate defrost, it reduces the frequency of compressor as low as 

possible, switches the 4wv and rise frequency to the maximum which takes it just 25 seconds. To 

disregard this effect, only the period in reversed cycle which the compressor was running is considered 

as defrost duration to be compared. This information is showed in table 3 and table 4 as “Compressor 

run time during defrost cycle”, which in the case of Test condition 2, System A and System B has a 

value of 8.4 and 2.5 min respectively. 

Even with this consideration, defrost duration takes 3 times more for the system A compared to system 

B. figure 16 and figure 22 reveal due to low condensation pressure, the corresponding temperature is 

relatively low, especially in test condition 1 which it can hardly reach 9 °C. Condensation temperature 

in system B, after just 3 minutes, reaches 23 °C. In other words, the average condensation temperature 

during defrost for system A is just 2 °C while system B has 11 °C average condensation temperature 

during its short defrost period. This relatively high temperature causes higher heat transfer to the frost 

which results in shorter time required for frost to melt. Some hypothesis for this could be higher heat 

transfer from the indoor HE due to its modification for high free convection or running its fan in low 

speed to transfer heat to refrigerant for evaporation.  

Another reason for this different performance could be different control of compressor frequency and 

especially EEV. Figure 24 shows the suction temperature for both of the systems. System A has 

considerable variation in suction temperature, especially during defrost. In contrast system B has very 

steady suction temperature during the whole operation. Even the defrost cycles cannot be 

distinguished in the graphs which shows the HE can provide enough evaporation for the refrigerant.  
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Figure 24. Suction temperature in Systems A and B during two different conditions 

 

The defrost control strategy has significant importance when it comes to stop and start of the process. 

These factors are usually difficult to perceive although, the analysis revealed interesting points about 

stop strategy. By comparing figure 17 and figure 23, it could be realized system B stops the defrost 

cycle when the condensation temperature reaches 23 °C. System A, obviously, does not perpetrate the 

same control as for condensation temperature. Comparing table 3 and table 4 show that system A has 

exactly the same defrost duration in test conditions 1 and 2, which lead to the conclusion it controls 

the time to stop the defrost cycle. 

On the other hand, figure 12 shows the performance of system A is less affected by frost compared to 

system B which has huge capacity drop. The analysis showed the size and fin spacing on both HEs 

and the evaporation temperatures during the heating mode are roughly the same, although, they have 

different types of surface coatings. The observations during the tests showed there was considerably 

less amount of frost accumulated on it compared to system B. Unfortunately, the difference could not 

be quantified due to the laboratory limitations. This was a prominent advantage for system A since it 

can be claimed that it has high tolerance against frost formation. 

An important question which could not be investigated during the benchmark test was whether the 

system B during defrost runs the indoor fan or not. The unit was installed inside the tunnel without 

visual access to it. Figure 13 and figure 19 show the system B, unlike the system A, has negative value 

for heating capacity during the defrost. This effect could be due to control strategy to run the indoor 

fan in low speed to help evaporation in the thermodynamic cycle. Improving evaporation would cause 

higher condensation temperature and better defrost performance. On the other hand, the effect could 

be due to internal structure of the wind tunnel as there was a fan in the tunnel (Figure 9) to compensate 

the pressure drop while it had delay to adjust itself with new conditions in the tunnel. By this delay, 

after fan stops, it may cause the air flow through the indoor HE, and therefore, have some cooling 

effect in the tunnel. 

As the conclusion, the benchmark results showed an ASHP could achieve significant improvements 

during defrost cycle by control and rising the condensation temperature to have better heat transfer on 

outdoor HE to melt the frost. System B could achieve this by aggregation of different measures and 

control strategies including: 
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 Increasing the compressor frequency and the input power which could be observed in figure 

13 and figure 19.  

 Precise control of the EEV which results in stable suction temperature which is necessary to 

have high discharge and condensation temperature. (Figure 24) 

 

5 Thermal energy storage as a solution to improve defrost 

After a thorough study between the alternatives presented in Chapter 3, evaluating the results in 

chapter 4, “commercial systems benchmark”, by considering the interests of different stake holders in 

this project and the experimental limitations, the chosen solution to improve defrost performance of 

ASHP was thermal energy storage. This is for several reasons, e.g. a thermal energy storage showed 

good improvements in the cycle and can make quick defrosts, as has been reviewed in section 3.5. 

Furthermore, the equipment that the lab already has from previous experiments with just a few 

modifications can run the desired tests. The type of material used for the thermal energy storage is a 

Phase Change Material (PCM). During this chapter all the important components involved will be 

described. 

5.1 PCM Selection 

The election of the PCM used for the tests is an important parameter for the solution. Referring to 

Z.Gu et al. [46] a summary of the main characteristics in order to select a PCM: 

 Possess a melting point in the desired operating temperature range. 

 Possess a high latent heat of fusion per unit mass. 

 High specific heat to provide additional significant sensible heat storage effects. 

 High thermal conductivity. 

 Small volume changes during phase transition. 

 Exhibit little or no super-cooling during freezing. 

 Chemical stability. 

 No chemical decomposition. 

 Non-corrosiveness to construction materials. 

 Non-poisonous, non-flammable and non-explosive. 

 Available in large quantities. 

 Inexpensive. 

Furthermore, K. Pielichowska, K. Pielichowski [27]  and F. Agyenim et al [47] elaborated a thorough 

review of the different types of PCM that are good for a thermal energy storage. Searching in the 

literature about similar experiments [12] [15] [29] [28] [46], the melting point for the tests were 

between 15ºC and 30ºC. After the good results achieved by this range of temperatures, the same range 

was considered for the tests. For this temperature range, salt hydrates or paraffin among other kind of 

PCM are valid. Although, salt hydrates have good characteristics, AJ. Farrell et al. [48] claim that this 

kind of material could have corrosive effects on aluminum and copper. Finally, Paraffin is the PCM 

chosen for the experiment.  

A company based in Germany called Rubitherm, worked before with Electrolux and KTH. The PCM 

were chosen from their catalogue. RT 18HC and RT 28HC are the PCM chosen and their 

characteristics are showed in table 5. 



37 

 

Table 5. Characteristics of PCMs selected 

Description RT 18HC RT 28HC 

Melting Area [ºC] 17-19 27-29 

Congealing Area [ºC] 19-17 29-27 

Heat Storage Capacity [kJ/kg] 250 245 

Specific Heat Capacity [kJ/kgK] 2 2 

Density Solid [kg/l] 0.88 0.88 

Density Liquid [kg/l] 0.77 0.77 

Heat conductivity [W/(mK)] 0.2 0.2 

Volume Expansion [%] 12.5 12.5 

Flash Point (PCM) [ºC] 135 165 

Max. Operation Temperature [ºC] 48 50 

 

These two materials were selected because of their high latent heat and their good non-corrosive 

properties. Also is a material relatively cheap for the amount needed for each unit. 

5.2 Calculation of PCM mass 

The amount of mass of PCM needed is a key point for the proper result for this solution. On one hand, 

an excess of PCM is not a good option, despite of the fact to have enough thermal energy saved for the 

defrost, this solution would make the unit too heavy and bulky and that means a rise in the costs of the 

unit and probably a decreasing in the sales. On the other hand, not enough PCM could result into a bad 

behavior of the unit because of a lack of heat in the storage, also could make a big drop in the 

temperature of the PCM and without a proper charging it would decrease the performance of the unit 

with this solution. 

To proceed with the calculations for the amount of PCM needed, first some assumptions are needed in 

order to make simpler calculations. 

 The amount of frost to melt is the volume between the fins and the coils in the evaporator. 

This assumption shows the worst case scenario and when the biggest amount of energy is 

needed. 

 The PCM is charged until 25ºC and discharged until 17ºC for the case of 18ºC and the same 

difference of temperatures for the 28ºC PCM. 

 The frost changes its temperature from -5ºC to 5ºC. 

The geometry of the outdoor HE utilized is presented in table 6. Using the values from table 6,the 

volume of maximum frost that can be formed is 1.8814 dm3 and using the maximum density of frost 

studied, which is 0.4 kg/dm3 [6], the mass of frost formed is 0.7526 kg.  

The amount of energy needed to melt the frost can be calculated with Equation (3.12) in 3.5.2. With 

values of 2.027 kJ/kgK for the specific heat of the frost at -5ºC, 333.55 kJ/kg of latent heat for water 

and 4.2176 kJ/kgk of specific heat for water at 5ºC [49] the amount of energy needed for melt the ice 

can be calculated. Nonetheless, not all the energy from the PCM is utilized to melt the ice and not all 

the energy comes from the PCM. According to J.Dong et al [15] only a 72% of the energy comes from 

the indoor air, which in this case is related to the TES and that only a 59% of this energy is used to 

melt the frost. This means that, the amount of energy needed must be corrected by a factor based on 

those two percentages. Finally, the amount of energy needed is 327.25 kJ.  
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Repeating the steps as before but in the different way, the amount of energy needed is known. The last 

step is to translate this amount of energy into an amount of mass of PCM. Using the values given in 

table 5 and using Equation (3.12) in 3.5.2, the amount of PCM estimated is 1.31 kg.  

Table 6. Geometry of the outdoor HE 

Description Value 

Height (mm) 240 

Width (mm) 230 

Depth (mm) 40 

Fin Thickness (mm) 0.12 

Fin Spacing (mm) 1.3 

Number of Fins 162 

Pipe Diameter (mm) 5 

Number of Pipes 31 

 

5.3 PCM Heat Storage design 

The design of the Heat storage consists on a Heat exchanger where the refrigerant flows and 

exchanges the heat with the PCM. The PCM is situated inside a box with sizes that fit according to the 

Heat Exchanger. According to M. Medrano et al. [50], commercial heat exchangers can be used for 

PCM thermal energy storage. The most suitable ones are fin-coil heat exchanger with the PCM filled 

between the fins.  

For this project, the PCM heat exchanger selected it is available from the supplier of the company. It is 

a fin-coil heat exchanger and the geometry of it is described in table 7.   

In order to make sure that the heat transferred from the PCM to the refrigerant is appropriated, the 

following assumptions were made. Since the PCM material is very viscous, the assumption of no 

natural convection is taken. This means that, the only significant form of heat transfer happening in the 

process is conduction. Due to the low conductivity of the PCM material, 0,2 W/m2K (Table 5), the 

only amount of PCM that would transfer heat to the refrigerant is assumed to be all the material 

covering the HE 10 mm from it. Although, two heat transfer events occurred during the performance 

of the systems and it is the charge and discharge of the thermal energy storage, the discharge is more 

critical than the charge. The discharge is more critical since the time expected to last, which is about 

180 seconds [29]. Because of that, and also the need of having an extra space to be able to manipulate 

and the pipes fit, the container it was designed with an extra space of 5 mm each side. When the PCM 

experiments a change of phase, the volume increases and also extra space is needed in order to do not 

deform the fins of the heat exchanger and avoid stress in the box.  

Applying the conduction heat transfer equation [49] to the model proposed previously in this section. 

𝑄̇ = −𝑘 ∗
𝐴∗∆𝑇

𝐿
                                                                  (5.1) 

Where: 

 𝑄̇  is the heat transferred, which in this case will be the amount of energy calculated in 5.2 

divided by the total time desired, 180 s. This results in 1818.051W. 

 k is the thermal conductivity of the PCM material, 0,2 W/m2K from table 5. 
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 L is the length of material that is going to transfer the heat. 

 ΔT is the temperature difference. For this calculation the temperature of the PCM is the same 

as the melting point, and the temperature of the refrigerant is estimated to be -10ºC assuming 

similar results as in chapter 4.  

 A is the area which is in contact in the heat exchange. 

The area needed to transfer this amount of heat is 3.24652 m2 and the total area of the PCM HE is 

3.38422 m2 3. 

 The HE satisfies the needs of the discharge but, one of the aims in this test is to calculate the exact 

amount of PCM needed for the commercial unit. That is why the PCM HE is divided into 3 

independent circuits in parallel. This way, testing different points and relating the different amounts of 

PCM used in each test with the performance, an optimized point can be studied.  

The total capacity of the PCM HE container is about 8 kg. This is more than calculated previously, but 

since its bad thermal conduction, the process of solidification in the beginning is fast but then is a very 

slow process. Because of that is good to oversize the capacity to work around 60% its maximum 

capacity. 

Table 7. Geometry of the PCM HE 

Description Value 

Height [mm] 240 

Length [mm] 260 

Coil width [mm] 12 

Coil separation [mm] 20 

Fin thickness [mm] 0.12 

Fin separation [mm] 1.3 

Pipe diameter [mm] 5 

Number of coils 3 

Number of fins 169 

Number of pipes per coil 18 

 

The TES for the defrost, was designed with the CAD3D software Autodesk Inventor, see Figure 25, 

and then was manufactured with a CNC machine in China. The material is an ABS plastic that the 

supplier has in stock.  

                                                      
3 Assuming the surface of the fins as it would be more pipe of refrigerant. 
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Figure 25. CAD assembly of the PCM TES 

6 Experimental setups 

The developed experimental setup to test the effect of TES on defrost cycle is shown in figure 26. The 

vapor compression cycle run with R410a as refrigerant. In this figure, the valves position and 

components names represent the system in heating mode. The components are installed in two main 

locations. The evaporator attached with an expansion valve was installed inside the psychrometric lab 

in figure 9 and the rest of the components were installed on a test rig outside. 

 

Figure 26. Schematic diagram of experimental setups 

 

6.1 Description of the laboratory 

The laboratory described in the section 4.1 was reconfigured to be used to simulate the outdoor 

condition and to perform the measurements on the outdoor heat exchanger. As it is shown in  figure 9, 
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the wall which separates indoor and outdoor units consists of a window. The outdoor heat exchanger 

was installed on this window to be able to connect the wind tunnel to it. The climatic condition was 

generated by outdoor room of the lab while the wind tunnel provided the air flow. On the other words, 

the fan of wind tunnel sucked the air from outdoor room and pass it through the heat exchanger. In 

order to avoid vacuum in outdoor room, the two rooms were connected by an air passage in the wall 

which was fabricated to avoid the returned air affects the sampling device used to control the 

temperature in the room. The rest of the components are installed in a test rig outside the 

psychrometric lab.  

 

Figure 27. Outdoor heat exchanger installed in the window between indoor and outdoor rooms. 

6.2 Test rig 

The condenser, which in a real ASHP is indoor heat exchanger is a water cooled plate heat exchanger. 

The water is supplied from an internal network at 10.5 ºC while the water flow could be regulated by 

different pump speeds and adjustment of a by-pass valve. Although this experiment was an effort to 

develop a solution for the ASHPs with air HE as condenser, replacing this component with a water HE 

is believed to not have effect on defrost performance. During defrost, this HE which represents indoor 

unit would be bypassed to prevent it to be affected by remained water inside it. A special design of 

pipes and valves enables the PCM heat exchanger described in chapter 5 to be set in parallel or series 

with the condenser based on the experiment’s requirement and charging temperature. When it was set 

in series with the condenser, it performed as sub-cooler and when it was set in parallel, it extracted 

heat from the refrigerant in hot gas or condensation temperatures.  
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Figure 28. The experimental test rig outside the psychrometric lab 

The system is equipped with a liquid receiver which could cause more stability in the system. A mass 

flow meter was installed after the receiver which could assist to have more accurate calculations. The 

system has two electronic expansion valves (EEV) which could provide better control on evaporation 

level. EEV1 was installed on test rig and EEV2 was attached to evaporator (air HE) inside the 

psychrometric lab. After the evaporator, the refrigerant returns to the test rig, into the 4-way valve 

which connects the line to the compressor suction. During the defrost mode, the 4-way valve changes 

its position by a solenoid activated by electricity. As a result, the compressor discharge connects to the 

evaporator and the suction line connects to the condenser.  

 

6.2.1 Measurement equipment 

In order to have proper measurements for the test. The following equipment was installed in the test 

rig. 

Temperature measurement 

Thermocouples were installed on the surface of the copper pipes of the test rig, on the PCM container, 

and also on two rods that were inserted in the middle of the PCM HE. The thermocouples were 

prepared and coated with enamel paint, an aluminum tape and insulation tape covered the 

thermocouple.  
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Figure 29. Thermocouple placed on copper tube at the test rig 

These thermocouples are T-type, have an accuracy of 0.5ºC and a range from -200 to 200ºC. 

Pressure measurement 

A Yokogawa digital pressure transmitter was placed after the expansion valve. This sensor has a range 

from 0 to 7000kPa and an accuracy of 0.55%. The signal from the transmitter was recorded by the 

computer every 2 seconds. In the case for the discharge pressure, a manifold was connected to the 

discharge and the reading was written every time relevant changes were happening in the test. Since 

this was not recorded by the computer, the results were recorded by hand in the files afterwards. The 

range of the manifold is from 0 to 25 bar relative pressure. 

Mass flow measurement 

To measure the refrigerant mass flow in the test rig, a mass flow meter from the brand Yokogawa was 

used. The measurement principle of the equipment is to use the Coriolis principle. The mass flow 

meter was placed after the liquid receiver, this way the refrigerant was in a sub-cooled stated. The 

range of the mass flow meter is from 0 to 120 kg/h and its accuracy is about 0.11%. 

. 

6.3 Description of the experiment 

The outdoor condition was set to 7 ºC dry bulb temperature and 6ºC wet bulb temperature (86.6% 

relative humidity). This condition was chosen since experience showed our system have more stability 

and the tests have better repeatability in this condition. Due to small size of evaporator (outdoor HE) 

and its small fin spacing, the frost could be formed very quick before the system is stabilized and this 

made it difficult to repeat the same condition for different tests. To tackle this problem, the system was 

started with evaporation temperature above zero to avoid the frost to be formed. The system started to 

run with compressor frequency of 31 Hz, EEV1 opening of 47% and EEV2 opening of 87%. The air 

flow passing through the exchanger was set to 11 m3/min. This number was found appropriate to have 

reasonable super heat (SH) around 15 ºK. The system stability took around 50 minutes after that the 

evaporation pressure was reduced by closing the EEV1 to 25% opening. This condition allows the 

frost to be formed in around 20 minutes. Frost formation deteriorated the heat transfer and the 

superheat in suction line started to decline by frost form. The criteria to start the defrost cycle was set 

to be SH of 5 °C for all the tests. When the SH drops to this number, the heat exchanger is fully loaded 

with frost measured as around 200 grams of water. 

The system was first run without thermal storage in circuit and its performance during the defrost 

cycle was assigned as reference condition. 4 other experiments with 2 different PCMs in 2 different 

volumes of them were accomplished to be compared with the reference.  
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Table 8. List of the tests and their description 

Number of experiment Description 

Test 1 Without PCM (reference test) 

Test 2 Using 2.4 kg PCM RT18HC as thermal storage 

Test 3 Using 4.8 kg PCM RT18HC as thermal storage 

Test 4 Using 3.4 kg PCM RT28HC as thermal storage 

Test 5 Using 4.8 kg PCM RT28HC as thermal storage 

 

Switching to reversed cycle causes a shock and pressure and pressure surge in the system. The higher 

the condensation pressure is before defrost, the higher is the pressure surge. Although the system was 

switched by the 4-way-valve without stopping the compressor, experienced showed even 2 minutes 

stop cannot cease the pressure surge to happen. More compressor stop time lead the frost to be melt 

due to high outdoor temperature of 7 °C and causes the defrost cycle to not be effective. The test rig 

was not capable of withstanding the pressure surge more than 35 bars after switching to defrost mode. 

A safe condensation pressure before defrost was distinguished to be around 15 bars which corresponds 

to condensation temperature 21 °C and was not enough to charge the PCM for two last tests. To solve 

this problem for 2 last experiments which needed condensation temperature higher than 28 °C, the 

system first run with condensation pressure around 24 bars to charge the PCM and then, at the same 

time, condensation and evaporation pressures were decreased by increasing the cooling water in the 

condenser and closing the EEV1, respectively. This facilitated frost formation and prepared the system 

for defrost cycle.  

All 5 tests in table have the same cycle condition before defrost although the last two tests may be 

argued as cycles which are difficult to correspond to a real system in operation due to the special steps 

to charge the PCM. The main focus of this work is on the defrost cycle and the effect of different heat 

storage on it regardless how the PCM is charged.  

As the 4-way-valve is triggered and the cycle is reversed, the water flow in water cooled HE 

(Condenser in heating mode) and the air flow on air HE (evaporator in heating mode) are stopped to 

simulate the condition happens in commercial ASHPs during defrost. In addition, the valve 

positioning showed in figure 26 was changed in order for the refrigerant to bypass the water HE and to 

not be affected by the remained water inside HE.  

7 Results and Discussion 

7.1 Steady conditions before defrost 

As explained before, the test rig was more unstable than expected. Several tries were implemented 

until same conditions were achieved in various repetitions. The focus of this experiment was on 

defrost performance, therefore, the thermodynamic cycle including the evaporation and condensation 

pressures just before defrost had significant importance to be similar in all the tests. This similarity 

might not exist during heat storage and charging the PCM. For example, the tests 4 and 5 needed 

higher condensation temperatures to charge the PCM with high melting point. The valves 

configurations were also different as, in tests 4 and 5, the PCM storage was in parallel with condenser 

to be exposed to high temperature refrigerant while in tests 2 and 3 they were in series. In other words, 

it was not of the importance how the PCM was charged, instead the effect of heat storage on defrost 

was focused and investigated. The thermodynamic conditions in the tests are described in section 6.3. 

In first place, the test without PCM was done, then the tests with the PCM RT18HC and finally the 
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test with PCM RT28HC. The results from the tests when the test rig reached stable conditions are 

shown in table 9. 

Table 9. Steady conditions results 

  Test 1 Test 2 Test 3 Test 4 H Test 4  Test 5 H Test 5  Unit 

Discharge Pressure 15.7 16.5 16 24.1 15.8 23.6 15.1 bar 

Suction Pressure 6.2 6.5 6.7 8.2 6.4 8.2 6 bar 

Mass Flow 12.68 13.86 14.46 15.77 14.3 14.61 13.48 kg/h 

Heating Capacity 0.7745 0.8244 0.8590 0.9756 0.9251 0.8861 0.8594 kW 

Input Power 0.2010 0.1976 0.2022 0.2641 0.2012 0.2073 0.1876 kW 

COP 3.8519 4.1708 4.2474 3.6934 4.5963 4.2729 4.5802   

 

In Table 9, the heating capacity was calculated from the temperature and pressure measurements and 

using the software RefProp, the enthalpies of the inlet and the outlet of the condenser were calculated, 

and with the reading of the mass flow meter the heating capacity can be calculated using equation 

(3.4). The input power is directly taken from the readings in the computer. The COP is calculated 

using equation (3.8). 

Since the melting point of the PCM RT28HC is higher than the condensation point tested for 

experiment 1, our reference experiment. This means that, if the alternative selected is RT28HC, then it 

must exist a charging mode of the unit. In this mode the condensation temperature must be higher than 

the reference and it ends when the system is charged and ready for the defrost. This is also reflected in 

Table 9. 

 

Figure 30. RT18HC and Reference cycle in a p-h diagram 

The steady conditions for the experiments for RT18HC and the reference without PCM in figure 30 

show a good performance. The difference was only that the experiments with the PCM showed more 

sub-cooling and a rose in the evaporation and condensation pressure. Consequently, the system 

performed a higher COP. 
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In figure 31, the results from tests 4 and 5 are showed, it can be seen the rise of the pressure in order to 

be able to charge the PCM. Despite of the fact of that, the performance showed good results as it can 

be read in Table 9. 

  

 

Figure 31. RT28HC and Reference in a p-h diagram 

7.2 Performance during defrost 

When the 4wv in a ASHP switches, the already existent hot gas in the discharge line directly flows to 

the outdoor HE. Due to small size of HE in the test rig, this initial hot gas flow was enough to instantly 

melt all the frost accumulated on it. Nonetheless, observations in benchmark in chapter 4 showed this 

would not happen in commercial systems. This fact infers the obligation to choose criteria to compare 

defrost performance in different tests in this research without noticing frost melted on HE surface. The 

heat melting the frost is transferred from refrigerant and its rate has direct relation with temperature 

and mass flow of refrigerant. The annotations from the experiments showed the mass flow variation in 

different tests during reversed cycles are negligible. As a result, the refrigerant temperature during 

condensation could be a concrete indication of a short defrost cycle.  

In this section, the 5 different experiments are numbered as tests 1 to 5, which are described in table 8. 

Figure 32 shows the evaporation and condensation temperatures during defrost in test 1, when the 

system does not use any TES. Due to small amount of heat transfer in the HE, the cycle did not have 

any SH and even that, the refrigerant in compressor discharge was in 2 phase. These temperatures, 

condensation and evaporation temperature, are almost the only ones which the refrigerant had during 

the reversed cycle. The thermocouples sensed only the same two temperatures in the whole circuit, 

which are evaporation and condensation temperature. Despite using PCM in other 4 tests, we could 

not have a complete evaporation of refrigerant, this condition did not change in any of the tests. The 

focus in this study is on defrost and reversed cycle, therefore the graphs are only shown in 10 minutes 

from start of reversed cycle.  
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Figure 32. Different temperature levels during defrost in test 1 

 Figure 33 and figure 34 present the same information as test 1 for tests 2 and 3 but with a further 

graph showing the temperature of PCM during defrost. The heat was transferred between PCM and the 

refrigerant in evaporation mode. The evaporating temperature rose due to the high temperature of the 

cold source, which in this case is the PCM TES, after almost 5 minutes, the evaporating temperature 

and PCM temperature were the same, around 18 °C and technically the heat could not transfer from 

the PCM storage. Small temperature difference, around 4 °C even in the first 5 minutes proves the 

choice of melting point for the PCM in 18 °C is too low. The temperature graph indicates the PCM 

was in 2 phase condition and it was partly solidified during the defrost.  

 

Figure 33. Different temperature levels during defrost in test 2 
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Figure 34. Different temperature levels during defrost in test 3 

Figure 35 and figure 36 show the resulted temperatures using 3.4 and 4.8 kg PCM, respectively. The 

used PCM had melting point of 28 °C and same as other tests was charged with around couple of 

degree centigrade higher than its melting point to ensure liquefaction. High temperature difference 

during the reversed cycle ensured a very good heat transfer to the refrigerant. Analysis of different 

thermocouples showed at least 50% of the PCM was in phase change after 5 minutes and at least 70% 

after 10 minutes.  

 

Figure 35. Different temperature levels during defrost in test 4 
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Figure 36. Different temperature levels during defrost in test 5 

 

As the annotated data showed, the mass flow of refrigerant during the defrost is almost the same in all 

of the tests. The only parameter which makes difference in heat transfer between the refrigerant and 

pipe in different tests is the condensation temperature. Thus, the condensation temperature is the key 

value in defrost analysis in these experiments. Figure 37 presents the condensation temperatures in all 

the tests. 

 

Figure 37. Comparison of condensation temperatures in different tests 

 

The type of heat transfer between fins and the frost accumulated on them is thermal conduction and a 

simple relation to describe its rate is [51]: 

𝑄̇ = 𝑈 𝐴 ∆T                                                                      (7.1)                   

The UA value is constant and ∆T is what tried to be improved in this experiment. The higher the heat 

transfer is, the shorter is the frost melt. 
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The evaporation temperature before reversed cycles is around -8 °C in average. The frost on the 

surface of HE would be around the same temperature before defrost. As it was explained previously, 

although there was not any frost left on the HE even 20 seconds after reversed cycle started, to make a 

comparison between different tests in this experimental work, it is assumed the temperature on the 

outside of po . This assumption would not be far from mind since at 0 °C water is in its phase change 

state taking more energy and time to differ the temperature. Moreover, part of water droplets would 

drain from the surface and frost layers over them would be in touch with the surface. By this 

assumption and considering test 1 as the reference condition, the heat transfer improvement in this 

certain time could be calculated. 

 

Figure 38. Heat transfer improvement during defrost compared to test 1 as reference 

Table 10. Heat transfer improvement in minute 4 compared to test 1 as reference 

Number of experiment Heat transfer improvement (Percentage) 

Test 2 27 % 

Test 3 27 % 

Test 4 33 % 

Test 5 57 % 

 

On the other hand, during the benchmark study in chapter 4, it is observed that in system B the defrost 

cycle ends when the sensor that is placed in the last coil of the evaporator reaches 22ºC. Furthermore, 

some researchers utilized this strategy, but with different temperatures, to end the defrost [29] [52]. 

The temperature selected was also 22ºC because it was in the middle of the range of temperatures 

found. This method assures that all the frost is melted and removed from the coil. 
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Figure 39. Temperature of the last coil in the evaporator during defrost 

 

 Figure 40. Input power of the compressor during the defrost 

Table 11. Results of the analysis of energy and time consumption of the defrost cycle in different tests 

Test 1 2 3 4 5 Units 

Defrost cycle duration 7.667 4.37 3.033 2.73 2.533 Min 

Energy consumed by the 

compressor during defrost 
0.04150 0.03682 0.02356 0.01175 0.01216 kWh 

Peak of power consumption of the 

compressor during defrost 
362.951 691.931 590.525 429.973 474.215 W 

 

Figure 39 shows the evolution of the temperature of the tube surface of the last coil in the outdoor coil. 

The duration of a defrost cycle in each test was defined and it is showed in table 11 with the energy 

consumed during the defrost cycle and also the peak of consumption of the compressor. To calculate 

the energy consumed by the compressor during the defrost cycle in each test that appears in table 11, 

the curves that appear in figure 40 were integrated between 0 and the defrost cycle duration of each 

test.  
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8 Conclusions 

The experiment results show considerable improvement of system performance during the defrost 

cycle by rising evaporation temperature and consecutively increasing the condensation temperature. 

Frost melt is a consequence of heat transfer from refrigerant during condensation. Increase of 

condensation temperature has direct relation with defrost duration. The results from the experiment 

presented in table 10 could be identified and expanded to the commercial ASHPs tested in chapter 4 

which system A is chosen for this comparison.  

To be able to extrapolate the results to another system, a comparison factor is needed to define the size 

of systems. Heating capacity of the systems seems to be the most relevant factor. The heating capacity 

of experimental system was identified as 800 W for the test 1. The heating capacity of system A was 

claimed and tested to be 3000 W which is 3.75 times bigger than the experimental system. This shows 

in order to achieve the same results as in table 10 for the system A, 3.75 times more heat is required to 

be extracted by the refrigerant during the defrost which means 3.75 times more PCM mass is 

demanded compared to the values in table 8. However, a higher heat exchanger would be needed in 

order to increase the heat exchange area because of the thermal conduction of the PCM. 

The duration and the energy consumption of the defrost cycle have been improved also. The 

improvements are showed in table 12. At the time to extrapolate the results of duration and energy 

improvement are difficult to extrapolate and get same good results as with the test rig. The test rig 

results show the possibilities that can be achieved by commercial system A in these fields. This is 

because of the singularities of the tests done. 

Although the consumption of the compressor is increased, as showed in figure 40, since the time 

needed for the defrost is lower, the energy consumption is decreased substantially. Furthermore, the 

results showed in table 12 for the duration of the defrost are similar to results achieved in similar 

studies of different researchers [28] [29].  

Table 12. Extrapolation of experiment results for a commercial ASHP (system A) 

PCM type Mass needed (kg) Duration of the 

defrost improved 

Energy consumption 

improvement during defrost  
RT18HC 9 43% 11.27% 

RT18HC 18 60% 43.22% 

RT28HC 12.75 64% 71.68% 

RT28HC 18 67% 70.69% 

 

From the part of the benchmark study, it can be concluded that a good optimization of the EEV and 

the compressor can improve the duration of the defrost in almost 66% comparing system B with 

system A but with the odd of a higher peak consumption of the compressor.  

9 Future work 

For further steps in the project, it would be to try new configurations for the test rig since this was only 

an approximation of the possibilities of the PCM. On the other hand, do tests trying super-hydrophobic 

coatings on the outdoor heat exchanger could have interesting results as it is explained in section 3.6. 

One of the alternatives to improve the performance of the solution with PCM can be the thermosyphon 

configuration explained before in sub-section 3.5.3.The only problem to this solution is about the 

phisical configuration of this solution, since this needs the help of the gravity forces to perform 

properly. The configuration can be seen in figure 38 and figure 39. 
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Figure 41. Schematic of the Thermosiphon system on charge [13]    Figure 42.Schematic of the system during defrost [13] 

                      

On the other hand, the current test rig can be modified in a way that can provide continuous heating. 

This is an interesting approach, because there is no thermal discomfort if the unit can provide heat at 

the same time is doing defrost. 

 

Figure 43. Continuous heating configuration of an ASHP 

The new configuration makes possible to achieve continuous heating while defrosting. It is based on 

the configuration for defrost using the heat dissipated from the compressor by Z. Long et al. [30]. It is 

shown in Figure 43. It can be differentiated 3 states of work: charging, heating and defrosting.  

During the first state, valve V1 is open and valves V2 and V3 are closed. This makes the refrigerant 

flow in parallel between the indoor coil and the PCM HE until this is completely charged. Then EEV1 

and EEV2 will make an isenthalpic expansion in both flows and mix, to go through a capillary tube 

and finally to the outdoor coil.  

After the charge of the PCM, the system will run at heating mode, where valves V1, V2 and V3 are 

closed and the cycle behaves as usual ASHP. 

Finally, when the defrost is needed, the 4-way valve changes and also valves V2 and V3 are open and 

V1 is closed. This way, the PCM HE works as an evaporator and the Indoor and Outdoor coil as a 

Condenser. After the discharge of the compressor, the refrigerant flow will divide in two. One part 

will go to the outdoor coil in order to defrost it, and the other part will go to the indoor coil to provide 
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heat. After, this both flows will expand and go through the PCM HE and evaporate with the heat 

stored.  

Since for this solution it would be providing heat continuously, it is needed an extra energy from the 

TES to be able to compensate the heat supplied from the indoor HE. A rough calculation can be made 

assuming that this extra heat is needed during 3 min and that the heating capacity of the test rig is 

800W. This would mean that the total amount of energy needed is 144 kJ and since the energy density 

of the PCM is 245 kJ/kg while phase change, the amount of extra PCM needed for this solution would 

be around 0,5 kg. 

 

  



55 

 

Bibliography 

 

[1]  Nasa, "Global Climate Change, vital signs of the planet," Nasa, [Online]. Available: 

http://climate.nasa.gov/climate_resources/24/. [Accessed 3 08 2016]. 

[2]  "Climate Action," European Commission, 22 7 2016. [Online]. Available: 

http://ec.europa.eu/clima/policies/strategies/2020/index_en.htm. [Accessed 3 8 2016]. 

[3]  "12th IEA Heat Pump Conference," IEA, [Online]. Available: http://hpc2017.org/theme/. 

[Accessed 3 8 2016]. 

[4]  H. Madani, Heat pump systems: Market and Technological trend, Stockholm: KTH, Department 

of Energy Technoloy, 2015.  

[5]  EHPA, "European Heat Pump Market and Statistics Report," EHPA, Brussel, 2015. 

[6]  E. Granryd, Refrigeration Engineering Part 2, Stockholm: Royal Institute of Technology, KTH, 

2005.  

[7]  H.-J. C. b. K. C. K. Jaehong Kim, "A combined Dual Hot-Gas Bypass Defrosting method with 

accumulator," Applied Energy, vol. 147, pp. 344-352, 2015.  

[8]  L. Haung, Z. Liu, Y. Liu, Y. Gou and J. Wang, "Experimental study on frost release on fin-and-

tube heat exchangers by use of novel anti-frosting paint," Experimental Thermal and Fluid 

Science, vol. 33, pp. 1049-1054, 2009.  

[9]  F. Wang, C. H. Liang, M. T. Yang and X. S. Zhang, "The effect of surface characteristics on 

liquid behaviors of fins during frosting and defrosting processes," in International Refrigeration 

and Air Conditioning Conference, Purdue, 2014.  

[10]  E. Granryd, I. Ekroth, P. Lundqvist, Å. Melinder, B. Palm and P. Rohlin, Refrigerating 

Engineering, Stockholm: Royal Institute of Technology, KTH, 2009.  

[11]  E. granryd, Refrigerating Engineering, Stockholm: Royal Institute of Technology, 2005.  

[12]  T. Davies, R. Campbell and V. Thangamani, "A Low Carbon Defrost System," in International 

Refrigeration and Air Conditioning Conference, Purdue, 2014.  

[13]  A. Foster, R. Campbell, T. Davies and J. Evans, "A novel PCM thermo siphon defrost system for 

a frozen retal display cabinet," in 2nd IIR Conference on Sustainability and the Cold Chain, Paris, 

2013.  

[14]  P. Byrne, J. Miriel and Y. Lenat, "Experimental study of an air-source heat pump for simultanous 

heating and cooling - Part 2: Dynamic behaviour and two-phase thermosiphon defrosting 

technique," Applied Energy, Elsevier, vol. 88, pp. pp.3072-3078, 2011.  

[15]  J. Dong, S. Deng, Y. Jiang, L. Xia and Y. Yao, "An experimental study on defrosting heat 

supplies and energy consumptions during a reverse cycle defrost operation for an air source heat 

pump," Applied Thermal Engineering, vol. 37, pp. 380-387, 2012.  

[16]  S. Kathwate and U. Wankhede, "Review on Hot Gas Defrosting System for Vapor Compression 

Refrigeration System," International Journal of Advance Research in Science and Engineering, 

vol. 3, no. 3, pp. 210-216, 2014.  



56 

 

[17]  H.-J. Choi, B.-S. Kim, D. Kang and K. C. Kim, "Defrosting method adopting dual hot gas bypass 

for an air-to-air heat pump," Applied Energy, vol. 88, pp. 4544-4555, 2011.  

[18]  J. Y. Jang, H. H. Bae, S. J. Lee and M. Y. Ha, "Continous heating of an air-source heat pump 

during defrosting and improvement of energy efficiency," Applied Energy, vol. 110, pp. 9-16, 

2013.  

[19]  J. Kragh, J. Rose, T. Nielsen and S. Svendsen, "New counter flow heat exchanger designed for 

ventilation systems in cold climates," Energy and Buildings, vol. 39, pp. 1151-1158, 2007.  

[20]  Y. Dai, R. Wang, H. Zhang and J. Yu, "Use of liquid dessicant cooling to improve the 

performance of vapor compression air conditioning," Applied Thermal Engineering, vol. 21, pp. 

1185-1202, 2001.  

[21]  F. Wang, Z. Wang, Y. L. Z. Zheng, P. Hao and C. W. T. Huan, "Performance investigation of a 

novel frost-free air-source heat pump water heater combined with energy storage and 

dehumidification," Applied Energy, vol. 139, pp. 212-219, 2015.  

[22]  M. Qu, X. Liang, S. Deng and Y. Jiang, "An experimental investigation on reverse-cycle 

defrosting performance for an air source heat pump using an electronic expansion valve," Applied 

Energy, vol. 97, pp. 327-333, 2012.  

[23]  Y. Jiang, J. Dong, M. Qu, S. Deng and Y. Yao, "A novel defrosting control method based on the 

degree of refrigerant superheat for air source heat pumps," International Journal of Refrigeration, 

vol. 36, pp. 2278-2288, 2013.  

[24]  W. Wang, J. Xiao, Y. Feng, Q. Guo and L. Wang, "Characteristics of an air source heat pump 

with novel photoelectric sensors during periodic frost-defrost cycles," Applied Thermal 

Engineering , vol. 50, pp. 177-186, 2013.  

[25]  H. Tan, G. Xu, T. Tao, X. Sun and W. Yao, "Experimental investigation on the defrosting 

performance of a finned-tube evaporator using intermittent ultrasonic vibration," Applied Energy, 

vol. 158, pp. 220-232, 2015.  

[26]  N. Sonobe, K. Fukiba, S. Sato and Y. Yoshimura, "Method for defrosting heat exchangers using 

an air-particle jet," International Journal of Refrigeration, vol. 60, pp. 261-269, 2015.  

[27]  K. Pielichowska and K. Pielichowski, "Phase change materials for thermal energy storage," 

Elsevier, vol. Progress in Materials Science, no. 65, pp. 67-123, 2014.  

[28]  J. Dong, S. Li, Y. Yao, Y. Jiang, Y. Tian and H. Tian, "Defrosting performances of a multi-split 

air source heat pump with phase change thermal storage," International Journal of Refrigeration , 

vol. 55, pp. 49-59, 2015.  

[29]  J.-k. Dong, Y.-q. Jiang, Y. Yao and X.-d. Zhang, "Operating performance of a novel reverse-cyce 

defrosting method based on thermal energy storage for air source heat pump," Journal of Central 

South University of Technology, vol. 18, no. 6, pp. 2163-2169, 2011.  

[30]  Z. Long, D. Jiankai, J. Yiqiang and Y. Yang, "A novel defrosting method using heat energy 

dissipated by the compressor of an air source heat pump," Applied Energy, vol. 133, pp. 101-111, 

2014.  

[31]  D. L. Chandler, MIT News Office , 16 July 2013. [Online]. Available: 

http://news.mit.edu/2013/hydrophobic-and-hydrophilic-explained-0716. [Accessed 25 July 2016]. 



57 

 

[32]  A. B. D. C. a. S. Baxter, "Wettability of porous surfaces," Transactions of the Faraday Society, 

vol. 40, pp. 546-551, 1944.  

[33]  S. A. K. a. M. Farzaneh, "How Wetting Hysteresis Influences Ice Adhesion Strength on 

Superhydrophobic Surfaces," Langmuir, vol. 25, pp. 8854-8856, 2009.  

[34]  M. W. N. D. B. G. H. M. K. K. G. H. Sojoudi, "Durable and scalable icephobic surfaces: 

similarities and distinctions from superhydrophobic surfaces," Soft Matter, vol. 12, pp. 1927-

2232, 2016.  

[35]  Y. S. K. S. Barthwal, "Mechanically Robust Superamphiphobic Aluminum Surface with 

Nanopore-Embedded Microtexture," Langmuir, vol. 29, pp. 11966-11974, 2013.  

[36]  V. B. L. Li, ACS Appl. Mater. Interfaces, vol. 4, pp. 4549-4556, 2012.  

[37]  W. L. B. W. M. Ruan, "Preparation and Anti-icing Behavior of Superhydrophobic Surfaces on 

Aluminum Alloy Substrates," Langmuir, vol. 29, pp. 8482-8491, 2013.  

[38]  H. T. S. C. Y. Shen, "Icephobic/anti-icing potential of superhydrophobic Ti6Al4V surfaces with 

hierarchical textures," RSV Advances, vol. 5, pp. 1666-1672, 2015.  

[39]  W. B. K. D. M. M. Heckele, "Hot embossing - The molding technique for plastic 

microstructures," Microsystem Technologies, vol. 4, pp. 122-124, 1998.  

[40]  P. R. K. P. J. R. Stephen Y Chou, "Imprint of sub‐25 nm vias and trenches in polymers," Applied 

physics letters, vol. 67, p. 3114, 1995.  

[41]  K. W. K. P. M. D. Infante, "Durable, superhydrophobic, antireflection, and low haze glass 

surfaces using scalable metal dewetting nanostructuring," Nano Research, vol. 6, pp. 429-440, 

2013.  

[42]  V. S. M. Tang, "Advanced Laser Micro Machining Using a Novel Trepanning System," Laser 

Micro/Nanoengineering, vol. 6, pp. 6-9, 2011.  

[43]  S. P. P. K. Ellinas, "Plasma micro-nanotextured, scratch, water and hexadecane resistant, 

superhydrophobic, and superamphiphobic polymeric surfaces with perfluorinated monolayers," 

ACA applied material interfaces, vol. 6, pp. 6510-6524, 2014.  

[44]  A. S. M. C. A. G. C. L. G. S. G. F. de Givenchy ET1, "Fabrication of superhydrophobic PDMS 

surfaces by combining acidic treatment and perfluorinated monolayers.," Langmuir, vol. 25, pp. 

11073-11077, 2009.  

[45]  M. Forsen, "Heat pumps technology and environmental impact," EHPA, 2005. 

[46]  Z. Gu, H. Liu and Y. Li, "Thermal energy recovery of air conditioning system-heat recovery 

system calculation and phase change materials development," Applied Thermal Engineering, vol. 

24, pp. 2511-2526, 2004.  

[47]  F. Agyenim, N. Hewitt, P. Eames and M. Smyth, "A review of materials, heat transfer and phase 

change problem formulation for latent heat thermal energy storage systems (LHTESS)," 

Renewable and Sustainable Energy Reviews, vol. 14, pp. 615-628, 2010.  

[48]  A. Farrell, B. Norton and D. Kennedy, "Corrosive effects of salt hydrates phase change materials 

used with aluminium and copper," J Mater Process Technol, vol. 175, pp. 198-205, 2006.  



58 

 

[49]  F. Incropera and D. DeWitt, Fundamentals of Heat and Mass Transfer, Wiley, 1990.  

[50]  M. Medrano, M. Yilmaz, M. Nogués, I. Martorell, J. Roca and L. F. Cabeza, "Experimental 

evaluation of commercial heat exchangers for use a PCM thermal storage systems," Applied 

Energy, vol. 86, pp. 2047-2055, 2009.  

[51]  F. P. &. D. Incropera, Fundamentals of heat and mass transfer, New York: Wiley, 2012.  

[52]  M. Qu, L. Xia, D. Shiming and Y. Jiang, "Improved indoor thermal comfort during defrost with a 

novel reverse-cycle defrosting method for air source heat pumps," Building and Environment, no. 

45, pp. 2354-2361, 2010.  

[53]  P. Rasmussen, "Calculation of SCOP for heat pumps according to EN 14825," Danish 

Technological Institute, Copenhagen, 2011. 

[54]  H. Wenju, J. Yiqiang, Q. Minglu, N. Long, Y. Yang and D. Shiming, "An experimental study on 

the operating performance of a novel reverse-cycle hot gas defrosting method for air source heat 

pumps," Applied Thermal Engineering, no. 31, pp. 363-369, 2010.  

[55]  L. Zhang, T. Fujinawa and M. Saikawa, "A new method for preventing air-source heat pump 

water heaters from frosting.," Elsevier, vol. 35, pp. 1327-1334, 2012.  

 

 


