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Preface  

 

Dear reader, 

 

Over a year ago, I had my first appointment at Vadac. During this initial interview, I met with 

the managing director of the company, Marco van Rooijen. First, he started by telling me about 

who he was and introduced me to the company and the markets they develop products for. 

During this explanation I quickly found out that the company portfolio contained many 

impressive products, which immediately got me interested. After this, I started by also 

introducing myself. I showed my own portfolio and discussed the motivation for starting the 

Master assignment. And finally, we discussed the assignment the company was offering. 

After this first introduction, I got really excited and left with a very satisfied feeling. And not 

much later this feeling had proven to be correct, because I got a message from Marco, saying 

that I was welcome to execute my graduation assignment there. So, together with this approval 

and the approval from the IDE Master coordinator Eric Lutters, I could officially start with the 

Master assignment. So not much later, about a year ago, that is exactly what I did.  

At the start of the assignment it was hard to find a suitable UT supervisor. But luckily this did 

not prevent me from continuing with my research. At first, the assignment was to research the 

possibility of implementing heat pump technology in a camper cooktop, but I quickly found out 

that this was not possible. For this reason I had to rethink the assignment and come up with 

an alternative. Just in time I got in contact with a potential UT supervisor, Davoud Jafari, and 

he was willing to help me further investigate the possibilities.  

All things considered, I found a nice solution for the previously mentioned drawback. By 

changing the type of heat pump application from a cooktop, to a kitchen boiler, I was able to 

continue with the project. Although this meant that I had to design a product for a different 

market than the markets the company is normally working in, they still provided me with the 

necessary knowledge and financial support to generate a working proof-of-concept.  

During the time I was working at the company, I learned a lot. I think the main reason for this 

is because my colleagues were very helpful and, because the design team was small, I had 

much more responsibilities. For example, within the assignment I had to contact many of the 

stakeholders, like suppliers, manufacturers, development partners and customers, myself and 

that helped me to also develop skills outside the scope of my study. Also, I am glad that I 

gained more knowledge about the design of refrigeration/heat pump systems, learned to work 

with MATLAB and got more experience with thermodynamics and electrical engineering.  

In the end, I would like to give a special thanks to Marco van Rooijen and Brian Markerink from 

Vadac, for giving me the opportunity to work with them and for spending time and effort in 

supporting me during this learning experience. Also, I would like to thank my UT supervisor 

Davoud Jafari for his helpful feedback and honest opinions. Harry Kruiper, for helping me to 

assemble and charge the system. And Henk-jan Moed for providing me the necessary lab 

space for testing the prototype.  

 

Yours sincerely,  

Joost Bessembinder           April 2023, Deventer 
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Glossary  
 

Accumulator: a suction accumulator is used to prevent a damaging overflow of liquid 

refrigerant and oil from entering the compression chamber of a compressor. 

ASHRAE: American Society of Heating, Refrigerating and Air-Conditioning Engineers. 

Bivalent: working principle in which two system types are used to obtain a mutual goal. 

Buoyancy: the ability or tendency of something to float in water or other fluid. 

Cascaded: a process whereby something, in this case thermal energy, is successively passed 

on between stages. 

CE-marking: “Conformite Europeenne” marking, certifies that a product has met EU health, 

safety, and environmental requirements, which ensure consumer safety. 

Cocurrent: involving flow of materials in the same direction. 

Compressor: an instrument or device for compressing something, in this case compression 

of refrigerant in gaseous state. 

Condenser: an apparatus or container for condensing a vapor.  

Conduction: the process by which heat is directly transmitted through the material of a 

substance when there is a difference of temperature between adjoining regions, without 

movement of the material. 

Convection: the movement caused within a fluid by the tendency of hotter and therefore less 

dense material to rise, and colder, denser material to sink under the influence of gravity, which 

consequently results in transfer of heat. 

COP: the ratio between the heating (or cooling) capacity of the overall system and the supplied 

required compressor power. 

Countercurrent: involving flow of materials in the opposite direction of one another. 

Critical temperature: the temperature of a gas in its critical state, above which it cannot be 

liquefied by pressure alone.  

Crosscurrent: involving flow of materials perpendicular to one another.  

Diffuser: an attachment or duct for broadening a gas flow and reducing its speed. 

Enthalpy: a thermodynamic quantity equivalent to the total heat content of a system. It is equal 

to the internal energy of the system plus the product of pressure and volume. 

Evaporator: an apparatus or container for evaporating a liquid. 

Expansion valve: a valve through which liquid or gas under pressure is allowed to expand to 

a lower pressure and greater volume. 

GWP: Global Warming Potential, a measure of how much energy the emissions of 1 ton of a 

gas will absorb over a given period of time, relative to the emissions of 1 ton of carbon dioxide 

(CO2). 

HC: Hydrocarbons, compounds consisting of hydrogen and carbon atoms, such as any of 

those which are the chief components of petroleum and natural gas. 
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HCFC: Hydrochlorofluorocarbons, artificial compounds consisting of hydrogen, chlorine, 

fluorine and carbon atoms. 

Heat exchanger: a device for transferring heat from one medium to another. 

Heat pump: a device that transfers heat from a colder area to a hotter area by using 

mechanical energy. 

Hermetic: complete and airtight seal. 

HFC: Hydrofluorocarbons, artificial compounds consisting of hydrogen, fluorine and carbon 

atoms. 

HRAI: Heating, Refrigeration and Air-Conditioning Institute of Canada. 

Hydrophobic: tending to repel or fail to mix with water. 

Impeller: component of a machine designed to move a fluid by rotation. 

Isentropic efficiency: the ratio of real work to work in an ideal (isentropic) thermodynamic 

process. 

Mass flow rate: the mass of a substance which passes per unit of time. 

Monovalent: working principle in which a single system type is used to obtain something. 

NIST: National Institute of Standards and Technology. 

ODP: Ozone Depletion Potential, a measure of how much damage a chemical can cause to 

the ozone layer compared with a similar mass of trichlorofluoromethane (CFC-11). 

PID controller: Proportional-Integral-Derivative controller, is a control loop mechanism 

employing feedback to a system. 

Reciprocating: moving backwards and forwards in a straight line. 

Refrigerant: a working fluid used in the refrigeration cycle of air conditioning systems and heat 

pumps. 

Reversing valve: a component that is able to change the direction of fluid flow. 

Subcritical: below a critical threshold, in this case below the critical temperature. 

Superheat: the excess of temperature of a vapor above its saturation temperature. 

TRL: Technology Readiness Level, an indication of the maturity of a particular technology. 

Volumetric efficiency: the ratio of the volume of fluid actually displaced to its swept volume. 

Volumetric heating capacity: the amount of energy that must be added, in the form of heat, 

to one unit of volume of a material in order to cause an increase of one unit in its temperature.  
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Summary  
 

This report outlines the design and development of a cascade heat pump system for a water 

boiler. This system is designed to operate at high temperatures and draws heat from the 

surrounding air, making it an ecofriendly and energy-efficient option for a water boiler. The 

findings of this study have important implications for the field of renewable energy and could 

pave the way for the widespread adoption of cascade heat pump systems in various 

applications.  

In particular, the designed system is related to one of the recently designed products from 

Vadac B.V., the Coolmach, an energy-efficient climate control system for caravans and 

campers. The system is based on the heat pump principle and it was introduced to replace the 

current gas heating systems. During the R&D phase, the company became familiar with the 

technology behind this system and that was the main motivation for researching possible other 

applications. For the sake of this research, the focus was mainly on energy consuming 

household appliances. 

The definition of a heat pump states: “a device that uses a compressible refrigerant to transfer 

heat from one body, as the ground, air, or water, to another body, as a building, with the 

process being reversible”. This definition shows that a heat pump can be ground, air or water 

source. The most suitable heat pump type for household appliances is the air-source heat 

pump, because it is the least expensive and most versatile. The system consists of the 

following components: evaporator, condenser, compressor, expansion valve and refrigerant. 

The application, proven to be most suitable for optimization by means of a heat pump, is the 

kitchen boiler. This device has the highest energy consumption and a suitable temperature 

range. Currently heat pumps are already used for heating water, but most of them can only 

reach a temperature of around 55 oC and they are much more efficient at temperatures in 

between 35-45 oC. The goal of this research was to reach a much higher temperature, namely 

a minimum temperature of 100 oC (a so called: ‘High Temperature Heat Pump’).  

Focusing on the high-temperature heat pump water boiler system, the theoretical models and 

physical prototype are employed to address the following challenges: 

1. What is the most effective method for bridging a significant temperature difference of 

90 oC in boiling water systems?  

To be able to bridge the big temperature difference of 90 oC (from 10 oC tap water to 100 oC 

boiling water), a cascade heat pump system is the best option. In this system the temperature 

range can be divided over two or more refrigerants, in two or more separate heat pump cycles, 

which decreases the required mass flowrate and maximum required pressure, and 

subsequently the required amount of total compressor power (thus saving energy).  

2. What are the ideal refrigerants based on European regulations for high-temperature 

heat pump systems? 

For the refrigerants, there are currently a total of 27 substances suitable for the required 

temperature range, while also in accordance with the European rules and regulations 

regarding ozone depletion potential (ODP) and global warming potential (GWP). The most 

promising refrigerant pair, for the cascade heat pump system (looking at the coefficient of 

performance (COP), required maximum pressure and volumetric flowrate), consists of the 

combination with R1234ze(e) in the lower temperature cycle and R600 in the higher 

temperature cycle.  
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3. How can the coefficient of performance (COP) of a heat pump system be calculated, 

taking into consideration various factors, such as heat source and sink temperatures, 

refrigerant properties, and system components, in order to optimize the energy 

efficiency of the system? 

By using ‘MATLAB R2022a’ a first theoretical COP value of 2.55 could be calculated (without 

taking into account superheat, subcooling, volumetric- and isentropic efficiency). After having 

selected the right components and sizing them according to the requirements and 

specifications, more parameters could be used as input for calculating the COP value. By using 

a software called ‘Genetron Properties 1.4.2’ a more realistic COP value of 2.22 was calculated 

(compressor and heat exchanger efficiencies taken into account). And finally, to check if the 

calculated theoretical values were the same as in the real life situation, a test setup was 

constructed. 

The main goal of the physical test was to check if the cascaded heat pumps system was able 

to get water to its boiling point at standard atmospheric pressure, while simultaneously being 

more efficient than traditional electric water boilers. The test setup consisted of a prototype 

test rig with a control system (superheat and fan speed controllers) and onto this system, 

pressure and temperature sensors where installed, to be able to retrieve data (with a 

datalogger) and analyze the performance during each test.  

Several key performance parameters were able to affect the efficiency of the system during 

testing. These influencing factors are the air flowrate of the fan, the heat transfer area of the 

heat exchangers, the superheat values, the compressor pressure ratios, the refrigerant mass 

flowrates and the intermediate heat exchanger temperature difference. Each time one of the 

variable parameters of the aforementioned performance parameters was changed to finetune 

the system and find the most optimal system settings. 

Finally, the physical test resulted in a COP value of 1.26. And, even though this is lower than 

the expected theoretical value, it does not mean that the results are not promising. First of all, 

the system is actually able to bridge the temperature difference of 90 oC and is thus able to 

boil water. And secondly, the main reason for the lower COP value can be traced back to two 

components, namely the lower temperature cycle evaporator and electronic expansion valve. 

Because these components are not sized correctly, the system is currently only able to extract 

331 Watts of thermal energy from the air, instead of the preferred 1500 Watts. And that limits 

the overall system capacity already at the start of the system.  

So, to conclude, the first proof-of-concept succeeded, but the next step is to increase the size 

of the LT cycle evaporator and to select an expansion valve with a bigger tube diameter and 

valve opening, to be able to increase the heat exchanger capacity, increase the overall heating 

capacity and with this improve the currently calculated COP value.  
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1. Introduction  
 

1.1 Vadac B.V.  
First a small introduction of the company. Vadac is a company located in Deventer and started 

in 1997. The first line of products they designed and produced were insurance certified 

mechanical locks for trucks, trailers, caravans and outboard motors, which are called 

PowerLock. Now, many years later, the team at Vadac has already designed a widening range 

of products with an increasing level of complexity for the caravanning and marine industry 

(Vadac, n.d.). Some examples of products and brands are the Coolmach caravan air-

conditioning, Satenne satellite antenna, Heatek infrared caravan heating, Odesea boat and 

motor covers and the P1 Mover caravan mover.  

A couple of years ago, in 2018, Vadac faced a new challenge. Namely rethinking all 

components in caravans, campers and boats to make camping more sustainable. This was a 

logical step for them, because it removed the risks and inconveniences of outdated equipment, 

like for example gas heaters and it takes the vehicles fast forward to the pinnacle of climate 

control. During the more than two decades of designing these technical accessories for the 

caravanning and marine industry, the company has accumulated a profound knowledge and 

understanding of their current market and products. And with this expertise they are now also 

willing to expand to other markets.  

During the research and development phase of the air-conditioning system, Vadac became 

familiar with the principle of using compressors and heat exchangers for increasing 

temperature. This then sparked the idea of implementing the same type of technology in other 

applications as well. Compared to the residential sector, in industry there are already many 

more processes in which this principle is being applied. This is why there is still an opportunity 

for researching possible applications for this type of technology in energy consuming 

household devices. Also, because of the increasing energy prices, homes are nowadays 

increasingly facing the need to reduce their electricity consumption. And because homes will 

be disconnected to gas networks in the future, a power friendly alternative, as proposed by 

Vadac, can also be very promising. 

 

1.2 Problem Statement  
Because of the ever increasing concern of climate 

change and the decreasing reserve of fossil fuel, 

together with increasing energy demand around 

the world, a high pressure is put on the energy 

sectors to provide sustainable and green energy 

solutions. One of the systems Vadac has been 

developing, to help tackle this problem, is a 

compact camper air-conditioner/heat pump. These 

type of devices are now mainly being used for 

heating and cooling of buildings and in the 

industrial sector they are also used to collect the 

thermal energy from waste heat so it can be put 

back into production processes like paper 

production, chemical treatment and drying 

(Arpagaus, Bless, Uhlmann, Schiffmann, & 

Bertsch, 2018; IEA, 2022; Wu et al., 2021).  
Figure 1 classification scheme of vapor compression 
heat pumps (Wu, Hu, & Wang, 2021) 
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The types of heat pumps that will be examined in this research are closed system, subcritical, 

vapor compression, heat pumps. Closed system meaning that the refrigerant will stay in the 

same cycle and does not leave the system during the whole process and subcritical meaning 

that the heat sink temperature will stay below the critical temperature of the refrigerant type. 

"Vapor compression heat pumps can be classified as low temperature heat pumps (LTHPs), 

medium temperature heat pumps (MTHPs), high temperature heat pumps (HTHPs), and ultra-

high temperature heat pumps (UHTHPs)" (Wu et al., 2021). The focus of this research will 

mainly be on the HTHPs with a heat sink temperature of above 100 oC (see Figure 1).  

Regarding the rules and regulations, heat pump systems have faced a lot of challenges over 

the years (Figure 2). For the first generation there where basically no laws that prohibited the 

use of some type of fluids. But, as the technology began to gain more popularity, the second 

generation of refrigerants introduced regulations regarding safety and durability. Meaning that 

highly flammable and toxic substances could not be used, or the allowed charge amount was 

being limited drastically. Then, after the discovery was made that some types of refrigerants 

could also be harmful for the ozone layer, these fluids slowly needed to be phased out as well. 

This meant that for the third generation, refrigerants with an ozone depletion potential above 

zero, could not be used anymore. And finally, for the fourth and current generation, the global 

warming potential of refrigerants is also being taken into account, which shortens the list of 

substances that can be used even more (McLinden & Huber, 2020). Because of this drastically 

shortened list, together with the urgent need for sustainable refrigerants, manufacturers are 

developing new types of substances and researchers are re-examining the possibility of using 

some of the flammable/toxic substances (that were phased out in the second generation), by 

improving system safety and reliability (Wu et al., 2021). 

To sum up, the previously mentioned problem description comes with the challenge to 

research the question if it is possible to use compressor and heat exchanger technology to 

improve an existing household device. When this is possible, the current refrigerant safety and 

sustainability regulations should be taken into account and an extensive research in the current 

system types and innovations needs to be executed. To already give an idea of the state-of-

the-art, research status and application potentials, the next section will show a market overview 

of currently existing heat pump systems and projects.   

Figure 2 Refrigerant evolution over the years, because of changing regulations (McLinden & Huber, 2020) 
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1.3 State-of-the-Art  
High temperature heat pumps are currently only being used in industrial applications for waste 

heat recovery purposes. The majority of these applications require supply temperatures of 100 
oC and above (Elmegaard et al., 2021). But most of the systems that are able to reach these 

temperatures are still under development and at lower technology readiness levels (TRL). 

Looking at the nine-level NASA TRL scale (Héder, 2017), level 8 (actual system completed, 

demonstrated and tested) heat pump technologies currently only exist with heat source 

temperatures in the range of 30 to 70 oC and heat sink temperatures in the range of 70 to 100 
oC (Schlemminger et al., 2019). Heat pump systems with heat sink temperatures above 100 
oC (HTHPs) are currently in between level 3 (analytical proof-of-concept) and level 7 (system 

prototype demonstration) (Arpagaus et al., 2018). Table 1 gives an overview of the high 

temperature heat pumps that are now being developed, with most of them expected to be 

available by 2025 (Elmegaard et al., 2021).  

Table 1 Industrial HTHPs with sink temperatures above 100 oC (Arpagaus et al., 2018; Elmegaard et al., 2021; IEA, 2022) 

Manufacturer System name Refrigerant Max heat 
sink 

temperature 

Max heating 
capacity 

Olvondo HighLift R704 (He) 180 oC 1.5 MW 

Hybrid Energy Hybrid Heat 
Pump 

R717 (NH3) & 
R718 (H2O) 

120 oC 0.5-5 MW 

Weel & Sandvig WS-TURBO R718 (H2O) 160 oC 1-5 MW 

ToCircle Free2Heat -R717 (NH3)  
-R718 (H2O) 

180 oC 1-5 MW 

MAN Energy 
Solutions 

MAN ETES R744 (CO2) 150 oC 10-50 MW 

Mayekawa Eco Sirocco  R744 (CO2) 120 oC 100 kW 

Dürr Thermea ThermeCO2 R744 (CO2) 110 oC 2.2 MW 

GEA Process 
Engineering 

- R744 (CO2) 130 oC 0.1-1.2 MW 

SINTEF  HeatUp/SkaleUP R290 (C3H8) & 
R600 (C4H10) 

115 oC 300 kW 

EUDP SuPrHeat -R718 (H2O)/ 
R744 (CO2) 
-R600 (C4H10) 
-R601 (C5H12) 

200 oC 
 

120 oC 
150 oC 

500 kW 

Kobe Steel/ 
Kobelco 

-SGH 120 
-SGH 165 
-MSRC160L 

-R245fa 
-R134a/R245fa 
-R718 (H2O) 

120 oC 
175 oC 
160 oC 

1.9 MW 
400 kW 
700 kW 

Ochsner Energie 
Technik GmbH 

-IWWDS R2R3b 
-IWWDS ER3b 

-R134a/R245fa 
-R245fa 

130 oC 750 kW 

Viking Heat 
Engines 

HeatBooster S4 R245fa/ 
R1336mzz(z) 

150 oC 188 kW 

Heaten HeatBooster HFOs 165 oC 1-6  MW 

Combitherm HWW 245fa R245fa 120 oC 252 kW 

 

Concluding from Table 1, the maximum temperature out of the currently developed and tested 

technologies is 200 oC, but R718 (H2O) is currently the only refrigerant type that can reach this 

temperature. R134a and R245fa are the next refrigerant types that show high maximum 

temperatures, but since R134a (NCBI, 2022a) and R245fa have a high global warming 

potential (NCBI, 2022b), these substances are harmful for the environment and not up to the 
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climate standards. The heat pumps using hydrocarbons (R290, R600, R601) also show 

relatively high heat sink temperatures, but these substances come with high flammability safety 

issues. Regarding the presented technologies it is thus important to more closely research the 

possibilities for using certain substances and to investigate their market potential. And finally, 

since the heat capacity of the presented systems is high (because they are developed for 

industry scale), this needs to be scaled down as well, to be suitable for residential use.  

 

1.4 Research Questions and Objective 
The main objective of this research is to find out if it is possible to use heat pump technology 

for improving an existing household application and make it more sustainable and energy 

efficient. To be able to answer this, there are three central research questions that need to be 

answered: 

1. How does a heat pump system work? 

To be able to answer the first question, a better understanding of what a heat pump is, what 

the main components and their functions are, and how these components work together, need 

to be acquired. Also, to get a better insight in the system requirements, the European 

regulations, the users, the stakeholders and the current market need to be analysed.  

2. How can compressor and heat exchanger technology be used to improve one of the 

existing household devices? 

To answer the second question, it is important to analyse current high temperature household 

appliances and their energy consumption to find out which device is most suitable for 

optimization by means of heat pump technology. And, to also get a better overview of the 

market potential, the current heat pump applications and the competitors also need to be 

investigated. 

3. How feasible is the implementation of heat pump technology in the new type of 

application? 

With the second question answered, the list of requirements can be completed and used to 

generate ideas and concepts for the chosen application. And, by creating a prototype of the 

final concept, the real-life performance of the system can be analysed and used to answer the 

third question. 

For a complete overview of the research plan, the main research question, the central 

questions and the sub-questions, see Appendix A. 

 

1.5 Report Structure  
The report begins with a chapter in which the first research questions are being analysed and 

answered as complete as possible. Chapter 2 contains the outcome of this preliminary 

research and shows how a heat pump system works (by analysing its working principles, core 

components and the rules and regulations that apply to these type of devices), what the use 

cases are (by analysing current heat pump applications and appliances suitable for 

optimizations), who the current competitors are (by looking at the existing devices that are 

already available on the market) and by analysing the currently existing heat pump system 

configurations and deployment methods.  
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Next, to get even more information about  

the types of heat pump systems and to be 

able to completely answer the remaining 

sub-questions, the first part of Chapter 3 

goes deeper into the machine itself and 

the corresponding workflow. This is done 

by going into more detail about some of 

the most important system components 

(working fluids, compressors and heat 

exchangers) and by analysing different 

combinations of the configuration and 

deployment methods. 

Then, the second part of Chapter 3 uses 

the previously established research 

results, to form a list of the system 

requirements (that are needed to meet the 

project goals). This list was used to be 

able to start with the ideation and concept 

generation phase. The resulting outcome 

of this chapter is the final selection of the 

heat pump system components and the 

required sizing of these components. And, 

to give a clear overview of the final 

concept, a 3D CAD model of the 

configuration is also displayed. 

Finally, in Chapter 4, a simulation of the final system and an overview of the prototype is 

shown. Together with this prototype, physical tests were executed to test if the system was 

actually working according to the predicted values. And Chapter 5 and Chapter 6 showcase 

the resulting test data (including the overall system performance and coefficient of 

performance (COP)) and evaluates the potential improvements.  

Figure 3 Report structure and research question overview 
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2. Preliminary Research  
This chapter explains what a heat pump is, how it works, the functions of each component, the 

rules and regulations that apply to these type of devices and which heat pump types are 

already available on the market. This information will provide a sufficient basis for getting 

familiar with the subject and the background, helps with understanding the information in part 

3.1 (Heat Pump Components) and it already highlights many of the requirements the final 

system should meet. 

 

2.1 Heat Pump Analysis 
In the first analysis, the types of heat pumps and their working principles are explained, for this 

the questions: what? and why? are more or less discussed. The second part goes more into 

detail about the individual components and their functions within a heat pump and answers the 

question: how?. And in the last part the rules and regulations which apply to these type of 

devices are also discussed. 

 

2.1.1 Heat Pump Principles 

The definition of a heat pump states: “a device that uses a compressible refrigerant to transfer 

heat from one body, as the ground, air, or water, to another body, as a building, with the 

process being reversible” (William Collins, 2022). From this definition one can see that there 

are a variety of heat pump principles to choose from. And to find out which principle is most 

suitable for the final application, this part will take a look at the most used ones and explains 

how they work and what their pros and cons are.  

Air source  

The first type of system is the air source heat pump, this is a type of heat pump that uses two 

heat exchangers to transfer heat from outside a building to the inside. The way this principle 

works is by using a fan to force air through the fins on the outside of the heat exchanger and 

in in this way extract the thermal energy directly from the air so it can be transferred to the 

inside of the building. This type of heat pump is also able to reverse the process and instead 

of heating the building, cooling it down. Another big advantage of air source heat pumps is that 

they are easy to install and inexpensive. And the average COP (Coefficient of Performance) 

value over a season is generally around 2.5 – 2.8 (Warmtepomp-Info, 2022), meaning that the 

device provides 2.5 – 2.8 units of thermal energy for each unit of electrical energy used (Yuan 

& Lee, 2014).  

Geothermal (ground source) 

This type of heat pump extracts heat from the soil or groundwater. The process is roughly the 

same as the air source heat pump and is also reversible. But the main advantage in this case 

is that the heat is drawn from a depth of approximately 9.1 metres, which allows for extracting 

thermal energy at a relatively constant temperature all year around. The big disadvantage on 

the other hand, is that geothermal heat pumps are expensive to install because you have to 

drill boreholes for vertical placement or dig trenches for horizontal placement (for the pipes that 

carry the refrigerant fluid). An average geothermal heat pump will generally have a seasonal 

COP of around 3.0 (Warmtepomp-Info, 2022). 
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Exhaust air source 

An exhaust air source heat pump works the same as the air source heat pump, but instead of 

using only the outside air, it extracts the heat from the air that is leaving a building (waist or 

exhaust air) as well. Since the air inside a building is on average 20 – 22 oC all year round, the 

amount of thermal energy that can be extracted will not vary much according to the seasons 

(MCS, 2019). Some important factors, like building quality, night time temperature and quality 

of maintenance have a big impact on the COP value. But on average a standard exhaust air 

source heat pump has a COP in between 2.9 – 3.4 all year round (Mikola & Kõiv, 2014).  

Solar-assisted  

The solar-assisted heat pump makes use of thermal solar panels that are integrated into the 

system and together with a heat pump is used to transfer heat from outside to the inside of a 

building. Compared to the previous mentioned heat pump types, the solar-assisted heat pump 

extracts the heat by directly using the thermal energy of the sun. In this system the low 

temperature heat exchanger is the thermal solar panel and the high temperature heat 

exchanger one that transfers the heat directly to the air, or one that is used to heat up water 

(Warmtepomp-Info, 2022). The goal is the same as the other heat pumps, namely to get a high 

COP and increase the temperature in a more efficient way. The average annual COP value 

depends on the type of solar-assisted heat pump system. The COP of a serial system is around 

3.3 and the parallel system is around 4.3. But by combining these two types and switching 

from one type to another depending on the season, the average annual COP value can 

increase to 5.7 (taking into account different types of climates, this number can still vary a lot 

from one place to another) (Huan et al., 2019).  

Water source 

A water source heat pump can be compared to a geothermal (ground source) heat pump, but 

instead of extracting heat from the ground it takes heat from a body of water (Warmtepomp-

Info, 2022). In this case the low temperature heat exchanger is located in the water, the high 

temperature heat exchanger is located inside the building and the system is reversible. A big 

disadvantage on the other hand is that, for this system to work properly, a big body of water 

(e.g. a lake, river or stream with a constant temperature level of 7 – 12 oC) is needed to be 

able to withstand the freezing effect of the refrigerant and to reduce the effects on wildlife. 

Taking this into account, the average yearly seasonal COP value for this type of system can 

be around 5.0 (GreenMatch, 2021). 

Hybrid  

The word hybrid already reveals a bit about this type of heat pump principle. Hybrid means 

that something is composed by using different elements. In this case it means that thermal 

energy is extracted by using more than one type of heat exchanger unit. For example when 

the outside temperature is above 4 to 8 oC the air source heat exchanger can be used and 

when the temperature reaches below these temperatures a geothermal or ground source heat 

exchanger can be used. This type of system is more expensive, but it has more potential 

(depending on the location) to be efficient and thus costs can be saved later on (Warmtepomp-

Info, 2022). Because there are an unlimited amount of combinations and variations for this 

type of system, there is not one general average seasonal COP value.    
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Comparison and remarks 

For the device that will be designed, it does not matter if the system is reversible or not, 

because it only needs to work in one direction. Namely, increasing the temperature at the 

output. Then, taking into account the other characteristics and the pros and cons of each 

system, the most suitable heat pump principle is the air source heat pump. The reason for not 

using the geothermal (ground source) or water source heat pump is simple, they either require 

a big body of water or drilling deep into the soil, which makes it more expensive and impossible 

to easily move and position the system. Secondly, although the solar-assisted heat pump 

seems promising, this system is also not suitable because it strongly depends on the amount 

of thermal energy that can be retrieved from the sun and that is not convenient when the device 

should be available at any moment. Finally, looking at the hybrid heat pump principle, this will 

not work together with the geothermal (ground source), water source or solar-assisted heat 

pump types. But, because the exhaust air source principle is roughly the same as the air source 

principle and because in some cases the exhaust system type is more efficient, there maybe 

is an opportunity for having a hybrid solution in the form of switching between the use of outside 

or exhaust air. 

 

2.1.2 Components and Functions 
Looking at the previous chapter (2.1.1 Heat Pump Principles), the components of each type of 

heat pump are roughly the same, but the lower temperature heat exchanger differs most of the 

time. And because the air source heat pump (Figure 4) has proven to be the best option, this 

part will only discuss this type of heat pump. The components that will be discussed are the 

heat exchangers (evaporator and condenser), compressor, expansion valve and refrigerant. 

The reason for also leaving out the reversing valve is because the final system only needs to 

work in one direction, namely heating up. Next up, each component is briefly explained 

together with their function. 

 

Figure 4 Basic schematic diagram of an air-source heat pump (Carrier, 2022) 

Refrigerant  

In short, refrigerants are chemical substances which have certain thermodynamic properties 

that can be used to absorb and reject heat as it runs through the heat pump system (Carrier, 
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2022). Based on the properties and performance, refrigerants can be classified into three main 

groups (Leckner, 2008): 

- Working principle: a distinction can be made between primary and secondary 

refrigerants, where the primary refrigerant can be used directly as the working fluid 

(undergo phase change) and the secondary refrigerant is only used for transporting 

heat.  

- Safety: a distinction can be made about how safe a refrigerant is by looking at how 

toxic and/or flammable it is. 

- Chemical composition: each refrigerant has a certain type of composition type, such as 

halocarbon compounds, cyclic organic compounds, azeotropes, miscellaneous, 

oxygen and nitrogen compounds, inorganic compounds and unsaturated compounds. 

Evaporator (lower temperature input) 

The heat exchanger that is located at the lower temperature input is called the evaporator. This 

component consists of a coil through which the refrigerant fluid flows and a fan to draw air 

through the heat exchanger. In this way the thermal energy can be transferred from the air 

onto the liquid refrigerant fluid and turn it into a gas by evaporating it. After this, the heated 

vapor is ready to be transferred through tubes, from the output of the heat exchanger to the 

input of the compressor (Carrier, 2022). 

Compressor 

The compressor enables the flow and compression of the refrigerant vapor, the most common 

types used for heat pumps are reciprocating, rotary and centrifugal compressors. After the 

thermal energy from the air has been transferred to the refrigerant vapor, the compressor 

(together with the expansion valve) is used to increase the pressure and subsequently the 

temperature of the refrigerant (Bob, 2019). The formula that shows this relationship between 

pressure and temperature is called the Ideal Gas Law: 𝑃𝑉 = 𝑛𝑅𝑇  with R being the ideal gas 

constant and the rest of the equation is constructed by using the following laws (ChemFSU, 

n.d.): 

- Charles’ Law  
𝑉1

𝑇1
=

𝑉2

𝑇2
 : when pressure and mass are held constant, the volume is directly 

proportional to the temperature of the gas.  

- Boyle’s Law  𝑃1𝑉1 = 𝑃2𝑉2  : when temperature and mass are held constant, the volume 

varies inversely with the pressure of the gas. 

- Avogadro’s Law  
𝑉1

𝑛1
=

𝑉2

𝑛2
 : when pressure and temperature are held constant, the 

volume is directly proportional to the mass of the gas. 

- Gay Lussac’s Law  
𝑃1

𝑇1
=

𝑃2

𝑇2
 : when volume and mass are held constant, the temperature 

is directly proportional to the pressure of the gas. 

Condenser (higher temperature output) 

After the refrigerant vapor has passed through the compressor it enters the second heat 

exchanger. This heat exchanger is located at the higher temperature output and is called the 

condenser. Similarly to the evaporator this component also consists of a coil through which the 

refrigerant flows and a fan to draw air through the heat exchanger, but this time it is used to 

transfer the thermal energy from the refrigerant vapor onto the air again by condensing the gas 

into a liquid (Carrier, 2022).   
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Expansion valve 

The expansion valve is used for regulating the flow of the refrigerant through the system. And, 

as mentioned before, together with the compressor the expansion valve can act as a 

thermostatic metering device to control the pressure and temperature of the refrigerant vapor. 

Several types of expansion valves exist, but the most used ones are the thermal (for manual 

regulation) and electronic (for automatic regulation) expansion valves. (Bob, 2019; Carrier, 

2022). 

 

2.1.3 Rules and Regulations 

The type of components and refrigerant substances used in heat pumps can have a big impact 

on the environment and the health of people. So, to be able to manufacture, sell and use these 

type of devices, strict rules and regulations must be followed. The rules and regulations, 

regarding refrigeration technology and climate control in Europe, are used to show which of 

rules and regulations apply to heat pump systems. The main topics that are discussed in this 

part are about the legislation that apply to dangerous substances, energy labelling, mechanical 

guidelines, safety and environmental impact. 

F-gas Regulation        (EU) nr. 517/2014 

F-gas refrigerants or HFC’s are fluorinated greenhouse gases which have a big effect on global 

warming, they have an even higher global warming potential than the well-known greenhouse 

gas carbon dioxide. The purpose of the F-gas regulation is therefore to reduce the emission of 

fluorinated gases and thus better protect the environment (EuropeanUnion, 2022; NVKL, 

2022). 

Ozone Regulation        (EU) nr. 1005/2009 

Chlorine containing refrigerants or HCFC’s contain ozone depleting substances. Ozone 

depletion is the process which causes the ozone layer in the upper atmosphere of the earth to 

gradually become thinner. Since January the first of 2015 the ozone regulation made sure that 

it was completely forbidden to refill refrigeration and climate control devices with HCFC 

refrigerants and with that reduce the emission of chlorine containing gases and thus better 

protect the environment (EuropeanUnion, 2022; NVKL, 2022).  

General Product Safety Directive       (EU) 2001/95/EG 

To protect the consumer health and safety, and to ensure the internal European market from 

working properly, the general product safety directive was introduced. This directive shows the 

product safety requirements and how, by means of market surveillance and other enforcement 

activities, these requirements are met (EuropeanUnion, 2022; NVKL, 2022; ProductIP, 2021).  

Pressure Equipment Directive (PED)     (EU) 2014/68/EU 

The pressure equipment directive shows the responsibilities and requirements of the 

manufacturer, user, inspection body and authorized supervisor. The main reason for this 

regulation is to ensure safety for people that come in contact with such devices and also to 

protect the environment (EuropeanUnion, 2022; NVKL, 2022). 

Eco-Design and Energy Labelling      (EU) 2009/125/EC 

The first part “eco-design” is a guideline that consists of specific minimum requirements in the 

field of energy achievements for products inside that category. And “energy labelling” is a 
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framework that sets requirements regarding the mentioning of the energy use on the labels of 

energy-related products (EuropeanUnion, 2022; NVKL, 2022).  

Restriction of Hazardous Substances Directive (RoHS)  (EU) 2011/65/EU 

To ensure that electrical and electronic devices are safer to handle and to limit the amount of 

hazardous substances in the environment, the restriction of hazardous substances directive 

was put together. This directive shows which substances can and cannot be used and in which 

quantities (EuropeanUnion, 2022; NVKL, 2022).       

Machinery Directive        (EU) 2006/42/EC 

The machinery directive exist to ensure that manufacturers oblige to specific requirements with 

regard to machine safety and reliability. Buyers have the right to have access to a user manual, 

declaration of conformity and a CE-marking on the device. With the use of the CE-marking a 

manufacturer declares that their device meets the requirements of the directive and that they 

are completely responsible for potential defects (EuropeanUnion, 2022; NVKL, 2022).  

Registration, Evaluation, Authorization and Restriction    (EU) EC 1907/2006                                                      

of Chemicals Directive (REACH)         

The registration, evaluation, authorization and restriction of chemicals directive protects the 

health of people and the environment against the risks that chemical substances can carry. 

The directive states that all of the used or traded chemicals need to be registered and the 

corresponding risks need to be identified and mitigated where needed (EuropeanUnion, 2022; 

NVKL, 2022). 

Summary 

Basically, a heat pump system must comply to the following regulations. Firstly, the system 

itself must meet all of the product safety requirements (to ensure reliability when using the 

system) and all of the relevant product information should be included or indicated on the 

outside of the device (to provide the user with enough insight in what they are using). And 

secondly, the substances used within the system must be in line with the allowable global 

warming potential and ozone depletion potential values and should be documented according 

to the “REACH” directive (to make sure it is in line with the current environmental standards). 

 

2.2 Use Case Analysis 
To get more insight into the topic and to find out for what the most suitable heat pump 

application is, information needs to be gathered about the current use cases and the functions 

of these devices. The outcome of this analysis is then used to further develop one of these 

devices and to find out what the required temperature range should be. The first part discusses 

current processes for which heat pumps have already been used. The second part looks at 

high temperature household appliances and compares their usage and annual costs. And the 

last part discusses the most suitable application and the corresponding temperature range. 

 

2.2.1 Current Heat Pump Applications 
As mentioned before, heat pumps are mechanical devices that use refrigerants to extract 

thermal energy from a low temperature heat source and increase it to a higher temperature 

through vapor compression. These devices are now mainly used for heating and cooling of 

buildings and in the industrial sector they are also used to collect the thermal energy from 
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waste heat so it can be put back into processes to increase the temperature in a more energy-

efficient way. Compared to the residential sector, in industry there are already many more 

processes in which the heat pump principle is applied (Arpagaus et al., 2019). Examples of 

these are: 

- Drying: for example used in the food and pharmaceutical industry to remove moisture 

from products so that they have a longer shelf life or to remain their shape. 

- Space heating: if products have been painted or have to harden, they must be heated 

in a small room by a continuous supply of dry air. 

- Baking: in the food industry this is used for baking bread on a large scale and in another 

industry it is also being use for brick curing processes. 

- Water heating: industrial processes that require heated water are for example the 

preparation of cement and plaster, but it can also be used for washing cars and 

cleaning deposit bottles. 

- Steaming: processes in which steam is used include for example the large-scale 

washing of clothes or the sterilization of tools used in hospitals. 

- Chemical processes: most chemical processes need a certain temperature at which 

substances react optimally with each other, or in which they separate from each other, 

but it can also be used for example for the galvanization of steel. 

These are just a few examples of the large number of industrial processes in which the heat 

pump principle is already being applied. But inside residential buildings or houses it is currently 

only used for heating and cooling of rooms. This is why research is necessary to find out more 

possible applications for heat pump technology in household devices.  

 

2.2.2 High Temperature Appliances and Energy Consumption 
Most of the high temperature devices inside a house can be found in the kitchen. The 

appliances that could become more energy-efficient here are the cooktop, oven, kettle and the 

warm/hot water tap. For each of these household appliances the energy consumption can be 

reduced. This section therefore compares these processes and based on how much more 

efficient each process can become and thus how much money can be saved annually, a 

decision can be made about the ones that are worth optimizing.  

The data below was obtained from millieucentraal.nl and energids.be. The energy 

consumption in kWh is based on an average Dutch and Belgian household and the conversion 

to euros is based on the current energy price (18-3-2022) of €0.625 per kWh.  

Table 2 Average energy consumption of high temperature household appliances 

Type Energy consumption (kWh) Price (€) 

Cooktop:   

Cast iron 260 162,50 

Ceramic  225 140,63 

Induction 175 109,38 

Oven:   

Convection 150 93,75 

Kettle:   

Electric 80 50,- 

Kitchen boiler:   

Electric (65 oC) 200 125,- 

Electric (100 oC) 560 350,- 
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Looking at the energy consumption and the corresponding total price per year, it can be seen 

that the kitchen boiler costs the most, followed by the three types of cooktops and then the 

oven, the kettle is negligible due to the low consumption per year. 

 

2.2.3 Appliances Suitable for Optimization  
According to the previous part, the three appliances that could be more energy efficient are 

the cooktop, the oven and the kitchen boiler. This chapter takes a more detailed look at their 

functions and the required temperature ranges in which they operate. And, because there are 

three types of cooktops, the one that is currently the most efficient (induction) will only be taken 

into account. 

 

Induction cooktop 

A cooktop needs a certain temperature range to be able to cook 

food properly. The minimum required temperature to be able to 

cook all types of food (eggs, vegetables, meat, fish, etc.) is 73.9 
oC (FSIS, 2020). But this does not mean that you can prepare 

all types of dishes. For example, for slow simmering and 

smoking food, a temperature range of 93.3 to 148.9 oC is 

required and for baking meat, vegetables, eggs, pancakes, etc. 

and deep-frying, a minimum temperature range of 148.9 up to 

204.4 oC is required (Panna, 2020). Some cooktops also have 

a temperature range higher than 204.4 oC, but this is mainly 

used for searing meat, which is not a big necessity. 

Looking at the previously mentioned data, the new system must 

have a minimum temperature range of 73.9 to 204.4 oC to maintain the same function as the 

current type of cooktops. To get the core temperature of food to this temperature, the 

temperature range will have to be even slightly higher because during the transfer of heat from 

the cooktop to the pan and from the pan to the meat, some of the thermal energy is lost. Taking 

this into account, it will bring the temperature range to a temperature of 73.9 to 214.4 oC. If you 

look at the types of induction cooktops currently on the market, they have an average 

temperature range of 60 to 260 oC. 

A requirement for the new type of cooktop (that will use the heat pump principle) would 

therefore be that the new system should reach a temperature of at least 214.4 oC and a wish 

would be that the cooktop can reach 260 oC. 

Convection oven 

Just like the cooktop, an oven also needs a certain temperature 

range to prepare food correctly. As with the cooktop, the 

minimum temperature to safely prepare food is 73.9 oC and the 

same temperature range of 93.3 to 148.9 is required for slow 

cooking. But for the other types of preparations, the oven uses 

a different temperature range. For example, for roasting meat, 

vegetables and fish a temperature range of 148.9 to 176.7 oC is 

required, for baking cookies and cakes a temperature range of 

176.7 to 204.4 oC is required and for baking pizzas and quickly 

roasting meat and fish a temperature range of 204.4 to 248.9 

Figure 5 Example of an induction 
cooktop (www.Pinterest.com) 

Figure 6 Example of a convection 
oven (www.Indesit.ae) 
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oC is required. If you look at the types of convection ovens currently on the market, they have 

an average temperature range of 90 to 260 oC.  

A requirement for the new type of oven (that will use the heat pump principle) would therefore 

be that the new system should reach a temperature of at least 248.9 oC and a wish would be 

that the oven can reach 260 oC. 

Kitchen boiler 

Compared to the cooktop and oven, a boiler requires a lower 

temperature range. For example, to provide the user with hot 

water, the boiler only needs a temperature of 60 oC. The reason 

for this is that at temperatures lower than 60 oC there is a risk of 

bacterial growth and at temperatures higher than 60 oC the user 

can burn his hands. But, if the user also wants to have access 

to instant boiling water, the boiler must reach a temperature of 

at least 100 oC. 

A requirement for the new type of kitchen boiler (that will use the 

heat pump principle) would therefore be that the new system 

should reach a temperature of at least 100 oC. 

 

2.2.4 Chosen Heat Pump Application 
The cooktop requires a minimum temperature of 214.4 oC and the convection oven a 

temperature of 248.9 oC. Taking into account that these appliances will need to heat up from 

a temperature of about 16 oC (room temperature), this means that the temperature difference 

is above 200 oC. In literature there is no example of a standalone heat pump system that has 

achieved this and, if this was possible, it would not have been efficient enough to be worth 

investing time and effort in. A hybrid system on the other hand can maybe be efficient, but this 

would not make a big difference compared to the current cooktops and ovens. Also, looking at 

the energy consumption and the corresponding prices in Table 2, on a yearly basis it would 

not safe a lot of money and this also makes it less attractive to optimize these types of 

appliances. 

Because of the previously mentioned arguments, the kitchen boiler is the next option to take 

into consideration. With a required minimum temperature of around 100 oC, this device has a 

much lower temperature range than the cooktop and oven. Also, compared to all the other 

appliances, the kitchen boiler has the highest energy consumption (see Table 2). So, taking 

these two factors into consideration, the kitchen boiler would be the most suitable application.  

 

2.3 Competitor Analysis 

Looking at the previous chapter (2.2 Use Case Analysis), the most suitable device for 

optimization is the kitchen boiler. Because there are currently already some brands on the 

market, that manufacture and sell kitchen boilers, it is useful to conduct a competitor analysis. 

For this competitor analysis a total of fifteen devices (from four well-known brands) were 

analysed. By using the technical data of the devices, a frame of reference can be set for the 

newly developed boiler. Secondly, the outcome of each analysis are compared to each other, 

so the outstanding features can be filtered out. The brands used for the analysis are Quooker 

(Quooker, 2022), Selsiuz (Selsiuz, 2022), Franke (Franke, 2022) and Grohe (Grohe, 2022). 

And the name of their devices are: 

Figure 7 Example of a boiling water 
kitchen boiler (www.Vaillant.co.uk) 
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- Quooker: PRO3, COMBI, COMBI+ and CUBE 

- Selsiuz: Single, Combi Extra, Titanium and Cooler 

- Franke: SOLO S, COMBI S, COMBI XL and COMBI Xcellent 

- Grohe: Red L, Red Compact and Blue Home 

This chapter will only show the comparison and the outstanding features, a complete overview 

of the devices and their technical data can be found in Appendix B. 

 

Comparison 

The similarities that were found across the fifteen devices are: 

Function - Most devices can provide instant boiling water (100oC). 
- Many devices can also provide instant warm water (ranging from 40 to 

60oC) by using a mixing tap. 
- Some devices can also provide cooled and/or sparkling water. 

Dimensions - Most devices have a height of roughly 500 millimetres and their width 
and depth are around 200 millimetres.  

- Most devices are round, to better withstand the pressure on the inside.  

Volume  - The volume of the devices are within a range of 3 to 10 litres. 
- Most devices can contain 5 litres of water. 

Reheating 
time  

- The reheating time ranges from 10 to 35 minutes, but this is strongly 
dependent on the volume and the performance of the container. 

Material - The devices all use some kind of metal material (stainless steel, copper 
or titanium) for the construction of the container, because of the rigidity. 

- Either some kind of insulation material or vacuum seal is used to reduce 
the amount of heat loss.  

Performance  - The heating performance of the devices ranges from 1500 to 2200 
Watts. 

- The stand-by performance of the boilers ranges from 10 to 25 Watts and 
is strongly dependent on the type of insulation used.  

 

Outstanding features 

- Several colours available: e.g. chrome, inox, copper, gold, gun metal, Gessi, stainless 

steel, black and messing. 

- Several designs available: e.g. twin tap and retractable hose. 

- Safety and feedback: e.g. two step safety handles, safe touch and feedback light. 

- Optional devices: for dispensing cooled, sparkling and/or filtered water. 

- The use of titanium to make the device more resistant to big temperature differences and 

corrosion. 

- An app to control the device, the settings and to automatically order new CO2 cartridges 

and filters. 

- Vacuum insulation, for reduced heat loss and increased system efficiency. 
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2.4 System Configurations 
There are currently several types of cycle configuration that have proven to work and are used 

within heat pump systems. Depending on the type of application for which a system is needed, 

and the external factors, certain types are better than others. This chapter will cover the three 

main configuration types, which are the single-stage, multi-stage and cascaded systems (Moisi 

& Rieberer, 2017).  

 

2.4.1 Single-stage  
The heat pump used for the explanation in chapter 2.1.2 

(Components and Functions) is a so called single-stage 

system. This is the most basic and simple type of system. It 

uses a single compressor and one type of refrigerant to 

increase the temperature, but it is only useful for certain type 

of applications and small temperature ranges. Single-stage 

systems come with low equipment costs, low repair costs and 

are less likely to break, but most of the time also have a low to 

average efficiency (Langer, 2022). 

 

2.4.2 Multi-stage  
A multi-stage heat pump uses multiple compression cycles 

to increase the temperature. The way this is being achieved 

is by using two or more compressors to compress one type 

of refrigerant multiple times. By compressing the refrigerant 

in steps, the individual compressor power can be reduced 

and the efficiency can be increased. A disadvantage is that, 

because this system uses more components, this system is 

more expensive. The maintenance costs on the other hand 

do not increase much compared to a single-stage system 

(Moisi & Rieberer, 2017).  

 

 

2.4.3 Cascaded  
The cascaded heat pump system also uses multiple 

compression cycles to increase the temperature, but the 

cycles are separated from each other by means of an 

intermediate heat exchanger. This type of system consists of 

two or more compressors and one or more refrigerant types 

to reduce the required individual compressor power and 

increase the condenser mass flow and thus the system 

efficiency. Compared to the previous configuration types, this 

type is more expensive, but the likeliness to break or the 

repair costs do not increase much compared to a multi-stage 

system (Langer, 2022).  

 

Figure 8 Single-stage heat pump 
configuration 

Figure 9 Multi-compression heat pump 
configuration 

Figure 10 Cascade heat pump 
configuration 
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2.5 Deployment Methods 
In total there are three main kinds of heat pump deployment methods, these are the 

monovalent, bivalent-parallel (also called mono-energetic) and bivalent-alternative working 

principles. Each of these have their own advantages and reasons for why they are being used, 

this is explained in the next section (hotline_tm, 2015; Jiang et al., 2022).  

 

2.5.1 Monovalent  
The most basic heat pump deployment method is the 

monovalent working principle. This is a type of system that 

covers the complete heating by only using the heat pump as 

a heating source (without the need of any additional support). 

Unfortunately in some situations the heat pump does not 

have the right specifications, or the external factors are not 

optimal to be able to heat up the air to the desired 

temperature. In this case, there are a couple of ways in which 

the system can be supported. These are the bivalent-parallel 

(or mono-energetic) and the bivalent-alternative systems, 

which are explained in the following two sections.  

 

2.5.2 Bivalent-parallel  
The first type of system support is the bivalent-parallel 

working principle. This is a type of system in which the heat 

pump covers the biggest part of the heating, but when 

necessary, an additional device can be switched on to 

provide the remaining amount of thermal energy at the 

output. The integration of the heat pump and the additional 

heat generator can be used to increase the performance and 

capacity during moments when the external factors are not 

optimal. The way this can be achieved is by for example 

supplying the additional required thermal energy by using an 

electric heating element, a thermal solar panel or a gas-fired 

central heating. 

 

2.5.3 Bivalent-alternative  
The bivalent-alternative working principle resembles the previous type of system support, but 

instead of simultaneously providing the thermal energy, this system switches between the 

different heat generators. For example if the outside temperature is below a certain 

temperature threshold it switches to the gas-fired central heating or a solid fuel alternative, 

because in this case it is more energy efficient.  

 

 

 

Figure 11 Monovalent heat pump 
deployment method 

Figure 12 Bivalent-parallel (or bivalent-
alternative) heat pump deployment 
method 
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2.6 Summary 
A heat pump system can be ground, air, or water source (or hybrid) and each of these types 

have their own pros and cons. According to chapter 2.1.1 (Heat Pump Principles) the most 

suitable heat pump type for the newly designed system is the air source heat pump, because 

it is the least expensive and most versatile one. The same as all the other systems, this type 

of system consists of the following components: evaporator, condenser, compressor, 

expansion valve and refrigerant, but the main differences is the type of heat exchanger used 

as the evaporator and the size of the overall system. The air source heat pump uses a 

combination of a coil (through which the refrigerant flows) and a fan (to draw in air over the 

outside of the coil), to transfer the thermal energy from the air to the refrigerant. The condenser 

on the other hand can be specified later on according to the application for which it will be 

implemented and since the system will only be used for heating, there is no need for a reversing 

valve.  

The domestic appliance with the most potential for being optimized, is the kitchen boiler. 

Chapter 2.2.2 (High Temperature Appliances and Energy Consumption), together with chapter 

2.2.3 (Appliances Suitable for Optimization), show that out of all the appliances this device has 

the highest energy consumption and the most suitable temperature range for being optimized. 

Currently heat pumps are already being used for heating water, but most of them can only 

reach a temperature of around 55 oC and they are much more efficient at temperatures of 

around 35 to 45 oC. So this means that, with a heat pump, a temperature of 100 oC (in the 

residential sector) has not yet been achieved. Which makes it, compared to the state-of-the-

art, a novel concept.  

To be able to reach this temperature, a variety of system configurations and deployment 

methods can be used (see chapter 2.4 and 2.5). In the next chapter, these will be combined 

and investigated in more detail to find the best option for the heat pump kitchen boiler. While 

also keeping in mind the product safety requirements, relevant documentation and refrigerant 

environmental impact regulations from chapter 2.1.3 (Rules and Regulations).  
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3. System Description and Methodology 

In this chapter, a more in depth research is conducted to see what the possibilities are when 

using compressor and heat exchanger technology. First, each of the heat pump components 

will be analysed in more detail, to complete the list of requirements and to be able to use the 

information when selecting components in chapter 3.5.1 (System Component Selection). 

Then, to find out what the possibilities are with regard to optimizing the performance and 

efficiency, different types of heat pump system configurations and deployment methods are 

combined to find the most suitable one. And finally, in the last analysis, the previously gained 

information is used to select the right type of refrigerants and to retrieve a first estimation of 

the overall system performance. 

 

3.1 System Components 
For the component selection in chapter 3.5.1 (System Component Selection), a more in depth 

analysis needed to be executed into the main components of an air source heat pump. The 

first goal here was to find out if there are refrigerant types available that can heat up to the 

required boiler temperatures (100 oC). Then, depending on the outcome, the second task was 

to find the proper type of compressor for delivering the necessary amount of pressure. And 

finally, to optimize the heat transfer efficiency, existing heat exchanger types were also 

investigated.  

 

3.1.1 Refrigerants  
The first requirements (that were found during the preliminary research phase) are used to find 

out which refrigerants can be used in the new heat pump system. But, because in industry 

there are currently an unnumerable amount of refrigerants and refrigerant blends available, it 

is impossible to compare every one of them. For this reason, the decision was made to use 

the ASHRAE list of approved refrigerants (ASHRAE, 2019). This list contains the most used 

and widely available refrigerants that are currently on the market and limits the total amount of 

suitable refrigerant types to a total of 260. Together with the chemical property tables from the 

‘ASHRAE Handbook – Fundamentals 2021’ (ASHRAE, 2021), the refrigerant datasheets from 

Bitzer (Bitzer, 2017) and the refrigerant datasheets from HRAI (HRAI, 2019), the 

corresponding refrigerants and their properties could be listed.  

The next step in this search was to find refrigerants that are according to the European rules 

and regulation regarding ozone depletion and global warming. This was done by filtering out 

the substances with an ODP value of 0 and a GWP value of less than 150 from the list. This 

limits the amount of suitable refrigerant types to a total of 48 substances. 

Then, because the refrigerant should be chemically stable at the required pressure and 

temperatures, the refrigerants with a boiling temperature higher or equal to 16 oC were also 

filtered out. This limits the list even more and brings the amount to a total of 19 substances. 

On the other hand (as explained in chapter 2.4) it is not necessary for all refrigerants to have 

a boiling temperature lower or equal to 16 oC, because it is also possible to use a cascaded 

system in which one refrigerant is used for the lower temperature range and the other for the 

higher temperature range. For this reason, the decision was made to also include the 

substances with a boiling temperature above 16 oC and a high critical temperature. For this 

reason eight of the previously eliminated substances could be added to the list again and 

brings the total back to 27. The final selection is noted down in Table 3 and a complete overview 

(including the safety criteria) can be found in Appendix C.  
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Table 3 Selection of suitable refrigerants 

 

 

3.1.2 Compressors  
As mentioned in chapter 2.1.2 (Components and Functions), a compressor is used to increase 

the pressure and subsequently the temperature of a refrigerant in gaseous state. But, to 

understand the working principle behind this device, this section will take a more detailed look 

at the mechanics of some of the most used compressor types and explains their design 

characteristics. Then, later on, this information can be used to determine which compressor is 

most suitable for the design of the new heat pump water boiler. 

The compressor types that will be discussed in this section are the ones that are suitable for 

refrigeration and heat pump cycles. These type of compressors work by letting in low pressure 

gas at the inlet, then compressing the gas mechanically and letting pressurized gas out at the 

other side. There are several types of compressors that can do this and they are categorized 

by their compression mechanisms (Engineering360, n.d.). The compression mechanisms can 

be divided into two main categories, which are the ‘positive displacement’ compressors and 

‘dynamic displacement’ compressors and for each of the two categories there are several types 

of compressors that work according to the corresponding principle (BigRentz, 2020).  

 

 

 

Number Name Type Zeotropic* GWP ODP Tcrit (C) Tboil (C)

R-152a 1,1-Difluoroethane HFC no 138 0 113,26 -24,00

R-161 Fluorethane HFC no 4 0 102,22 -37,1

R-170 Ethane HC no 6 0 32,17 -88,58

R-290 Propane HC no 3 0 96,74 -42,11

R-444A AC5 HFO/HFC yes 93 0 106,00 -35,70

R-451A - HFO yes 140 0 95,40 -30,80

R-468A - HFO/HFC yes 148 0 84,00 -51,20

R-471A - HFO/HFC yes 148 0 112,00 -16,90

R-516A ARM-42 HFO/HFC yes 131 0 97,00 -29,40

R-454C Opteon XL20 HFO yes 148 0 82,40 -45,90

R-455A Solstice L40X HFO yes 148 0 85,60 -52,10

R-600 Butane HC no 6,6 0 152,01 0

R-600a Isobutane HC no 3 0 134,66 -11,75

R-601 Pentane HC no 4 0 196,56 36,10

R-601a Isopentane HC no 4 0 187,78 27,70

R-610 Ethyl ether HC no 4 0 193,65 34,60

R-611 Methyl formate HC no 0 0 213,55 32,00

R-631 Ethylamine no ? 0 183 16,60

R-717 Ammonia no 0 0 132,25 -33,30

R-718 Water no 0,2 0 373,95 100,00

R-744 Carbon dioxide no 1 0 31,98 -78,46

R-1233zd(E) Trans-1-Chloro-3,3,3-Trifluoropropene HFO no 1 0,00034 165,5 18,26

R-1234yf 2,3,3,3-Tetrafluoropropene HFO no 4 0 94,70 -29,40

R-1234ze(E) Solstice ze HFO no 7 0 109,37 -19,00

R-1270 Propylene HO no 1,8 0 92,42 -47,60

R-1336mzz(E) Trans-1,1,1,4,4,4-Hexafluoro-2-butene HFO no 18 0 137,7 7,50

R-1336mzz(Z) Cis-1,1,1,4,4,4-Hexafluoro-2-butene HFO no 2 0 171,3 33,4
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3.1.2.1 Positive Displacement 

The first compressor category is the positive displacement mechanism. This principle works 

by forcing a gas into a chamber, then decreasing the volume of that chamber by using a 

mechanical linkage to compress the gas and force it to exit via the outlet (BigRentz, 2020). 

Depending on the type of implementation, some positive displacement compressors are more 

suitable for industrial workloads and others are more suitable for consumer products or private 

projects. The four most used positive displacement compressors, for refrigeration and heat 

pump cycles, are: reciprocating, rotary-vane, rotary-screw and rotary-scroll compressors 

(BigRentz, 2020; Bob, 2019; Engineering360, n.d.). 

 

Reciprocating compressor  

A reciprocating compressor is a piston 

compressor. The internals of this type of 

compressor can be compared to that of a 

combustion engine because it also uses a 

piston and crankshaft in its mechanism. By 

rotating the crankshaft, the piston moves up 

and down and as the piston moves down, gas 

is drawn into the chamber and by moving the 

piston up again, the gas is compressed and 

forced out through the exit of the chamber. 

This type of compressor can deliver high 

pressure and is most of the time used for 

smaller applications because of its low initial 

costs and simple design, but some 

downsides are that it is not suitable for running continuously, it comes with potential vibrational 

issues and the cost of maintenance can be high. 

 

Rotary-vane compressor 

There are two types of rotary-vane 

compressors, but they both consist of the 

same type of parts, namely a rotating cylinder 

and retractable vanes. The difference 

between the two is that one type has multiple 

vanes mounted onto the cylinder itself and 

the other type uses a single vane which is 

mounted onto the inside of the housing (also 

known as a rolling-piston compressor). A 

rotary-vane compressor works by rotating an 

offset cylinder and allowing vanes to retract 

and in this way decrease the volume of the 

chamber and compress the gas that is 

trapped in between. Similarly to the reciprocating compressor, this type of compressor has low 

initial costs and a simple design which makes it suitable for small scale applications, but 

because of the smaller chamber size it cannot deliver the same high pressure compared to 

other compressors. On the other hand, this compressor is very efficient because the process 

of taking in gas and compressing happens simultaneously, so it is able to run continuously.  

Figure 13 Reciprocating compressor diagram (BigRentz, 2020) 

Figure 14 Rotary-vane compressor diagram (BigRentz, 2020) 
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Rotary-screw compressor 

This type of compressor consists of two 

internal helical screws (one male and one 

female) that, when put together, create a tight 

fit in between. The mechanism works by 

rotating the two screws in opposite direction 

in relation to each other. Then, because the 

volume decreases when the gas travels along 

the shaft, the gas is compressed when 

moving towards the exit of the chamber. This 

type of compressor is one of the easiest to 

maintain, it is suitable for creating a high 

pressure, it can run continuously and it 

consumes less power compared to other 

compressor types. However, because of the higher initial costs, this type of compressor is 

mainly found in industrial applications and it also has a shorter life expectancy than other 

compressor types. 

 

Rotary-scroll compressor 

Another type of rotary compressor is the 

scroll compressor (also sometimes called a 

spiral compressor). The scroll compressor 

consists of two offset spiral disks that are 

nested together. By keeping one spiral disk 

stationary and rotating the other in an orbital 

way, the volume of the space in between the 

spiral disks decreases the closer it gets to the 

centre of the chamber and this causes the 

trapped gas to get compressed. This type of 

compressor can deliver a medium to high 

pressure, is suitable for running continuously and, compared to other compressor types, has 

the highest efficiency ratio and it also has low initial costs. This is the main reason it is primarily 

used in small scale applications. The maintenance on the other hand is sometimes more 

difficult (especially when it is a fully hermetic design) and it can be expensive. 

 

3.1.2.2 Dynamic Displacement 

The second compressor category is the dynamic displacement mechanism. This principle 

works by rotating blades to generate a gas flow. Due to the high kinetic energy of the particles 

and the fact that gas is restricted by the flow rate and limited space inside the system, the gas 

is pressurised at the exit (BigRentz, 2020). These type of compressors are mainly used in big 

industrial plants, but now and then also find their way into smaller applications. The two most 

used dynamic displacement compressors, for refrigeration and heat pump cycles, are 

centrifugal and axial compressors (BigRentz, 2020). 

 

 

Figure 15 Rotary-screw compressor diagram (BigRentz, 2020) 

Figure 16 Rotary-scroll compressor diagram (Sung, Boo, & 
Jung, 2020) 
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Centrifugal 

A centrifugal or turbo/radial compressor 

consists of an impeller that rotates fast to draw 

in gas through its chamber. By increasing the 

speed of the impeller, the centrifugal force 

increases and by decreasing the flow at the 

exit (with a diffuser), the gas is compressed 

and pressurised. This type of compressor is 

suitable for high volumetric flow rates, but it 

can only deliver a low pressure at the exit. For 

higher pressure levels, multiple centrifugal 

compressors need to be installed in series 

and this makes this type of compressor less 

suitable for smaller applications. But, when 

operated with multiple stages, the simple 

design makes this compressor easy to install and it provides an energy efficient way of 

compressing gas.  

 

Axial 

Similarly to the centrifugal compressor, the 

axial compressor also uses an impeller to 

draw a gas through its chamber. But, instead 

of using a diffuser at the end, the axial 

compressor uses stationary blades in between 

to decrease the volume and the flow. In this 

way the high kinetic energy of the gas helps to 

compress it. This type is rarely seen in small 

scale applications and it is also not commonly 

used in industrial applications because of its 

limited functionality, higher initial cost and high 

maintenance costs. But they are sometimes 

used in big refrigeration systems.  

 

3.1.2.3 Overall Features 

Besides the classification according to the different types of compressors, each compressor 

can also be classified according to their design features. For example, all reciprocating 

compressors work according to the same mechanism, but they can have different kind of 

features that makes each type suitable for a different refrigerant and application. Next up, the 

most important features are noted down and explained briefly (Dell, Moseley, & Rand, 2014; 

Dincer, 2018; Engineering360, n.d.; Senay, 2021).  

- Compression ratio: the compression ratio of a compressor is the ratio between the inlet 

pressure and the discharge pressure. The discharge pressure is dependent on the 

change in compression chamber volume at the start and at the end of the compression. 

So, to decrease this ratio, the discharge pressure needs to go down by adjusting the 

volumetric change.  

- Isentropic efficiency: the ratio between the ideal work and the actual work is called the 

isentropic efficiency and it determines the efficiency of a compressor (and subsequently 

Figure 17 Centrifugal compressor diagram (BigRentz, 2020) 

Figure 18 Axial compressor diagram (BigRentz, 2020) 
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influences the COP value of a system). Many factors play a role in how efficient a 

compressor is. For example, the type of motor, lubrication oil, size of the compression 

chamber, etc. can have an influence on the efficiency.  

- Power: to make sure that the compressor motor can run at the specific operating point, 

the required compressor power needs to be known. To find out the amount of 

compressor power that is needed, the type of refrigerant and the amount of pressure 

that is required needs to be known. To increase the compressor output power, either 

the inlet power needs to be increased by using a more powerful electric motor, or the 

isentropic efficiency of the compressor needs to improve. 

- Flow rate: the rate at which mass of a certain fluid passes through the compressor is 

called the flow rate. The flow rate is strongly dependant on the speed of the compressor 

motor and the volumetric change of the compressor chamber. So, if a certain refrigerant 

requires a high flow rate, the motor power needs to increase, or the compression ratio 

of the internal chamber needs to increase.  

- Thermal safety: some compressors have to deal with extreme temperatures, which 

means that the housing material, internal components and the lubrication oil need to 

be able to withstand these harsh conditions for a prolonged amount of time. On the 

other hand, it can also happen that the compressor malfunctions and when this 

happens, a “thermal shut off” control is used. This feature is included in some 

compressors, to improve the safety, by turning off the compressor when it is 

overheating. Next to this, an automatic restart (when the compressor has cooled down 

to a certain temperature) can also be incorporated in the control. 

- Sealing: the way a compressor is sealed is determined by how the internal components 

(e.g. the compressor, motor and gears) are located, in relation to the operating gas. 

There are three types of sealing levels, these are: open, hermetic and semi-hermetic. 

In an open system, the compressor and motor each have their own housing and to 

prevent leakage between the two, the sealing between parts relies solemnly on the 

lubrication oils. For the hermetic system type, the opposite is the case, namely the 

motor and compressor are located in the same completely closed housing and that 

provides a reliable leak-free system. On the other hand, a hermetic system makes it 

harder (or sometimes impossible) to maintain and repair the device. And finally, the 

semi-hermetic system, this type is comparable to the hermetic one, but the difference 

is that the housing is not completely closed, but it is kept together with fasteners and a 

seal in between the housing parts, which allows for taking the system apart when 

maintenance or a repair is needed. 

- Noise level: the amount of noise a compressor makes should sometimes be limited. To 

limit this, the type of compressor that is used plays an important role. When the option 

to choose between compressors types is not present, some design features can be 

implemented to reduce the noise level. For example, the type of lubrication can help in 

reducing the sound that is created between parts or when that does not help, the 

compressor can be wrapped in noise insulating material (when space is limited or when 

temperatures are extremely high, this will not be an option). 

- Variable speed: to be able to adjust the flow rate of the operating gas, the compressor 

can be an inverter type that is able to regulate the speed of the AC motor. This feature 

can be implemented by using the right type of motor together with a suitable control 

system. This type of control can be implemented in every type of compressor.   

- Lubrication type: lubrication oils in compressors are used for a couple of reasons. The 

first one is preventing the internal components from wearing out and preventing them 

from overheating. The second one is preventing leakage to and from the outside of the 

housing and to provide a seal between the internal compression chambers. And the 

last one is to keep the compressor clean by carrying dust to the oil filter and removing 
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it from the system. When selecting a lubrication oil, it is important to take into account 

the type of compressor for which it will be used. Many times the lubrication oil has 

already been preselected because the compressor already has a lubrication oil 

specifically developed and tested for the refrigerant and temperature range that is used.  

 

3.1.3 Heat Exchangers  
Heat exchangers are components that are used to transfer thermal energy from one substance 

to another. This transferring process can be liquid-to-liquid, liquid-to-gas or gas-to-gas and 

most of the time occurs through a solid separator. Depending on the type of process, different 

types of heat exchangers are available. To determine which heat exchangers should be used 

in the case of the heat pump water boiler, this section looks at some of the most used heat 

exchangers and explains their design characteristics (for a better understanding of the 

underlying thermodynamic principles, see Appendix D).  

 

3.1.3.2 Design Characteristics 

All of the heat exchangers types operate under the same heat 

transfer principles, which means that they cannot be categorized 

in this way. But, by using design characteristics, it is possible to put 

them into categories. The heat exchangers can be characterized 

by their flow configuration, construction method and heat transfer 

mechanism (Ronquillo, 2021). Depending on the type of system, 

the characteristics can most of the time be used for selecting the 

most suitable type of heat exchangers. 

Flow configuration 

The first characteristic is the flow configuration and it refers to the 

direction in which the substances are moving in relation to each 

other. The four main flow configuration are: 

- Cocurrent flow: exchange of thermal energy by moving two 

substances parallel and in the same direction.  

- Countercurrent flow: exchange of thermal energy by 

moving two substances parallel and in the opposite 

direction. 

- Crosscurrent flow: exchange of thermal energy by moving 

two substances perpendicular to each other. 

- Hybrid flow: exchange of thermal energy by using a 

combination of the previously mentioned flow directions.  

The most used flow configuration is the countercurrent flow. The 

reason for this is because it yields the highest heat transfer 

efficiency. But, because some systems have a limited amount of 

space, it is sometimes not possible to use this type of configuration 

and a cocurrent or crossflow fits better or, to safe space, the hybrid 

flow configuration can be used to combine flow passes and 

arrangements in a single heat exchanger. Also, when for example 

the heat exchanger needs a high thermal uniformity across the heat 

exchanger, then the cocurrent flow is a better option. 

Figure 19 Cocurrent heat 
exchanger flow configuration 
(Ronquillo, 2021) 

Figure 20 Countercurrent heat 
exchanger flow configuration 
(Ronquillo, 2021) 

Figure 21 Crosscurrent heat 
exchanger flow configuration 
(Ronquillo, 2021) 

Figure 22 Hybrid heat exchanger 
flow configuration (Ronquillo, 
2021) 
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Heat transfer method 

The second characteristic is the heat transfer method, this one refers to how the heat 

exchanger components are used to transfer the heat. The construction method is either 

classified as a direct or indirect recuperative heat exchangers, or a static or dynamic 

regenerative heat exchanger (Ronquillo, 2021). 

- Recuperative heat exchanger: a heat exchanger is called recuperative when the 

substances flow simultaneously through the channel or channels. 

- Direct: in a direct recuperator the substances come in contact with each other 

without some type of separation in between (e.g. oil and water). 

- Indirect: in an indirect recuperator the substances do not come in contact with 

each other, but are separated by a solid medium (a thermally conductive 

component). 

- Regenerative heat exchanger: a heat exchanger is called regenerative when the 

substances flow alternately through the same channel.  

- Static: in a static regenerator the components remain stationary during the heat 

transferring process. 

- Dynamic: in a dynamic regenerator the components move during the heat 

transferring process. 

The most commonly used construction method is the indirect recuperative heat exchanger. 

The reason for this is because most processes require the substances to flow simultaneously 

through the channels and stay separated by means of a thermally conductive solid medium. 

All of the previously mentioned construction methods can consist of a variety of different 

construction materials. Most of the time metals like copper or stainless steel are used, because 

of their high thermal conductivity. But in some cases, other materials like ceramics or plastics 

are more suitable (for example when refrigerants are aggressive or corrosive).  

 

3.1.3.3 Construction Type 

The purpose of the heat exchanger construction is to let two substances flow close to each 

other while also keeping them separated. This is done, to transfer the heat from the higher 

temperature substance onto the colder one, as efficient as possible. Most of the construction 

types consist of off-the-shelve components like tubes or plates and are arranged in such a way 

to allow for single or multi flow passes. The six main construction types are shell and tube, 

double pipe, plate and frame, finned tube, spiral plate and rotary wheel heat exchangers 

(EnggCyclopedia, 2022a; GoochThermalSystems, 2021; Ronquillo, 2021). 

 

Shell and tube 

The shell and tube heat exchanger is the most 

common type of heat exchanger in industry and 

is mostly used for preheating, oil cooling and 

steam generation. Its construction is made out of 

a cylindrical shell through which tubes run from 

one side to the other. One of the substances 

flows through the tubes and the other through 

the cylinder and in this way the substances do 

not come in contact with each other, but still 

have a big surface area for transferring heat. It 

Figure 23 Shell & tube heat exchanger (Jawad, 2018) 
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is mostly used as an intermediate single-phase heat exchanger, but it can also be used for 

two-phase heat transfer. The flow configuration can be cocurrent, countercurrent, crosscurrent 

or hybrid, and it is also suitable for multi pass flow configurations. 

 

Double pipe 

The double pipe heat exchanger resembles the shell and 

tube heat exchanger, but it is basically a simpler version. 

Its construction is made out of two concentric pipes, with 

a bigger pipe through which one of the substances flows 

and a smaller pipe (in the centre) through which the other 

substance flows. It is mostly used as an intermediate 

single-phase heat exchanger, but it can also be used for 

two-phase heat transfer. The flow configuration can be 

cocurrent, countercurrent, crosscurrent or hybrid, and it is 

also suitable for multi pass flow configurations. Compared 

to a shell and tube heat exchanger, the double pipe heat 

exchanger is most of the time less efficient, but in small 

scale systems this difference becomes less significant. 

 

Plate and frame 

The plate and frame heat exchanger is also a type 

of intermediate heat exchanger, mostly used for 

liquid-to-liquid heat transfer. Its construction 

consists of several corrugated metal plates that, 

when stacked together, form channels in between. 

By bolting or welding them in a certain way, the 

flow of the two substances is separated but stays 

as close as possible to each other. This provides a 

big surface area through which heat can be 

transferred and that increases the heat exchanger 

efficiency. It is mostly used as an intermediate single-phase heat exchanger, but it can also be 

used for two-phase heat transfer. The flow configuration can be cocurrent or countercurrent. 

 

Finned tube 

The finned tube heat exchanger is used for gas-to-liquid heat 

transfer and is most of the time used as an external heat 

exchanger, to transfer heat from the outside to the inside of a 

system. Its construction consists of a row of plates (fins) with small 

spaces in between and perpendicular through these plates a 

hollow tube (coil) is placed. By forcing a gas through the fins, heat 

can be transferred to the liquid substance inside the tube coil. This 

type of heat exchanger can both serve as a single-phase heat 

exchanger, but it can also be used for two-phase heat transfer (like 

in a condenser and evaporator). The flow configuration can be 

cocurrent, countercurrent, crosscurrent and hybrid, and it is also 

suitable for multiple pass flow configurations.   

Figure 24 Double pipe heat exchanger 
(Subramanian, Senthil Kumar, Vinayagar, & 
Muthusamy, 2020) 

Figure 25 Plate & frame heat exchanger (Ipieca, 2014) 

Figure 26 Finned tube heat 
exchanger (Ghoochani, Dehghan, 
Hasanvand, Jelvani, & 
Montazerolghaem, 2014) 
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Spiral plate 

The spiral plate heat exchanger is used in big scale 

systems and mainly works with liquid-to-liquid heat 

transfer. Its construction consists of two long 

sheets of metal that are rolled around a core, to 

create two concentric flow passages that are  

suitable for running two separated, but closely 

located, substances through them. It is a very 

efficient heat exchanger, but it is costly to 

manufacture. This type of heat exchanger can both 

serve as a single-phase heat exchanger, but it can 

also be used for two-phase heat transfer. The flow 

configuration can be cocurrent, countercurrent or 

crosscurrent, a hybrid flow configuration on the other hand is too costly and hard to implement.  

 

Rotary wheel 

The rotary wheel heat exchanger is a 

dynamic type of heat exchanger and 

mostly used in big air-conditioning 

systems to support a gas-to-gas heat 

transfer. It is a costly installation, 

requires constant movement and its 

efficiency differs a lot between 

systems. Its construction is made out 

of two compartments which are 

separated from each other and 

connected with a rotary drum in 

between. By rotating the drum, warmer and colder substances can come in contact with each 

other to exchange heat. The flow configuration is countercurrent and it is not suitable for 

multiple passes.  

Together with the preliminary research results in chapter 2, the information in chapter 3.1 can 

be used to complete the list of requirements. With these requirements the next section 

continues with the ideation phase and starts by introducing configuration ideas for the heat 

pump water boiler.  

 

3.2 System Configuration and Deployment Combinations 
Resulting from chapter 2.4 (System Configurations), there are a number of heat pump system 

configurations that can be used. Depending on the type of application and the external factors 

(e.g. outside temperature, humidity and temperature range), one is more suitable than the 

other. The three configurations most commonly used are the single-stage, multi-stage, and 

cascaded systems. 

In addition to the difference in system configurations, as seen in chapter 2.5 (Deployment 

Methods), the way in which the heat pump is deployed can also be different. The heat pump 

can have a 'monovalent', 'bivalent-parallel' or 'bivalent-alternative' deployment method and 

these options are also each suitable for different situations and applications. The heat pump 

Figure 27 Spiral plate heat exchanger 
(EnggCyclopedia, 2022b) 

Figure 28 Rotary wheel heat exchanger (Ronquillo, 2021) 
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types, their functions, benefits and feasibility, with regard to the new applications, are 

discussed in this section. 

 

3.2.1 Monovalent Heat Pump  
function: a monovalent system uses 1 refrigerant and 1 

compressor in a single closed cycle (belongs to the 

'single-stage' heat pump systems). 

Advantages: due to the simple design of this type of 

system (compared to the others), the installation costs are 

low and because it uses a minimum number of parts, the 

system is more reliable and the maintenance costs are 

also lower. 

Feasibility: not suitable for the boiling water system, 

because from a physics stand point it is not possible to 

get from room temperature to the minimum required 

temperature of 100 oC with a single refrigerant and a 

single compressor, while still being efficient. 

   

3.2.2 Bivalent-Parallel Heat Pump 
Function: a bivalent-parallel system uses 1 refrigerant and 

1 compressor, but can be supported with an additional heat 

generator (e.g. electric element or gas-fired central 

heating). 

Advantages: if the external factors are not optimal, or if the 

temperature range cannot be achieved an additional heat 

generator can supply extra thermal energy and the 

performance and capacity of the system can be improved. 

Feasibility: possible, but not efficient, as most of the 

required temperature range (16 to 100 oC) has to be 

supported with an additional heat generator. 

 

3.2.3 Bivalent-Alternative Heat Pump 
Function: a bivalent-alternative system uses (just like the bivalent-parallel system) 1 

refrigerant and 1 compressor, but instead of using an additional heat generator as support, it 

is possible to switch between the heat pump system and the heat generator. 

Advantages: if the temperature drops below a certain level, the COP value of a system can 

drop drastically, so it is sometimes wiser to switch to a completely different system (e.g. gas 

boiler), which works more efficiently in that situation. 

Feasibility: not possible, because you have to switch to a completely different system at higher 

temperatures, thus also at temperatures up to 100 oC. 

 

Figure 29 Monovalent heat pump system 

Figure 30 Bivalent-parallel heat pump 
system 
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3.2.4 Cascaded Heat Pump 

Function: a cascaded system works with multiple closed 

cycles, 2 or more compressors and 1 or more refrigerants. 

Thermal energy is transferred in this system by means of 1 

or more intermediate heat exchangers. 

Advantages: by using multiple cycles, the required 

individual compressor power can be reduced and the 

condenser mass flow can be improved (this increases the 

efficiency of the system). And, by using multiple refrigerants, 

a wider temperature range can be reached, making the 

system suitable for a wider range of applications. 

Feasibility: possible for a temperature range of around 100 
oC. But for the really high temperature ranges, of above 200 
oC, there is only 1 type of refrigerant (water: R-718) that can 

reach the required minimum temperature, but it needs a high 

volumetric flow rate to compensate for its low volumetric 

heating capacity and the currently available small-scale 

compressors are not suitable for this. 

 

3.2.4 Multi-Compression Heat Pump 
Function: a multi-compression system uses 1 refrigerant 

which is compressed in steps by several compressors in a 

single cycle. 

Advantages: compressing a refrigerant in multiple steps in 

the same cycle can reduce the individual compressor power 

required and increase the efficiency of a system. 

Feasibility: possible, but from a physics stand point it is still 

not possible to get from room temperature to the required 

minimum temperature with a single refrigerant, while being 

more efficient than traditional heating systems. 

 

3.2.5 Cascaded Bivalent-Parallel Heat Pump 

Function: a cascaded bivalent-parallel system is a 

combination of two of the aforementioned systems and works 

with multiple cycles, 2 or more compressors and 1 or more 

refrigerants, with the possibility to be supported with an 

additional heat generator. 

Benefits: by using multiple refrigerants and cycles, the 

efficiency of a system for the lower temperature range can 

be increased and by combining this with the support of an 

additional heat generator an even higher temperature can be 

achieved. 

Feasibility: possible, but it depends on the type of 

application and the required temperature range, how efficient 

the system will be and thus how much energy it could save. 

Figure 31 Cascade heat pump system 

Figure 32 Multi-compression heat pump 
system 

Figure 33 Cascade bivalent-parallel heat 
pump system 
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3.2.6 Multi-Compression Bivalent-Parallel Heat Pump 

Function: a multi-compression bivalent system is also a 

combination of two of the aforementioned systems and 

works with 1 refrigerant, compressed in the same cycle by 

several compressors, with the possibility to be supported 

with an additional heat generator. 

Benefits: by using multiple compressors, the efficiency of a 

system for the lower temperature range can be increased 

and, in combination with an additional heat generator, the 

system can be supported when a higher temperature is 

required. 

Feasibility: possible, but not efficient because for a higher 

temperature range of around 100 oC the COP quickly goes 

towards a negligible low value. 

 

3.2.7 Chosen System  
As explained in chapter 2.2.4 (Chosen Heat Pump Application), the best application for 

implementing heat pump technology is the kitchen boiler. The required temperature range for 

this device is from 16 oC (room temperature) to 100 oC (boiling water). Looking at the seven 

previously explained configuration combinations, the most promising one is the cascaded heat 

pump system. The reason for this is that the temperature difference is too big for a single stage 

heat pump system and in the other configurations the system would just not be more efficient 

(or even less efficient) than the currently used electric boilers. This is why a cascaded system 

could be a viable option, because in this type of system the temperature range can be divided 

over two or more refrigerants in two or more cycles and this will decrease the required mass 

flowrate and maximum pressure values (thus decreasing the required amount of total 

compressor power).  

As mentioned before, for certain temperature ranges and applications, this system is also not 

an option. This because for the really high temperature range of above 200 oC there is only 1 

type of refrigerant (R-718: water) that is able to reach the required minimum temperature. But 

the problem with this substance is that it needs a high volumetric flowrate to compensate for 

its low volumetric heating capacity and the currently available small-scale compressors are not 

suitable for this. But, because the kitchen boiler will operate at a much lower temperature of 

100 oC, there are still 16 suitable refrigerants (see Table 3) with a critical temperature higher 

than 100 oC. 

 

 

 

 

 

 

Figure 34 Multi-compression bivalent-
parallel heat pump system 
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3.3 Thermodynamic Analysis of the System 
For the heat pump application, regarding the kitchen boiler, the system needs to be able to get 

from 16 oC (room temperature) to a temperature of 100 oC (boiling water). The only way to 

achieve this (while being more efficient than traditional devices) is to use a cascaded heat 

pump system. But, since heat exchangers are never a hundred percent efficient (the lower 

temperature substance at the output of the heat exchanger can never reach the exact 

temperature of the higher temperature substance at the inlet), the temperature of the 

refrigerant needs to be higher than 100 oC to be able to heat up the water to the same 

temperature. For this reason a margin of 10 oC was added to the current temperature range, 

which means an adjustment of the output temperature from 100 oC to 110 oC. 

The goal of this section is to find the most efficient refrigerant combination, by combining the 

most suitable refrigerants (found in Table 3), calculating the coefficient of performance of the 

system and finally check if the required pressure and volumetric flowrate are within reasonable 

values. An explanation of the refrigerant selection can be found in Appendix C and the 

refrigerant types used for this experiment are:  

- R-600 (Butane) 

- R-600a (Isobutane) 

- R-601 (Pentane) 

- R-601a (Isopentane) 

- R-1233zd(E) (Trans-1-Chloro-3,3,3-Trifluoropropene) 

- R-1234ze(E) (Solstice ze) 

- R-1234yf (2,3,3,3-Tetrafluoropropene) 

- R-1336mzz(Z) (Cis-1,1,1,4,4,4-Hexafluoro-2-butene) 

 

Materials 

The materials used for conducting this research are: 

Calculation software: 

- MATLAB R2022a 

- Microsoft Excel 

Thermodynamic property datasheets: 

- ASHRAE Handbook - Fundamentals 2021 – SI 

- NIST Reference Fluid Thermodynamic and Transport Properties Database 

(REFPROP): Version 10 
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Diagram of Setup 

A diagram of the cascaded heat pump system configuration can be found in Figure 35 and the 

explanation of the units are noted down to the left of it. 

 

HT = High Temperature cycle 

LT = Low Temperature cycle  

Q̇e (Watt) = evaporator input capacity 

Q̇IHE (Watt) = intermediate heat exchanger    

capacity 

Q̇c (Watt) = condenser output capacity 

TIHE (Celsius) = intermediate heat exchanger 

temperature 

W1 (Watt) = LT compressor power 

W2 (Watt) = HT compressor power 

P1 (bar) = LT compressor pressure 

P2 (bar) = HT compressor pressure 

ṁ1 (kg/s) = LT mass flowrate  

ṁ2 (kg/s) = HT mass flowrate 

V̇1 (m3/s) = LT volumetric flowrate 

V̇2 (m3/s) = HT volumetric flowrate 

H (J/kg) = enthalpy  

 

Steps Taken 

The coefficient of performance (COP) was used to find 

out what the most efficient refrigerant combination and 

temperature ranges are for the cascade heat pump 

system.  

 

The COP value of the cascade heat pump system can 

be calculated by dividing the condenser output capacity 

by the total amount of required compressor power: 

𝐶𝑂𝑃 =
𝑄̇𝑐

𝑊1 + 𝑊2
=

𝑚̇2(𝐻2.2 − 𝐻2,4)

𝑚̇1(𝐻1.2 − 𝐻1.1) + 𝑚̇2(𝐻2.2 − 𝐻2,1)
 

 

The preferred condenser output capacity is 2200 Watts which means that: 

𝑄̇𝑐 = 2200𝑊 = 2200 𝐽/𝑠 

Figure 36 Pressure-enthalpy diagram of a single 
stage heat pump system 

Figure 35 Cascaded heat pump schematics and units 
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The following steps were used to calculate the COP value for each separate combination: 

1. First the mass flowrate of the high temperature cycle was calculated with the equation: 

𝑄̇𝑐 = 2200𝑊 = 𝑚̇2(𝐻2.2 − 𝐻2,4) →  𝑚̇2 = 2200/(𝐻2.2 − 𝐻2,4) 

2. Then, with the calculated high temperature cycle mass flow rate, the intermediate heat 

exchanger thermal energy was calculated: 

𝑄̇𝐼𝐻𝐸 = 𝑚̇2(𝐻2.1 − 𝐻2,4) 

3. Because the intermediate heat exchanger is the evaporator for the high temperature 

cycle and the condenser for the low temperature cycle, the following equation was used 

to calculate the mass flowrate of the low temperature cycle: 

𝑄̇𝐼𝐻𝐸 = 𝑚̇1(𝐻1.2 − 𝐻1,4) →  𝑚̇1 = 𝑄̇𝐼𝐻𝐸/(𝐻1.2 − 𝐻1,4) 

4. Then, with the calculated low temperature cycle mass flow rate and the high 

temperature cycle mass flow rate, the COP equation can be filled in to calculate the 

efficiency of the system: 

𝐶𝑂𝑃 =
𝑚̇2(𝐻2.2 − 𝐻2,4)

𝑚̇1(𝐻1.2 − 𝐻1.1) + 𝑚̇2(𝐻2.2 − 𝐻2,1)
 

5. To find out the optimal COP value, step 1 to 4 was repeated for the following 

intermediate heat exchanger transition temperatures: 50, 60, 70, 80, 90, 100 oC and 

the following refrigerant combinations: 

 

Table 4 Cascade heat pump refrigerant combinations 

 R-600 R-600a R1234ze(E) R1234yf 

R-600 LT: R600 
HT: R600 

LT: R600a 
HT: R600 

LT: R1234ze(E) 
HT: R600 

LT: R1234yf 
HT: R600 

R-601 LT: R600  
HT: R601  

LT: R600a  
HT: R601  

LT: R1234ze(E)  
HT: R601  

LT: R1234yf 
HT: R601  

R-601a LT: R600   
HT: R601a  

LT: R600a  
HT: R601a 

LT: R1234ze(E) 
HT: R601a  

LT: R1234yf 
HT: R601a  

R-1233zd(E) LT: R600  
HT: R1233zd(E)  

LT: R600a  
HT: R1233zd(E)  

LT: R1234ze(E) 
HT: R1233zd(E)  

LT: R1234yf 
HT: R1233zd(E)  

R-1336mzz(Z) LT: R600  
HT: R1336mzz(Z)  

LT: R600a  
HT: R1336mzz(Z)  

LT: R1234ze(E) 
HT: R1336mzz(Z)  

LT: R1234yf 
HT: R1336mzz(Z)  

 

6. Finally, after establishing the best combination, the required compressor pressure was 

noted down and the corresponding volumetric flow rate was calculated. These values 

were then used to evaluate if the required pressure and volumetric flowrate are within 

the acceptable range, if this was not the case, the next best combination needed to be 

checked or the heat pump system needs to be adjusted. 

 

Note: ideal heat pump system conditions were used for calculating the COP values. The 

reason for this is that for determining the most efficient combination, it is not necessary to 

include the compressor efficiency, heat exchanger efficiency, heat losses and fan work, 

because these will roughly be in the same range for every combination, thus the result (the 

combination that yields the highest COP value) will not vary much. But, for the best and final 

combination, these factors should be taken into account. 
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After executing the previously described steps for every refrigerant combination, the resulting 

COP values can be found in Table 5 and the MATLAB script can be found in Appendix E. 

Table 5 Cascade heat pump COP values 

 

Table 6 Pressure vs temperature results for selected refrigerants (in bar) 

 

 

Figure 37 shows the COP values of all the combinations (see Table 5), against the temperature 

of the intermediate heat exchanger. The conclusion that can be drawn from this diagram that 

the combinations with R1233zd(e) deliver the highest COP values. But, although R1233zd(e) 

yields good results and is currently still being used, it turns out that it does have a low ODP 

value of 0.00034. This makes it uncertain if this substance can still be used in the near future. 

Also there have already been a couple of organisations that have tried to ban this substance, 

an example of this is the German Federal Environment Agency (UBA) (CoolingPost, 2017).  

Because of the previously mentioned reasons it is wiser to go for the next best option, which 

is the combination R1234ze and R600. R1234ze (Solstice ze) is already used for refrigeration 

cycles and thus can be easily implemented for heat pump applications. And R600 (n-Butane) 

is a well-known hydrocarbon and widely available. On the other hand it has not been used 

much in refrigeration or heat pump applications, so this makes it harder to implement.  

Temperature (C): 40 50 60 70 80 90 100 110

R-600 3.78 4.96 6.38 8.09 10.1 12.5 15.3 18.5

R-600a 5.31 6.85 8.69 10.9 13.4 16.4 19.9 23.8

R-601 1.16 1.59 2.15 2.84 3.68 4.71 5.93 7.38

R-601a 1.52 2.06 2.73 3.56 4.57 5.79 7.22 8.91

R-1233zd(E) 2.16 2.93 3.91 5.11 6.58 8.33 10.4 12.9

R-1336mzz(Z) 1.28 1.79 2.45 3.27 4.29 5.55 7.06 8.87

R-1234ze(E) 7.66 9.97 12.8 16.1 20.1 24.8 30.3 x

R-1234yf 10.2 13 16.4 20.4 25.2 30.8 x x

R-717 15.6 20.3 26.2 33.1 41.4 51.2 62.6 75.8

Temperature range (C): 16-110

Temperature IHE (C): 40 50 60 70 80 90 100 Max COP T (C) 

R-600 & R-600 2.278382 2.40029 2.482699 2.508433 2.464155 2.345287 2.150694 2.50886 69

R-600 & R-601 2.219028 2.320298 2.390049 2.414843 2.383044 2.288105 2.12354 2.41485 69.3

R-600 & R-601a 2.111384 2.223607 2.308985 2.353067 2.341755 2.265554 2.115246 2.35597 73.4

R-600 & R-1233zd(E) 2.552175 2.638505 2.673428 2.645393 2.548126 2.386353 2.163523 2.67362 60.6

R-600 & R-1336mzz(Z) 2.042316 2.172203 2.275867 2.336519 2.337628 2.267917 2.118144 2.34532 75.5

R-600a & R-600 2.266477 2.376669 2.44131 2.442765 2.368647 2.215542 1.990994 2.45071 66

R-600a & R-601 2.207969 2.298756 2.352656 2.355451 2.295609 2.166619 1.969307 2.36128 65.9

R-600a & R-601a 2.101786 2.204462 2.274936 2.297662 2.258309 2.147261 1.962668 2.29794 69.3

R-600a & R-1233zd(E) 2.536002 2.608173 2.623234 2.570031 2.443931 2.250536 2.001213 2.62547 57.7

R-600a & R-1336mzz(Z) 2.033607 2.15428 2.243143 2.28216 2.254576 2.149291 1.964988 2.28265 71.4

R-1234ze(E) & R-600 2.287572 2.417942 2.511897 2.549113 2.510994 2.3817 2.146927 2.54911 70

R-1234ze(E) & R-601 2.227562 2.33638 2.416382 2.451539 2.425787 2.322099 x 2.45197 71.4

R-1234ze(E) & R-601a 2.118784 2.237882 2.332926 2.38724 2.382482 2.298614 x 2.3935 74.8

R-1234ze(E) & R-1233zd(E) 2.564686 2.661237 2.708968 2.692258 2.599395 2.424554 x 2.71127 63.3

R-1234ze(E) & R-1336mzz(Z) 2.049028 2.185559 2.298861 2.37003 2.378155 2.301074 x 2.38387 76.2

R-1234yf & R-601 2.262857 2.372179 2.436423 2.436444 2.358015 2.220723 x 2.44583 65

R-1234yf & R-601 2.204605 2.294659 2.348236 2.349724 2.285853 x x 2.35639 65.5

R-1234yf & R-601a 2.098865 2.200817 2.270907 2.292312 2.248986 x x 2.29308 68.5

R-1234yf & R-1233zd(E) 2.531091 2.602418 2.617322 2.562795 2.432361 x x 2.61955 57.2

R-1234yf & R-1336mzz(Z) 2.030955 2.150866 2.239269 2.27691 2.245296 x x 2.27696 70.2
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3.4 Remarks 
From the configuration and deployment combinations in Chapter 3.2 the conclusion can be 

drawn that the cascaded heat pump system is the most promising type for the kitchen boiler 

application. This because the temperature range can be divided over two or more refrigerants, 

in two or more cycles, and that will decrease the required mass flowrate and maximum 

pressure values (thus decreasing the required amount of total compressor power).  

Secondly, according to Chapter 3.1.2 (Compressors), the positive displacement compressor 

type is more suitable for small scale domestic applications, than the dynamic compressor type. 

And, out of these compressor type, the rotary-scroll compressor is most suitable because it 

can deliver a high pressure, is able to run continuously, has the highest efficiency ratio and a 

relatively low initial cost. For the heat exchangers, these will be explained in more detail in the 

next chapter, because these are strongly dependant on the type of refrigerants used and the 

application.  

And for the refrigerant, there are a total of 27 substances suitable for the required temperature 

range, while also in accordance with the European rules and regulations (see Appendix C). 

And, concluding from Chapter 3.3 (Thermodynamic Analysis of the System), the best 

refrigerant pair, for the cascaded heat pump system (looking at the COP value, required 

maximum pressure and volumetric flowrate), is the combination with R1234ze(e) (Solstice ze) 

in the lower temperature cycle and R600 (n-Butane) in the higher temperature cycle. 

 

  

Figure 37 Refrigerant combinations & COP comparison 
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3.5 Modelling of the System 
According to the previous research results, the best configuration for the boiler heat pump 

system is the cascaded system in which two separate heat pump cycles are used. The best 

refrigeration combination for such a system (which also meets the requirements in Appendix 

F) has proven to be the one with R1234ze (Solstice ze) in the lower temperature cycle and 

R600 (Butane) in the higher temperature cycle. This chapter will go deeper into the chosen 

concept by using Chapter 2.1.2 (Components and Functions), 3.1.2 (Compressors) and 3.1.3 

(Heat Exchangers) to select the right type for each component.  

 

3.5.1 System Component Selection 
In Figure 35 a schematic overview of a cascaded heat pump system can already be seen. But, 

to give an even better impression of the system layout, the figure down below also shows the 

outline of the required components, how the components are connected to each other, where 

the temperature sensors for the expansion valves are placed, what the lower temperature cycle 

is, what the higher temperature cycle is and what the flow direction of the refrigerant within the 

system is.   

 

Evaporator (number 1 in Figure 38) 

The first component is the evaporator. As explained at the end of Chapter 2.1.1, the air source 

heat pump is the most suitable option. To be able to extract the thermal energy from the air, 

heat transfer by convection is used. According to Chapter 3.1.3 the most suitable type of heat 

exchanger for this type of gas-to-liquid heat transfer is the finned tube heat exchanger and the 

most efficient flow configuration for this is the crosscurrent one. The construction related to this 

configuration consists of a row of plates (fins) with small spaces in between and perpendicular 

through these plates a tube (coil) is placed. Then, by using a fan, the air can be guided through 

the fins and over the tubes, and by means of forced convection the thermal energy from the 

air is transferred onto the refrigerant. 

Intermediate heat exchanger (number 2 in Figure 38) 

The intermediate heat exchanger can be found in between the lower and higher temperature 

cycle. According to the findings in Chapter 3.1.3, the most efficient heat exchanger for this is 

the plate heat exchanger. The reason for this is because it is the most compact heat exchanger 

type, with the biggest possible surface area compared to its size. This type of heat exchanger 

Figure 38 Schematic overview of the cascade heat pump system set-up 
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consists of several corrugated plates which are stacked together to form channels in between 

and it can serve both as an evaporator and as a condenser, which makes it perfect for two-

phase heat transfer. Since the flow configuration can be either cocurrent or countercurrent, it 

makes most sense to choose the most effective one, which is the countercurrent flow 

configuration. 

Condenser (number 3 in Figure 38) 

The component located at the end of the system is the condenser. In the case of the kitchen 

boiler it needs to transfer the thermal energy from the refrigerant onto the water inside the tank. 

This type of heat transfer is called gas-to-liquid. Since the water is only moving by means of 

natural convection and the refrigerant is moving by forcing it through the tubes, the most 

suitable type of heat exchanger for this case is the shell and tube heat exchanger (according 

to Chapter 3.1.3). In the case of the boiler, the boiler tank itself then functions as the shell and 

the helical coil is the tube through which the refrigerant runs. To increase the heat transfer 

capacity, the flow configuration needs to be countercurrent. And, because the water rises from 

the bottom of the tank towards the top when heated (due to the buoyancy force in natural 

convection), the refrigerant needs to flow from the top of the tank towards the bottom.  

Compressor (number 4 in Figure 38) 

The system contains two compressors, one for the lower temperature cycle and one for the 

higher temperature cycle. According to Chapter 3.1.2, for small scale (non-industrial) 

applications, the positive displacement compressor types are more suitable than the dynamic 

compressors. Out of the positive displacement compressor types, the rotary vane and rotary 

scroll compressors are most suitable because they are able to run continuously and, compared 

to the other types, also have the lowest initial and maintenance costs. Looking at the efficiency, 

the rotary scroll compressor has a slightly better performance, but the rotary vane compressor 

is still more efficient than the reciprocating or screw compressors, so both types can be used. 

Expansion valve (number 5 in Figure 38) 

The system requires two expansion valves, one for the lower temperature cycle and one for 

the higher temperature cycle. As stated in Chapter 2.1.1 there are two types of expansion 

valves, thermal expansion valves and electronic expansion valves. Thermal expansion valves 

are completely mechanical, while electronic expansion valves can be controlled electronically 

with a programmed controller. Because of the more precise control of an electronic expansion 

valve, it allows to have a more optimized performance and efficiency. Although the electronic 

expansion valve is more expensive, in the case of the cascade heat pump system, it is still 

better to go for this valve type because with two thermal expansion valves it is harder to 

accurately regulate the whole system.  

Air fan (number 6 in Figure 38) 

To be able to generate forced convection through the evaporator, an air fan is needed. There 

are many types of fans available, but the most important aspect for selecting one is the 

orientation the air stream needs to have within the system. The air flow can namely be 

increased or decreased for all types of fans (by for example changing the motor power or the 

total amount of blades). In the case of the heat pump boiler, the system will be placed 

underneath a kitchen cabinet and because there is only a limited amount of space available, it 

is best to use a centrifugal fan. With this type of fan the air is drawn in from the front and the 

outlet is located perpendicular to the inlet. Also, compared to other types of fans, this fan makes 

less noise when operated at a moderate speed.  
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Liquid accumulator (number 7 in Figure 38) 

The liquid accumulators are placed in front of the compressors. They are used as a safety 

measure, to prevent liquid refrigerant and an abundance of lubricating oil from entering the 

compressor compression chamber. All liquid accumulators basically function the same and 

they most of the time are already preassembled in combination with the compressor. That is 

why the type of liquid accumulator does not have to be selected individually. The size of the 

liquid accumulator does have to be selected. But this depends on the total amount of refrigerant 

volume (in liquid state) in the system.  

Boiler tank (number 8 in Figure 38) 

To be able to store the water safely and maintain it at a certain temperature, a boiler tank 

should be used. The boiler tank has not been introduced in the previous chapters, but basically 

the main thing that distinguishes certain boiler tanks is the type of insulation that is used. This 

can either be some kind of insulation material (e.g. expanded polypropylene) or a vacuum seal 

(like in a thermos flask). The second option is more expensive, but has proven to be the most 

effective and since it will be a small tank, the vacuum insulation option is selected. 

 

3.5.2 System Component Sizing 
After having selected the most suitable component types, the components need to be sized to 

fit the required performance. First of all, to make sure the components are up to standards, the 

requirements in Appendix F are used. Secondly, it is also important that the amount of 

available space underneath a kitchen sink is taken into account and that a first thought is given 

about what the component layout will look like inside the kitchen cabinet. This chapter will 

provide an explanation for each aspects of the components.  

 

Finned tube HE  (number 1 in Figure 39) 

- Dimensions: 300 (l) x 155 (h) x 50 (w) mm  

The finned tube heat exchanger has to be placed in the space below 

the kitchen sink and the decision was made to place it underneath the 

bottom plate of the cabinet (see highlighted section in the figure on the 

right). In this way, the appearance of the door does not have to be 

altered. So, to determine the size of the heat exchanger, the average 

available space was taken into account.  

Figure 39 Schematic overview of the cascade heat pump system components 

Figure 40 Average kitchen 
cabinet measurements 
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- Material: copper tubes (10 mm outer diameter), aluminium fins (0.115 mm thick)  

The average finned tube heat exchanger uses copper 

for the tubes, because this material has a high thermal 

conductivity, is resistant to atmospheric and water 

corrosion, can be easily sealed by soldering, can be 

easily bend into the required shape and it has a high 

mechanical strength.  

And, for the fins, aluminium is most of the time used. 

The reason for using this material is also because of its 

high thermal conductivity, high mechanical strength 

and its corrosion resistance (when a hydrophobic 

protection layer is applied). But, because the required amount of material for the fins is much 

higher than for the tubes, the weight and material price is also important and compared to 

copper, aluminium has a much lower density and is also much cheaper. 

- Tube amount: 12 (2 tube rows) 

- Tube inner diameter: 9.52 mm 

- Fin spacing: 1.8 mm 

For more insights into the required tube amount, tube diameter and the fin spacing a 

manufacturer of finned tube heat exchangers was contacted. The standard tube inner diameter 

for small scale application is 9.52 millimetre and looking at the available space, the optimal 

tube amount is 12 tubes and these are divided over 2 rows.  

The flow configuration was already discussed and can be found in Chapter 3.5.1. 

Brazed plate HE (number 2 in Figure 39) 

- Dimensions: 111 (l) x 310 (h) x 52 ± 3% (w) mm 

To determine the dimensions of the brazed plate heat exchanger, 

the required amount of heat exchange area needed to be 

calculated. The calculations were done with a software from 

SWEP (called SSP G8) and is based on the logarithmic mean 

temperature difference model for 2 phase heat transfer (see 

Appendix G for a complete overview). The outcome of these 

calculations were compared to the MATLAB calculations in 

Chapter 3.3. The outcome of both calculations turned out to be 

roughly the same and the required amount of heat exchange 

surface area is around 0.322 square metres. But, to be completely 

sure that the thermal energy can efficiently be transferred, a rule 

of thumb is to take 15 percent more than the calculated value. That 

changes the required amount of surface area to 0.3703 square 

metres. Looking at the available space, the height was first 

selected and the length and width were changed accordingly.  

- Material: stainless steel 304 plates, copper brazing 

The reason for using stainless steel, instead of the higher thermal conducting materials like 

copper or aluminium, is because of its strength and rigidity. This makes it perfectly suited for 

long-run installations and high pressure situations. Also, stainless steel requires less support 

than copper, so the plates can be thinner and this makes the overall component lighter and 

more thermally conducting.  

Figure 41 Finned tube heat exchanger technical 
drawing 

Figure 42 Brazed plate heat 
exchanger technical drawing 
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- Plate amount: 18 

- Plate thickness: 0.38 mm  

- Heat exchange area: 0.026 m2/plate (Total: 0.375 m2) 

To determine the required plate amounts and plate thickness, the required heat exchange area 

is again the most important factor. As mentioned before, the total heat transfer area is 0.3703 

square metres. When looking at existing brazed plate heat exchanger catalogues, the most 

suitable heat exchange area per plate is 0.026 square metres. The reason for this is because 

the amount of plates can then be 18. Also, with this surface area per plate, the dimensions of 

the complete heat exchanger is able to fit snuggly inside the kitchen cabinet.  

- Flow configuration: counter flow 

 The flow configuration is already discussed and can be found in Chapter 3.5.1. 

Helical coil HE (number 3 in Figure 39) 

- Dimensions: 4480 (l), 75 (w) x 210 (h) mm  

The bigger the coil the bigger the heat transfer area and since the space inside 

the tank is limited, the coil length is sized to fit perfectly inside the tank.  

- Material: copper tube, 9.52 – 10 mm (inner and outer diameter) 

The helical coil heat exchanger uses a copper tube, because this material has 

a high thermal conductivity, is resistant to atmospheric and water corrosion, 

can be easily sealed by soldering, can be easily bend into the required shape 

and it has a high mechanical strength. 

- Flow configuration: counter flow 

The flow configuration is already discussed and the reasoning 

can be found in Chapter 3.5.1. 

R-1234ze compressor  (number 4 in Figure 39) 

- Rated capacity: 1.8 kW (required), 2.24 kW (system) 

According to Chapter 3.3 the R-1234ze cycle needs a capacity 

of 1800 Watt. For this refrigerant type there are already some 

compressors available, but the one that comes closest to the 

required capacity is the WHP02830VUX-C7LG from Highly and 

has a rated capacity of 2240 Watt.   

- Dimensions: 176 (diameter) x 279 + 46.8 (h) mm 

- Type: hermetic, rotary 

- Operating mode: fixed speed 

- Motor speed: 50 Hz 

- Displacement: 18 ml/rev 

- Power consumption: 540 W 
Figure 44 R-1234ze compressor 
technical drawing 

Figure 43 Helical 
coil heat exchanger 
drawing 
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R-600 compressor (number 5 in Figure 39) 

- Rated capacity: 2.2 kW (required), 2.61 kW (system) 

According to Chapter 3.3 the R-600 cycle needs a capacity of 

2200 Watt. For this refrigerant type there are currently no 

compressors available, so the decision was made to look at 

compressors for the refrigerant type that comes closest to the 

chemical properties of R-600 and that is R-290 (propane). For 

R-290 there are compressors available and the one that comes 

the closest to the required capacity is the WHP02600PSV-

H3BUN from Highly and has a rated capacity of 2610 Watt.   

- Dimensions: 112.2 (diameter) x 225 + 43.2 (h) mm 

- Type: hermetic, rotary 

- Operating mode: fixed speed 

- Motor speed: 50 Hz 

- Displacement: 13.5 ml/rev 

- Power consumption: 675 W 

Electronic expansion valve (number 6 in Figure 39)  

- Capacity: max. 2.5 kW (for R-1234ze), max. 4.2 kW 

(for R-290) 

As mentioned before, the R-1234ze cycle will have a rated 

capacity of around 2240 Watt and the R-600 cycle around 

2610 Watt. This means that an electronic expansion valve 

should be selected which can handle at least these 

capacities. For both refrigerant types, the same type of 

expansion valve can be used, which is the DPF(TS1)1.0C-

15 from Sanhua.  

- Dimensions: 49,25 (l) x 78 (h) x 38,5 (w) mm 

- Tube diameter: 6,35 mm 

- Actuating mode: 4-phase-8-step 

Centrifugal fan (number 7 in Figure 39)  

- Dimensions: 133 (diameter) x 61 + 49 (h) mm 

For establishing the size of the centrifugal fan, the average 

available space underneath the kitchen cabinet behind the 

finned tube heat exchanger was taken into account. Since the 

maximum height is 150 mm, the HB133-072E230H model from 

HEKO, with a diameter of 133 mm, is the most suitable one. 

- Material: polypropylene with glass-fibre (Impeller) 

The impeller of the centrifugal fan is made out of glass fibre 

reinforced polypropylene. Polypropylene is used because it is 

lightweight (which requires less motor power to move the 

impeller), it improves the dimensional stability (resistance to 

warpage) and it is a cheap material.   

- Operating mode: variable speed 

Figure 45 R-600 compressor 
technical drawing 

Figure 46 Electronic expansion valve 
technical drawing 

Figure 47 Centrifugal fan technical 
drawing 
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- Airflow: 440 m3/h 

- Noise level: 75 dBA 

- Motor speed: 4480 RPM 

- Power consumption: 45 W 

Boiler tank (number 8 in Figure 39) 

- Dimensions: 150 (diameter) x 300 (h) mm 

- Volume: 5 Litres  

The chosen boiler tank volume is 5 Litres and since it is preferred that the whole system fits 

into a single housing, the height of the tank is limited to the height of the highest component 

(to make the system as compact as possible). The chosen height is 300 mm and, to be able 

to withstand the high pressure inside the tank, the strongest shape is a cylinder, so the 

calculated diameter of the tank will be approximately 150 mm. 

- Material: Stainless steel 

The reason for using stainless steel is because it is a strong and rigid material, it is corrosion 

resistant and it is relatively cheap compared to other metals. 

- Type: double wall, vacuum insulated, reflective finish 

Because a near complete vacuum consists of hardly any molecules, conduction and 

convection are limited. The only way of transferring thermal energy is by means of radiation 

and this makes a vacuum layer around the tank, compared to other types of insulation, a better 

insulator. And, to limit the heat loss through radiation, a reflective finish could also be 

incorporated. 

Service valves (number 9 and 10 in Figure 39) 

- Vacuumizing valves (number 9 and 10 in Figure 39) 

To get rid of air and other unwanted fluids before filling the system, a vacuum pump has to pull 

the system vacuum. To make sure the complete system is empty, a valve between the 

evaporator and the compressor, and a valve between the condenser and expansion valve, 

needs to be installed (a total of four valves, because there are two refrigerant cycles). 

- Filling valves (number 9 in Figure 39) 

To load the refrigerant into the system, the valve between the evaporator and compressor can 

be used (two valves in total, because there are two refrigerant cycles). 

Control system (connected to compressors, expansion valves and fan) 

- Customized printed circuit board (PCB) 

- 2 x pressure sensor 

- 3 x temperature sensor 

The system needs to be able to automatically switch on when the temperature of the water in 

the boiler tank is under a certain threshold. The fan and compressors are simply switches on 

and off, and the opening of the expansion valves are controlled by measuring the pressure 

and temperature at the evaporator outputs and calculating the amount of superheat. Then, 

with these superheat values, the opening of the valves can be adjusted accordingly.  
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3.6 Prototype Development 
Finally, with all the components selected, and sized 

according to their specifications, a 3D CAD model was 

created. According to this layout, the prototype could 

be constructed later on.  

 

3.6.1 System 3D Model  
First the STEP files for most of the components were 

collected and with these, the layout and configuration 

of the system, could be established. To make sure the 

system fitted inside the space underneath the kitchen 

sink, a model of the kitchen cabinet (including the sink 

and faucet) was constructed. Then, after trying out 

multiple configurations, the most suitable one was the 

one in the picture on the right. This was the best way to 

get all the components as compact as possible 

together. Also, this is the configuration in which the 

pipes can be as short as possible. This reduces the 

amount of required refrigerant and it limits the 

maximum amount of pressure drop inside the system. 

While figuring out the system configuration, the 

decision was made to exclude some components. 

These components are the sensors, printed circuit 

board, charging valves, insulation and system housing. The reason for not including these 

components is because they can be placed almost everywhere, so they do not influence the 

overall shape of the system. A better overview of the system configuration can be found in the 

pictures underneath.  

  

Figure 48 3D representation of the complete 
system configuration inside the kitchen cabinet 

Figure 49 Front view (left) and back view (right) of the final system configuration, with from the front a 
clear view of the low temperature cycle and from the back a clear view of the high temperature cycle. 
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3.6.2 System Test Configuration 

For the experimental setup it is 

important to be able to easily reach, 

and also see, all the system 

components. For this reason the 

decision was made to use a 

different configuration than the one 

shown in the previous chapter. The 

layout of the prototype will be more 

spread out horizontally, instead of 

stacking some of the components. 

Regarding the differences in pipe 

length, compared to the actual 

system configuration, the pipes will 

be a bit shorter in some places. But, 

because this is only a minor 

difference, the pressure drop will 

not increase much and the 

prototype can still be used to 

answer all the research questions. 

Figure 50 shows the configuration of 

the test setup.  

 

Control structure 

Compared to the final system setup, 

the way the prototype will be 

controlled is also a bit different. For 

the final system a single integrated 

printed circuit board will be used to 

control each component, but for the 

prototype some of the components 

will be controlled manually and 

some automatically.  

The most important part of 

controlling the system is regulating 

the superheat for each individual 

cycle, the superheat should namely 

be controlled automatically. And, 

since the fan speed can be adjusted 

with a potentiometer and the 

compressors with an “on and off” 

type of control, these can be 

controlled manually. The diagram in 

Figure 51 shows the superheat 

controllers (and the location of 

where they are connected to the 

system), the fan variable resistance 

control and the compressor relays.  

400 

700 

350 

Figure 50 Test setup configuration and measurements 

Figure 51 Test setup control structure diagram 
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Fan speed control 

The type of fan that will be used is an electronically 

commutated (EC) fan, this fan has a three-phase linear 

motor and to generate motion it requires switching 

between the phases to energize the right windings. This 

process of switching phases is called electronic 

commutation. The timing in which this switching occurs 

determines the speed of the motor. Thus, by integrating 

a variable resistance in the circuit, the input voltage can 

be regulated and this determines the speed of the fan. 

The type of variable resistance that is used is called a 

rotary potentiometer. This component has a knob which 

can be turned to set a certain resistance and change the 

value of the input voltage. 

 

Superheat controller 

The superheat controller uses a PID 

(proportional integral derivative) algorithm to 

accurately provide fast automatic adjustment 

of the superheat. A PID controller consists of 

a control loop mechanism to provide 

feedback to the electronic expansion valve. 

The way in which this controller operates is 

by measuring the temperature and pressure 

at the outlet of the evaporator and with these 

values calculates the superheat. When this 

value is higher than the set value, the size of 

the expansion valve opening will increase 

and, when the measured value is lower, the 

size of the opening will decrease. In total the 

system uses two of these devices (one for the 

lower temperature cycle and one for the 

higher temperature cycle).   

 

Compressor control   

The compressor types used in the system 

contain fixed speed motors. This type of 

motor does not require a complex control 

system like the inverter type compressor. The 

motor on this device is simply turned on and 

off to control the compressor and this can 

simply be achieved with a normal switch. The 

only thing that needs to be incorporated into 

the circuit is a relay between the compressor 

and superheat controller, to make sure the 

superheat controller is simultaneously 

activated with the compressor.   

Figure 52 Fan variable resistance control 
diagram 

Figure 53 Electronic expansion valve superheat controller 
(www.SanhuaEurope.com) 

Figure 54 Compressor control diagram (with on the left a 
relay connected to the superheat controller) 
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4. Experimental Study  
After having selected the right type of components and sizing them according to the 

requirements and specifications, the cascade heat pump system is ready for testing. This 

chapter will start with a simulation of the system (to more precisely predict the behaviour of the 

system in the real life situation) and later on a prototype of the system was built, to be able to 

test the system physically and compare these results to the expected simulation outcome. 

 

4.1 System Simulation 
Now that the components are selected, more 

parameters are known. This means that the 

resulting heating capacity and efficiency can be 

calculated more precisely. The software used for 

the simulation is called “Genetron Properties 

Suite v1.4.2”. This program allows to put in all 

the parameters manually and display the 

resulting outcomes for each individual 

component in clear tables. For a full overview of 

the system input values see Appendix H. 

 

Overall System Performance 

With the refrigerant R1234ze(e) in the lower 

temperature cycle and R600 in the higher 

temperature cycle, and with the corresponding 

component parameters from Chapter 3.5.2, the 

following system performance and efficiency 

was calculated: 

- Temperature range:  11-110 oC 

- LT evaporator capacity: 1500 Watt 

- Intermediate HE capacity: 2243 Watt 

- HT condenser capacity:  2729 Watt 

- Total power consumption: 1229 Watt 

- Overall system COP:  2.22 

To conclude, the calculated coefficient 

of performance in the simulation is 

lower than the one in Chapter 3.3 (2.22 

instead of 2.55), but this was expected 

since the compressor volumetric and 

isentropic efficiencies where not yet 

taken into account. But, even though 

the COP value is lower, the resulting 

system is still more than two times as 

efficient as the current systems. 

Note: pressure and temperature loss 

in the pipes were not yet known, so 

could not be used within the simulation. 

Figure 55 Cascade system simulation diagram 

Figure 56 Pressure-enthalpy diagram of the cascade system simulation 
(Points on the graph correspond to locations within figure 55) 
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4.2 Experimental Procedure 
To be able to test the cascaded heat pump water boiler system and to check if the calculated 

theoretical values are the same as in the real life situation, a prototype needed to be build. The 

main goal of the physical tests is to check if it is possible (with the newly designed system) to 

heat up water from a temperature of 10 oC (tap water) to a temperature of 100 oC (boiling water) 

in a more efficient way than the traditional systems. 

 

4.2.1 Test Facility 
The system was tested by means of a physical prototype and with test equipment (e.g. sensors 

and data logger). First, the system was switched on (according to the control structure in 

Appendix I), to test if it is able to heat up water from room temperature to 100 oC. If this was 

possible, the coefficient of performance could be calculated to see how efficient the device 

actually is. But, if the system does not cohere with the expected efficiency, the pressure and 

temperature sensors could be used to find out where the system can be optimized and possibly 

improved.  

 

Materials 

The materials needed to conduct this experiment are: 

- System prototype/test rig (see Chapter 3.6.2) 

- Refrigerants: 

o R-1234ze(E) (Solstice ze) 

o R-600 (n-Butane) 

- Measuring equipment: 

o Temperature sensors (7x) 

o Pressure sensors (4x) 

- Data logger/processor (Keysight 34972A LXI Data Acquisition) 

- Control equipment (Superheat controllers) 

- Power supply (230V/ac to 24V/dc transformer) 

 

System Setup 

Figure 57 Overview of the sensor placement 
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Figure 39 already gives a clear overview of the individual components and of the refrigerant 

flow direction through the system. But, for the test setup, there are still some components that 

need to be included. These components are the temperature and the pressure sensors. To 

see where each of these components are placed within the system, Figure 57 provides some 

more information. Also, for testing the system, the vacuum insulated boiler tank will not yet be 

included, instead an open container will be used. The reason for this is because in this way a 

boiler tank does not yet have to be custom made and that makes the system easier to install 

and it limits the overall cost of the prototype (for an overview of the physical prototype and 

datalogger see Figure 58).  

 

Experimental steps 

The procedures to be followed for the preparation, execution and the shutdown at the 

completion of the experiment are noted down below. 

 

- System preparation: 

After the prototype has been assembled, and before it can be tested, the system first needs to 

be prepared. When the preparation phase is finished, the system can be tested and finally it 

can be optimized where needed. 

Action  Procedure 

1.1  If the set-up is not clean, cleaning should be done before performing the 
preparation.  

1.2  Connect a vacuum pump and pull the system vacuum, to get rid of air and other 
unwanted fluids in the system (repeat for each individual cycle).  

1.3  Connect a nitrogen tank and open the main supply line to fill the system with 
nitrogen gas to check if the system does not contain any leaking parts and if it can 
withstand a pressure of 30 bar (repeat for each individual cycle).  

1.4  Connect the vacuum pump again and pull the system vacuum, to get rid of the 
unwanted nitrogen and to prepare the system for the refrigerant filling (repeat for 
each individual cycle).  

1.5  Connect the R1234ze(e) tank to the lower temperature cycle and connect the R600 
tank to the higher temperature cycle and open the main supply line, to load the 
refrigerants into the system.  

Figure 58 System prototype (right) and laptop with datalogger (left) 
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1.6  Weigh the amount of refrigerant that has been loaded into the system (separately 
for each cycle).  

1.7  Connect the sensors at the indicated locations (see Figure 57) and to the 

datalogger, to be able to retrieve temperature and pressure data within the system.  

1.8  Connect the control equipment to the sensors and the electric motors, to manage 
the movements of the components (compressors, electronic expansion valves and 
centrifugal fan) within the system.  

1.9  Switch on the laboratory ventilation system before conducting the experiment  

1.10  Fill the tank with 5 litres of water and completely submerge the helical coil heat 
exchanger.  

 

- System testing: 

When the preparation procedure is finished, the setup is ready for the experiment. 

Action  Procedure 

2.1  If the set-up is not clean, cleaning should be done before performing the 
experiment.  

2.2  First check if all the components are connected the right way.  

2.3  Measure the temperature of the water in the tank and note it down.  

2.4  Switch on the centrifugal fan.  

2.5  Switch on the control system to simultaneously start the compressors and 
electronic expansion valves.  

2.6  While the system is running, start the stop-watch for analysis of the experimental 
results afterwards.  

2.7  Use the data logger to retrieve the temperature and pressure data during the 
experiment.  

2.8  Start the shutdown procedure when water is boiling (roughly 100 oC).  

 

- System shutdown: 

Operator should always be present at the setup during the experimental run. To take 

appropriate action in case of emergency see: ‘Emergency Shutdown Procedure’ in Appendix 

J (Risk Inventory and Evaluation), a complete overview of the potential hazards that can occur 

during the experiment and information about the corresponding emergency shutdown 

procedure can be found there. 

Action  Procedure 

3.1  Switch off the compressors, stop the time and note down the time of the 
experiment.  

3.2  Switch off the centrifugal fan.  

3.3  Stop the data logger and make a copy of the retrieved data.  

3.4  Switch off the laboratory ventilation system.  

3.5  Clean the setup and surroundings before leaving the lab. Cleaning should be done  
after performing every experiment.  

 

After repeating the system tests multiple times, with different input parameters, the data can 

be used to draw a conclusion about the system performance. The input parameters and the 

corresponding test results are discussed in the next chapter. 
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4.2.2 Data Reduction and Experimental Error 

The test setup uses a total of 7 temperature sensors to be able to analyse the performance of 

the system. These sensors are connected to a datalogger and a laptop, which is able to store 

the data. For an accurate measurement throughout the tests, the datalogger was set to a time 

interval of 1 second. Meaning that every second, 7 data points where logged. So, if a test takes 

for example 30 minutes, this means that a total of 12600 data points (7 sensors x 60 sec. x 30 

min.) per test are saved.  

Normally data reduction is used to increase the storage efficiency and performance, but since 

the data does not take up much storage space (only about 350 KB per test), this is not the 

reason for reducing the data. The biggest reason for using data reduction is because it is hard 

to get a clear overview in such a big table. So, by simplifying the data with the use of a graph, 

it is much easier to get an insight in the results and the correlation between data points.  

As for the experimental error, the difference between the measured value and the true value 

was measured for each individual sensor. This was done by connecting all of the sensors to 

the datalogger and measuring the temperature in the same location and check how much the 

sensors differed from each other and the mean temperature. The mean temperature was about 

21 oC and the biggest deviation from this value was a temperature difference of 0,5 oC. The 

sensor with the biggest deviation was replaced by a new sensor and that brought the maximum 

deviation to a value of 0,35 oC. And, since this uncertainty is only minimal, it does not affect 

the goal of the experiment and the data points did not have to be adjusted afterwards. 
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5. Results and Discussion  
A total of 13 test runs have been executed. In between each test a waiting time of at least 2 

hours was applied, to make sure that the system had sufficient time to cool off. Also, at the 

start of each new test, the water in the boiler tank was replaced and the EEV’s were 

recalibrated, to make sure that every test started with the same initial conditions. The test 

parameters consist of constant and variable parameters. The constant parameters remain the 

same for each test and the variable parameters could be adjusted.  

The constant parameters are: 

- LT refrigerant charge (kg):    1.95 

- HT refrigerant charge (kg):    0.6 

- Tank volume (L):      5 

- LT and HT EEV start open ratio (%):   30 

- LT and HT EEV start open duration time (sec.):  10 

- LT cycle superheat (oC):     4 

The variable parameters are: 

- HT cycle superheat (oC):      {10, 9, 8, 7} 

- Fan speed (m3/h):      {600, 500, 400, 300, 200} 

- HT cycle IHE start temperature (oC):    {18, 62, 43, 38} 

The following section first discusses the system simulation validation, by comparing the actual 

outcome of the physical tests, to the new input parameters. Then, the variable parameters will 

be discussed in more detail, by showcasing the effect of changing each individual parameter. 

And finally, the current best result are discussed, together with what should and could be 

improved within the system. 

 

5.1 Model Validation 
After the first physical tests were 

executed, the actual system 

performance could be measured. 

So, to validate the model (from 

Chapter 4.1), the new input data 

could be used to calculate the 

new theoretical performance. If 

these results were in line with the 

test results, the conclusion can be 

made that the model is valid. The 

data in Chapter 4.1, together with 

the actual physical test data and 

the new input data are displayed in Table 7, together with the corresponding performance.  

To conclude, the calculated COP value from the physical test is in line with the COP value from 

the new simulation data. The reason that the COP value in the new simulation is slightly higher 

than the physical test, can be explained. Namely, when calculating the total amount of power 

for the physical tests, the centrifugal fan has also been taken into account and in the simulation 

only the LT and HT cycle compressor power is taken into account. The difference in COP 

value, compared to the old simulation, is explained later on in section 6.3. 

Table 7 Model simulation validation data 

Old simulation Physical test New simulation

Temperature range (°C) 11-110 0.18-105.56 0.18-105.56

LT sat. temperature (°C) 11 0.18 0.18

LT superheat (°C) 5 9 9

LT eva. capacity (W) 1500 - 331

LT con. temperature (°C) 80 45.05 45.05

HT sat. temperature (°C) 70 33.76 33.76

HT superheat (°C) 5 7 7

IHE capacity (W) 2243 - 658.59

HT con. temperature (°C) 110 105.56 105.56

HT con. capacity (W) 2729 1659.5 1657.28

Total power (W) 1229 1362.24 1326.3

Overall system COP 2.22 1.22 1.25
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5.2 Dependency of Variable Parameters 
For each new test, one of the variable parameters was changed, to evaluate the effect on the 

system performance. The total amount of iterations that could be made with the amount of 

variable parameters values were 11 tests. A complete overview of the results for all of the test 

can be found in Appendix K and the current optimal outcome (test 5) can be found in Chapter 

5.3. The following things are examined in this section: the effect of the HT cycle superheat on 

the total heat capacity, the effect of the fan speed on the LT cycle evaporator outlet 

temperature and the effect of the HT cycle IHE start temperature on the total heating time. 

HT superheat vs. heat capacity 

A total of four superheat values were used to evaluate the effect of the HT cycle superheat on 

the heat capacity of the total system. The reason for not going lower than a superheat of 7 oC 

is because otherwise the risk of liquid compression is too high (which can cause damage to 

the compressor’s internal components). 

 

Figure 59 Effect of HT superheat on the total system heat capacity 

According to the test results in Figure 59 the best HT superheat value is in between a 

temperature of 7 oC and 8 oC. The reason for going with a superheat of 7 oC instead of 8 oC is 

because the difference between the corresponding superheat values is small. And a lower 

superheat value increases the overall heat transfer efficiency. Also, the first three tests were 

executed with a two hour waiting time in between and the fourth test was executed a day later 

(longer time to cool off), so probably the heat capacity corresponding to the 7 oC superheat 

would have been higher when it was also executed two hours after the previous test.  

Fan speed vs. LT evaporator outlet temperature 

A total of five different air flows where used to evaluate the effect of the fan speed on the LT 

cycle evaporator outlet temperature. The reason for starting with an airflow of 600m3/h is 

because with a higher air flow the noise level became too high (fan speeds above 600m3/h 

exceeded the acceptable noise level of 75dBA). For the other air flow values a reduction of 

100m3/h per test was used to evaluate the effect on the LT evaporator outlet temperature.   
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Figure 60 Effect of fan speed on the LT evaporator outlet temperature 

By analysing the graph in Figure 60 the observation can be made that the difference in LT 

evaporator output temperatures between an air flow of 600m3/h and 500m3/h is relatively small. 

The lower fan speeds (400m3/h, 300m3/h and 200m3/h) on the other hand show a much bigger 

decrease in LT evaporator outlet temperature. So, also taking into account the noise level, the 

most suitable fan speed is the one corresponding to an airflow of 500m3/h. 

HT cycle IHE start temperature vs. total heating time 

The HT cycle IHE start temperature was used as the third variable parameter. The reason for 

this is to find out if it was more efficient to first allow the LT cycle to heat up the IHE and then 

turn on the HT cycle. First an IHE temperature of 62 oC was used, because this is the maximum 

temperature the LT cycle could reach when operating on its own. Secondly a IHE temperature 

of 43 oC was used, because this is the maximum temperature the LT cycle reaches when both 

the LT and HT cycle are activated. And finally a IHE temperature of 38 oC was used, because 

this is the temperature from which the LT cycle compressor first stabilizes when both the LT 

and HT cycle are activated.  

 

Figure 61 Effect of HT cycle IHE start temperature on the total heating time 
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Looking at the graph in Figure 61, the conclusion can be made that first starting the LT cycle 

does not decrease the overall heating time. Even taking into account that the first couple of 

minutes the HT cycle compressor does not run yet and the LT cycle compressor is the only 

one that requires power to run, the COP will not be better than when both cycles are started 

simultaneously. Also, when the HT cycle was activated later than the LT cycle, the HT cycle 

had more difficulty with controlling the superheat. Which caused the controller to go into the 

low superheat alarm quite often.  

 

5.3 Proof of Concept 
This section contains the current optimal test results. To make sure that the test results were 

reliable, the test with the most optimal variable parameters was repeated two more times.   

 

Figure 62 Test run data, with temperature on the Y-axis and time on the X-axis 

Figure 62 shows the graph of the best test run result, with each line representing a temperature 

at a specified location within the system (see Figure 57). The variable parameter settings for 

this run are: a HT cycle superheat of 7 oC, a fan speed of 500 m3/h and the HT cycle is activated 

simultaneously with the LT cycle (IHE start temperature at room temperature). 

 

Figure 63 Pressure-enthalpy diagrams of the LT cycle with R1234ze (left) and HT cycle with R600 (right) 
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Figure 63 displays a simplified version of the pressure-enthalpy diagrams of the LT and HT 

cycles at the end of the current most optimal test runs. The X-axis shows the enthalpy, the Y-

axis the corresponding pressure value and the lines running across the graph are the 

corresponding temperature values.  

 

5.4 Comparison of Key Performance Indicators 
This section discusses the most important data points and the influence on the key 

performance indicators. First the temperature of the water in the boiler tank is discussed, then 

the superheat controllers are evaluated, then the efficiency of the heat exchangers is discussed 

and finally the overall heat capacity (total system performance) is shown. 

Boiler tank operating temperature 

As can be seen in the graph in Figure 62 and the table in Appendix K, the <Boiler surface> 

temperature reaches close to 100 oC and by executing a visual check, it was observed that the 

water was actually boiling. The reason for it being difficult for the water to reach exactly 100 
oC had to do with the fact that the tests were executed with an open boiler tank, which meant 

that the water stayed under atmospheric pressure the whole time and 100 oC is the absolute 

maximum temperature the water can reach. Also, by comparing the <Boiler surface> and <HT 

compressor discharge> temperatures, the observation could be made that the closer you get 

to 100 oC, the more work had to be put in the system. The reason for this is because during 

the whole test the temperature difference between the two lines stayed at about 10 oC, but 

from a <Boiler surface> temperature of about 95 oC, the two lines started to diverge. Which 

meant that from that point onwards a higher <HT compressor discharge> temperature was 

needed to achieve the same heat transfer. 

Superheat control   

Since the system consists of two refrigerant cycles, the superheat for each cycle had to be 

controlled independently. Starting with the HT cycle, the observation could be made that the 

<HT evaporator outlet> temperature gradually, but steadily, transforms from a wave function 

to a constant line. This means that the HT superheat controller is able to automatically regulate 

the superheat for the HT evaporator. Also, by visually checking the controller screen, a value 

of around 7 oC was displayed, which meant that the set HT cycle superheat value was reached.  

On the contrary, the LT cycle showed some different results. The <LT evaporator outlet> 

temperature remained an almost constant linear line throughout the test. This meant that the 

LT superheat controller was not able to correctly regulate the superheat for the LT evaporator. 

When looking at the controller screen the observation could then also be made that the set LT 

cycle superheat value of 4 oC was not reached, instead it remained at an almost constant 9.5 
oC. There are three possible causes for this, either the EEV opening percentage has to 

increase, the refrigerant charge has to increase, or the fan speed is too high. First of all, the 

fan speed could quickly be eliminated, since the tests showed that different fan speeds were 

not causing the rise in superheat. And secondly, after charging the system with more 

refrigerant, the superheat still did not decrease. Which means that the current expansion valve 

is not sized correctly and a bigger one should be used for the system to work properly. 

Heat exchanger efficiency 

In total there are three heat exchangers in the system, with each their own function and 

efficiency. Starting with the LT cycle evaporator. The <LT evaporator outlet> temperature at 

the beginning is around 6 oC and at the end around 9 oC. Together with a constant superheat 
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of 9.5 oC, this meant that at the start of the test the temperature difference between the room 

temperature and LT cycle evaporating temperature was around 21.5 oC and at the end around 

18.5 oC. This is a big temperature difference. To decrease this temperature difference and to 

increase the LT cycle evaporator efficiency, the total heat transfer area needs to increase.  

The difference between the <LT compressor discharge> and <HT evaporator outlet> 

temperature says something about the IHE efficiency. The temperature difference at the 

beginning of the test was on average around 10 oC (average is used since it is a wave function) 

and at the end around 5 oC (constant line). This temperature difference is smaller than 

expected, which meant that the heat exchanger had a sufficient efficiency and does not need 

to be redesigned. 

As mentioned before, the difference between the <HT compressor discharge> and <Boiler 

surface> temperatures is around 10 oC throughout the whole test. What means that the 

temperature difference for the HT condenser is in line with the expected value, but there is still 

room for improvement. The first thing that can be changed to increase the efficiency some 

more, is to allow the boiler tank to build up pressure and to limit the amount heat loss during 

the test. For the next prototype this can simply be achieved by using a completely closed off 

and insulated boiler tank (which was already included in the design in Chapter 3.6.1).  

Heating capacity 

Since the design of some of the components within the system are not yet optimized, the 

current heating capacity is much lower than the expected final heating capacity. The current 

heating capacity can be calculated by first calculating the total required amount of energy and 

divide that number by the total amount of heating time. Because the HT cycle condenser 

temperature difference start to increase after a <Boiler surface> temperature of 95 oC, this 

point has been used as the measurement end time. Taking this into account, the total required 

amount of energy, to heat up 5 litres of water from 10 to 95 oC, will be 1.779.050 Joules (using 

the formula: 𝑄 = 𝑚 ∗ 𝑐𝑝 ∗ 𝑑𝑇 and a specific heat capacity (𝑐𝑝) for water of 4.186 J/kg*K). 

Dividing this amount of energy by the total amount of elapsed time of 23.5 minutes (1410 sec.), 

results in a heating capacity of 1265 Watt. 

 

5.5 Coefficient of Performance 
For calculating the COP value, the input power for each component needed to be measured. 

By running the system a couple more times, the amount of current could be measured for the 

centrifugal fan, the LT cycle compressor and the HT cycle compressor. The total amount of 

amps is dependent on the internal component temperatures, which means that the total 

amount of power is different at the start and at the end of each test run. At the start a total 

amount of 922 Watt is used and at the end 1373 Watt.  For a complete overview of the 

measurements and the corresponding power factors see Appendix L.  

The calculated total heating capacity in the previous section is not in line with the real situation. 

Because the heat loss in an open tank is much higher than in an insulated one. For this reason 

the heat loss has also been taken into account. Since heat loss is a negative type of Work, it 

has been added to the previously calculated heating capacity (because the final system would 

only transfer a very small amount of thermal energy to its environment). At the start of each 

test run the total heating capacity is 1294 Watt and at the end 1660 Watt. For a complete 

overview of the heat loss values see Appendix L. 
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With the total amount of power and the total heating capacity known, the COP value could be 

calculated (using the formula: 𝐶𝑂𝑃 = 𝑄̇/𝑊𝑡𝑜𝑡𝑎𝑙). And, since both the power and heating 

capacity are dependent on the internal temperatures of the system, the COP value varies at 

different time intervals throughout the test. The COP value at the start is 1.40 and at the end 

1.21. By taking an average of the COP values at different boiler temperature intervals an 

overall system COP of 1.26 could be calculated. For a complete overview of the COP values 

at different temperature intervals see Figure 64 and Appendix L.  

 

5.6 Comparison to State-of-the-Art 
Chapter 1.3 (State-of-the-art) introduced the HTHP’s that are currently being developed. The 

first analyses was mainly used to showcase which systems are, or will be, available on the 

market within the next few years. The maximum heat sink temperatures and the refrigerants 

that are used to reach these temperatures are noted down in Table 1. This section will compare 

the state-of-the-art again, but also includes the cascade heat pump water boiler system.  

 

Figure 65 Cascade heat pump water boiler compared to the state-of-the-art 
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Figure 65 displays the cascade heat pump water boiler (VADAC) among the other heat pump 

systems. By noting down the initial source temperature and the heat sink outlet temperatures, 

the temperature difference can be calculated and compared among the systems. Each system 

is ranked according to their maximum temperature difference (with on the left the lowest and 

on the right the highest value).  

Looking at where VADAC is located among the other systems, the conclusion can be made 

that the cascade heat pump water boiler is able to bridge a temperature difference much 

greater than most of the other systems. Actually it is ranked highest, together with the system 

from Olvondo and MAN Energy Solutions, with a maximum temperature difference of 100 oC. 

And, when using a closed boiler tank in the future, this temperature difference could possibly 

increase even more.  

Also, looking at the initial source temperature, the cascade heat pump water boiler starts from 

a much lower temperature than the other two systems. Meaning that the system from VADAC 

is able to bridge the same temperature difference, but from an initial point with much less 

available thermal energy.  
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6. Conclusions and Recommendations 
After evaluating the test results, this section forms a clear conclusion about the aim and 

objectives of the project. The first part of the conclusion is based on the comparison between 

the expected results and the actual test results. And the second part will discuss the outcome 

compared to the predefined list of requirements in Appendix F. And finally, for the future 

development of the system, a list of recommendations and an overview of what could have 

been done differently is discussed in the last section. 

 

6.1 Conclusions 
The overall system performance is lower than the theoretical calculated performance (COP of 

1.26 instead of 2.22), but that does not mean that the project has not succeeded. The water in 

the boiler tank is able to reach its boiling point, which first of all means that the system is able 

to bridge the big temperature difference of 90 oC. As for the efficiency, the main causes can 

be traced back to a couple of components. Starting with the LT cycle evaporator. The total 

heat transfer area is too small. Instead of extracting a total of 1500 Watts of thermal energy 

from the surrounding air, it only extracts 331 Watts. Which means that the difference between 

the total amount of input power and the heating capacity is also only 331 Watts and that causes 

a big decrease in total system efficiency. And secondly, the LT cycle expansion valve opening 

is too small, which causes the superheat to not be able to get lower than 9 oC. This also has a 

big effect on the overall system efficiency. So, to conclude, the first proof-of-concept 

succeeded, but the next step is to increase the size of the LT cycle evaporator and to select 

an expansion valve with a bigger tube diameter and valve opening, to be able to increase the 

heat exchanger capacity.  

Regarding the predetermined list of requirements (Appendix F), the following section first 

discusses the main requirements for the overall system performance and afterwards also 

separately for each individual component. 

Overall system performance 

- The system is able to heat up the water in the boiler tank to its boiling point under standard 

atmospheric pressure.  

- All of the components have been subjected to and are able to withstand a minimum 

pressure of 30 bar.  

- The current sound level of 70 dB is higher than the requirement of 68 dB, but this is only a 

small difference and in the final system this can be limited by using a bigger air vent and 

by adding sound insulation.  

- The total heat loss in the IHE, open tank and copper tubes is currently too high, but this 

can simply be solved by using a closed of boiler tank and by adding thermal insulation 

around each component. 

Refrigerants 

- The GWP value for both the LT and HT cycle refrigerants are less than 150. 

- The ODP value for both the LT and HT cycle refrigerants is zero. 

- The LT and HT cycle refrigerants are chemically stable, which means they do not break 

down when operated under the specified pressure and temperature values. 

- The first evaluation of the lubrication oils show that they are not effected by either of the 

refrigerant types or the high temperature. But, to be completely sure that the lubrication 

oils do not break down over time, they should be chemically tested by experienced 

laboratory personnel.  
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Centrifugal fan 

- The air flow is sufficient enough for transferring the thermal energy from the air onto the LT 

cycle evaporator (centrifugal fan is able to draw in 800 m3/h, but 500 m3/h is already 

enough). 

Heat exchangers 

- The LT cycle evaporator is not as efficient as expected (temperature difference in between 

18,5-21,5 oC instead of in between 10-15 oC). To be able to better transfer the thermal 

energy from the environment onto the refrigerant, the total heat transfer area needs to 

increase. 

- The intermediate heat exchanger is able to more efficiently transfers the thermal energy 

from the LT cycle refrigerant onto the HT cycle refrigerant than expected (temperature 

difference of 5 oC instead of 10 oC). 

- The HT cycle condenser is just as efficient as expected (temperature difference of 10 oC), 

but there is still room for improvement. 

- The HT cycle condenser is resistant to a minimum temperature of 110 oC. 

Compressors 

- The LT cycle compressor is resistant to a minimal temperature of 70 oC. 

- The HT cycle compressor is resistant to a minimal temperature of 120 oC (higher than the 

required 110 oC). 

- The LT and HT cycle accumulators are sized correctly to prevent liquid refrigerant 

compression in the compressors. 

Electronic expansion valves 

- The LT cycle expansion valve/controller is not able to regulate the superheat correctly 

(superheat of 9 oC instead of the set value of 4 oC). As previously explained, the cause of 

this is not the fan speed or the amount of refrigerant charge, but the size of the expansion 

valve opening. So, to be able to regulate the superheat correctly, an expansion valve with 

a bigger opening should be used. 

- The HT cycle expansion valve/controller is able to automatically regulate the valve opening 

(around a set superheat value of 7 oC). 

- The expansion valves are both resistant to a minimum temperature of 110 oC. 

 

6.2 Recommendations 
After analysing the overall research outcome and test results, there are a couple of things that 

could have been done differently or which can be implemented in future work. The first section 

will start with what could have been done differently during the project.  

First of all, for determining the right type of compressor for the LT cycle, an inverter type could 

have been used to precisely control the rotational speed and subsequently the heating capacity 

of the IHE. An inverter type is maybe more expensive than a constant speed compressor (since 

it needs a separate controller to operate it), but by knowing the exact required heating capacity 

at an early stage in the development, this could have saved money later on. Also, instead of 

starting with two higher heating capacity compressors, the first prototype could have been 

constructed with lower heating capacity compressors, to decrease the overall prototyping costs 

and to still be able to provide a first proof-of-concept. Secondly, the boiler tank could have 

been a closed off type by simply welding on the lid again and the tank could have been covered 

with cheap insulation material to allow for pressure to build up and to limit the amount of heat 
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loss to the surroundings. Also, the IHE and copper tubes could have been insulated to prevent 

most of the thermal energy from escaping the system. Thirdly, the coil heat exchanger inside 

the boiler tank could have been more efficient by adding fins (to increase the heat transfer 

area) or by some kind of agitation device inside the tank (to move the water around and 

increase the contact with the heat exchanger). And finally, two extra pressure sensors on the 

high pressure discharge sides of the LT and HT cycle compressors could have been installed, 

to provide a more detailed overview of the final pressure-enthalpy diagram of the total system.  

The things that can be implemented in future work are a result from the overall research 

outcomes. To begin with, during the research it was hard to find suitable compressor types, 

because these refrigerant types are not or minimally being used in current climate control 

systems. So, in the future, a compressor could maybe be developed specifically for these 

refrigerant types, to optimise the efficiency and their high temperature compatibility. Secondly, 

some components can be downsized in the final system. For example the centrifugal fan can 

be changed from a variable speed to a constant speed type, since the system only needs one 

predetermined speed to be able to function properly. Also, the control of the system is currently 

split up in multiple components (for testing purposes), but these can be combined into a single 

printed circuit board. And the LT cycle expansion valve can maybe change from an electronic 

type to a thermostatic expansion valve or a capillary tube. And finally, for the next prototype, a 

closed and insulated boiler tank needs to be designed (to limit the heat loss), the right size of 

LT expansion valve needs to be used (to lower the LT cycle superheat) and the LT cycle 

evaporator needs to be bigger (to increase the total amount of heat transfer area). This, to 

check if, with the right components and parameters, the system is able to reach the 

theoretically calculated efficiency. And, after the second prototype has been tested and is 

working properly, a tap and housing also needs to be designed for the final system.   
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Appendix 
 

A - Research Plan 

Research Plan – Development of a Compressor and Heat Exchanger … 
Master Thesis Industrial Design Engineering at Vadac 

 

Objective 

 

Introduction 

To find out more about the company who is offering the assignment and the work they do, I asked 

questions during an interview with Marco van Rooijen (CEO of Vadac B.V.) The questions in the brief 

background analysis are used to provide information about the organization itself and about the 

reason or occasion why they offer the assignment. Together with the questions in the brief 

stakeholder analysis I will try to get an idea about which other people/organizations are involved and 

who Vadac is designing for. And finally, with all this information, I hope to be able to identify, how I 

as a master student “Industrial Design Engineering”, can provide added value for the company. 

 

1.1.1 Background analysis: 

- What is the overall ‘change’ or objective your client is aiming at? 

In 2018 Vadac launched a roadmap to sustainable caravanning by rethinking all components. The 

first step is to replace the traditional gas heater with an energy efficient heat pump. For us this is a 

logical step in the evolution of the caravan, it removes the risks and inconveniences of the outdated 

gas heater and takes the caravan fast forward to the pinnacle of climate control. 

- What ‘problems’ or challenges arise with regard to this objective? 

Some of the challenges Vadac is facing currently are the transfer to a sustainable way of camping and 

to keep up with the innovations within the market. 

- What influence do other stakeholders have? 

Since most of the products Vadac is offering are also sold through a middleman, the list of 

requirements becomes bigger and the possibility exist that the wrong information is supplied.  

- What is your client’s opinion on causes of the problems or reasons for the identified challenges? 

To reach a bigger customer segment, the products are sold by using a middleman. 

- What possible solutions or changes have been suggested? 

Sell more products directly to the customer (not preferable) or better supply the middleman with the 

right product information to avoid miscommunication.  

 

1.1.2 Stakeholder analysis: 

- What is the client’s main (business) objective / mission statement? 

At Vadac we share a passion for nature with the caravanning enthusiast and believe this can be 

combined perfectly with a sustainable, circular and climate friendly future. We believe in making 
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caravans more sustainable and greener by helping people to reduce their carbon footprint while 

enjoying camping at the same time. 

- What is the client’s expertise and interests? (how many employees are involved in product 

development) 

During more than two decades of experience in designing technical accessories for the caravanning 

and marine industry, Vadac has accumulated a profound knowledge and understanding of this type 

of market.  

- What other stakeholders do exist? 

Manufacturers, caravan and camper retailers, and end-users. 

- What expertise do the stakeholders have? 

Manufacturing of the products, buying and selling the product and using the product. 

 

Project aim 

The aim of the assignment is first to research the question if it is possible to use compressor and heat 

exchanger technology to improve an existing household device. Then, when this is possible, I will also 

start with the development of the system. 

This task will be realized by means of applied research. In the pre-phase I will try to understand the 

assignment problem, how a heat pump system works, which rules and regulations apply, which 

applications are suitable for optimization and which competitors of these products already exist on 

the market. The outcome of this preliminary research can be used to develop a diagnosis on how the 

assignment can be tackled later on. In the next phase, I will go deeper into the chosen application by 

gathering more information about the existing heat pump system configurations, deployment 

methods and the working principle behind each individual component within the device. Then, with 

this information, a list of requirements can be established and the concept phase can start. In the 

concept phase, I will use the knowledge I gained in the previous phases to come up with ideas, 

iterations, concepts, etc. for the development of the chosen application.  

During the whole project I will have regular progress meetings with the company and other clients, 

so we can come to the best solution together, while keeping in mind all relevant stakeholders their 

needs and wishes. After converging towards a final concept, the detailing phase will begin. In this 

phase the chosen concept (or more concepts) will be modelled in a 3D CAD environment and by 

using these 3D models a prototype can be constructed. The working prototype, resulting from this 

phase, will be used in the implementation phase for testing. And finally the results of the testing 

phase will be evaluated and if the system has proven to work and it solves the corresponding 

problem, then it can be used for further development. But, when it does not work correctly or does 

not solve the problem, then I will have to go back to one of the previous phases and reconsider my 

ideas. 

 

Research questions 

Main question: 

Is it possible to use heat pump technology to improve an existing household application and make it 

more sustainable and energy efficient? 
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Central questions and sub-questions: 

1. How does a heat pump system work? 

a. What is a heat pump? 

b. What kind of components does a heat pump consist of? 

c. What kind of functions do each of the components have? 

d. How do the components work together? 

e. Which rules and regulations apply to heat pump systems? 

f. According to the stakeholders, what requirements must the new device meet? 

g. Which types of heat pumps are already available on the market? 

h. What added value are users experiencing when using a heat pump? 

 

2. How can compressor and heat exchanger technology be used to improve one of the existing 

household devices? 

a. Where are heat pump systems currently already being applied? 

b. Which household devices use a high temperatures? 

c. Which household device consumes the most electrical energy? 

d. Which household device is most suitable for optimization by means of heat pump 

technology? 

e. Who are the current competitors of the chosen application? 

f. Looking at the devices from the competitors, what are the additional design features that 

can be used for the improvement of the chosen household device? 

g. What kind of improvements or additional features do users like to have when using the 

chosen household device? 

 

3. How feasible is the implementation of heat pump technology in the new type of application? 

a. Looking at the preliminary research results, which requirements should be added to the 

list of components? 

b. According to the list of requirements, which ideas and concepts can be generated? 

c. Keeping the improvements into account, how should all the components work together 

in the final concept? 

d. How does the final concept work in practice? 
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Approach 

Strategy 

Research  

Strategy Answered questions 

Heat Pump Analysis 1a, 1b, 1c, 1d, 1e, 1g 

Use case Analysis 1g, 1h, 2a, 2b, 2c, 2d 

Competitor Analysis 2e, 2f, 2g 

Machine and Workflow Research 1b, 1c, 1d, 1g 

Concept development  

Strategy Answered questions 

Ideation and iterations 3a, 3b 

Client and UT supervisor meetings 1a, 1b, 1c, 1d, 1f 

Concept generation 3c 

Prototype construction 3c, 3d 

Testing 3d 

Evaluation 3c, 3d 

 

Material (sources) 

To be able to perform every strategy tool each of them require different kinds of materials. 

Underneath I made an overview of every strategy tool and matched them to the materials they need. 

 

Strategy Required materials 

Client/Company (Vadac) Analysis Literature, internet, client knowledge 

Heat Pump Analysis Literature, internet, client and supervisor 

knowledge 

Use Case Analysis Literature, internet, client and supervisor 

knowledge 

Competitor Analysis Literature, internet 

Machine and Workflow Research Literature, internet, manufacturer 

information 

Ideation/iteration Literature, internet, brainstorming, 

morphological scheme, sketches 

Concept generation System diagrams, 3D CAD software, 3d 

visualization software, manufacturer 

information 

Prototyping Prototyping workshop (e.g. 3D printer, 

metalworking, etc.) 

Testing Prototype, testing site, testing equipment 

Evaluation Test results, user feedback, client feedback, 

UT supervisor feedback 
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B - Competitors Technical Data 

Quooker 

- PRO3 

Function Provides 3 litres of instant 
boiling water (100oC) 

Dimensions (WxDxH) (mm) 152 x 152 x 412 (round) 

Volume (Litres) 3 

Reheating time (minutes) 10  

Material Stainless-steel and insulation 
material 

Performance (W)  Heating: 1600 
Stand-by: 10 

Outstanding features - Retractable hose tap 
optional 

- Twin tap option 
- Several colours available: 

chrome, stainless steel, 
black, messing and gold 

- Can be combined with the 
CUBE 

- Safety and feedback ring 
- Safe touch tap 

 

- COMBI 

Function Provides 7 litres of instant 
boiling water (100oC) and 15 
litres of warm water (60oC) 

Dimensions (WxDxH) (mm) 199 x 199 x 469 (round) 

Volume (Litres) 7 

Reheating time (minutes) 20 

Material Stainless-steel 

Performance (W)  Heating: 2200 
Stand-by: 10 

Outstanding features - See PRO3 
- Vacuum insulation 

 

- COMBI+ 

Function Provides 7 litres of instant 
boiling water (100oC) and 
unlimited warm water (60oC) 

Dimensions (WxDxH) (mm) 199 x 199 x 469 (round) 

Volume (Litres) 7 

Reheating time (minutes) 20 

Material Stainless-steel 

Performance (W)  Heating: 2200 
Stand-by: 10 

Outstanding features - See PRO3 
- Vacuum insulation 
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- CUBE 

Function Provide 60 litres of cooled 
and sparkling water 

Dimensions (WxDxH) (mm) 153 x 270 x 500 (rectangle) 

Volume (Litres) 60 litres cooling capacity 

Cooling time (minutes) 30  

Material Stainless-steel and insulation 
material 

Performance (W)  Stand-by: 5 

Outstanding features - Active carbon filter 
optional 

 

Selsiuz 

- Single 

Function Provide 3,7 litres of instant 
boiling water (100oC) 

Dimensions (WxDxH) (mm) 225 x 225 x 398 (round) 

Volume (Litres) 5  

Reheating time (minutes) 18 

Material Stainless steel and insulation 
material 

Performance (W)  Heating: 2200 
Stand-by: 16 

Outstanding features - Several colours and 
designs available: 
chrome, inox, copper, 
gold, gun metal, Gessi 

- Safe touch tap 
- Two step safety handle 

 

- Combi Extra 

Function Provide 3,7 litres of instant 
boiling water (100oC) and 7,5 
litres of warm water (55oC) 

Dimensions (WxDxH) (mm) 225 x 225 x 398 (round) 

Volume (Litres) 5 

Reheating time (minutes) 18 

Material Stainless steel and insulation 
material 

Performance (W)  Heating: 2200 
Stand-by: 16 

Outstanding features - See Single 
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- Titanium 

Function Provide 3,7 litres of instant 
boiling water (100oC) and 7,5 
litres of warm water (55oC) 

Dimensions (WxDxH) (mm) 225 x 225 x 398 (square) 

Volume (Litres) 5 

Reheating time (minutes) 18 

Material Stainless steel and titanium, 
and insulation material 

Performance (W)  Heating: 2200 
Stand-by: 16 

Outstanding features - See single 
- Titanium is more resistant 

to big temperature 
differences and corrosion 

 

- Cooler 

Function Provide 2 litres of cooled 
water per minute and/or 18,5 
litres of sparkling water 

Dimensions (WxDxH) (mm) 185 x 366 x 406 (rectangle) 

Volume (Litres) 0 

Cooling time (minutes) Unknown  

Material Stainless steel  

Performance (W)  Cooling: 100 
Stand-by: 1 

Outstanding features - Calcium filter optional 

 

Franke 

- SOLO S 

Function Provide 3,5 litres of instant 
boiling water (100oC) 

Dimensions (WxDxH) (mm) 145 x 200 x 522 (rectangle) 

Volume (Litres) 5 

Reheating time (minutes) 12 

Material Copper and insulation 
material 

Performance (W)  Heating: 1500 
Stand-by: 25 

Outstanding features - Retractable hose tap 
optional 

- Two step safety twist 
handle 

- Safe touch tap 
- Many designs available 
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- COMBI S 

Function Provide 3,5 litres of instant 
boiling water (100oC) and 
provide cooled water 

Dimensions (WxDxH) (mm) 145 x 200 x 522 (rectangle) 

Volume (Litres) 5 

Reheating time (minutes) 12 

Material Copper and insulation 
material 

Performance (W)  Heating: 1500 
Stand-by: 25 

Outstanding features - See SOLO S 

 

- COMBI XL 

Function Provide 7,5 litres of instant 
boiling water (100oC) and 
provide cooled water 

Dimensions (WxDxH) (mm) 285 x 300 x 452 (rectangle) 
Unknown  

Volume (Litres) 10 

Reheating time (minutes) 35 

Material Copper and insulation 
material 

Performance (W)  Heating: 2200 

Outstanding features - See SOLO S 

 

- COMBI Xcellent 

Function Provide 7,5 litres of instant 
boiling water (100oC), 32 
litres of warm water (40oC) 
and cooled water 

Dimensions (WxDxH) (mm) Boiler: 285 x 300 x 452 
(rectangle)  
Cooler: 185 x 386 x 406 
(rectangle) 

Volume (Litres) Boiler: 10 
Cooler: 0 

Reheating time (minutes) 35 

Material Copper and stainless steel, 
and insulation material 

Performance (W)  Heating: 2200 
Cooling: 170  
Stand-by cooler: 8  

Outstanding features - See SOLO S 
- Filter optional 
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Grohe 

- Red L 

Function Provide 5,5 litres of boiling 
water (100oC) and unlimited 
warm water 

Dimensions (WxDxH) (mm) 210 x 210 x 491 (round) 

Volume (Litres) 7 

Reheating time (minutes) unknown 

Material Titanium and stainless steel  

Performance (W)  Heating: 2200 
Stand-by: 14 

Outstanding features - Two step safety handle 
- Safe touch tap 
- Many designs available 

 

- Red Compact 

Function Provide 3 litres of boiling 
water (100oC) and 5,5 litres of 
warm water 

Dimensions (WxDxH) (mm) 210 x 210 x 288 

Volume (Litres) 4 

Reheating time (minutes) 20 

Material Titanium and stainless steel 

Performance (W)  Heating: 2200 
Stand-by: 14 

Outstanding features - See Red L 

 

- Blue Home  

Function Provide cooled, filtered and 
sparkling water 

Dimensions (WxDxH) (mm) 200 x 500 x 455 (rectangle) 

Volume (Litres) 0 

Cooling time (minutes) Unknown  

Material Stainless steel 

Performance (W)  Cooling: 180 

Outstanding features - See red L 
- “GROHE Ondus” app to 

control the device, the 
settings and to 
automatically order new 
CO2 cartridges and filters 
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C - Refrigerant Selection List 

 

*Mixture with liquid components that have different boiling points. 

**Classification of refrigerants with regard to safety (see figure below). 

 

 

 

 

 

 

 

 

 

- Refrigerants in red either have unknown values or a very low ODP value, which makes it 

uncertain if these can be used. 

 

For the refrigerant selection of the heat pump a total of 8 suitable refrigerant were selected. 

The following refrigerants were eliminated:  

- Zeotropic refrigerants (R400 and R500 types) have unfavourable temperature glides.  

- R152a, R161, R610 and R611 are not commonly used as refrigerants.  

- R290, R717 and R1270 require to high operating pressures. 

- R631 and R1336mzz(e) only have a limited amount of available information. 

- R170 and R744 require supercritical operating temperatures. 

- R718 requires a to high mass flowrate compared to its volumetric heating capacity.  

Refrigerant safety group classification (ANSI/ASHRAE standard 34-2022) 

Number Name Type Zeotropic* GWP ODP Tcrit (C) Tboil (C) Toxicity Flammability Natural Category**

R-152a 1,1-Difluoroethane HFC no 138 0 113,26 -24,00 low medium no A2

R-161 Fluorethane HFC no 4 0 102,22 -37,1 low high no A3

R-170 Ethane HC no 6 0 32,17 -88,58 low high yes A3

R-290 Propane HC no 3 0 96,74 -42,11 low high yes A3

R-444A AC5 HFO/HFC yes 93 0 106,00 -35,70 low low no A2L

R-451A - HFO yes 140 0 95,40 -30,80 low low no A2L

R-468A - HFO/HFC yes 148 0 84,00 -51,20 low low no A2L

R-471A - HFO/HFC yes 148 0 112,00 -16,90 low low no A2L

R-516A ARM-42 HFO/HFC yes 131 0 97,00 -29,40 low low no A2L

R-454C Opteon XL20 HFO yes 148 0 82,40 -45,90 low low no A2L

R-455A Solstice L40X HFO yes 148 0 85,60 -52,10 low low no A2L

R-600 Butane HC no 6,6 0 152,01 0 low high yes A3

R-600a Isobutane HC no 3 0 134,66 -11,75 low high yes A3

R-601 Pentane HC no 4 0 196,56 36,10 low high yes A3

R-601a Isopentane HC no 4 0 187,78 27,70 low high yes A3

R-610 Ethyl ether HC no 4 0 193,65 34,60 low high no A3

R-611 Methyl formate HC no 0 0 213,55 32,00 high medium no B2

R-631 Ethylamine no ? 0 183 16,60 ? ? yes ?

R-717 Ammonia no 0 0 132,25 -33,30 high low yes B2L

R-718 Water no 0,2 0 373,95 100,00 no no yes A1

R-744 Carbon dioxide no 1 0 31,98 -78,46 low no yes A1

R-1233zd(E) Trans-1-Chloro-3,3,3-Trifluoropropene HFO no 1 0,00034 165,5 18,26 low no no A1

R-1234yf 2,3,3,3-Tetrafluoropropene HFO no 4 0 94,70 -29,40 low low no A2L

R-1234ze(E) Solstice ze HFO no 7 0 109,37 -19,00 low low no A2L

R-1270 Propylene HO no 1,8 0 92,42 -47,60 low high no A3

R-1336mzz(E) Trans-1,1,1,4,4,4-Hexafluoro-2-butene HFO no 18 0 137,7 7,50 low no no A1

R-1336mzz(Z) Cis-1,1,1,4,4,4-Hexafluoro-2-butene HFO no 2 0 171,3 33,4 low no no A1
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D - Thermodynamic Principles 
 

The process of exchanging heat between materials is part of thermodynamics, which is the 

science of the relationship between heat, work, temperature and energy (Drake, 2021). The 

three ways in which heat can be transferred are (Ronquillo, 2021): 

- Conduction 𝑄̇ =
𝑘𝐴∆𝑇

𝑑
 : the transfer of thermal energy between materials that are in 

contact with each other (materials with a higher temperature have more molecular 

motion (kinetic energy) and when in contact with a colder material, transfer thermal 

energy to come to a steady equilibrium). Q-dot represents the transfer rate of heat, k 

the materials conductivity constant, A the cross-sectional area, delta-T the temperature 

difference and d the thickness of the material. 

- Convection (free/natural) 𝑄̇ = ℎ𝑐𝐴∆𝑇 : the transfer of thermal energy from a materials 

surface onto a moving substance like a fluid or gas (increasing temperature makes a 

substance expand and decreases the density, which makes the particles float (move 

upwards) on top of the less dense particles and in this way move around and transfer 

thermal energy). Q-dot represents the transfer rate of heat, hc the convection heat 

transfer constant, A the exposed surface area and delta-T the temperature difference.  

- Thermal radiation 𝑄̇ = 𝜀𝜎𝐴ℎ(𝑇ℎ
4 − 𝑇𝑐

4) : the transfer of thermal energy by means of 

emitted electromagnetic waves from a heated surface (all materials with a temperature 

above absolute zero contain molecular motion (kinetic energy) and some of the 

movement of charges is converted to thermal radiation, a type of energy transfer 

process that does not require an intervening medium for exchanging heat). Q-dot 

represents the transfer rate of heat, epsilon the emissivity constant, sigma the Stefan-

Boltzmann constant (5,6703 x 10-8 W/m2K4), Ah the exposed surface area and delta-T 

the temperature difference.  

All of the previously mentioned heat transfer processes operate under the same underlying 

principles. These principles are the basics for understanding how heat exchangers work and 

why materials and substances have the tendency to exchange thermal energy. The three basic 

fundamental principles are (Ronquillo, 2021): 

- Zeroth’s Law of Thermodynamics: if two thermodynamic systems are each in thermal 

equilibrium with a third system, then they are also in thermal equilibrium with each other 

(if A=C and B=C, then A=B).  

- First Law of Thermodynamics ∆𝑈𝑠𝑦𝑠𝑡𝑒𝑚 = −∆𝑈𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡 : energy cannot be created 

or destroyed (Law of Conservation of Energy), it can only be transferred to another 

thermodynamic system or converted to another type of energy. U is the initial potential 

energy. 

- Second Law of Thermodynamics ∆𝑆 =
∆𝑄

𝑇
 : an isolated system has the natural tendency 

to degenerate into a more disordered state (increased entropy) and since entropy can 

only increase and moves towards the highest possible value, the system eventually 

reaches a state of equilibrium. Delta-S is the change in entropy, delta-Q the change in 

heat and T the absolute temperature. 

To sum up, Zeroth’s Law of Thermodynamics shows that thermal equilibrium is a transitive 

relation, the First Law of Thermodynamics shows the inversive relationship of the internal 

energy between systems and the Second Law of Thermodynamics shows that two systems 

are naturally moving towards thermal equilibrium.  
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E - Cascade Heat Pump MATLAB Calculation Script  

Condensor output power: 

Qc=2200 

Qc = 2200 

HT mass flowrate: 

m2=Qc/(R600.VaporEnthalpy(R600.Temperature==110)- ... 

    R600.LiquidEnthalpy(R600.Temperature==110)) 

m2 = 0.0093 

Intermediate heat exchanger transition temperatures: 

Tihe=40:10:100 

Tihe = 1×7 

    40    50    60    70    80    90   100 

Repetition control structure: 

for i=1:length(Tihe) 

    T=Tihe(i) 

T = 40 

T = 50 

T = 60 

T = 70 

T = 80 

T = 90 

T = 100 

Intermediate heat exchanger thermal energy: 

Qihe=m2*(R600.VaporEnthalpy(R600.Temperature==Tihe(i))- ... 

    R600.LiquidEnthalpy(R600.Temperature==110)) 

Qihe = 1.3699e+03 

Qihe = 1.5002e+03 

Qihe = 1.6287e+03 

Qihe = 1.7545e+03 

Qihe = 1.8765e+03 

Qihe = 1.9931e+03 

Qihe = 2.1020e+03 
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LT mass flowrate: 

m1=Qihe/(R1234ze.VaporEnthalpy(R1234ze.Temperature==Tihe(i))- ... 

    R1234ze.LiquidEnthalpy(R1234ze.Temperature==Tihe(i))) 

m1 = 0.0088 

m1 = 0.0103 

m1 = 0.0120 

m1 = 0.0142 

m1 = 0.0170 

m1 = 0.0213 

m1 = 0.0299 

Cascade heat pump coefficient of performance: 

COP=Qc/(m1*(R1234ze.VaporEnthalpy(R1234ze.Temperature==Tihe(i))- ... 

    R1234ze.VaporEnthalpy(R1234ze.Temperature==16))+ ... 

    m2*(R600.VaporEnthalpy(R600.Temperature==110)- ... 

    R600.VaporEnthalpy(R600.Temperature==Tihe(i)))) 

COP = 2.2876 

COP = 2.4179 

COP = 2.5119 

COP = 2.5491 

COP = 2.5110 

COP = 2.3817 

COP = 2.1469 

Compressor power: 

WcompLT=m1*(R1234ze.VaporEnthalpy(R1234ze.Temperature==Tihe(i))- ... 

    R1234ze.VaporEnthalpy(R1234ze.Temperature==16)) 

WcompLT = 131.5890 

WcompLT = 210.0627 

WcompLT = 304.5045 

WcompLT = 417.5062 

WcompLT = 552.5987 

WcompLT = 716.7796 

WcompLT = 926.7203 

 

WcompHT=m2*(R600.VaporEnthalpy(R600.Temperature==110)- ... 

    R600.VaporEnthalpy(R600.Temperature==Tihe(i))) 
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WcompHT = 830.1293 

WcompHT = 699.8021 

WcompHT = 571.3275 

WcompHT = 445.5391 

WcompHT = 323.5485 

WcompHT = 206.9302 

WcompHT = 98.0001 

COP-T plot: 

    COPvalues(i)=COP   

COPvalues = 1×7 

    2.2876    2.4179    2.5119    2.5491    2.5110    2.3817    2.1469 

COPvalues = 1×7 

    2.2876    2.4179    2.5119    2.5491    2.5110    2.3817    2.1469 

COPvalues = 1×7 

    2.2876    2.4179    2.5119    2.5491    2.5110    2.3817    2.1469 

COPvalues = 1×7 

    2.2876    2.4179    2.5119    2.5491    2.5110    2.3817    2.1469 

COPvalues = 1×7 

    2.2876    2.4179    2.5119    2.5491    2.5110    2.3817    2.1469 

COPvalues = 1×7 

    2.2876    2.4179    2.5119    2.5491    2.5110    2.3817    2.1469 

COPvalues = 1×7 

    2.2876    2.4179    2.5119    2.5491    2.5110    2.3817    2.1469 

    m1values(i)=m1 

m1values = 1×7 

    0.0088    0.0103    0.0120    0.0142    0.0170    0.0213    0.0299 

m1values = 1×7 

    0.0088    0.0103    0.0120    0.0142    0.0170    0.0213    0.0299 

m1values = 1×7 

    0.0088    0.0103    0.0120    0.0142    0.0170    0.0213    0.0299 

m1values = 1×7 

    0.0088    0.0103    0.0120    0.0142    0.0170    0.0213    0.0299 

m1values = 1×7 

    0.0088    0.0103    0.0120    0.0142    0.0170    0.0213    0.0299 

m1values = 1×7 

    0.0088    0.0103    0.0120    0.0142    0.0170    0.0213    0.0299 

m1values = 1×7 

    0.0088    0.0103    0.0120    0.0142    0.0170    0.0213    0.0299 
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end 

plot(Tihe,COPvalues,'Color','r') 

xlabel('Evaporator Temperature (°C)') 

ylabel('COP') 

 

mdot-T plot: 

plot(Tihe,m1values,'Color','b') 

xlabel('Evaporator Temperature (°C)') 

ylabel('Mass Flowrate (kg/s)') 
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Combined plot: 

xlabel('Evaporator Temperature (°C)') 

ylabel('COP') 

 

yyaxis right 

plot(Tihe,m1values) 

xlabel('Evaporator Temperature (°C)') 

ylabel('Mass Flowrate (kg/s)') 

 

yline(m2,'color','[0.8500 0.3250 0.0980]','LineStyle','-.','LineWidth',1) 

 

legend('location','northwest') 

 

legend(["COP","m1","m2"]) 
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F -  List of Requirements 
The executed preliminary research and the interviews with potential stakeholders, like clients 

and manufacturers, resulted in a variety of requirements. This list of requirements, consisting 

of wishes and demands, is divided into several smaller lists. Most of the lists relate to different 

components of the machine, these parts are the refrigerant, evaporator, compressor, 

condenser, expansion valve and housing. The other lists relate to the rules and regulations, 

user requirements and general requirements. Underneath the lists are shown in tables and for 

each of the requirements an indication is given from which analysis it resulted from and 

whether it is a wish or demand. 

 

Refrigerants  

 

# Demands Sources 

1.1 The refrigerant (at the lower temperature input) 
should be a vapour at a temperature of 16  oC  and a 
pressure value off 1,013 bar. 

2.1.2 Components and 
Functions 
 

1.2 The refrigerant (at the higher temperature output) 
should have a minimum critical temperature of 110  

oC.  

2.2.4 Chosen Heat Pump 
Application  
 

1.3 The refrigerant should have a characteristic odour or 
tracer element when it is flammable or contains a 
toxic substance. 

2.1.2 Components and 
Functions 
2.1.3 Rules and Regulations 

1.4 The refrigerant should be commercially available. Client meetings 

1.5 The refrigerant should not exceed the price of €40,- 
per kilogram.  

Client meetings 

1.6 The refrigerant should have a GWP value less than 
150. 

2.1.3 Rules and Regulations 

1.7 The refrigerant should have a ODP value of zero. 2.1.3 Rules and Regulations 

1.8 The refrigerant should be chemically stable at the 
required pressure and temperatures. 

2.1.2 Components and 
Functions 
2.1.3 Rules and Regulations 

1.9 The refrigerant should not be corrosive or 
aggressive against the system construction 
materials or protective coatings. 

2.1.2 Components and 
Functions 
2.1.3 Rules and Regulations 

1.10 The refrigerant should not react to the lubricating 
oils. 

2.1.2 Components and 
Functions 

1.11 The refrigerant amount may not exceed the 
corresponding allowable boundary value.  

EN 378 

 Wishes  

1.12 The refrigerant (at the higher temperature output) 
should have a critical temperature higher than 204,4  

oC . 

2.2.3 Appliances Suitable for 
Optimization 
 

1.13 The refrigerant should not be poisonous to humans 
and animals. 

2.1.2 Components and 
Functions 
2.1.3 Rules and Regulations 

1.14 The refrigerant should not be flammable or 
explosive. 

2.1.2 Components and 
Functions 
2.1.3 Rules and Regulations 

1.15 The refrigerant should not contain fluorinated 
greenhouse gases. 

2.1.3 Rules and Regulations 
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Evaporator 

 

 

Compressor 

 

# Demands Sources 

2.1 The evaporator should be able to efficiently transfer 
the thermal energy from the environment onto the 
refrigerant fluid. 

2.1.2 Components and 
Functions 

2.2 The evaporator should be able to effectively 
separate the refrigerant vapour from the liquid. 

2.1.2 Components and 
Functions 

2.3 The evaporator should consist of corrosion resistant 
materials. 

2.1.3 Rules and Regulations 
3.3.3.3 Construction Type 

2.4 The evaporator must function at a minimum 
temperature of 16  oC . 

2.2 Use Case Analysis 

2.5 The evaporator should be resistant to a minimum 
temperature of minus 10  oC . 

3.3.3.3 Construction Type 

2.6 The evaporator should function at and be resistant 
to a maximum temperature of 50  oC . 

3.3.3.3 Construction Type 

2.7 The evaporator must fit in the cabinet underneath 
the kitchen sink. 

2.2.3 Appliances Suitable for 
Optimization 

 Wishes  

2.8 The evaporator should be able to transfer thermal 
energy onto the refrigerant liquid at a high rate.  

2.1.2 Components and 
Functions 

2.9 The evaporator should use as little surface area as 
possible. 

3.3.3.3 Construction Type 

2.10 The evaporator should not be constructed with toxic 
materials. 

2.1.3 Rules and Regulations 

2.11 The evaporator should function at and be resistant 
to a maximum pressure of 25 bar. 

2.1.2 Components and 
Functions 

# Demands Sources 

3.1 The compressors should be able to efficiently 
compress and transport the refrigerants 

2.1.2 Components and 
Functions 

3.2 The compressors should contain an accumulator 
with a volume equal to the maximum system volume. 

2.1.2 Components and 
Functions 

3.3 The compressors should consist of corrosion 
resistant materials. 

2.1.3 Rules and Regulations 
3.3.2.3 Overall Features 

3.4 The compressors must function at a minimum 
temperature of 16  oC . 

2.2 Use Case Analysis 

3.5 The compressors should be resistant to a minimum 
temperature of minus 10  oC . 

3.3.2.3 Overall Features 

3.6 The compressor and lubrication oil (in the lower 
temperature cycle) should be resistant to a minimum 
temperature of 70  oC . 

2.2 Use Case Analysis 

3.7 The compressor and lubrication oil (in the higher 
temperature cycle) should be resistant to a minimum 
temperature of 110  oC . 

3.3.2.3 Overall Features 

 Wishes  

3.8 The compressors should be as small as possible. 2.2 Use Case Analysis 

3.9 The compressors should function and be resistant to 
a maximum pressure of 25 bar. 

2.2 Use Case Analysis 
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Condenser 

 

 

Expansion Valves 

 

 

# Demands Sources 

4.1 The condenser should be able to efficiently transfer 
the thermal energy from the refrigerant fluid to the 
water reservoir.  

2.1.2 Components and 
Functions 

4.2 The condenser should be able to effectively separate 
the refrigerant liquid from the vapor. 

2.1.2 Components and 
Functions 

4.3 The condenser should consist of corrosion resistant 
materials. 

2.1.3 Rules and Regulations 
3.3.3.3 Construction Type 

4.4 The condenser should function at and be resistant to 
a minimum temperature of 110  oC . 

2.2 Use Case Analysis 

4.5 The condenser should be resistant to a temperature 
of minus 10  oC . 

2.2 Use Case Analysis 

 Wishes  

4.6 The condenser should be able to transfer the thermal 
energy from the refrigerant liquid at a high rate.  

2.1.2 Components and 
Functions 

4.7 The condenser should use as little surface area as 
possible. 

3.3.3.3 Construction Type 

4.8 The condenser should not be constructed with toxic 
materials. 

2.1.3 Rules and Regulations 
 

4.9 The condenser should function at and be resistant to 
a maximum pressure of 25 bar. 

2.1.2 Components and 
Functions 

# Demands Sources 

5.1 The expansion valve should be suitable for stepwise 
adjustments. 

2.1.2 Components and 
Functions 

5.2 The expansion valve should be suitable for automatic 
control. 

2.1.2 Components and 
Functions 

5.3 The expansion valve should consist of corrosion 
resistant materials. 

2.1.3 Rules and Regulations 
 

5.4 The expansion valve should be resistant to a 
minimum temperature of minus 10  oC. 

2.2 Use Case Analysis 

5.5 The expansion valve should function at a minimum 
temperature of 16  oC. 

2.2 Use Case Analysis 

5.6 The expansion valve (in the lower temperature cycle) 
should be resistant to a minimum temperature of 80  

oC. 

2.2 Use Case Analysis 

5.7 The expansion valve (in the higher temperature 
cycle) should be resistant to a minimum temperature 
of 110  oC. 

2.2 Use Case Analysis 

 Wishes  

5.8 The expansion valve should not be constructed with 
toxic materials. 

2.1.3 Rules and Regulations 

5.9 The expansion valve should function at and be 
resistant to a maximum pressure of 25 bar. 

2.1.2 Components and 
Functions 
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Rules and Regulations 

 

 

User Requirements 

 

 

 

 

 

 

# Demands Sources 

6.1 The refrigerant should be in line with the European 
regulations (EU) nr. 517/2014 regarding F-gasses.  

2.1.3 Rules and Regulations 

6.2 The refrigerant should be in line with the European 
regulations (EU) nr. 1005/2009 regarding ozone 
depletion. 

2.1.3 Rules and Regulations 

6.3 The system and refrigerant should be in line with the 
European general product safety directive (EU) 
2001/95/EG. 

2.1.3 Rules and Regulations 

6.4 The system should be in line with the European 
pressure equipment directive (PED) (EU) 
2014/68/EU. 

2.1.3 Rules and Regulations 

6.5 The system should be in line with the European 
guidelines (EU) 2009/125/EC regarding eco-design 
and energy labelling. 

2.1.3 Rules and Regulations 

6.6 The system should be in line with the European 
restriction of hazardous substances directive (RoHS) 
(EU) 2011/65/EU. 

2.1.3 Rules and Regulations 

6.7 The system should be in line with the European 
machinery directive (EU) 2006/42/EC. 

2.1.3 Rules and Regulations 

6.8 The refrigerant should be in line with the European 
registration, evaluation, authorization and restriction 
of chemicals directive (REACH) (EU) EC 1907/2006 

2.1.3 Rules and Regulations 

# Demands Sources 

7.1 The boiler should be able to heat up to a temperature 
of 110  oC. 

2.2.4 Chosen Heat Pump 
Application 
2.3 Competitor Analysis 

7.2 The boiler should be easy to clean. Client meetings 

7.3 The boiler should not exceed the acceptable noise 
level for constant exposure of 68 decibels. 

2.1.3 Rules and Regulations 

 Wishes  

7.4 The boiler system should be able to switch between 
temperatures of 55 to 110  oC. 

2.3 Competitor Analysis 

7.5 The boiler should provide comfort and feel luxurious. 2.3 Competitor Analysis 
Client meetings 

7.6 The boiler should not exceed a noise level of 40 
decibels.  

Client meetings 
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General Requirements 

 

 

  

# Demands Sources 

8.1 The boiler should only work in one direction, namely 
increasing the temperature at the output. 

2.1.1 Heat Pump Principles 

8.2 The boiler should not use a reversing valve. 2.1.1 Heat Pump Principles 
2.1.2 Components and 
Functions 

8.3 The boiler should avoid the use of geothermal 
(ground source) heat exchanger technology. 

2.1.1 Heat Pump Principles 

8.4 The boiler should avoid the use of water source heat 
exchanger technology. 

2.1.1 Heat Pump Principles 

8.5 The boiler and heat pump system should be able to 
withstand the required pressures and temperatures. 

2.1.2 Components and 
Functions 

8.6 The boiler should be able to switch between different 
temperatures. 

Client meetings 

 Wishes  

8.7 The boiler should avoid the use of solar-assisted 
heat exchanger technology. 

2.1.1 Heat Pump Principles 

8.8 The boiler should avoid the hybrid heat pump 
principle as much as possible. 

2.1.1 Heat Pump Principles 

8.9 The boiler should have a performance of 2200 Watt. 2.3 Competitor Analysis 
Client meetings 
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G - Brazed Plate HE Heat Transfer Area Calculations
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H - Genetron Properties Suite v1.4.2 Simulation Input Data 
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I - Cascade Heat Pump Control Structure 
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J - Risk Inventory and Evaluation 
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K – Experimental Study Test Results 
 

The table down below shows the end results of each test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Test 1 Test 2 Test 3 Test 4 Test 5.1 Test 6 Test 7 Test 8 Test 9 Test 10 Test 11 Test 5.2 Test 5.3

Parameters:

LT refr. charge (kg) 1.95 1.95 1.95 1.95 1.95 1.95 1.95 1.95 1.95 1.95 1.95 1.95 1.95

HT refr. charge (kg) 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

Tank volume (L) 5 5 5 5 5 5 5 5 5 5 5 5 5

Fan speed (m3/h) 600 600 600 600 500 400 300 200 500 500 500 500 500

LT superheat (K) 4 (~9) 4 (~9) 4 (~9) 4 (~9) 4 4 4 4 4 4 4 4 4

LT LSH (K) 3 3 3 3 3 3 3 3 3 3 3 3 3

LT LSd (sec.) 15 15 15 15 15 15 15 15 15 15 15 15 15

LT LSF (K) 4 4 4 4 4 4 4 4 4 4 4 4 4

HT superheat (K) 10 9 8 7 7 7 7 7 7 7 7 7 7

HT LSH (K) 5 5 5 5 5 5 5 5 5 5 5 5 5

HT LSd (sec.) 15 15 15 15 15 15 15 15 15 15 15 15 15

HT LSF (K) 6 6 6 6 6 6 6 6 6 6 6 6 6

HT start T (Celsius) - - - - - - - - 62 43 38 - -

HT start time (min.) 0 0 0 0 0 0 0 0 9 3 2.5 0 0

Results:

Heating time (min.) 27 24 23 23 25 25 26 26 22 27.5 27 24.5 23.5

Heating time (sec.) 1620 1440 1380 1380 1500 1500 1560 1560 1320 1650 1620 1470 1410

Room T (Celsius) ~18 ~18 ~18 ~18 ~18 ~18 ~18 ~18 ~18 ~18 ~18 ~18 ~18

Water initial T (Celsius) ~10 ~10 ~10 ~10 ~10 ~10 ~10 ~10 ~10 ~10 ~10 ~10 ~10

Actual LT superheat (K) ~9 ~9 ~9 ~9 ~9 ~9 ~9 ~9 ~9 ~9 ~9 ~9 ~9

Actual HT superheat (K) ~10 ~9 ~8 ~7 ~7 ~7 ~7 ~7 ~7 ~7 ~7 ~7 ~7

Final T (Celsius):

Boiler middle 90.11 92.38 89.49 90.39 93.91 90.34 92.18 95.16 - 92.32 90.17 - -

Boiler surface 98.62 98.37 98.06 97.27 97.06 95.38 97.49 98.02 72.88 98 97.1 95.1 95.23

LT evap. outlet 10.56 10.81 10.87 10.45 10.24 8.11 7.21 5.85 7.65 9.39 9.56 9.18 9.39

LT comp. discharge 48.42 47.95 47.55 47.15 47.37 44.68 43.2 41.47 43.3 45.93 45.61 45.05 45.38

LT cond. outlet 34.51 35.05 35.97 34.72 35.02 31.16 30.93 28.78 28.39 33.66 33.15 31.61 31.78

HT evap. outlet 44.75 45.8 40.86 43.16 44.25 39.55 40.24 39.51 31.07 42.71 41.84 40.76 41.03

HT comp. discharge 117.56 118.7 111.36 112.74 118.12 104.12 109.89 108.47 80.5 112.67 110.61 105.56 105.75

HT cond. outlet 69.94 72.21 73.94 71.54 74.04 69.73 70.77 71.53 56.22 71.42 70.06 69.01 69.91

Heating capacity (W) 1145 1284 1336 1324 1215 1191 1174 1181 997 1116 1125 1212 1265

dT LT evap. 16.44 16.19 16.13 16.55 16.76 18.89 19.79 21.15 19.35 17.61 17.44 17.82 17.61

dT IHE 3.67 2.15 6.69 3.99 3.12 5.13 2.96 1.96 12.23 3.22 3.77 4.29 4.35

dT HT cond. 18.94 20.33 13.3 15.47 21.06 8.74 12.4 10.45 7.62 20.35 13.51 10.46 10.52
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L – Heat Capacity, Heat Loss and Overall COP Calculations 
 

Electric current and power factor: 

 

Heat loss values: 

 

Total heat loss: 

 

 

 

Start:

Voltage (V) Current (A) Power Factor Working P (W) Apparent P (VA)

Fan 230 0.34 0.53 41.446 78.2

LT Comp. 230 2.4 0.94 518.88 552

HT Comp. 230 1.43 0.72 236.808 328.9

Total: 797.134 959.1

End:

Voltage (V) Current (A) Power Factor Working P (W) Apparent P (VA)

Fan 230 0.34 0.53 41.446 78.2

LT Comp. 230 2.84 0.97 633.604 653.2

HT Comp. 230 3.3 0.96 728.64 759

Total: 1403.69 1490.4

Heat loss from liquid surface (W/m²) Heat loss through tank wall (W/m²)

T (°C) Evaporation Radiation Total Loss Steel (1 mm) Insulation (1 inch)

32.2 252 158 410 158 37.8

37.8 504 221 725 221 47.3

43.3 757 284 1041 284 59.9

48.9 1135 347 1482 347 72.5

54.4 1513 426 1939 426 85.1

60 2081 504 2585 504 97.7

65.6 2711 567 3278 567 107

71.1 3468 662 4130 662 120

76.7 4350 741 5091 741 132

82.2 5485 820 6305 820 145

87.8 6809 914 7723 914 158

93.3 8449 1009 9458 1009 167

98.9 10214 1135 11349 1135 180

Top (0.0227 m²) Wall (0.117 m²) Bottom (0.0227 m²)

T (°C) Heat loss (W) T (°C) Heat loss (W) T (°C) Heat loss (W) Total Loss

32.2 9.307 32.2 18.486 32.2 0.85806 28.65106

37.8 16.4575 37.8 25.857 37.8 1.07371 43.38821

43.3 23.6307 43.3 33.228 43.3 1.35973 58.21843

48.9 33.6414 48.9 40.599 48.9 1.64575 75.88615

54.4 44.0153 54.4 49.842 54.4 1.93177 95.78907

60 58.6795 60 58.968 60 2.21779 119.86529

65.6 74.4106 65.6 66.339 65.6 2.4289 143.1785

71.1 93.751 71.1 77.454 71.1 2.724 173.929

76.7 115.5657 76.7 86.697 76.7 2.9964 205.2591

82.2 143.1235 82.2 95.94 82.2 3.2915 242.355

87.8 175.3121 87.8 106.938 87.8 3.5866 285.8367

93.3 214.6966 93.3 118.053 93.3 3.7909 336.5405

98.9 257.6223 98.9 132.795 98.9 4.086 394.5033
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COP values at different temperature intervals: 

 

Total capacity (W)

T (°C) Heating Exclu. loss Input power (w) COP

32.2 1265 1293.6511 922.346 1.40

37.8 1265 1308.3882 959.871 1.36

43.3 1265 1323.2184 997.396 1.33

48.9 1265 1340.8862 1034.921 1.30

54.4 1265 1360.7891 1072.446 1.27

60 1265 1384.8653 1109.971 1.25

65.6 1265 1408.1785 1147.496 1.23

71.1 1265 1438.929 1185.021 1.21

76.7 1265 1470.2591 1222.546 1.20

82.2 1265 1507.355 1260.071 1.20

87.8 1265 1550.8367 1297.596 1.20

93.3 1265 1601.5405 1335.121 1.20

98.9 1265 1659.5033 1372.646 1.21

Average: 1.26


