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Energy-efficient solutions and the abandonment of fossil fuels have brought heat pumps into 

the footlights. Heat pumps are universally practical in households and for example in do-

mestic water heating. New solutions such as high-temperature heat pumps, which can reach 

final product temperatures of over 100 degrees, are coming on the markets but still require 

a lot of research and development in the industry level. Centrifugal compressors are the most 

common compressor option for high-power and high-temperature heat pumps on an indus-

trial scale and those are under research projects a lot.  

This thesis work deals with the theory and research of  high temperature heat pumps, but the 

main focus is on the heat pump project, which is being implemented at LUT University. The 

purpose of the project is to design and implement high-temperature heat pump test equip-

ment, with which to study the operation of compressors in the conditions of this type of heat 

pump, and at the same time to investigate the possibilities of heat pump for high temperature 

rises. 
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Energiatehokkaat ratkaisut ja fossiilisista polttoaineista luopuminen ovat tuoneet lämpöpum-

put parrasvaloihin. Lämpöpumput ovat yleistyneet kotitalouksissa ja esimerkiksi käyttöve-

den lämmityksessä. Markkinoille on tulossa uusia ratkaisuja, kuten korkean lämpötilan läm-

pöpumput, jotka voivat saavuttaa yli 100 asteen lopputuotteen lämpötilan, mutta ne vaativat 

edelleen paljon tutkimusta ja kehitystä teollisuus applikaatioihin. Keskipakokompressorit 

ovat yleisin kompressorivaihtoehto suuritehoisille ja korkean lämpötilan lämpöpumpuille 

teollisessa mittakaavassa ja ovatkin monen tutkimuksen kohteena.  

Tämä opinnäytetyö käsittelee korkean lämpötilan lämpöpumppujen teoriaa ja tutkimustilan-

netta, mutta pääpaino on lämpöpumppuprojektissa, joka on toteutuksessa LUT-yliopistolla. 

Projektin tarkoituksena on suunnitella ja toteuttaa korkean lämpötilan lämpöpumpun tutki-

muslaitteisto, jolla tutkitaan kompressorien toimintaa tämän tyyppisen lämpöpumpun olo-

suhteissa ja samalla tutkitaan lämpöpumpun mahdollisuuksia korkeille lämpötilan nostoille. 

 



 

 

SYMBOLS AND ABBREVIATIONS  

 

Roman characters 

p pressure  [bar, kPa] 

𝑞𝑚 mass flow  [kg/s] 

T Temperature  [ºC, K] 

x Vapor content [-] 

h Enthalpy  [kJ/kg] 

s Entropy  [kJ/kg K] 

Q Heat output  [W] 

P Electrical power [W] 

F Force  [N] 

 

Subscripts 

In Incoming flow  

Out Outcoming flow 

 

Abbreviations 

CFD Computational Fluid Dynamics  

COP Coefficient of Performance, Efficiency factor of heat pumps 

EXV Electronic expansion valve 

GWP Global warming potential 

HCFO Hydrochlorofluoroolefin 

HFO Hydrofluoroolefin 



 

 

HTHP Hight Temperature Heat Pumps 

HP High-Pressure 

IHX Internal heat exchangers 

LP Low-Pressure 

MVR Mechanical Vapor Recompression 

ODP Ozone depletion potential 

TXV  Thermal expansion valve 
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1  Introduction 

The heat source of households has been a hot topic of discussion in the energy sector, but 

nowadays also at the industrial level. Energy efficiency and emission targets are under a big 

magnifying glass, and every company is certainly striving for a more energy-efficient and 

environmentally friendly solution for their heat production. Heat pumps, which are becom-

ing more common today and has received a lot of interest, are one of the most efficient 

solutions in many situations and are also environmentally friendly. Heat pumps can replace 

part of the heat production instead of for example burning fossil fuels. New heat pumps are 

installed every year, and especially households purchase more heat pumps than in previous 

years. The annual installations of heat pumps shown in figure 1. Heat pumps can reduce the 

greenhouse emissions generated in heat production. The incentive to invest in a heat pump 

is the utilization of waste heat. In many industrial processes, waste heat is not utilized, and 

primary heat production is consumed more than needed. By making solutions for energy 

efficiency, primary energy production would be significantly saved in quantity. Usually, the 

waste heat from processes is at such a low temperature that you cannot use it alone and that’s 

why the heat pump is the best solution for reusing the thermal energy. The investment prof-

itability of heat pump is determined by the price difference between the heat to be replaced 

and the energy used by the heat pump. A lot of heat pumps have been developed in the 2000s, 

but right now in the 2020s a breakthrough is happening in the development of industrial-

level heat pumps. With heat pumps, higher and higher temperatures can be reached, and 

better efficiency ratios can be achieved with new heat pump solutions. The development of 

heat pumps is important, because those, like other new solutions for the development of 

energy production, will be on a big podium in the future when fossil fuels are completely 

abandoned.  
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Figure 1. Yearly heat pump installations between 1996-2020. (RED= Exhaust air heat pumps, BLUE=Air heat 

pumps, GREEN=Geothermal heat pumps and YELLOW= Air/water heat pumps) (Sulpu, 2022). 

 

A lot of research has already been done on high-temperature heat pumps in the current dec-

ade, but we know relatively little about its technology and operation based on experience, 

even though its working principle is quite simple. However more and more researchers are 

interested and involved in research to improve this technology and develop new best possible 

environment instead of polluting solutions. The research is focusing on new environmentally 

friendly working fluids, the process applications and the possibilities with producing high 

temperature heat. 

This master’s thesis is focusing on a high-temperature heat pump investment project that is 

implemented at LUT University. The investment project’s goal is to develop research-level 

heat pump equipment which can be tested with different scenarios. The heat pump outcome 

from this project could theoretically be used in the production of process steam needed in 

process industry, for which most of the current heat pump solutions are not yet developed, 

but with these prospects it will most likely be used for district heating water priming. Interest 

of the project is to study how well heat pump outcome from this project can utilize district 

heating return water and rise its temperature to the highest possible with the designed effi-

cient heat pump cycle. The project started out of interest in the research equipment that could 
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be used to test the potential of a high-temperature heat pump to produce a high-temperature 

135 oC final product from the thermal energy of 45 oC water. The main goal of the equipment 

itself is to test the compressors at different working areas, and the equipment's electric motor 

was chosen so that the motor's experiments can be utilized in this project. The heat pump 

equipment will probably be placed in a container that can be moved from one place to an-

other if necessary. The high temperature heat pump term (HTHP) in this project case means 

a heat pump that has a high temperature lift which is in this case around 100 oC. Normally 

HTHPs are also referred when there is a high temperature at the condenser of the heat pump 

but not necessarily a high temperature lift. 

At the beginning of this work the aim is to familiarize reader with the heat pump technology 

and research progress in recent years. The basic principle of normal heat pump is explained 

and further on the principle of a more complicated heat pump is discussed briefly, as well as 

studies from recent years all over the world. The project part of the work includes the process 

values of the designed heat pump cycle and the heat pump design, presented with tables and 

figures in the appendices of this work. The process calculations were made with excel and 

the help of refprop program, but only the main calculation results are presented in this work. 

The parameters of the equipment parts are presented at the end of the work, with the help of 

which offers were requested from equipment suppliers. The project itself was still in progress 

after the completion of this work so the end result could not be presented, but we will for 

sure hear about the final result. 
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2  Heat pumps 

Heat pumps have the possibility of producing heat using carbon dioxide-free electricity and 

the efficiency advantage is better than for example conventional electric heating. The heat 

pumps are divided into two categories: open and closed systems, which are divided into four 

subcategories; mechanical and thermal steam compression, compression heat pumps and ab-

sorption heat pumps. This thesis focuses only on compression heat pumps. The basic idea of 

all the heat pumps is to utilize the heat of cool or warm liquid or air, raise the temperature 

level of the heat and transfer the heat to the object to be heated at a higher temperature than 

the initial temperature. The heat pumps are often also used as cooling purposes. In those 

cases the process works the same, but the heat is transferred away from the target object. 

(Maaskola ja Kataikko 2014.) 

The heat pump operation is based on the transfer of thermal energy from the heat source and 

additional energy needed for compression. Heat is transferred from a lower temperature to a 

higher temperature. The heat transfer is based on the vaporization and condensation of the 

refrigerant circulating inside the pump at certain temperatures. The heat is transferred to the 

refrigerant in the evaporator where the refrigerant vaporizes by the temperature rise. After 

that the refrigerant is compressed to a higher pressure, causing its temperature to increase. 

Then the heat is transferred to the product being heated in the condenser where the refrigerant 

releases the thermal energy to the product and condenses. After condensing the refrigerant 

is expanded through the expansion valve back to the evaporator at the lower pressure. At 

this stage, the refrigerant is partly vaporized before the evaporator and the cycle starts again. 

The main components in a heat pump are evaporator, compressor, condenser and expansion 

valve. A simple heat pump process is presented in Figure 2. (Maaskola ja Kataikko 2014.) 
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Figure 2. Simple heat pump process cycle (closed) 

2.1  Coefficient of power 

The efficiency of the heat pumps is described as a value of COP (coefficient of power). The 

definition of COP is the ratio of the thermal energy gained to the amount of external power 

needed to operate the pump. In other words, the COP tells how many units of heat is pro-

duced per unit of electricity consumed. The COP is calculated as follows: 

 

 

𝐶𝑂𝑃 =
𝜙𝑜𝑢𝑡

𝑃𝑖𝑛
(1) 

 

where COP is coefficient of power  [-] 

 𝑃𝑖𝑛 is electric power  [W] 

 𝜙𝑜𝑢𝑡 is thermal energy produced [W] 
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For an ideal Carnot heat pump cycle, COP is calculated as follows: 

 

𝐶𝑂𝑃𝑖𝑑𝑒𝑎𝑙 =
𝑇𝑜𝑢𝑡

𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛
(2) 

 

Where 𝐶𝑂𝑃𝑖𝑑𝑒𝑎𝑙 is the ideal coefficient of power  [-] 

𝑇𝑜𝑢𝑡 is the refrigerant temperature at the condenser [oC] 

 𝑇𝑖𝑛 is the refrigerant temperature in evaporator [oC] 

 

The real COP values are with mechanical heat pumps around 65% to 75% from the ideal 

value. In the industry processes, depending on the heat pumps, the COP values varies from 

1 to over 30 but usual values are around 3 to 5. (Maaskola ja Kataikko 2014.) 

Figure 3. shows the COP values of industrial heat pumps according to the temperature rise. 

As seen, the higher the temperature rise, the lower the COP. 

 

Figure 3. Real heat pump COP values as a function of temperature lift (Arpagaus et al. 2018) 
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2.2  Compressors 

In a heat pump cycle the purpose of the compressor is to rise the pressure level of the circu-

lating refrigerant to the needed point. Compressors can be divided into three categories based 

on their construction: hermetic, semi-hermetic and open compressor. Hermetic compressors 

are completely closed compressors which means that its mechanisms are enclosed in a gas-

tight shell. Semi-hermetic compressor differs from hermetic one in that it can be dismantled. 

Open compressors differ from the hermetic compressors so that the compressor driving force 

is transmitted through the compressor casing by the shaft. The most challenging part of open 

compressors are the shaft sealing because it has to withstand pressure differences and should 

not leak in any situation. (Aittomäki, et al., 2012.) 

The most common compressors used in heat pumps are turbo, piston and screw compressors. 

The piston and screw compressors are static compression compressors where the pressure is 

increased by reducing the volume of a certain gas mass. A turbo compressor (centrifugal 

compressor) is increasing the pressure by kinetical compression where the kinetic energy is 

given to the gas mass which turns into a pressure increase. In figure 4 below is presented the 

operating ranges of different compressors based on the flow rate and isentropic head. (Ait-

tomäki, et al., 2012.) 
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Figure 4. Different compressors operating ranges (Larralde, et al. 2014).  

 

2.2.1  Piston compressors 

The piston compressors were the first machines producing pressurized gas in late 1800-cen-

tury. Even though there has been a huge progress in new different compressor types, the 

piston compressors are still taking a part at the industry. The working principle of piston 

compressor is that the piston moves gas equal to its displacement volume with each revolu-

tion from lower pressure level to a higher one. With piston compression a very high pressure 

can be obtained but the variation of the pressure is rapid. (Aittomäki, et al., 2012.) Figure 5. 

explains the working principle of piston compressor. 
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2.2.2  Screw compressors 

Screw compressors produce high pressure through static compression. The increase in pres-

sure is created by rotating rotors with a conical cavity between them. Generally, the com-

pressor type is a twin-rotor compressor, but there are also single-rotor screw compressors. 

In a single-rotor screw compressor, the prevention of gas escape is ensured by the compres-

sor shell or shutter wheels and the end of the screw. In a two-rotor screw compressor, the 

exit of the gas is ensured by the second rotor. The screw compressors can be adjusted either 

by changing the rotational speed or with the adjustment slide. The efficiency is at its maxi-

mum at a certain speed and pressure ratio. (Aittomäki, et al., 2012.) 

Figure 5. Piston compressor, 1. Inlet and suction 

valve, 2. working space, 3. Pressure space and 4. 

piston (Arkadiusz & Borbert. 2016) 
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For cooling purposes used screw compressors are typically oil-injected where the cylinder 

gets large amount of oil injected. This allows the side rotor to be pulled directly with the 

main rotor. The leaks are reduced, and the speed of the compressor can be lowered because 

the oil film acts as a seal between the rotors. The oil is needed also in the bearings and control 

slides of the compressor, and it is even working as a cooler. Because of the cooling the 

thermal movements are reduced, and the final temperature of compression is lower and that 

helps screw compressors to achieve higher pressure ratios than piston compressors, even 

over 15. (Aittomäki, et al., 2012.) 

2.2.3  Turbo compressor  

Turbo compressor as mentioned is using a kinetic energy to rise the pressure of a gas. The 

turbo compressors inlet directs the gas to the impeller which gives the gas the kinetic energy. 

The pressure of the gas rises at the impeller due to a decrease in relative velocity. From there 

the gas is directed to diffuser, where the kinetic energy is transformed into pressure, and 

further to the scroll casing which directs the flow onwards. The turbo compressor can be 

adjusted with control vane or rotational speed. The control wing adjustment is used when 

Figure 6. Screw compressor observation picture 

(twin-rotor). (Russ Bowman. 2017) 
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the electric motor does not have inverter to adjust the rotational speed. The power range of 

the turbo compressor is wide and there is possibility to increase the pressure ratio with more 

stages, but the size of the compressor is then increased as well as the price. Mostly turbo 

compressors are used in high power and low-pressure ratio objects like ventilation cooling 

and heat pumps. (Aittomäki, et al., 2012.) 

2.3  Evaporator and Condenser 

The evaporator of the heat pump is usually either a tube heat exchanger or a plate heat ex-

changer. The evaporator transfers the thermal energy contained in the heat source to the 

refrigerant by means of a phase change. Heat exchangers used in a heat pump can be divided 

into dry evaporators, i.e direct expansion (DX) evaporators and wet evaporators. In dry evap-

orator the refrigerant is flowing to the inside of the tube of evaporator after the expansion 

valve, and it will vaporize completely and get super-heated slightly before the compressor. 

(Wang, 2001.)  

In the wet evaporator the refrigerant is flowing to the shell side of the evaporator after ex-

pansion valve, and it vaporizes on contact with the pipes. The refrigerant is liquid in the 

lower parts of the pipes and vaporizes in the upper part of the pipes. After the upper part of 

the pipes the refrigerant flows through the droplet separator before the compressor.  

In a heat pump cycle after the compression the refrigerant flows to the condenser where the 

heat is transferred from the gas to the substance to be heated. In the condenser the gas con-

denses from a superheated state to saturated state. After that the gas continues to condensate 

into saturated and sub cooled liquid before the expansion valve. Condenser is a heat ex-

changer similar to evaporator, but the thermal energy is transferring away from the process. 

The most common condenser types are air- and liquid-cooled condensers. (SWEP, 2022.) 

Liquid-cooled condensers are mainly used in industry because factories always have water 

circulations which is utilized to cool the substance. Liquid cooled condensers are usually 

multi-tube condensers, coaxial condensers or plate heat exchanger type condensers. In multi-

tube condensers, the refrigerant flows in the refrigerant jacket, and the liquid to be heated, 

in the pipes inside it. The steam from the compressor enters the condenser in a jacket from 

the joint located at the top and exits from the joint located at the bottom of the jacket. If 
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internal volume of the condenser is large enough, it can serve as a liquid reservoir for the 

heat pump. The plate heat exchanger condenser is a heat exchanger made of corrugated 

plates. In a plate heat exchanger, refrigerant flows in every other plate gap and every in 

between flows the condensing liquid. Refrigerant vapor is introduced into the exchanger 

from its upper part and the condensed liquid leaves its lower part. The plate heat exchanger 

can also be welded, sealed or semi-welded. (Rämet, 2021.) Plate and tube heat exchanger 

constructions presented in figures 7. and 8.  

 

 

Figure 7. Example of plate heat exchanger construction (Bell, K. 1983) 
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Figure 8. Example of tube heat exchanger construction. (Bell, K. 1983) 

2.4  Expansion valve 

The purpose of the expansion valve is to throttle the refrigerant flow to the evaporator so 

that the refrigerant pressure drops back to the vaporization pressure. The refrigerant vapor-

izes slightly after the expansion valve and that is why it would be good to have subcooled 

refrigerant before the expansion valve. If the refrigerant vaporizes before the expansion 

valve it will affect negatively to the operation of the valve. Commonly heat pumps use either 

thermal expansion valves (TXV) or electronic expansion valves (EXV). The purpose of them 

both is the same, but the TXV adjusts by temperature and pressure, in which case it follows 

the evaporator outlet temperature. The EXV measures the temperature and pressure of the 

evaporator outlet automatically, so the valve can be controlled electrically. (Hundy. 2016.) 

2.5  Refrigerants 

The heat pumps use refrigerants as working fluid to transfer heat between evaporator and 

condenser. Refrigerant is circulating inside the heat pumps closed loop and it vaporizes and 

condenses between temperature and pressure fluctuations. The different refrigerants act dif-

ferently in specific temperatures. The refrigerant is one of the most important factors for the 



21 

 

efficiency of the heat pumps. The refrigerants have different properties as for example sub-

stances thermodynamic properties, environmental effects, safety, efficiency and availability 

which affect to the choose of the refrigerant.  

The behavior of the refrigerant in the circulation process is based on the thermodynamic 

properties. The properties include molar mass, heat of vaporization, specific heat capacity, 

and vapor pressure. So called transport properties are closely related to the pressure loss and 

heat transfer. Transport properties include density, viscosity, surface tension and thermal 

conductivity. The needed thermodynamic properties and transport properties are high heat 

of vaporization, low pressure ratio, low viscosity, good thermal conductivity, high volume 

yield and suitable vapor pressure range. The high vaporization temperature gives the ad-

vantage that the pipes can be smaller because of the low mass flow, and it gives saves on the 

costs of the heat pump investment. A low-pressure ratio has advantage of small compression 

work and heating during compression. Low viscosity lowers the pressure losses and good 

thermal conductivity gives efficient heat transfer enabling smaller temperature differences. 

High volume yield means that the refrigerant has more energy concluded in it and it will 

give the possibility to have smaller compressor in the cycle. Suitable vapor pressure range 

will minimize the negative pressure causing air leaking in the machine. (Arpagaus, et al. 

2018.) 

The ozone depletion potential (ODP) and global warming potential (GWP) are two main 

environmental effects with refrigerants which are considered. ODP describes the relative 

harmfulness of the refrigerant to ozone in the upper atmosphere. The comparison is formed 

with R11 refrigerant over a 100-year period. The damage of ODP are the chlorine and bro-

mine in the refrigerant. GWP describes the relative effect of the refrigerant on the greenhouse 

effect compared to the 100-year comparison period of carbon dioxide. (Aittomäki, et al, 

2012.) 

The European Union regulates the use of refrigerants with the F-gas directive. The latest 

update to the directive came in spring 2014 (Regulation (EU) No. 517/2014 (F-Gas/2)). The 

latest update to the directive will cause changes over the coming years. F-Gas/2 entered into 

force on January 1, 2015, and its purpose is to reduce the GWP value of refrigerants. F-gas 

directive will be renewed in the future since commission made a legislative proposal to up-

date the f-gas regulations. The f-gas directive will be aligned with the green deal and climate 

law. The update review will focus mainly on delivering higher ambition for HFCs, ensure 
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compliance with the Montreal Protocol (UNEP, 2020), improve enforcement and implemen-

tation and achieve more comprehensive monitoring of the gases. (European commission, 

2022.) 

3  High temperature heat pumps 

High temperature heat pumps (HTHP) are relatively similar compared to normal heat pumps, 

but the temperature to which the refrigerant rises is higher. Commonly the HTHPs can obtain 

the temperature of 80-130 oC in the condenser. The 80 oC is mentioned to be the starting 

temperature of HTHPs based on Arpagaus et al. (2018), but usually the determination of 

HTHP starts from 100 oC condensing temperature. Often the HTHPs are two-staged in which 

case they have separate low-pressure and high-pressure compressors. The two staged cycle 

gives the heat pump better efficiency when the temperature difference between evaporator 

and condenser is high. The HTHP can use the low temperature heat source’s heat to upgrade 

it efficiently into usable high temperature heat. There are different methods to achieve a high 

temperature difference between the condenser and the evaporator. The differences may be 

for example the refrigerant used, compressor types and the circulation of the refrigerant. The 

low-pressure steam production is possible without burning fuels, with high temperature heat 

pumps when there is condensing temperature of over 100 oC. In this case steam can be pro-

duced without fuel transportation and storage, and it reduces the dependence on fossil fuels. 

The term HTHP can mean two things: A heat pump that has high temperature lift over the 

compression phase or a heat pump which has only a high condenser temperature without a 

high temperature lift. (Arpagaus et al. 2018.) 

HTHPs are mostly used in the process industry. Generally, the process industry heat which 

they use is supplied above 80 °C, which is approximately the lowest output temperature 

designed for HTHP. The best opportunities for HTHP applications of around 100-150 °C are 

found in food and tobacco, and from the chemical and paper industry. Theoretical potential 

of HTHP process heat for use in the Europe would be greater than it is, but for practical 

reasons it is often not possible to use it sensibly. The greatest application potential of HTHP 

would be in drying processes as well as pasteurization, sterilization, evaporation and distil-

lation. At the moment the potential to end temperatures above 150 oC, which would give the 
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HTHP much more potential in industrial applications, remains inaccessible when talking 

about vapour compression heat pump technology. (Arpagaus et al. 2018.) 

Nowadays and also in the future the high temperature heat pumps will be used more as pro-

cess heat integration but also in the renewable energy field. The heat pumps are planned to 

be coupled with renewable energy sources. A HTHP attached for example to solar thermal 

systems or geothermal energy systems can be used for high temperature heat production in 

energy use. The coupling with renewable energy systems can rise the efficiency of the sys-

tem but more importantly it will facilitate the decarbonization of heating processes and help 

the transition to zero carbon targets (Ozgener, O et al. 2004). 

Normally the conventional heat pumps use the environment as a source of heat, for example 

heat can be taken from the ground, water or the outside air. These sources are more rarely 

used for HTHPs which usually use the industrial waste heat as a heat source because of high 

temperature lifts. For efficiency and better operation, it is more profitable to find warmer 

heat sources for the higher end temperatures of HTHPs. In many industrial processes, the 

utilization of waste heat is a long way off, but there is still potential in many places that is 

being wasted. Large amounts of hot water and air below 70 oC is still left unused from the 

processes. For example, the pulp and paper industry generate a lot of 50-70 oC water used in 

the process, which has to be cooled for water treatment. Environmental permits, among other 

things, greatly limit the temperature of water discharged into waterways, so the need for 

cooling increases in many places. The thermal potential of this water could be transferred 

back to the process at a high temperature with a heat pump. (Lähteenaro, P. 2019.) 

4  Current status of high temperature heat pumps 

From the year 2018 there have been several studies going on concerning about the HTHP 

technology development. It indicates that HTHPs will reach market maturity in the future. 

There is a strong will to develop the HTHPs for getting them more and more in use at indus-

trial sector. Main goals in the studies have been the improvement of efficiency of the heat 

pumps, getting more environmentally friendly refrigerants known and tested, and achieving 

high, over 100 oC, temperatures to low-pressure steam producing. These studies are mainly 

done in Austria, France, Germany, Norway, The Netherlands, Switzerland, Japan, Korea and 
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China. The heating capacities of the research heat pumps have been around 1.8 kW to 12 

kW. Larger research prototypes have possibility to produce hundreds of kilowatts of heat. 

Most of the research HTHP prototypes are single-staged and use an internal heat exchang-

ers/economizer. There are also experimental studies on two-staged HTHPs, but they are still 

more rare. The studies of the refrigerants with the future heat pump research prototypes are 

focused mainly on refrigerants R1336mzz(Z), R718, R245fa, R1234ze(Z), R600, and R601. 

Also, fluids with no published information of their chemical composition such as LG6, 

ÖKO1, ECO3, HT125, BY-4, or BY-5. One of the recent studies where they achieved almost 

160 oC heat sink temperature with single stage cycle used refrigerant R1336mzz(Z). (Arp-

agaus et al. 2018.) 

Researchers in Switzerland made a study on HTHPs which included simulations with dif-

ferent refrigerants and experimental study with the refrigerant R1233zd(E). In the study they 

compared the properties of the low GWP HFO and HCFO refrigerants by simulation and 

experimentally tested the refrigerant R1233zd(E) with a heat pump set up in a laboratory. 

The set up in the lab was single staged and operated with piston compressor. Superheating 

was used with heat exchanger. The simulation test showed results for a tradeoff between 

performance and volumetric heating capacity. The experimental test gave good result on the 

temperature rise with the refrigerant R1233zd(E). (Arpagaus et al. 2018.) 

 Figure 9. shows the COPs of the different research projects which has been achieved exper-

imentally. COPs were found to increase with higher heat sink temperature and lower tem-

perature rise. In the shaded area is shown the state of the art of commercial HTHPs. 
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Figure 9. High temperature heat pumps experimentally achieved COPs (Arpagaus et al. 2018). 

 

These days the studies on HTHPs are going on at the same phase as earlier years. The de-

velopment of the HTHP technology has given an increasing number of researchers willing-

ness to study the process of steam production. The first commercial high-temperature heat 

pump steam system model was designed in 2011. The energy efficiency coefficient (COP) 

of the system reached 3.5. Researcher Gong Maoqiong and his team (Qin et al., 2020, 

Hao et al., 2019) made a study where they designed a new high-temperature heat pump 

which properties were based on the reversible circulation of a subcritical zeotropic mixture. 

The process was designed so that the outside temperature was 25 oC, the inlet water temper-

ature 15 oC and the outlet water temperature 90 oC. The system reached COP of 5.5. The 

team used the model with an economizer to improve more the performance of the heat pump. 

The COP of the system did rise up to 3 when saturated steam is produced at 165 oC. Re-

searcher Zhang Yanting and his team (Yan et al. 2020) made research on the effects of the 

IHX on the performance of the HTHP system. The results were quite good. The COP of 

IHX, post positioning, could be increased by 4.87% (compared to the traditional cycle). 

Hongzhi Yans research team made study where they used an air source as a heat source with 

HTHP. It had a possibility to produce steam at 120 oC in an environment temperature of 35 

oC. Later, they combined the HTHPS system with MVR technology as one of the effective 

ways to replace traditional boilers in the production of industrial steam. (Zhang, et al. 2022) 
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Even though there are several studies going on with HTHPs, several HTHPs intended for 

industrial use have already entered the market. In 2018 over 20 heat pump models have been 

identified for sale. Companies as Kobe Steel, Viking Heat Engine SA, Ochsner Energie 

Technik GmbH, Mayekawa, Hybrid Energy AS, Combitherm, Dürr Thermea GmbH, and 

Friotherm have developed industrial scale HTHPs providing heat sink temperature above 

110 oC. Some of them already supply 130 to 165 oC of heat. The different HTHP manufac-

turers example heat supply temperatures are presented in table 1. The heating capacity of 

these heat pumps are from 20 kW to 20 MW (Arpagaus et al. 2018). For lower temperature 

rises there are many industrial heat pumps at markets. These heat pumps have end tempera-

tures above 60-70 oC which is not anymore in the range of HTHPs. These heat pumps are 

mostly used for hot water production. Hot water is used at industrial scale for the processes 

and also for example sanitary water production. The limit to produce sanitary water is usually 

60-70 oC, because the increased risk of legionella bacteria increases. Cleaning and some 

process applications also operate slightly below 100ºC. (Dereje S. Ayou, et al. 2019.) 

 

 

Table 1. Example temperature ranges of different HTHPs with these manufacturers. The data is taken from the web 

sites of the manufacturers. 
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The main goals in the 2020s are to gain even more higher heat sink temperatures than the 

already existing HTHPs are able to. Despite the fact that the challenge is huge, the opportu-

nities for savings in primary energy and greenhouse gas reduction will be moving research-

ers forward with future HTHP applications. Also, the replacement of fossil fuels and the care 

of our environment by developing more environmentally friendly refrigerants are good goals 

to improve this industry. Also, one of the goals is to reduce the sizes of future HTHPs so that 

the size and the capital cost of the heat pump is reduced. (Dereje S. Ayou, et al. 2019.) 

5  Heat pump investment project 

In this master’s thesis the aim was to document high-temperature heat pump investment 

project which was implemented at LUT University. This research projects plan was to de-

velop and get to study even more efficient heat pump than usual heat pumps at the markets. 

The heat pump research purpose is development and validation of the compressors in a high 

temperature heat pump system. There has been a clear gap for research equipment like this, 

at least with the working fluid R1233zd(E). The HTHP outcome from this project could 

possibly be used in the production of district heat or process steam needed in industry, for 

which current heat pump solutions are not suitable yet. One possibility also is to use outside 

air as a heat source but the temperature where the heat is risen is then not so high.  

The project is based on a high temperature heat pump equipment which has two-staged cycle, 

low pressure, and high-pressure turbo compressors attached to one electric motor and in the 

intermediate stages, vapour superheating. Also, a flash intercooler between the low-pressure 

and high-pressure sides separating the liquid and vapour. An example picture of the process 

with a flash intercooler is shown below in figure 10. Heat output of the condenser is based 

on the electric motor power which was chosen to be 500 kW. The aim is to produce high 

temperature heat from district heating return water which is around 45 oC temperature and 

raise the heat to over 130 oC. Heat sink is probably district heating water which can be primed 

with the heat from the heat pump. 
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Figure 10.  Two staged process with flash intercooler (Flash tank) (Mancuhan, E. 2020). 

 

The heat pump to be designed and constructed during the project is unlike anything found 

on the markets currently. The target of the project is to test the equipment in different sce-

narios and study the operation of different components in different process situations. This 

high-temperature heat pump will be studied in the future and has a lot of potential for future 

applications. It gives a lot of information about, for example, the operation of the heat pumps 

compressors in this equipment, the refrigerant operating ranges and its functionality and the 

operation of the electric motor and its different operating areas that will be tested. This unit 

will be an interesting piece of  

equipment to develop the technology which can be brought to the future markets. There have 

been discussions about operating the developed heat pump in co-operation with Lappeenran-

nan Lämpövoima Oy. The heat pump project started from calculations of the process then 
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moved forward to planning and designing the components of the heat pump. After compo-

nents were designed started the process of requesting tenders for different components from 

the suppliers. The procurement decisions and acquisitions as well as commissioning, etc. 

will be happening in the future after this thesis work is finished.  

5.1  The Process 

In the pre-planning phase of the process, different vaporization temperature levels were re-

viewed. Different working fluids were also tried in the calculations to suit the process. All 

of the working fluids were theoretically tested from -5 oC to 40 oC as heat source tempera-

tures and 95 oC to 140 oC as heat sink temperatures. The temperature difference stayed al-

most in all cases the same 100 oC. The wide temperature range was chosen to test the com-

pressor design in different conditions. R245fa was modeled for reference (not tested), was 

not considered for use. All the working fluids which were tested are presented in table 2 

below. Initially, the basis of the process was the heat output, which was chosen to be 500 

kW. Based on that the evaporator heat input power and compressor design was calculated. 

The electric drive size class followed from the compressor design. Later, together with the 

manufacturer of the electric drive, it was decided to change the process so that the electric 

power of the electric drive itself would be 500 kW, as an almost a suitable electric drive 

design would be found for this, which would save a significant amount of time in getting the 

electric drive. Based on that the heat output of the condenser rose to 1100 kW and the com-

pressor design slightly changed from the original but the process itself stayed same.   

For this project, it was decided to use working fluid R1233zd(E) because of its good prop-

erties. It is a non-flammable, ultra-low GWP refrigerant. It is the best in terms of properties 

for the temperatures for this project equipment’s compressor design. The parameters of 

R1233zd(E) are shown in the table 2. below.  
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Table 2. Working fluids properties. 

Working 

fluid: Chemical formula 

Short for-

mula 

Molecular 

weight, 

kg/kmol 

Critical 

tempera-

ture, °C 

Critical 

pressure, 

kPa 

Evaporating 

pressure at 25 

°C, kPa 

Condensing 

pressure at 

125 °C, kPa 

R1233zd(E) CF3CH=CHCl C3H2ClF3 130.50 166.45 3624 130 1735 

R1234zez CHF=CHCF3 (cis) C3F4H2 114.04 150.12 3531 178 2233 

R1224ydz CF3CF=CHCl (cis) C3HClF4 148.49 155.54 3337 149 1925 

Butane CH3-2(CH2)-CH3 C4H10 58.12 151.975 3796 243 2417 

Isobutane CH(CH3)3 C4H10 58.12 134.66 3629 351 3088 

Pentane CH3-3(CH2)-CH3 C5H12 72.15 196.55 3368 68 1002 

Isopentane (CH3)2CHCH2CH3 C5H12 72.15 187.2 3378 92 1196 

R245fa CF3CH2CHF2 C3H3F5 134.05 153.86 3651 149 2132 

 

Designing of the process started with calculations based on initial values which are given in 

the table 3. Many different initials were considered and at the end these values gave the most 

useful results. The starting point was to produce heat with condensing temperature of 125 

degrees from a vaporization temperature of 25 degrees. The values of the process points, 

which were calculated with the Excel program, are shown in appendix 2. Main parameter to 

fix on with the calculations was to keep the compressors rotational speeds in limits of under 

20 000 rpm. Also, the pressure loss and pressure ratio were important factors in the planning 

phase because the compressors are using the same one electric motor so the adjustment of 

the calculations according to which both compressors work reasonably was one point to keep 

the notice. The temperature drop at the evaporator is caused by the vaporization of the work-

ing fluid. 
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Table 3. Initial values for the process design. 

Starting values      

Vaporization temperature, 

[oC]   25 

Condensing temperature, 

[oC] 

 

 
125 

Electric input, [kW]    500 

Heat pump process      

Evaporator heat rate [kW]    621 

Condenser heat rate [kW]    1104 

Total electric power input 

[kW] 

 
 511 

Heating COP    2.16 

Cooling COP    1.21 

  Heat source side temp. Working fluid side temp. 

Evaporator  °C °C 

Inlet  45 25,48 

Outlet  35 25 

Condenser  
 

  

Inlet  105 134 

Outlet  115 124 

 

The designed process is a two-staged centrifugal compression cycle which was the best so-

lution to go with the chosen working fluid and it has also relevantly good efficiency when 

dealing with high temperature lifts. There are superheating and subcooling parts in the pro-

cess for the compression to stay in the steam range and the subcooling, so that the working 

fluid will not start to vaporize before expansion. The process starts at the evaporator, where 

heat is transferred to the refrigerant from the return water of the district heating (or other 

heat source at the time). Refrigerant vaporizes in the evaporator and from there it travels 

through low-pressure suction vapour heat exchanger, in other words through the superheater. 

The superheater removes droplets from the refrigerant vapor that are harmful to the com-

pressor. This superheater can also be bypassed if there is no need for superheating. The low-
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pressure compressor makes a suction flow for the refrigerant vapor from the heat exchangers 

and raises its pressure to about 4.5 bar, whereupon the temperature also rises to about 90 

degrees. After the low-pressure compressor, the refrigerant vapor travels to the flash inter-

cooler where the liquid and vapor are separated from the refrigerant and at the same time a 

part of the working fluid is also stored. From there, the refrigerant vapor continues its journey 

through the high-pressure suction vapour preheater (with the same principle as the low-pres-

sure side) to the high-pressure compressor, which raises the vapor pressure to 17.5 bar and 

the temperature to about 135 degrees. After this, the refrigerant vapour releases heat in the 

condenser to water. The refrigerant leaves the condenser in a saturated state to the high-

pressure expansion valve, which expands the working fluid to lower pressure and tempera-

ture, from where it travels through the bubble intercooler to the low-pressure expansion and 

from there back to the evaporator. The electric motor has to be cooled which is made possible 

with the low-pressure suction vapour. The parameters of the process varied several times 

during the project because the calculations and starting values changed whenever more de-

tailed information was obtained about the parts of the equipment or the operating area, but 

the main purpose of the process remained. Figure 11 shows the process cycle in log p,h chart 

and the process points are explained below it. The process circulation with the process points 

is presented in figure 12. 

 

 

Figure 11. Pressure-enthalpy diagram of the process with R1233zd(E) as the working fluid. 
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1 → 2  Low-pressure compressor 

2 → 3  Low-pressure cycle condensation in the flash intercooler 

3 → 4  Low-pressure compressor suction vapour heater, liquid side 

4 → 5  Low-pressure cycle expansion valve 

5 → 6  Evaporator  

6 → 1   Low-pressure compressor suction vapour heater, vapour side 

 

8 → 9      Flash intercooler + High-pressure suction vapour heater 

9 → 10    High-pressure compressor 

10 → 11  Condenser 

11 → 12  High-pressure suction vapour heater, liquid side  

12 → 13  High-pressure cycle expansion valve 

 

 

Figure 12. Research equipment heat pump process diagram(HE1=Evaporator, HE5=Condenser, HE3=Flash inter-

cooler, C1= Low-pressure compressor, C2=High-pressure compressor, HV5 & HV6=Expansion valves) 
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5.2  Compressors 

The preliminary design of the compressors for the project was carried out at the university. 

The compressor design was based on study about how the different evaporating temperatures 

affect the compressor design, and it gave a direction for the working fluid which will be used 

as well as the design of compressors. The 1D design of the compressors were carried out 

with the university's own tools and the 3D design with commercially acquired modelling 

software called Computational Fluid Dynamics (CFD). Centrifugal compressors are gener-

ally considered the best solution for high-power and high-temperature heat pumps on an 

industrial scale, which is why also in this research equipment those are used. As the temper-

ature rise of the heat pump increases from the commonly used values, the total pressure ratio 

of the cycle increases, resulting in higher pressure ratios. In such heat pumps, the pressure 

ratios of the compressors are higher than what are the usual. Research was done on the pro-

cess before the project, where the effect of process values on the compressor design was 

evaluated. The main objective of this research facility was the development of centrifugal 

compressors. In the future, ongoing research equipment will show how the design of the 

compressors was successful with the right gases. 

Figures 13. and 14. shows the 3D designs of similar compressors as the one designed for this 

research equipment. Pictures of the compressor impellers of this project were not available 

until the completion of this work, but the compressor impellers shown are the  

low-pressure and high-pressure centrifugal compressors from a heat pump with the same 

heat output area as this project’s equipment. The pictures of the impellers are not in scale. 
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Figure 13. 3D design of the impeller of high-pressure compressor (similar to this research equipment) 

 

 

 

Figure 14. 3D design of the impeller of low-pressure compressor (Similar to this research equipment) 
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In the compressor design one of the goals was to get optimal design for the requirements of 

the low- and high-pressure sides of the heat pump with the refrigerant R1233zd(E) when the 

compressors are rotating at the same speed. In the design, an attempt was made to avoid 

rotation speeds much over 20,000 rpm and the size of the compressors were also optimized. 

Table 4 shows the design values of the low- and high-pressure centrifugal compressors for 

this projects research equipment. 

 

Table 4. LP and HP compressor parameters. 

Compressor unit LP HP Total 

Working fluid mass flow rate [kg/s] 4.30 8.48   

Pressure ratio 3.92 3.95 15.26 

Compressor isentropic efficiency, [%] 76 78 77.31 

Rotational speed, rpm 19837 19837 - 

Compressor motor mechanical efficiency, [%] - - 98 

Compressor motor electrical efficiency, [%] - - 90 

Compressor motor electrical power, [kW] - - 500 

Compressor specific speed (Ns), - 0.84 0.62 - 

Impeller diameter, [mm] 211.2 200.4 - 

Impeller blade outlet height, [mm] 7.4 4.7 - 

Impeller tip inlet rel. flow Mach number, - 1.06 0.84 - 

Impeller mean line inlet rel. flow Mach number 0.81 0.64 - 

Impeller hub inlet rel. flow Mach number, - 0.62 0.49 - 

Impeller outlet rel. flow Mach number, - 0.74 0.64 - 

Total-to-static isentropic efficiency, [%] 82.3 80.0 - 

Total-to-total isentropic efficiency, [%] 83.9 81.7 - 

Work coefficient (λ), - 0.63 0.69 - 

Global flow coefficient (φt1), - 0.07 0.05 - 
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5.3  Heat Exchangers 

The heat exchangers of the process are the second important matter in this process after 

compressor design and electric drive. The heat exchangers had to be designed so that the 

sizes are practical and the heat transfer as efficient as possible. The different dimensioning 

parameters of the evaporator for this process gave direction if there was a need for a separate 

superheater. The alternatives were to get an evaporator with superheating, or a wet evapora-

tor with a separate superheater after it. The entire evaporator with the superheating would 

have become too big based on some design demos, which is why it was decided to get a 

separate small superheater after the evaporator. The need for superheating was only 4 oC, so 

the size of the separate superheater will be very small. As heating source both suction vapour 

heat exchangers use liquid coming from either the flash intercooler or from the condenser 

before the expansion valve as seen in figure 8. The high-pressure suction vapour heat ex-

changer sizing will also be quite small. It is needed to prevent droplets from entering the 

high-pressure compressor and at the same time it improves the efficiency of the process by 

means of preheating the working fluid vapour. 

The size of the condenser was practically measured using the required heat output. The con-

denser was dimensioned in such a way that the subcooling of the refrigerant also occurs by 

0.5 kelvin in the condenser itself. The rest of the subcooling before the high-pressure expan-

sion takes place on the liquid side of the high-pressure suction vapour heat exchanger. The 

dimensioning values of the heat exchangers are presented in appendix 3.  

Table 5. presents the process design conditions of the heat exchangers and auxiliary equip-

ment with the pressure classes, heat rates and basic process parameters. The more detailed 

design values are in the appendix 3. 
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The temperature-heat rate figures were made to present the behavior of the refrigerant in the 

heat exchangers. Figure 15. and 16. shows the evaporator and condenser temperature-heat 

rate, the rest of the figures for suction vapour heat exchangers are in the appendix 4. 

 

 

Figure 15. Evaporator temperature profile. 
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Table 5. Heat exchangers and auxiliary equipment. 
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Figure 16. Condenser temperature profile. 

5.4  Electric drive, Bearings and Inverter 

The electric drive to be chosen for the process determined the calculation of the compressors 

in the initial phase, as the options were to buy two separate electric drives, one for both 

compressors or one electric drive that runs both compressors. There were four different de-

sign options for the process which determined the electric drive type. Options are presented 

in table 6. In the end, we decided to choose one electric drive that runs both compressors, as 

this will be more cost-effective, and the supplier of the electric drive might be able to get 

more information about the operation of that type of electric drive with the help of our re-

search equipment. Generally, the electric drive can also be studied in this test equipment. At 

the beginning the electric drive power was based on the thermal power output of the con-

denser, but as mentioned earlier the decisions switched to electric drive giving the 500 kW 

power input. 

The electric drive's bearings are procured from a third-party supplier. The university coordi-

nates this together with the electric drive supplier. Active magnetic bearings were selected 

as bearings for the electric motor.  
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One big factor that affects the choice of magnetic bearings for this equipment is the axial 

thrust and its accurate prediction. The accurate prediction of axial thrust speeds up easily the 

process of designing the turbo machinery and promotes the safe use of the equipment. The 

common damage sufferings and overloads are caused by underestimation of these forces and 

that is also one important reason to have more accurate estimation of these forces. Research-

ers at LUT University made a study for analyzing the current available axial thrust estimation 

methods by comparing them into each other and making a numerical simulations and exper-

imental tests with them. They developed a hybrid method for replacing the older methods 

for the estimation of the axial forces. Three most accurate already existing methods were the 

Japikse’s method (Japikse, D. 1996), Larjola’s method (Larjola, J. 1988) and Nguyen-

Schäfer’s method (Nguyen-Schäfer, N. 2015) which all had some good different accurate 

margins. Eventually the hybrid method, which was presented in the study, was still promoted 

to be the best method for designing turbo machinery. The hybrid method is a combination 

of elements of the analytical methods mentioned. Hybrid method calculates the net axial 

thrust as the sum of the impulse force and the forces acting at the impeller eye and nose, at 

the shroud, and the back disk side (Tiainen et al. 2020). 

The hybrid method was used to determine the axial forces in this project equipment. The 

process also includes inverter because the use of high-speed electric drive. 

 

 

Table 6. Four different options of the process for electric motor choose. 

Option 1: Condenser thermal power 500 KW, single shaft 

Pshaft [kW] N [rpm] Faks,LPC [N] 

211 30 400 -1090 

Option 2: Condenser thermal power 500 kW, two shafts 

Pshaft [kW] N [rpm] Faks,LPC [N] 

79 29 200 -993 

128 31 000 -2938 



41 

 

Option 3: Electric motor power 500 kW, single shaft 

Pshaft [kW] N [rpm] Faks,LPC [N] 

480 19 900 -2562 

Option 4: Electric motor power 500kW, two shafts 

Pshaft [kW] N [rpm] Faks,LPC [N] 

184 19 100 -1953 

297 26 700 -3814 

 

5.5  Piping and Valves 

The sizing of piping and vales for this process was determined in excel program with the 

help of the process design values. The dimensioning of piping may differ from the results 

presented in this work compared to the final implementation of the equipment of this project. 

It was designed so that the process can be isolated from every phase if there was need for 

maintenance with the refrigerant inside the pipes. The amount of valves in the process was 

reduced due to cost savings and better process design. Better process design means also that 

the locations of the valves were originally planned differently but with new design there was 

possibility to prune some of the valves. Most important valves in the process are the control 

valves for the recirculation of the compressors in case of stall in them, expansion valves for 

the liquid side, and a sufficient number of shutoff valves to isolate the components from the 

circulating refrigerant of the process for the necessary situation or for bypassing the compo-

nent. The pipeline has a certain pressure classification defined and the pipeline is also bed 

classified.  

Valves and piping of the process are presented in table at the appendices 5. and 6. 
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5.6  Data collection hardware 

The data collection equipment is mostly parts of the university's old research equipment, as 

the parts are being unused in the old equipment and fit this project's equipment perfectly. 

Flow measurements are carried out with two V-CONE flow meters on the pressure side of 

the compressors. Pressure measurement and temperature measurement are carried out at 13 

different points in the process. Appendix 7., which is at the end of this work, explains the 

process step where the instrument is attached to. For temperature measurements, PT100 

model sensors are used, which are connected to National Instruments' temperature measure-

ment modules. Pressure sensors  for industrial purposes (Model name not known before 

completion of this work) are used for pressure measurements, which are also connected to 

National Instruments' pressure measurement modules. In this way, we can easily collect and 

review information from several points in the process. All the instruments of the process are 

presented in table at appendix 7. 

5.7  Reflection of the project 

The project had been planned quite far before starting this master’s thesis and also it will be 

continuing after this thesis is completed due the short time of writing the work compared to 

project time. Calculations had been made for the project's heat pump with many different 

working fluids and different component solutions had been carefully considered. Even in the 

middle stages of the project, many things still changed, because we strive to improve the 

equipment in every way until the very end. In practice, completely similar equipment has 

not yet been made, so operational reliability is based on calculations, assumptions and the 

knowledge of the professional researchers. On a superficial level, the equipment will work, 

but the different operational areas and the component path testing of the equipment will not 

necessarily all work as desired. Of course, that's why they are tested, so that we are wiser for 

improvements. The project planning and execution was well planned and the different tasks 

for different people were well decentralized. One of the reasons for long operating time was 

the components long dimensioning time of offers and waiting time for offers.  

In this project some of the instruments, for example, were utilized from older test equipment 

located in the university's fluid mechanics laboratory. Utilizing the parts of the device saved 
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time and money, because they fit together with the new hardware, and the old hardware was 

no longer useful for the time being. Exact costs of the designed components that will be 

ordered for the project are not defined in this work, but the biggest expenses for this project 

were caused by the electric drive and its bearings, as well as the heat exchangers. The number 

of valves also increased the costs of the project, but the budgeting was somehow correct, at 

least based on the pricing of the offers. The pricing of the heat pumps piping and flash inter-

cooler was not known within the scope of this work, but it was estimated that they would fit 

into the budget. 

 

6  Conclusions and future of the project 

The heat pump technologies on the market with high-temperature rise are still extremely 

limited. Moderately low below 30 ℃ evaporator temperature combined with the need to 

produce about 120 ℃ water with a heat output of about 1100 kW is future technology. The 

circulating working fluid commonly used in heat pumps are either natural refrigerants or 

halogenated hydrocarbons. R1233zd(E) has low GWP and ODP and is safe to use. Its 

ASHRAE class is A1. However, it is a PFAS source, so its use is not completely environ-

mentally friendly. 

The goal of the heat pump investment was to produce a research equipment which haven’t 

been done yet. The goal is to produce high temperature heat from a district heating return 

water, which is around 45 degrees, or also from other heat sources with enough heat to va-

porize the working fluid. The target is to produce enough heat to possibly produce steam or 

prime the district heating water. Target temperature for the working fluid in this project is at 

the condensing phase 135 degrees.  

Since the project will continue after finishing the thesis, and the equipment will not be run-

ning during the work, the thesis is based on assumptions. The risk with making research 

equipment is, that the reliability is not guaranteed. Of course, different parts and design for 

them might limit some factors in running the equipment. 
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The future of these heat pumps is bright and the researchers all over the world are jointly 

keeping the development going forward. There are grey spots in the future when talking 

about moving to green energy with the help of heat pumps. One factor that is good to con-

sider in the development of heat pump technology is that the production of district heat with 

heat pumps is developing, but also the fluctuation of the price of electricity due to the chang-

ing global situations raises the question of the profitability of heat pump because they are 

using electricity to operate. Another factor is also how to get the industrial sector to acquire 

heat pumps to partially replace fossil sources, as it is difficult to reach the same efficiencies 

at the same volume level. Of course, everyone is committed and willing to change in a 

greener direction, and waste heat from industrial production and some areas in industry 

would work well with just heat pump technology. For example, in the pulp industry, factories 

are self-sufficient in terms of electricity production, in which case heat pump technology 

would fit perfectly into the process. 

The project itself continued after this thesis was written. During this thesis work, the project 

progressed from the selection of the process design, through calculations and design of the 

parts to the budget offers of the parts. The next steps after the completion of this thesis work 

will be the procurement decisions, after which official requests for tenders are made. Based 

on the requests for tenders, a budget estimate is made, according to which parts are then 

procured. After the delivery of the parts, the assembly and commissioning of the equipment 

begins. Then the equipment is ready for research use. The construction of the project phases 

is shown in figure 17. 
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Figure 17. Phases of the project. 

 

7  Summary 

The goal of this master thesis was to document the high-temperature heat pump investment 

project which was implemented at LUT University. Also, aim was to familiarize the reader 

to high-temperature heat pump technology and its research progress in recent years. The 

theory part of this work was compact, and the aim was mainly to focus on the heat pump 

investment and present the process values. The investment project part itself did not include 

detailed calculation of the process or other more sensitive information, the purpose was only 

to create a basis for how the project progressed and document the necessary information in 

a reasonable way. 

The heat produced from the thermal energy of the district heating return water with the help 

of a heat pump is comprehensive with the technology discussed in the work. With a heat 

pump, the temperature of the final product, i.e. water in this case, can be raised up to 120 

degrees with the compression of the refrigerant circulating in the pump and electrical power. 

The possibilities of using the final product are extensive. 120-degree water can be used as 
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steam in process industry or as warm water in different processes. In the case of this project, 

the final product will most likely be used for priming the district heating water, i.e., to sup-

port the high temperature of the water.  

The thesis work explains about the progress of the project and the planning and calculation 

of the parts of the project's equipment. The most important thing in the project was to get the 

operating areas of the heat pump's compressors right and to utilize the single-axis nature of 

the electric motor. The project's equipment will be tested for the purpose of future high tem-

perature heat pumps, and it is also used mostly for research of the compressors designed for 

this heat pump. The electric drive of the equipment will be tested, and the operation of the 

compressors will be tested in the operating areas of the high temperatures. 

Participation in this project has been interesting, even though the project was already on 

route before this thesis work started.  
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Appendices 

Appendix 1. 

 Pre-planning temperatures with different working fluids. 

Refrigerant Vaporiza-

tion temper-

ature [oC] 

Condensing 

tempera-

ture [oC] 

Refrigerant Vaporiza-

tion temper-

ature [oC] 

Condensing 

tempera-

ture [oC] 

Ammonia 0 100 Isobutane 0 80 

Ammonia 0 80 Isobutane 0 90 

Ammonia 10 80 Isobutane 0 100 

Butane 0 80 Isobutane 0 110 

Butane 0 90 Isobutane 5 105 

Butane 0 100 Isobutane 10 110 

Butane 0 110 Isobutane 15 115 

Butane 5 105 Isobutane 20 120 

Butane 10 110 Isobutane 25 125 

Butane 15 115 Isobutane -5 95 

Butane 20 120 Pentane 0 80 

Butane 25 125 Pentane 0 90 

Butane 30 130 Pentane 0 100 

Butane 35 135 Pentane 0 110 

Butane 40 140 Pentane 5 105 

Butane -5 95 Pentane 10 110 

R1224yd(Z) 0 80 Pentane 15 115 

R1224yd(Z) 0 90 Pentane 20 120 

R1224yd(Z) 0 100 Pentane 25 125 

R1224yd(Z) 0 110 Pentane 30 130 

R1224yd(Z) 5 105 Pentane 35 135 

R1224yd(Z) 10 110 Pentane 40 140 

R1224yd(Z) 15 115 Pentane -5 95 
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R1224yd(Z) 20 120 Isopentane 0 80 

R1224yd(Z) 25 125 Isopentane 0 90 

R1224yd(Z) 30 130 Isopentane 0 10 

R1224yd(Z) 35 135 Isopentane 0 110 

R1224yd(Z) 40 140 Isopentane 5 105 

R1224yd(Z) -5 95 Isopentane 10 110 

R1233zd(E)  0 80 Isopentane 15 115 

R1233zd(E)  0 90 Isopentane 20 120 

R1233zd(E)  0 100 Isopentane 25 125 

R1233zd(E)  0 110 Isopentane 30 130 

R1233zd(E)  5 105 Isopentane 35 135 

R1233zd(E)  10 110 Isopentane 40 140 

R1233zd(E)  15 115 Isopentane -5 95 

R1233zd(E)  20 120 R245fa 0 80 

R1233zd(E)  25 125 R245fa 0 90 

R1233zd(E)  30 130 R245fa 0 100 

R1233zd(E)  35 135 R245fa 0 110 

R1233zd(E)  40 140 R245fa 5 105 

R1233zd(E)  -5 95 R245fa 10 110 

R1234ze(Z) 0 80 R245fa 15 115 

R1234ze(Z) 0 90 R245fa 20 120 

R1234ze(Z) 0 100 R245fa 25 125 

R1234ze(Z) 0 110 R245fa 30 130 

R1234ze(Z) 5 105 R245fa 35 135 

R1234ze(Z) 10 110 R245fa 40 140 

R1234ze(Z) 15 115 R245fa -5 95 

R1234ze(Z) 20 120   
 

  

R1234ze(Z) 25 125   
 

  

R1234ze(Z) 30 130   
 

  

R1234ze(Z) 35 135   
 

  

R1234ze(Z) 40 140   
 

  

R1234ze(Z) -5 95       
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Appendix 2. 

Steps of the HTHP process (SHV=Superheated vapour, SCL= Subcooled liquid). 

Process T p h s qm x 

  [°C] [bar] [kJ/kg] [kJ/kg K] [kg/s] - 

Evaporator inlet 25.5 1.3 276.5 1.3 4.3 0.24 

Evaporator outlet. vapour 25 1.3 421.1 1.7 4.3 1 

LP suction vapour heat ex-
changer. vapour side. inlet 

25.0 1.3 421.1 1.7 4.3 SHV 

LP suction vapour heat ex-
changer. vapour side. outlet 

28.9 1.3 424.4 1.8 4.3 SHV 

LP compressor inlet 40.3 1.1 434.2 1.8 4.3 SHV 

LP compressor outlet 87.7 4.5 469.8 1.8 4.3 SHV 

Flash intercooler inlet. va-
pour 

87.7 4.5 469.8 1.8 4.3 SHV 

Flash intercooler outlet. va-
pour 

64.8 4.5 448.0 1.8 8.5   

HP suction vapour heat ex-
changer. vapour side. inlet 

64.7 4.4 448.0 1.8 8.5 SHV 

HP suction vapour heat ex-
changer. vapour side. outlet 

76.7 4.4 459.4 1.8 8.5 SHV 

HP compressor inlet 76.6 4.4 459.4 1.8 8.5 SHV 

HP compressor outlet 134.2 17.4 493.4 1.8 8.5 SHV 

Condenser inlet 134.2 17.4 493.4 1.8 8.5 SHV 

Condenser outlet. liquid 124.5 17.4 363.1 1.5 8.5 SCL 

HP suction vapour heat ex-
changer. liquid side. inlet 

124.5 17.3 363.1 1.5 8.5 SCL 
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HP suction vapour heat ex-
changer. liquid side. outlet 

117.1 17.3 351.8 1.5 8.5 SCL 

HP expansion valve inlet 117.1 17.3 351.8 1.5 8.5 SCL 

HP expansion valve outlet 65.1 4.5 351.8 1.5 8.5 0.43 

Flash intercooler inlet. liquid 64.8 4.5 351.8 1.5 8.5 0.43 

Flash intercooler outlet. liq-
uid 

64.8 4.5 279.8 1.3 4.3   

LP suction vapour heat ex-
changer. liquid side. inlet 

64.8 4.5 279.8 1.3 4.3 0.00002 

LP suction vapour heat ex-
changer. liquid side. outlet 

62.2 4.4 276.5 1.3 4.3 SCL 

LP expansion valve inlet 62.2 4.4 276.5 1.3 4.3 SCL 

LP expansion valve outlet 25.9 1.3 276.5 1.3 4.3 0.24 

 

 

 

 

 

 

 

 

 

 

 



54 

 

Appendix 3. 

Design values of the heat exchangers 

Design values of heat exchangers     

Evaporator     Condenser     

Q 650 kW Q 1100 kW 

TRefrigerant. in 25.5 oC TRefrigerant. in 134 oC 

TRefrigerant. out 25 oC TRefrigerant. out 124 oC 

THeat sink. in 45 oC THeat sink. in 105 oC 

THeat sink. out 35 oC THeat sink. out 115 oC 

Pressure 130 kPa Pressure 1740 kPa 

Mass flow 4.3 kg/s Mass flow 8.5 kg/s 

Low-pressure suction 

vapour heat exchanger 

    High-pressure suction 

vapour heat exchanger 

    

Q 14.2 kW Q 96.2 kW 

Tliquid. in 64.8 oC Tliquid. in 124.4 oC 

Tliquid. out 62 oC Tliquid. out 117 oC 

Tvapour. in 25 oC Tvapour. in 64.7 oC 

Tvapour. out 29 oC Tvapour. out 76.7 oC 

Pressureliquid 444 kPa Pressureliquid 1730 kPa 

Pressurevapour 130 kPa Pressurevapour 440 kPa 

Mass flowliquid 4.3 kg/s Mass flowliquid 8.5 kg/s 

Mass flowvapour 4.3 kg/s Mass flowvapour 8.5 kg/s 

 

 

 

 

 

Appendix 4. 
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Evaporator temperature profile 

Condenser temperature profile. 
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LP suction vapour heat exchanger temperature profile. 

 

 

HP suction vapour heat exchanger temperature profile. 
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Appendix 5. 

Valves of the process 

VALVES 
LP= Low-pressure              
HP= High-pressure 

Valve type DN/PN  

HV1 
LP suction vapour throttle 
valve 

Control valve (me-
chanical) 

DN 250/PN 40 

HV12 HP vapour bypass valve 
Control valve (With 
operating device) 

DN 200/PN 40 

HV9 LP vapour bypass valve 
Control valve (With 
operating device) 

DN 200/PN 40 

HV4 Safety valve Safety valve DN100/PN 40 

HV5 HP Expansion valve Expansion valve DN 150/PN 40 

HV6 LP Expansion valve Expansion valve DN 150/PN 40 

HV2 
LP compressor outlet clos-
ing valve 

Shut-off valve DN 200/PN 40 

HV3 
HP compressor outlet clos-
ing valve 

Shut-off valve DN 200/PN 40 

HV7 
LP suction vapour heat ex-
changer bypass valve 

Shut-off valve DN 250/PN 40 

HV8 
LP suction vapour heat ex-
changer closing valve 

Shut-off valve DN 250/PN 40 

HV10 
HP suction vapour heat ex-
changer bypass valve 

Shut-off valve DN 250/PN 40 

HV11 
HP suction vapour heat ex-
changer closing valve 

Shut-off valve DN 250/PN 40 

HV13 HP filter bypass valve Shut-off valve DN 150/PN 40 

HV14 HP filter closing valve Shut-off valve DN 150/PN 40 

HV15 HP filter closing valve Shut-off valve DN 150/PN 40 

HV16 LP filter bypass valve Shut-off valve DN 150/PN 40 

HV17 LP filter closing valve Shut-off valve DN 150/PN 40 

HV18 LP filter closing valve Shut-off valve DN 150/PN 40 
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HV19 
Electric motor cooling va-
pour inlet line closing 
valve 

Shut-off valve DN 200/PN 40 

HV20 
Flash intercooler emptying 
valve 

Shut-off valve DN 80/PN 40 

HV21 Receiver emptying valve Shut-off valve DN 80/PN 40 

HV22 
LP side vacuum suction 
valve 

Shut-off valve DN 80/PN 40 

HV23 
LP side vacuum suction 
valve 

Shut-off valve DN 80/PN 40 

HV24 
Process fluid discharge 
valve 

Shut-off valve DN 80/PN 40 

HV25 
Process fluid discharge 
valve 

Shut-off valve DN 80/PN 40 

HV26 
HP side vacuum suction 
valve 

Shut-off valve DN 80/PN 40 

HV27 
HP side vacuum suction 
valve 

Shut-off valve DN 80/PN 40 
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Appendix 6. 

Piping of the high temperature heat pump 

Piping number Between: DN/PN  Material 

#1 Evaporator-LP Compressor DN 250/PN 40 Stainless steel 

#2 
Before and after LP suction vapour 

heat exchanger (vapour side) 
DN 250/PN 40 Stainless steel 

#3 LP Compressor-Flash intercooler DN 200/PN 40 Stainless steel 

#4 Flash intercooler-HP Compressor DN250/PN 40 Stainless steel 

#5 
Before and after HP suction vapour 

heat exchanger (vapour side) 
DN 250/PN 40 Stainless steel 

#6 LP Compressor bypass line DN 100/PN 40 Stainless steel 

#7 HP Compressor bypass line DN 100/PN 40 Stainless steel 

#8 
Electric motor cooling line before 

T-branch 
DN 200/PN 40 Stainless steel 

#9 
Electric motor cooling lines after T-

branch 
DN 150/PN 40 Stainless steel 

#10 
Electric motor cooling after electric 

motor 
DN 200/PN 40 Stainless steel 

#11 HP Compressor-Condenser DN 200/PN 40 Stainless steel 

#12 Condenser-Receiver DN 200/PN 40 Stainless steel 

#13 
Receiver-HP suction vapour heat 

exchanger (liquid side) 
DN 150/PN 40 Stainless steel 
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#14 
HP suction vapour heat exchanger 

(liquid side)-flash intercooler 
DN 150/PN 40 Stainless steel 

#15 
Flash intercooler-LP suction vapour 

heat exchanger (liquid side) 
DN 150/PN 40 Stainless steel 

#16 
LP suction vapour heat exchanger 

(liquid side)-Evaporator 
DN 150/PN 40 Stainless steel 

#17 Receiver emptying line DN 80/PN 40 Stainless steel 

#18 Flash intercooler emptying line DN 80/PN 40 Stainless steel 

#19 Before and after HP filter DN 150/PN 40 Stainless steel 

#20 Before and after LP filter DN 150/PN 40 Stainless steel 

#21 Receiver filling line DN 80/PN 40 Stainless steel 

#22 Filling line before evaporator DN 80/PN 40 Stainless steel 

#23 Filling line after evaporator DN 80/PN 40 Stainless steel 

#24 Safety valve line DN 80/PN 40 Stainless steel 
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Appendix 7. 

 

 Instrument hardware 

Flowmeters     Sensor type 

FI1 Flow meter 1 After LP compressor 4.6 kg/s 
 

VCONE 

FI2 Flow meter 2 After HP compressor 13.4 kg/s 
 

VCONE 

Pressure gauges      

PI1 Pressure gauge 1 After evaporator 1.3 bar 
 

PI2 Pressure gauge 2 Before LP compressor 1.3 bar 
 

PI3 Pressure gauge 3 
Before LP compressor. At-
tached to control system 

1.15 bar 
 

PI4 Pressure gauge 4 After LP compressor 5 bar 
 

PI5 Pressure gauge 5 Flash intercooler pressure 5 bar 
 

PI6 Pressure gauge 6 
Before HP compressor. At-
tached to control system 

5 bar 
 

PI7 Pressure gauge 7 After HP compressor 17.5 bar 
 

PI8 Pressure gauge 8 After condenser 17.5 bar 
 

PI9 Pressure gauge 9 
Before HP expansion valve 
and filter 

17.5 bar 
 

PI10 Pressure gauge 10 
Before HP expansion valve. Af-
ter filter 

17.5 bar 
 

PI12 Pressure gauge 12 
Before LP expansion valve and 
filter 

5 bar 
 

PI13 Pressure gauge 13 
Before LP expansion valve. Af-
ter filter 

5 bar 
 

Temperature gauges      
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TI1 Temperature gauge 1 After evaporator 27 oC 
 

PT100 
 

TI2 Temperature gauge 2 LP compressor suction line. 27 oC 
 

PT100 
 

TI3 Temperature gauge 3 
Before LP compressor. At-
tached to control system. 4 
gauges 

40 oC 
 

PT100 
 

TI4 Temperature gauge 4 After LP compressor. 4 gauges 91 oC 
 

PT100 
 

TI5 Temperature gauge 5 Flash intercooler temperature 80 oC 
 

PT100 
 

TI6 Temperature gauge 6 
Before HP compressor. At-
tached to control system. 4 
gauges 

80 oC 
 

PT100 
 

TI7 Temperature gauge 7 After HP compressor. 4 gauges 133 oC 
 

PT100 
 

TI8 Temperature gauge 8 After condenser 123 oC 
 

PT100 
 

TI9 Temperature gauge 9 
Before HP expansion valve 
and filter 

123 oC 
 

PT100 

TI10 Temperature gauge 10 
Before HP expansion valve 
and filter 

123 oC 
 

PT100 

TI11 Temperature gauge 11 After HP expansion valve 69 oC 
 

PT100 

TI12 Temperature gauge 12 
Before LP expansion valve and 
filter 

69 oC 
 

PT100 

TI13 Temperature gauge 13 After LP expansion valve 25 oC 
 

PT100 

 


