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 II Abstract 
Thermal energy accounts for 55% of the energy required in industry and is responsible 
for 10% of global CO2 emissions. Around the world, industry is undergoing major changes 
to limit its emissions and avert a climate catastrophe. The EU's requirement for climate 
neutrality by 2050 poses major challenges for industry, but at the same time creates 
significant new economic sectors. Around 32% of the thermal energy required in industry 
is < 200 °C. At the same time, there are often waste heat streams in a similar temperature 
level emitted by the same industry. Heat pumps are a technology to use such waste heat 
flows in a thermodynamic cycle as source to heat a sink very efficiently. While 
conventional heat pumps have already made a name for themselves in domestic and low 
temperature applications, industrial heat pumps are being used in industries and higher 
temperature applications. 

This work has been concerned with analyzing areas of application for industrial heat 
pumps in the European market and assessing their potential and economic viability. The 
focus was not on a detailed technical description, but much more on achievable 
coefficients of performance and the availability of heat sources. The coefficient of 
performance calculated in this paper are based on the high temperature rotation heat 
pump of the Austrian manufacturer ecop Technology GmbH. 

Previous studies have mostly limited the potential of industrial heat pumps to most 
suitable industries for heat pumps (food and beverages, chemical, paper, refinery), as 
they have a simultaneous thermal energy source and sink. This work also investigates 
the combination of heat pumps with renewable heat sources and storages, if no 
simultaneous source and sink is available. Exemplary heat pump combinations with 
geothermal and solar thermal energy were developed. Furthermore, future developments 
in the energy market are included. For example, the largest identified potential is the stack 
cooling of hydrogen electrolysers. Hydrogen production is currently of little importance, 
but will grow by a factor of 300 - 1000 till 2030. Another focus was the production of steam 
with heat pumps. Large parts of the thermal energy demand of industrial processes are 
based on steam as an energy carrier. In all areas, promising concepts with great potential 
were identified. The identified marketpotential of industrial heat pumps in Europe resulted 
in 51,1 – 73,9 GW thermal capacity. 

For the economic analysis, a comprehensive analysis of the most sensitive parameters 
(natural gas prices, electricity prices, CO2 certificate prices) was carried out. The 
coefficient of performance was simulated based on the rotation heat pump of the 
company ecop Technology GmbH for concept typical temperatures. From an economic 
point of view, all investigated concepts can hold their own against fossil reference 
scenarios. However, it should be emphasized at this point that dynamic payback periods 
are mostly above industry standard payback periods of 1 - 3 years.  
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Formula symbols 

A cross-sectional area m2 𝐴௖௘௟௟ cell surface  cm² 𝐴௣௔௬௕௔௖௞ payback period  yr 𝐵̇௙௟௨௘ ௚௔௦ flue gas mass flow kg/s 

CAPEX capital expenditures  € 𝐶஼ைଶ  EU-ETS price for Carbon emissions  €/t 𝐶௘௟௘௖௧௥௜௖௜௧௬  electricity price  €/kWh 𝑐ு̅మ  mean specific heat capacity of hydrogen kJ/(kg K) 𝐶ேீ  NG price  €/kWh 𝐶𝑂𝑃  COP of HP for given scenario - 𝑐௣̅,௙௟௨௘ ௚௔௦   mean specific heat capacity of flue gas kJ/(kg K) 𝑐௣, భ்,౩౗౪. specific heat of the saturated liquid at the   
 higher pressure  kJ/(kg K) 

DPP  discounted payback period  yr 𝐹𝐿𝐻 yearly full load hours  h/a 𝑓ேீ  scope 1 CO2 emission factor of NG  gCO2-ev/kWh 𝐻௜  caloric value  kJ/kg 𝐻௦ heating value  kJ/kg 𝐻ଵ enthalpy of saturated liquid at the higher pressure kJ/kg 𝐻ଶ enthalpy of saturated liquid at the lower pressure  kJ/kg 𝐻ସ enthalpy of water vapor at the lower pressure kJ/kg ∆𝐻௩, మ் heat of vaporization of saturated liquid at               
the lower pressure kJ/kg 

I  current density A/cm² 

i  discount rate % 𝐾௖௢௡ௗ௘௡௦௜௡௚ ுா௑  cost of the condensing HEX  € 𝐾௛௘௔௧ revenue for extracted thermal energy    €/kWh 

K-n cash value  € 

K0 present value  € 𝐿𝐶𝑂𝐻ீ௘௢ିଵ  levelized cost of heat for use case Geo-1 €/MWh 𝑚̇ுమ,௣௥௢ௗ௨௖௧௜௢௡  mass flow of hydrogen kg/s 
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n  observation period  yr 𝑛஼ number of cells - 𝑂𝑃𝐸𝑋௚௔௦ ௕௢௜௟௘௥  operational expenditures of a gas boiler  € 𝑂𝑃𝐸𝑋ு௉  operational expenditures of a HP  € 𝑂𝑃𝐸𝑋௦௔௩௜௡௚௦  savings of the operational expenditures  € 

Pcool, gas drying  cooling power for gas drying kW 

PP  static payback period  yr ୮మ୮భ  compression ratio - 𝑄̇ ௖௢௡ௗ௘௡௦௜௡௚ ுா௑    extracted thermal power in the condensing HEX kW 𝑄ௗ௘௠௔௡ௗ  thermal energy demand kWh 𝑄̇௚௘௡  generated thermal power in electrolyser W 

q-n  discounting factor - 𝑇௜௡,௙௟௨௘ ௚௔௦ condensing HEX flue gas inlet temperature  K 𝑇௢௨௧,௙௟௨௘ ௚௔௦ condensing HEX flue gas outlet temperature K 

∆𝑇ுమ,௖௢௢௟௜௡௚  cooling circuit temperature difference  K 𝑇ଵ  initial temperature  K 𝑇ଶ  final temperature  K 𝑇ଵ,ୱୟ୲. temperature of the saturated liquid at the   
 higher pressure  K 𝑇ଶ,ୱୟ୲. temperature of the saturated liquid at the   
 lower pressure  K 𝑉௖௘௟௟   cell voltage  V 𝑉௧௡  thermoneutral voltage V 𝑋௦௧௘௔௠ weight ratio of vaporized liquid / total liquid mass - 𝑍௜ compressibility factor - 𝛼  condensation factor - 𝜅௣,௩  real isentropic exponent - 𝜁௚௔௦ ௕௢௜௟௘௥  combustion efficiency of gas boiler - 

 

Physical quantities 

A Ampere 

a year 
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bar bar 

bcm billion cubic meters 

Btoe billion tonnes of oil equivalent 

cm centimeter 

g gram 

GW Gigawatt 

GWh Gigawatt hour 

Hz Hertz 

J  Joule 

K Kelvin 

kg kilograms 

kJ kilojoule 

kW kilowatt 

kWp kilowatt peak 

L liter 

m meter 

mm millimeter 

Mt Megaton 

MW Megawatt 

Nm3 norm cubic meters 

TWh Terawatt hour 

T tone 

V Volt 

W Watt 

yr year 

°C Celsius 

€ Euro 

k€ kilo € (thousand €) 

“ inch 

 

chemical elements and molecules 

CH4  methane 

CO2  carbon dioxide 



S e i t e  | XXVII 
 

September 2023    

Hଶ  (gaseous) hydrogen Hଶ0 ୪୧୯  (liquid) water NHଷ  Ammonia Oଶ  (gaseous) oxygen



S e i t e  | 1 
 

September 2023    

1 Introduction 
Around half of the global final energy consumption used in the residential and industrial 
sector attributes to thermal energy. Today, three quarters of the industrial thermal 
energy demand is produced by burning fossil fuels being responsible for 40 % of the 
global energy related Carbon dioxide equivalent (CO2-ev) emissions. 10 % of the global 
CO2 is emitted to provide thermal energy for the industry. Therefore, arises the 
necessity to substitute fossil thermal energy supply by more sustainable solutions [1], 
[2], [3], [4].  

Depending on the temperature level different sustainable heating technologies can be 
used. It is distinguished between direct and indirect conversion. An example for indirect 
conversion is the generation of green hydrogen by electrolysis. Hydrogen offers the 
possibility to generate high temperatures, while being storable and transportable, but 
it comes with several conversion losses. Direct conversion use electricity directly to 
generate thermal energy such as electric boilers, metallic resistance, plasma torches, 
electromagnetic heating (induction, infrared, microwave, radio wave) or heat pumps. 
Each of these technologies is best in a specific temperature level, why there is not a 
single technology for all applications. In this thesis it is focused on the temperature 
level of < 100 °C and 100 – 200 °C. One technology to provide these temperatures in 
an efficient and sustainable way are heat pumps (HP) [1], [2], [3], [4]. 

Figure 1 (in this figure . (dot) is used in difference to , (comma)) show three ways 
(hydrogen boiler, electric heater and HP) to electrify the thermal energy supply and 
their efficiencies. Efficiency is in this table incorrectly stated as coefficient of 
performance (COP) for all technology, whereas thermodynamically a COP can only be 
defined for circular processes. COP in this sense means the amount of thermal energy 
output per electrical energy input. The COP is highest for a HP and minimal for a 
hydrogen boiler, however hydrogen boiler or electric heater can reach significant 
higher temperature levels [5]. 
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Figure 1 Efficiency of different electrified heating technologies; in this figure . (dot) is used in 
difference to , (comma)  [5] 

Figure 2 shows the necessary transition of heating technologies for low temperature 
(LT), medium and high temperature (HT) heat supply between 2020 and 2050 for the 
global light industry (sub-sectors mentioned in the figure) to meet the international 
energy agency (IEA) net zero goals by 2050. All the technologies mentioned above will 
have an important role in this transition. To meet the global HP role in 2050, 500 MW 
thermal HP power must be installed every month for the next 30 years [6], [7], [8].  

 

Figure 2 Projected worldwide thermal energy supply for the light industry to meet IEA goals [8]  

2 Fundamentals of heat pumps 
Heat pumps use a left-handed thermodynamic cycle to absorb thermal energy from a 
source a low temperatures to provide thermal energy at higher temperatures on the 
sink side. Figure 3 shows simplified the left-handed process of a HP and possible 
thermal energy sources and sinks. The thermodynamic cycle is used to evaporate, 
compress, condense and expand an refrigerant driven by electricity. Thermal energy 
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sources may be air, water, ground or waste heat and typical end-users are households 
(buildings), district heating or the industry. Process medium on the sink side may be 
air, water, steam, or other heated material [6]. 

 

Figure 3 Simplified visualization of a HP with possible sources, sinks and process mediums 
[6] 

Conventional heat pumps are a very efficient way to generate thermal energy up to 
100 °C. This temperature level can address the residential heating requirements 
(space heating (SP) and domestic hot water (DHW)) as well as 11 % of the industrial 
thermal energy demand. Industrial heat pumps (IHP) can reach temperatures up to 
200 °C filling the gap of the 100 – 200 °C temperature level. This temperature level 
accounts for 20 % of the industrial thermal energy demand. Old district heating systems 
also operate at temperatures greater than 100 °C [1].  

Figure 4 shows a comparison of an energy flow diagram of traditional process heating 
and process heating with a HP. Traditional process heating uses a primary energy 
source like gas, oil or biomass and convert it directly with some conversion losses in 
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process heat. HP need electricity as primary energy. The HP uses electricity to transfer 
thermal energy from a low temperature source (like waste heat or environmental heat) 
to a higher temperature sink. The COP for heat pumps is typically between three and 
seven. This means that three to seven units thermal energy are produced with a single 
unit of electricity. The primary energy factor (PEF) for electricity (PEFe) defines the 
ratio between the primary energy consumption (PEC) and the end-user consumption 
of electricity. The PEF for thermal energy (PEFh) defines the ratio between the PEC 
and the thermal energy used by the end-consumer [9].  

 

 

Figure 4 Energy flow diagram of traditional process heating (left) and process heating with 
HP (right) [9] 

HP require a thermal energy source, which is typical LT waste heat or environmental 
heat. Therefore, the possibility to use HP for process heating is limited to the availability 
of a thermal energy source. Study [9] investigated the waste heat and process heat 
potential in four European industries (food, paper, chemical, refinery) shown in Figure 
5 (in this figure . (dot) is used in difference to , (comma)). The waste heat potential is 
highest at lower temperatures and lower at higher temperatures. The heat demand is 
highest at high temperatures. Therefore, the HP should be able to provide with a low 
temperature source a high temperature sink. The difference between the source inlet 
(in) and the sink outlet (out) temperature is called temperature swing. In general 
increasing temperature lifts lead to lower COP. In Figure 5 an example for a 
temperature lift of 80 K (60 to 140 °C) reaching a COP of 2,4 is visualized [8]. 
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Figure 5 Total waste heat supply and LT process heat demand in four selected European 
industries; in this figure . (dot) is used in difference to , (comma) [8] 

Figure 6 shows a very simplified decision map, if a HP is suited for the given problem 
or not. First a process should be optimized, and internal heat recovery should be 
implemented. If there is still enough waste heat, the simultaneity of the waste heat 
supply and the process heat demand or the feasibility of a buffer storage must be 
checked. In the next step the temperature levels and the reachable COP of a HP can 
be determined. With these information’s and the knowledge of expected full load hours 
(FLH) the profitability of a HP can be checked [8]. 

 

Figure 6 Simplified decision map if a HP is feasible for a given process [8] 

With the given assumptions the implementation of a HP can lead to [8]: 

 Lower operational expenditures (OPEX) 

 Valorization of waste heat 

 Increase energy efficiency 

 Reduce CO2-ev emissions 

Process heat temperature in °C Waste heat temperature in °C 
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Figure 7 gives a summary of market barriers of IHP of different stakeholders. On the 
side of the industrial customers, the product acceptance (“no, one fits all solution”), 
complexity of systems and the knowledge of different technologies is a problem. 
Furthermore, the capital expenditures (CAPEX) of HP solutions are typical higher than 
for fossil solutions and traditional payback periods of 1 – 3 years are not feasible. The 
competitiveness in terms of life cycle costs (LCC) is strongly dependent on fuel prices 
(electricity, gas, …), which are difficult to predict for an investment horizon of > 20 
years (yr). The temperature level of HP is limited and the COP is weaker for greater 
temperature swings and higher temperature levels [10].  

 

Figure 7 Survey among 27 experts about market barriers of IHP  [10] 

In the following thesis areas of interest for the implementation of a HP are analyzed 
and their cost effectiveness and potential within these areas is investigated. 

 Industrial heat pump manufacturer 
The following Table 1 (in this table . (dot) is used in difference to , (comma)) gives an 
overview of global high temperature heat pump (HT-HP) manufacturer and their 
technical readiness level (TRL). There is a wide variety of compressor types and 
working fluids, whereas some are already commercially available, and others are in a 
research state. Temperatures higher than 165 °C can only be reached by a mechanical 
compression of steam [11], [12], [13]. 
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Table 1 Overview of development of HT-HP manufacturer; in this table . (dot) is used in 
difference to , (comma) [11], [12] 
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In the following sections some HT-HP manufacturer are analyzed in more detail. 
Further information about the different manufacturer and their technology can be found 
in [11]. 

2.1.1 Kobelco 
The Japanese company Kobelco offers a special HP concept with a thermal energy 
supply capacity of 624 kW to generate saturated steam with 135 – 175 °C. In the 
evaporator the working fluid is heated up and vaporized by the source and is being 
compressed to higher temperatures. In the condenser thermal energy is transferred to 
pressurized circulating water at 115 °C, which is being decompressed to 0,1 MPa in a 
flash tank. Flash steam with 110 °C is generated and compressed to 0,8 MPa and 175 
°C. In Figure 8 (in this figure . (dot) is used in difference to , (comma)) you can see a 
technical diagram of the machine with typical COP depending on the temperature level 
[12], [14]. 
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Figure 8 Concept and typical COP of operating temperatures of the Kobelco HP; in this figure 
. (dot) is used in difference to , (comma) [12], [14] 

2.1.2 Hybrid Energy AS 
Hybrid Energy is a Norwegian company offering a hybrid HP with a mixture of ammonia 
and water as working fluid. Temperature levels of up to 120 °C can be reached. A 
simplified flow diagram of the hybrid HP is shown in Figure 9. Hybrid Energy has three 
different models depending on the thermal energy output (1 – 5 MW) and temperature 
level (90 – 120 °C) [15]. 
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Figure 9 Simplified flow diagram of the hybrid energy HP [15] 

There are several HP of Hybrid Energy (most of them in Scandinavia) in operation. 
Their HP is used in dairies, food processing, wastewater & sewage treatment, and for 
district heating (DH) [15].  

2.1.3 Combitherm 
The german company Combitherm offers a HP series with a thermal energy output 
between 20 – 1000 kW and temperatures up top 120 °C. The working fluids are HFOs 
(hydrofluorocarbons), HFKWs (hydrofluorolefines) and natural working fluids. The 
compression is done with screw or reciprocating piston compressors. A reference 
project of Combitherm is a fish factory in Norway, where waste heat of a drying process 
is reheated via a HP and feed back into the process [16]. 

2.1.4 Mayekawa 
Mayekawa is a Japanese company offering different kinds of HP. Their portfolio include 
ammonia-, mobile-, snow melting- and CO2 HP. The Ecosirocco CO2 HP is the only 
HT-HP model of Mayekawa. The heating capacity is around 120 kW and temperatures 
of 120 °C can be reached with an air supply of 80 °C. The exemplary use cases are 
food processing plants, meat processing plants, beverage plants, automobile plants, 
semiconductor plants and hospitals [17]. 
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2.1.5 Sustainable Process heat GmbH (SPH) 
Sustainable Process heat (SPH) is a very young company using the HP technology of 
Viking Heat Engines AS after their insolvency. SPH is a German company developing 
the Thermbooster HP, which has a power of 400 – 1000 kW. The working fluid is R-
1233zd (trans-1-Chlor-3,3,3-trifluorpropen). The source temperature can vary between 
8 – 120 °C and the sink temperature can be up to 165 °C. Figure 10 shows one possible 
use case from their website for producing hot water with 135 °C [18].  

 

Figure 10 Possible use cases of SPH HP [18] 

2.1.6 Ochsner 
The HT-HP of Ochsner are labeled IWWDS, ISWDS and IWWDSS and have a power 
between 170 – 750 kW. The maximum temperature output is 130 °C, which can be 
achieved with special screw compressors. Ochsner uses a non-toxic and non-
flammable working fluid called ÖKO1 (R245fa). There are no reference projects of this 
HP on the website [19]. Figure 11 (in this figure . (dot) is used in difference to , 
(comma)) gives an overview of Ochsner HT-HP [13]. 
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Figure 11 Overview of Ochsner HT-HP; ; in this figure . (dot) is used in difference to , 
(comma)  [13] 

Alternative Ochsner also offers another HP series with temperatures up to 95 °C with 
a power level of 60 – 850 kW. Such a HP (ISWHS 60 ER3) is operating at the Winery 
GVS Schaffhausen. The net power is 63 kW and a heating COP of 4,2 can be 
achieved. The HP uses the waste heat of a cooling machine with 37 °C as source 
producing a sink with 80 – 95 °C. The thermal energy is used in the facility for 
disinfection of the wine tanks, the bottling line and is additionally fed into a small DH 
system [19]. 

2.1.7 eNGie – thermeeco2 
The flagship HP series (thermeeco2) of the company eNGie is available in the power 
range of 90 – 1000 kW. The maximum output temperature is 90 °C. The working fluid 
of this HP series is CO2. Currently 90 thermeeco2 HP are in operation. In their brochure 
they show an exemplary customer (Osatina) using the thermal energy for different 
applications in greenhouses. The source is about 14 °C and the sink between 40 – 60 
°C. Other exemplary use cases can be found on their website [20], [21]. 

2.1.8 Ecop Technology GmbH 
Ecop Technology GmbH is an Austrian manufacturer of IHP. The working medium of 
the ecop rotation heat pump (RHP) are noble gases (helium, argon, krypton). The 
working medium is per- and polyfluorinated chemicals (PFAS) free, as well as non-
flammable and has a global warming potential (GWP) < 1. This is made possible by 
the technology of the RHP, which is based on the Joule process. The ecop RHP cover 
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the temperature range between 5 °C (cooling) to 150 °C (heating). Technologically, the 
temperature range between - 50 °C and 250 °C is possible [22], [23]. 

 Reference HP - ecop Rotation heat pump 
This thesis uses the RHP of ecop as reference HT-HP. COP calculations of different 
setups and economic analysis are based on this HT-HP. Some specifications of the 
ecop RHP and technical details are given in 2.2.1 - 2.2.4. 

2.2.1 General 
In Table 2 technical data of the RHP is summarized. The nominal thermal energy 
output is between 400 - 700 kW. The maximum temperature of the sink is 150 °C. The 
working medium is either argon, helium, krypton, or mixtures of these three 
components. The temperature lift is currently limited to ~ 55 K by the maximum rotation 
of the heat exchanger [23]. 

Table 2 Technical specification of the ecop RHP [23] 

 

2.2.2 Thermodynamic process of the RHP 
In a conventional heat pump, the refrigerant is evaporated or condensed in a left-hand 
closed loop process, passing through the two-phase region (carnot process). In the 
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RHP, the joule process is decisive, in which the working medium remains in the 
gaseous state the entire time. The two cycle processes are shown in Figure 12 [23].  

 

Figure 12 Cycle process of a conventional HP (left) and the Joule Process of the ecop RHP 
(right) [23] 

Figure 13 shows the typical cycle of a conventional HP with Ammonia (NH3) as working 
medium (left) and the Joule process of the ecop RHP (right) in T,s-diagrams [23]. 

 

Figure 13 T,s diagrams which show the conventional HP typical Carnot process (left), Joule 
Process (right) [23] 

In the RHP, the working medium is compressed via centrifugal forces by rotation of the 
rotor. The centrifugal force rise with increasing distance from the axis of rotation, which 
compresses and heats the working medium. In the expansion tube the working medium 
is being relaxed closer to the axis. A compression efficiency of up to 99% can be 
achieved. An additional fan is required to circulate the working medium in the tubes to 
overcome pressure losses, due to friction, deflections, and temperature changes. The 
main components of the system are the high-pressure (sink side) and low-pressure 
(source side) heat exchangers (HEX), compression lines, expansion lines, and the fan. 
At the high-pressure HEX, the thermal energy is transferred to the sink circuit, while 

Conventional HP  Ecop RHP  sink  

source 
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the low-pressure HEX absorbs energy from the source circuit. Figure 14 shows the 
rotor and the main shaft of the ecop RHP with the three fluid circuits (sink, source and 
working medium) [22], [23]. 

 

Figure 14 ecop RHP rotor with the three fluid circuits (sink, source and working fluid), the 
colors imply temperature levels (red hot > yellow > green > blue); e.g.: exempli gratia 

(exemplary) [22] 

Figure 15 (in this figure . (dot) is used in difference to , (comma)) shows the joule 
process of the ecop RHP in a T,s-diagram. The temperatures and entropies listed are 
only given as examples. In the low-pressure HEX of the RHP thermal energy from a 
source (for example excess heat) is absorbed (4 - 5). For technical reasons, an 
extension tube is needed to connect the low-pressure heat exchanger to the fan (5 - 
5.1). In the next step, the fan compresses the working gas just as much to overcome 
the pressure losses during the cycle (5.1 - 5.2). In the compression tube, the working 
gas is compressed by the centrifugal forces and the temperature increases (1 - 2). In 
the high-pressure HEX, the thermal energy of the working gas is transferred to the sink 
(2 - 3) (for example DH feed). In the expansion tube, the pressure, and the temperature 
of the working fluid decreases (3 - 4) [23].  
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Figure 15 Cycle process (Joule process) of the ecop RHP divided in some steps in a T,s-
diagram; in this figure . (dot) is used in difference to , (comma) [23] 

Figure 16 (in this figure . (dot) is used in difference to , (comma)) shows the relevant 
sections of the joule Process (numbers comparable to Figure 15) in the schematic 
working fluid circuit. The colors are representative for the temperature level. The 
temperature is maximal in the sink HEX (red) and minimal in the source HEX and close 
to the lowest pressure before the fan (blue) [23]. 

 

Figure 16  Relevant sections of the Joule process in the working fluid section; in this figure . 
(dot) is used in difference to , (comma) [23] 
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2.2.3 Demonstration plant 
The first conventional rotation heat pump of ecop has been implemented in a biomass 
combined heat and power plant (CHP). 

The CHP burns woody biomass to generate electricity in a steam cycle and thermal 
energy for DH. After the utilization of the steam in the turbine, the steam needs to be 
condensed completely. Before the integration of the RHP, the evaporation enthalpy of 
the utilized steam was released to the environment by a fan. The RHP is used to 
condense the steam using it as source to lift the temperature of the sink. The sink is 
the feedback of a district heating system being heated up from 55 °C to 95 °C. A 
schema of the combination between the CHP plant and the RHP is given in Figure 17 
[22]. 

 

Figure 17 Schema of the rotation heat pump in a biomass CHP [22] 

2.2.4 Advantages and Disadvantages of the RHP 
The advantages of the RHP compared to conventional HP are as followed [23]: 

 Very high sink temperature, which opens use-cases that are not addressable 
by conventional HP. Especially the industry sector with use-cases up to 150 
°C can be addressed.  
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 The operation in different temperature levels is very flexible, while being 
efficient. Therefore, the inlet and outlet temperatures of the source and sink 
can be variable. The flexibility results in the variable compressor pressure ratio 
of the working gas (variable rotation of the rotor). The mass flow and the 
resulting thermal energy transfer can be easily regulated by the fan.  

 The working gas is not toxic, PFAS free, not flammable and has a GWP lower 
than 1. 

 The temperature lift (source in to sink out) of the RHP (55 K) is higher than 
conventional HP (30 K). 

 The RHP can reach higher COP than conventional HP, because of the use of 
the joule process (see Figure 18 – limitations by physics) 

Figure 18 (in this figure . (dot) is used in difference to , (comma)) compares the 
maximum reachable COP of a conventional COP based on the Carnot process and 
the ecop RHP based on the joule process. The enthalpies (h) h1 – h5 refers for the 
carnot process to Figure 13 and for the joule process to Figure 15 [23]. 

                

Figure 18 maximal reachable COP of the Carnot process (left) and the Joule process (right); 
in this figure . (dot) is used in difference to , (comma) [23] 

3 Economic Analysis 
The economic efficiency of a heat pump investment in general is determined by the 
payback period and the trade-off between the needed investment costs for the 
application including installation and the reduction of operational (energy) costs.  For 
industrial investment decisions the payback period should be in a range of 1 to 3 years 
and maximum 5 years. To define a payback scenario the COP is needed as well as 
average energy costs. Furthermore, CO2 prices become more and more important in 
total costs of ownership (TCO) calculations with a fossil reference scenario. In 
economic efficiency analysis different options are compared to choose the best fitting. 
In this thesis the reference scenario are natural gas (NG) boilers.  

 Investment decisions with Total Cost of Ownership 
Investment appraisal using TCO is a calculation method for determining life cycle 
costs. The aim is to consider the income and the expenditures associated with an 
investment decision, which are incurred throughout the entire process from planning 
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through construction to disposal [24], [25]. The goal of a TCO is to make statements 
about whether and in which form an investment pays off or which one causes the 
lowest costs [26]. Figure 19 shows the different investment decision procedures that 
can be applied in the context of a TCO. This thesis focuses on the single economic 
approach, which considers the cost / benefit issue of a specific project. The 
macroeconomic method is used for a company-wide view and considers issues such 
as sales, location, and financing considerations [24], [27]. 

 

Figure 19 TCO investment decision-making processes [27] 

3.1.1 The factor time in a TCO 
The factor time considers in a TCO, if the calculation is done static or dynamic. Static 
methods not considering time as a factor are simple, but are not relevant for an investor 
in terms of a later profitability analysis. Static models do not respect real accounting, 
depreciation, and interest policy. In a static model cost are constant over a period, or 
the life of the investment. In the dynamic view, the timing of cash inflows and outflows 
is accounted for by interest. This interest can have decisive effects on investments and 

Vollständiger 
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must be calculated accordingly. In this thesis investment decision are calculated in a 
dynamic way [26], [28].  

Income and expenses can be related to any point in time by "discounting" and 
"compounding". In Figure 20, this is illustrated by means of a time bar that can be 
divided into selectable time intervals. The compounding / discounting factor (q+/- n) 
considers the interest rates between the reference and the observation period. The 
present value (K-n) is calculated according to Equation (1). Similarly, the future value 
(Kn) can be determined with the aid of the compound interest factor [26], [29]. 

 
Figure 20 Visualization of discounting and compounding [30] 

 

K-n = K0 (1 + i)-n = K0  q-n (1) 

K-n cash value in € 

K0 present value in € 

q-n  discounting factor 

i  discount rate in % 

n  observation period in yr 

3.1.2 Discounted payback period 
This thesis is using the discounted payback period as dynamic investment making-
decision process, because the time until an investment is paid back is a major factor 
in industry investment decisions. The discounted payback period can be calculated 
according to (2). In this thesis the interest rate is assumed to be constant 3 % over an 
investment period of 20 – 30 years [10], [26], [31], [32]. 

DPP =  ି௟௡(ଵି ಴ಲುಶ೉ೀುಶ೉ೞೌೡ೔೙೒ೞ)୪୬ (ଵ ା ௜) =  ି௟௡(ଵି୔୔)୪୬ (ଵ ା ௜)   (2) 

DPP  discounted payback period in yr 

PP  static payback period in yr 

CAPEX capital expenditures in € 

OPEXsavings savings in the operational expenditures in € 

compounding discounting 

interest periods interest periods 
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The CAPEX in this section can me modeled in two different ways [10]: 

 Investment costs of the HP including auxiliary system, what is specified in more 
detail in 3.3. In this case the HP substitute the existing heating system. The DPP 
show the payback period of the new HP system in difference to continuing to 
operate the old system. 

 CAPEX difference between the HP system and the reference case. In this 
case DPP show the time needed that the HP system and the reference case 
have the same costs.  

OPEXsavings clarify the difference in the OPEX in one year between a reference heating 
scenario (gas boiler) and a HP system. The OPEX of a gas boiler as reference scenario 
is calculated by Equation (3). The OPEX of the HP system is shown in Equation (4). 
Differences in maintenance costs are due to their small impact neglected [10], [32]. 

𝑂𝑃𝐸𝑋 ௚௔௦ ௕௢௜௟௘௥=  𝑄ௗ௘௠௔௡ௗ𝜁௚௔௦ ௕௢௜௟௘௥ ( 𝐶ேீ  +  𝑓ேீ  10଺ 𝐶஼ைଶ)   (3) 

𝑂𝑃𝐸𝑋௚௔௦ ௕௢௜௟௘௥   operational expenditures of a gas boiler in € 𝑄ௗ௘௠௔௡ௗ    thermal energy demand in kWh 𝜁௚௔௦ ௕௢௜௟௘௥    combustion efficiency of gas boiler 𝐶ேீ    NG price in €/kWh 𝑓ேீ    Scope 1 CO2 emission factor of NG in gCO2-ev/kWh 𝐶஼ைଶ   EU-ETS price for Carbon emissions in €/t 

 𝑂𝑃𝐸𝑋 ு௉=  𝑄ௗ௘௠௔௡ௗ𝐶𝑂𝑃   𝐶௘௟௘௖௧௥௜௖௜௧௬   (4) 

𝑂𝑃𝐸𝑋ு௉    operational expenditures of a HP in € 𝐶𝑂𝑃   COP of HP for given scenario 𝐶௘௟௘௖௧௥௜௖௜௧௬    electricity price in €/kWh 

 

Figure 21 (in this figure . (dot) is used in difference to , (comma)) shows a sensitivity 
analysis of an exemplary HP case with 1 MW heating capacity. The sink / source 
temperature is 115 / 45 °C and the achievable COP is 2,53. PP result in 2,6 years and 
the DPP in 3,2 years. The sensitivity analysis shows the impact on the PP, if the 
different variables are adjusted between 50 and 150% of the current value. Very step 
curves show a very sensitive behavior. The most sensitive parameters are the FLH, 
electricity and fuel (gas, oil) price [10]. 
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Figure 21 Sensitivity analysis of the PP according to their variation in the range of 50 – 150 
% of the current calue;  in this figure . (dot) is used in difference to , (comma)  [10] 

Figure 22 (in this figure . (dot) is used in difference to , (comma)) shows the cost parity 
between a HP and gas boiler depending on the power to gas price ratio and the 
temperature lift. Higher temperature lifts lead to decreasing COP. The relation between 
temperature lift and COP is shown in the figure. The assumptions for the graph are 
given on the right side of the figure. It is pictured that high electricity to gas price ratios 
and low temperature lifts lead to economical HP systems. Various power to gas price 
ratios in European countries lead to different national attractiveness of HP solutions. 
Exemplary is the electricity to gas price ratio in Sweden 1,7 and therefore the 
temperature lift boundary for an economical operation is 88 K [10].  

 

Figure 22 Cost parity of HP and gas boiler systems in accordance to the temperature lift and 
power to gas ratio; prices are based on 2016; in this figure . (dot) is used in difference to , 

(comma) [10] 

Hence, an attractive market for HP are countries with a low ratio between electricity to 
gas prices such as Norway or Sweden. Figure 23 (in this figure . (dot) is used in 
difference to , (comma)) depicts the electricity to gas price ratio of some European 
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countries for a small-scale industrial end-user in 2020. Because of the importance of 
the electricity to gas price ratio the following chapter shows European trends [4]. 

 

Figure 23 Electricity to gas price ratio of European countries for a small-scale industrial end-
user (2 - 20 GWh/yr electricity; 3 to 28 GWh/yr gas); in this figure . (dot) is used in difference 

to , (comma) [4] 

 Electricity to gas price ratio 
The electricity to gas price ratio is a very sensitive factor in HP economic analysis. 
While the CAPEX of HP solutions compared to gas boiler are usually higher, the OPEX 
are generally lower strongly depending on the electricity to gas price ratio. Because of 
usual COP between two and five of HP in industrial uses for the same amount of 
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thermal energy less electricity is needed than natural gas (NG). Therefore, if the 
electricity to gas price ratio is low the market is more attractive for HP solutions, 
because the plant operator can realize primary energy savings [33], [34].  

Gas prices as well as electricity prices are different for households (private customers) 
and non-households (industrial customers). Among the industrial customers it must be 
distinguished between the quantity purchased. An example for the different electricity 
prices for private and industrial customers in Austria is shown in Figure 24 [33]. 

 

Figure 24 Electricity prices for private and industrial customers in Austria [33] 

3.2.1 Electricity price 
Electricity prices differ depending on the consumption volume. Therefore, electricity 
prices for private customers and industries are different. This thesis focuses on 
medium to large scale industries. Electricity for industries can be bought over the 
counter (OTC) that are bilateral contracts between the customer, supplier, and grid 
operator or on the exchange at very volatile prices. Figure 25 gives a short summary 
about OTC and the electricity exchange [33]. 

 

Figure 25 Electricity marketplaces in Europe [33] 
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Because of the different marketplaces and the unique contracts, it is very difficult to 
define the electricity price of an industrial customer. This section tries to define trends 
of the electricity prices for different countries in Europe.  

In Europe, the electricity price on the day ahead auction at the European Power 
Exchange (EPEX) spot market is formed according to the merit order model. To explain 
this model, one needs to understand the concept of marginal cost of electricity 
generation. The marginal cost of a power plant determines the OPEX of the last kWh 
of energy produced. Different types of power plants have different marginal costs, 
which are shown in the example of Germany in Figure 26. Renewable and nuclear 
power plants have little marginal costs, while NG or oil plants have due to the need of 
a fuel input and carbon pricing higher marginal costs [33], [35]. 

 

Figure 26 Electricity prices of the different plants based on the merit order model [36] 

The electricity price is based on the price for the last kWh of electricity produced to 
meet the called demand. All power plants with lower marginal costs than the last kWh 
produced make a theoretical profit. Figure 27 visualizes the power price based on the 
merit order [35]. 
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Figure 27 Simplified Diagram to visualize the electricity price based on the Merit Order 
principle [35] 

A study by Energy Brainpool based on the world energy outlook 2022 predict the long-
term development of average power prices for four scenarios shown in Figure 28. The 
investigated countries are the EU-27, United Kingdom, Norway, and Switzerland. The 
power price is declining until 2030 because of a recovery from the Ukraine war and is 
starting to increase from 2030 due to rising CO2 prices. The scenario “central” is based 
on Europe stopping to import Russian gas. Therefore, the European NG price is 
determined by the global liquified natural gas (LNG) price. The energy system will 
strongly decentralize with a significant expansion of renewables. The “Tensions” 
scenario is based on increasing tensions between Europe and Russia and higher CO2 
prices. Therefore, the early NG prices are higher in this scenario. The “Relief” scenario 
is based on a better relationship between Europe and Russia. Europe decreases the 
amount of fossil fuels slightly. The renewable expansion target, which were set during 
the crisis, are kept in place. “GoHydrogen” focuses on a fully decarbonization until 
2050 comparable to the IEA “Net Zero” scenario [34]. 

 

in
 €

 

in MW 
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Figure 28 Long-term average power price in selected European countries for four scenarios  
[34] 

Energy Brainpool predicts for future renewable power scenarios very volatile prices 
between summer and winter visualized for the central scenario in Figure 29. The prices 
will rise in winter due to the temperature sensitivity of the electricity demand and 
supply. The solar and hydroelectric power supply decrease in winter and the electricity 
demand increase due to greater energy losses and the need for heating [34]. 
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Figure 29 Increasing volatile power prices due to seasonal fluctuations in Europe [34] 

There are also studies, which show long-term average power prices for countries with 
a lot of solar or wind power to decline to 30 – 40 €/MWh in the future [2]. 

Table 3 gives a summary of the different power price trends in Europe based on 
different scenarios [34].  

Table 3 Summary of the European power prices between 2025 and 2050 by scenarios [34] 

 Energy Brainpool  

source Central [34] GoHydrogen 
[34] Relief [34] Tensions 

[34] 
Mean 
values 

EU power €/MWh €/MWh €/MWh €/MWh €/MWh 
2025 95 95 90 105 96,25 
2030 75 76 61 99 77,75 
2040 66 59 57 103 71,25 
2050 77 68 72 108 81,25 

     81,63 
 

3.2.2 Gas price 
A study by Energy Brainpool based on the world energy outlook 2022 predict the long-
term development of commodity prices for an announced pledges scenario shown in 
Figure 30. It is assumed that all countries will fulfill their currently pledged goals. 
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According to Energy Brainpool the NG price will drop to around 26 €/MWh in 2026 and 
afterwards decline steady to 15 €/MWh until 2060 [34]. 

 

Figure 30 Long-term development of commodity prices, European Allowances (EUA): carbon 
pricing see 3.4 [34] 

Table 4 (in this table . (dot) is used in difference to , (comma)) show the development 
of commodity prices based on research of the Aarlborg University. According to [32] 
the NG price is increasing until 2050 compared to prices before the Ukrainian war. The 
conversion factor between €/GJ to €/MWh is 3,6. 

Table 4 Long-term price trends of commodities by Aarlborg University, conversion factor to 
€/MWh is 3,6 GJ/MWh; in this table . (dot) is used in difference to , (comma) [32] 

 

Table 5 (in this table . (dot) is used in difference to , (comma)) show the predicted long-
term commodity prices by IEA based on the World Energy Outlook 2022 depending on 
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different scenarios, which can be read in detail in [37]. The Conversion factor between 
USD/MBtu to €/MWh is 3 considering a currency conversion of 1,15 €/USD. 

Table 5 Conversion factor from USD/MBtu to €/MWh is factor 3 considering 1,15 €/USD; in 
this table . (dot) is used in difference to , (comma) [37] 

 

Table 6 gives a summary of the different NG price trends in Europe based on 
different sources and scenarios [32], [34], [37].  

Table 6 Summary of the European NG prices between 2025 and 2050 by sources and 
scenarios [32], [34], [37]  

  IEA IEA IEA   

source 

Energy 
Brainpool ~ 
Announced 

Pledges 
Scenario 

[34] 

Net Zero 
Emissions 
by 2050 

[37] 

Announced 
Pledges  

[37] 

Stated 
Policies 

[37] 

Aalborg 
University 

[32] 

Mean 
values 

EU natural gas €/MWh €/MWh €/MWh €/MWh €/MWh €/MWh 
2025 40 21,15 26,1 27 34,74 29,80 
2030 23 13,8 23,7 25,5 36,72 24,54 
2040 23 12,6 21,3 26,55 40,32 24,75 
2050 18 11,4 18,9 27,6 43,92 23,96 

      25,76 
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3.2.3 Electricity to gas price ratio 
According to [34] the electricity demand will rise by around 64 % until 2050 mainly due 
to national hydrogen strategies, enhanced electrification in households, and the 
expansion of electric cars. In the industrial sector, increased efficiency can prevent a 
significant increase in electricity consumption.  

The historical power to gas price ratio of selected European countries between 2008 
and 2022 is shown in Figure 31. The prices are based on an industrial customer with 
a consumption band of 500 – 2000 MWh for electricity and a gas consumption > 200 
GJ per year. It is shown that Sweden has the lowest power to gas ratio. United Kingdom 
(UK) has the tendency to have a high ratio. The spikes between 2021 and 2022 are a 
result of the Ukrainian invasion. Turkey and Hungary had the most intensive reaction 
on the Ukraine war. The EU-27 average is shown in bold yellow and the linear trend of 
EU-27 in dotted yellow. Between 2008 and 2022 the EU-27 average was always 
between 2 and 2,5 slightly increasing. An extrapolation of the EU-27 power to gas ratio 
trend would lead to a ratio of 3 – 3,5 in 2050 [38]. 

 

Figure 31 Historical electricity to gas price ratio of selected European countries between 
2008 and 2022 [38] 

Figure 32 shows the power to gas ratio in Europe between 2025 and 2050 based on 
different scenarios. The calculated values are shown in Table 7. This figure is based 
on the power and NG prices of the previos chapters. The ratio has been calculated for 
comparable scenarios of the different sources. The gray net zero scenario differs a lot 
from the others, because of significant lower NG prices. In 2040 all scenarios (except 
net zero) show similar ratios. From 2040, the scenarios show different trends between 
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2040 and 2050 leading to power to gas ratios between 2,0 and 4,2 in 2050 [32], [34], 
[37]. 

 

Figure 32 Power to gas ratio in EU-27 based on different sources and scenarios [32], [34], 
[37] 

Table 7 Calculated power to gas ratio values for EU-27 based on different sources and 
scenarios [32], [34], [37]  

 

In 2021 an average industrial user paid 40 - 45 €/MWh taxes for electricity and 6 – 6,5 
€/MWh taxes for gas. Two-thirds of the revenues from power taxes are then used to 
subsidize renewable energies. The net effect is that the decarbonization of the 
electricity supply is subsidized, while disincentivizing the electrification of industry by 
favoring the use of gas. A review of the taxation framework by favoring the direct use 
of electricity would accelerate the switch away from fossil fuels. Figure 33 visualizes 
the influence of the power and NG taxation on the power to gas price ratio [1]. 

power/gas ratio
Central / 

EnergyBrainpool

Central / 
Announced 

Pledges

GoHydrogen / 
Net Zero 

Emissions by 
2050

Relief / 
Announced 

Pledges

Tensions / 
Aalborg 

University
Mean values

Mean values 
/ Mean 
values

2025 2,38 3,64 4,49 3,45 3,02 3,40 3,23
2030 3,26 3,16 5,51 2,57 2,70 3,44 3,17
2040 2,87 3,10 4,68 2,68 2,55 3,18 2,88
2050 4,28 4,07 5,96 3,81 2,46 4,12 3,39

3,53 3,17
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Figure 33 Influence of the power and NG taxation on the electricity to gas price ratio [1] 

Figure 34 shows the electricity and gas prices in Europe and the United States of 
America (USA) in 2021 and 2022. The energy prices in Europe are generally higher 
than in the USA, while the power to gas price ratio in Europe is lower than in the USA. 
This is a result of low NG prices in the USA. Hence, from this perspective Europe is 
the more interesting market [1].  

 

Figure 34 Electricity and gas prices in Europe and the USA in 2021 and 2022 [1], [39] 

The key findings are that Europe is due to increasing carbon prices an attractive market 
for HP, but the power to gas ratio differs a lot within Europe. The most attractive market 
from this perspective is Scandinavia, as well as France, Portugal, and Bosnia. High 
ratios can be found in Romania, United Kingdom, Hungary, Croatia, and Slovakia. High 
national CO2 prices combined with a high shares of renewable generated electricity 
result in low power to gas ratios. The considered long-term prices trends show similar 
results until 2040 and then vary a lot depending on the scenario. This thesis has 
decided to take an average power to gas ratio in Europe of three for an investment 
horizon of the next 20 – 30 years. Detailed economic analysis should consider country 
specific power to gas ratios [32], [34], [37], [40]. 
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 CAPEX and subsidies of a HP  
The costs of a HP are usually given as HP specific investment costs in € / kWp. Prices 
for normal HP cannot be compared with IHP, because of the different requirements 
and temperature level. Whether additional equipment, labor associated with design 
and installation, and costs associated with design and installation are included in the 
price depends heavily on the manufacturer and the effort required for integration. 
Therefore, the specific HP investment costs found in the literature varies greatly 
between 300 and 1000 €/kWp [9].  

There are also different kinds of CAPEX and OPEX subsidies in Europe. A summary 
of subsidies in selected Europe countries in 2022 is shown in Table 8 [41]. 
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Table 8 Summary of CAPEX and OPEX subsidies in European countries for large heat 
pumps [41] 

 

Figure 35 (in this figure . (dot) is used in difference to , (comma)) shows the specific 
investment costs of IHP according to different literatures. It is shown that the specific 
investment costs decrease with the heating capacity of the HP [10]. 
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Figure 35 Specific investment costs of industrial HP according to different sources; in this 
figure . (dot) is used in difference to , (comma) [10] 

This thesis uses a conservative specific investment cost of 700 €/kWp including 
subsidies, average costs for ancillary equipment, labour associated with the design 
and installation, and costs associated with the design and installation. 

 Carbon pricing in Europe 
In Europe, greenhouse gas pricing distinguishes between industries with very high 
greenhouse gas emissions, which are priced directly via certificates, and all other 
emitters, which are priced indirectly via taxes for greenhouse gas emissions. 

 CO2 of heavy industries 
In 2005, a European Emissions Trading Scheme (EU-ETS) was introduced in the 
European Union (EU27), Norway, Iceland and Liechtenstein to implement the Kyoto 
international climate change agreement. The United Kingdom introduced its own 
national emissions trading scheme after its exclusion from the EU. The EU-ETS 
scheme includes > 10,000 plants in the energy sector and energy-intensive industries 
(oil refineries, steel mills and production facilities of iron, aluminum, metals, cement, 
unslaked lime, glass, ceramics, pulp, paper, cardboard, acids and basic organic 
chemicals, air and maritime transport), which are responsible for about 36% of 
greenhouse gas emissions in the specified countries. The target is to reduce emissions 
by > 55% until 2030 compared to 1990. Since 2012, intra-European aviation has also 
been included in the EU-ETS, which is not further referred in this thesis. The EU-ETS 
system is based on the "Cap & Trade" system in which emission allowances (CO2 -
certificates in CO2-ev) are distributed or auctioned to the plants. Facilities can redeem 
them for released emissions or, if they are not needed, trade them on the market [42].  

The allocation of CO2 emissions depends on the current trading period. Between 
trading periods, prices are adjusted and regulations are adapted by means of 

in
 €

/k
W

 

in kW 
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amendments. The development of the trading periods is shown in Figure 36. As there 
was initially an oversupply of CO2 - certificates on the market, which did not fulfill the 
purpose of climate protection, the market stability reserve was introduced. Its purpose 
is to regulate the supply and demand of certificates on the market and to ensure a 
future shortage. Details on the market stability reserve can be found at the following 
link (https://eur-lex.europa.eu/legal 
content/DE/TXT/PDF/?uri=CELEX:52014PC0020&from=EN).  

The EU is currently in the fourth trading phase, in which significantly fewer allowances 
are available than in the previous trading periods, and in which the annual decrease is 
greater. According to "Fit for 55", the annual decrease in the cap is to be increased 
from 2,2 % to 4,2 % in order to achieve the climate targets. Detailed information on the 
fourth trading period are available at https://www.euromines.org/what-we-do/energy-
climate-change/emissions-trading-system-phase-iv-2021-2030. Cap refers to the sum 
of all allowances that have always been higher than emissions (exception 2008) and 
are redistributed within the different installations through trading. In trading, a facility 
that does not need the allowances it has purchased or been awarded can sell them to 
other facilities. The link leads to the website of the European Energy Exchange (EEX) 
https://www.eex.com/de/maerkte/umweltprodukte/eu-ets-spot-futures-options  [42].  

 

 

Figure 36 History of the total cap and the CO2-ev emissions in Europe [42] 
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The fourth trading period provides allocation of free allowances only to industries that 
would otherwise no longer be competitive. The case where industries would relocate 
outside the EU due to the CO2 price and thus only postpone their CO2 emissions is 
referred to as carbon leakage (industries deemed to be at risk for carbon leakage can 
be found following the link https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32019D0708&from=EN). Industries with highest 
risk of relocating their production outside of the EU receive 100 % of their allocations 
for free, while less exposed sectors get a maximum of 30 %. All free allocations will be 
reduced beginning with 2026 giving the industries time to adjust. To ensure 
competitiveness of European industries energy intensive basic materials and products 
imported from outside the EU will be taxed equally to within the EU. This new method 
is called Carbon border adjustment mechanism (CBAM) and can be read in more detail 
following the link Carbon Border Adjustment Mechanism (CBAM) | Deloitte Germany. 
This regulation is currently still in draft status. A list of the European companies with 
granted allocations can be found here https://eur-lex.europa.eu/legal-
content/DE/TXT/PDF/?uri=CELEX:32021D0728(01)&from=EN [42], [43], [44]. 

The falling cap lead to a shortage of CO2 certificates in the medium term, which is why 
their price rise. Current model calculations assume prices between 90 - 130 €/t CO2 in 
2030. The price development of CO2 certificates between 2008 and 2023 is shown in 
Figure 37 [43], [44]. 

 

Figure 37 History of the CO2-certificate prices between 2008 and 2023 in € / ton CO2-ev [45] 

In terms of corporate emissions, a distinction is made between Scope 1, 2 and 3 
emissions, which are shown in Figure 38. Scope 1 emissions are generated in the plant 
itself, for example through the conversion of fossil fuels for the generation of thermal 
energy. Scope 2 emissions result from the purchase of electricity, thermal energy, or 
steam from other plants. Scope 3 emissions arise from the upstream extraction of raw 
materials, the supply chain, and any waste disposal [46].  
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Figure 38 Visualization of Scope 1,2 and 3 Emissions [47] 

Companies must cover their Scope 1 emissions with certificates. Scope 2 emissions 
are only paid indirectly. For example, if electricity is purchased externally for which CO2 
certificates have been paid, these certificate prices are added to the electricity price 
[48]. CO2-ev emissions consider CO2 emissions as well as other greenhouse gases with 
GWP > 0. CO2-ev emissions of different fuels for the generation of thermal energy using 
modern technologies are shown in Table 9. The combustion technology used is 
relevant due to the efficiency of different plants. For example, for the generation of 1 
kWh of thermal energy using NG 202 gCO2-ev (fgas) need to be considered. The CO2-ev 
of other fuels, as well as a calculation tool (Excel) for CO2-ev emissions for thermal 
energy and electricity production can be found in [49]. Further CO2-ev emissions can 
be found in [9]. 

Table 9 CO2-ev emissions of different fuels according to the generation of 1 kWh of thermal 
energy [49], [50] 

Fuel Scope 1 Emissions g CO2-

ev/kWh 
Scope 2 & 3 Emissions 

g CO2-ev/kWh 
total Emissions g CO2-

ev/kWh 

Pellets 0 25 25 
Wood chips 1 26 27 

Wood1)   368 

Lignite 369 58 427 

Peat   367 
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Hard coal 349 52 401 

light heating oil 267 51 318 

Liquefied natural 
gas 

  260 

Natural gas 202 45 247 

1) with not-sustainable use without reforestation  
  

 CO2 Emissions of other sources  
In addition to the EU-ETS system, further mechanism (EU-ETS 2) is introduced to take 
account of sectors outside the ETS, such as transport, housing, waste, and agriculture. 
Taking Austria as an example, 48 % of the national CO2-ev is emitted in these sectors. 
This further mechanism will be determined via the national climate protection law and 
the burden sharing ordinance. Currently, the emissions of these sectors are indirectly 
priced via taxes. Decisive for the tax burden are the nationally determined CO2 prices 
of the different countries. These are shown for European countries (2021) in Figure 39. 
The chart also shows the years in which the CO2 tax was introduced. It can be seen 
large national differences within the EU [45], [51]. 

 

Figure 39 CO2 prices of EU countries in 2021 and the beginning year of CO2 taxation [45] 

The CO2 price is to be increased annually to give the different sectors time to adjust, 
but to create an incentive for savings. Table 10 shows the adjustment of the CO2 price 
using Austria as an example [51].  
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Table 10 CO2 tax trend of Austria, Anm. 1.: for 2023 taxes of 32,5 € where applied [51] 

 

This indirect pricing is to be gradually converted into an emissions certificate trading 
system in Europe by 2027, based on the EU-ETS system [51].  

Table 11 shows a comparison between the national CO2 pricing (example for 
Germany) and the EU ETS system  [45],  [51]. 

Table 11 Comparison between national CO2 prices (example Germany) and the EU ETS 
System  [45],  [51] 

 

3.4.2 Carbon price trend and influence on the power to gas ratio 
Figure 40 shows on the top the electricity prices and on the bottom the gas prices of 
selected European countries in €/kWh. The prices have three components. Prices 
excluding all taxes and fees (blue) is the price of the energy, supply component and 
the network component. Value added tax (VAT) and other recoverable taxes and levies 
(yellow) includes all recoverable taxes, fees and charges (including VAT). Rest of taxes 
includes all taxes, fees, levies and charges (brown) that are declared as non-
recoverable like carbon taxes. The resulting price for non-household consumers are 
the sum of all three bars. Countries with higher carbon taxes do have bigger brown 
bars at the gas prices. Comparing different countries show, why the power to gas ratio 
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is even high or low. For example, Sweden has very low electricity prices, but very high 
NG prices [38]. In [38] is an interactive tool for power and gas prices for European 
countries and different years, customers, and consumption levels. 
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Figure 40 Composition of non-household electricity and gas prices in selected European countries in 2022 [38] 
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Figure 41 show the EU-ETS trend between 2023 and 2060 predicted by Energy 
Brainpool. According to Brainpool the EU-ETS price will skyrocket between 2028 and 
2032 to 125 €/t and then increase decelerating to 177 €/t in 2060 [34]. 

 

Figure 41 Future trend of the EU-ETS price in the Energy Brainpool scenario [34] 

Table 12 show predicted trends of ETS prices in different regions based on different 
scenarios [37].  

Table 12 Carbon price for certificates in selected areas based on different scenarios [37] 
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Figure 42 also shows the scenario with a constant EU-ETS price of 113 USD/t 
considering that carbon capture and storage is economical feasible at that price [2], 
[34], [37]. 

 

Figure 42 EU-ETS price trend in a hydrogen scenario [2] 

This thesis will use an EU-ETS price of 113 €/t (CCO2) assuming that carbon capture 
and storage will become technological and economical feasible. Furthermore, with this 
assumption the early future with more solid price forecasts is weighted more than more 
distant time periods.  

 Summary economic parameters 
Table 13 shows a summary of the most important parameters of the reference 
scenario (gas boiler) and the HP scenario for later economic efficiency calculations 
[2], [32], [34], [37], [40]. 

Table 13 Summary of gas boiler and HP parameters for later economic calculations [2], [32], 
[34], [37], [40] 

  Variable Value Unit 

reference scenario 

ηgas boiler 0,9 - 
Cnatural gas 0,025 €/kWh 
fnatural gas 202 g/kWh 
CCO2 113 €/t 

CAPEXgas boiler 150 €/kW 

HP scenario 
Celectricity 0,075 €/kWh 
COP case depending - 
CAPEXHP 700 €/kW 

interest rate i 3 % 
full load hour FLH case depending h/yr 
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 Contracting model 
As mentioned before is the industry looking for short payback periods. Because of the 
more CAPEX intensive renewable solutions, the industries tendency to switch to 
OPEX based energy contracts can be seen [10], [26], [31], [32]. 

An example for such a OPEX based energy contract is shown in Figure 43. Figure 43 
is based on a COP of 4 and depicts the costs for thermal energy as a function of the 
FLH and the electricity price. For the further calculations 4000 - 6000 FLH and an 
average price for electricity is assumed to be 0 €/MWh (self-production with 
photovoltaic cells) to 200 €/MWh. Therefore, the specific heating costs of the HP result 
in 24 – 86 €/MWh. Such contracts usually include more details like heat purchase 
commitments, maturities, and others [22]. 

 
 

 Definition of market potential 
In this section it is briefly the difference between different kinds of potentials defined. 
In general, it is differentiated between the resource potential, technical potential, 
economic potential, and the market potential pictured in Figure 44 [40]. 

Figure 43 Exemplary OPEX sales model for thermal energy [22] 
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Figure 44 Different kinds of potential and what they include [40] 

The resource potential considers the theoretical potential of a technology with its 
physical and technical boundaries. For instance, is it possible that HP can provide 
temperatures greater than 200 °C in the future [40]. 

The technical potential includes all technical feasible solutions in the market no matter 
if they are economical feasible or not. That would mean in the HP sector, that any 
waste heat source would be utilized by a HP [40]. 

The economic potential is the share of the of the technical potential that is economical 
feasible [40]. 

The market potential includes future decision and developments of the market, which 
can speed up or stop the trend. The market potential is the economic potential 
including future changes [40]. 

In this thesis the economic / market potential is analyzed. The methodology to do so 
is to determine the economic potential as fraction of the technical potential. By 
incorporating future changes in key economic parameters, the economic potential is 
translated into the market potential. These key economic parameters are HP CAPEX, 
subsidies, CO2 prices, electricity prices and gas prices, which were analyzed in the 
previous chapters [40]. 

4 Market segments and potential 
Thermal energy has become one of humanities basic needs since humans learned to 
use fire about 40 000 years ago. Around 40 % of the global final energy demand (~ 10 
billion tonnes of oil equivalent (Btoe) = 4,652 * 104 TWh/yr) accounts for the industry 
(see Figure 45). 55% of the industries energy demand is thermal energy being 
provided by around 75 % with fossil fuels. A significant amount of the needed thermal 
energy is below 200 °C. This temperature level is often provided by burning NG 
reaching 2 000 °C leading to high exergy losses. To minimize these exergy losses this 
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thesis focuses if, where and how HP can provide temperatures up to 200 °C in the 
industry [1].  

 

Figure 45 The share of the industrial thermal energy demand in the global energy demand 
and the primary energy sources, 1 Btoe = 1,163 * 104 TWh  [1] 

 Industry 
In this section the potential of IHP in Europe will be outlined. Figure 46 is based on 
data of Eurostat, which compares the thermal energy end-use of 33 countries within 
Europe. The total amount of thermal energy consumption in Europe are roughly 3000 
TWh/yr (7200 PJ/yr). According to Figure 46, 66 % (~2000 TWh/yr) of this thermal 
energy is used as process heat. 77 % of the process heat is provided by burning fossil 
fuels. In the next step it is differed between temperature levels, industries and how this 
energy is currently provided [4].  
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Figure 46 Breakdown of the total thermal energy demand in Europe (RES = renewable 
energy sources), “a” means anno and stands for year [4] 

Table 14 (in this table . (dot) is used in difference to , (comma)) shows the industries 
thermal energy demand at different temperature levels in the EU28+3. In the range of 
100 – 200 °C the thermal energy demand is 531,2 TWh/yr. The greatest potential in 
this temperature range is in Germany, Italy, UK, France, Finland, Spain, and Sweden 
[8], [9], [52]. 

Table 14 Process and space heat / cooling demand in the EU28+3 countries in TWh/yr; (in 
this table . (dot) is used in difference to , (comma)) [8], [9], [52] 

 

Table 15 shows the EU28 usage of thermal energy in different industries at variable 
temperatures. The total thermal energy consumption in the EU28 industry is 1 821 
TWh/yr. The currently by IHP addressable temperatures of 80 – 150 °C result in 281 
TWh/yr (16 %). 80 TWh/yr of thermal energy are in the range between 150 – 200 °C. 
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In specific the industrial sectors iron and steel, chemical, non-metallic minerals, food 
and tobacco, and paper, pulp and print have a particularly high demand for the 
accounted temperature level of IHP [7], [11], [53]  

There is also a broad range of low temperature applications (< 80 °C). The most 
common are space heating, general heating uses or district heating [7], [11], [53] 

Table 15 Thermal energy consumption at temperature levels in EU28 industry [11] 

 

The industries as well as the temperature levels coverable by IHP are visualized in 
Figure 47. According to [11] 174 TWh/yr of the EU28 process heat demand are 
coverable by IHP. 41 % (71,3 TWh/yr) of this thermal energy is in the temperature 
range between 80 – 150 °C. Figure 47 shows food and tobacco, chemical and paper 
as the most interesting industrial sectors for IHP [11], [40]. 
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Figure 47 Market potential of IHP in EU28 based on industries and temperature levels [11] 

The studies [9] and [52] also investigated the pulp and paper, chemical, food and 
beverages and refinery sector as the most promising ones for the use of IHP. They 
estimated the IHP suited thermal energy potential among these industries for < 150 
°C to ~750 PJ (208 TWh/yr) and < 200 °C to ~1100 PJ (306 TWh/yr). Table 16 shows 
the IHP coverable thermal energy demand among these industries. The term 
coverable means that in the given industries suitable processes were identifying under 
the perspective of the simultaneous availability of suited waste heat [8], [9], [52]. 

A switch from fossil fuels to HP (< 200 °C applications) in the four mentioned industries 
would lead to CO2-ev savings of 146 Mt/yr [4]. 
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Table 16 Cumulative IHP suited process and waste heat in EU28 in the defined temperature 
intervals [9] 

 

Figure 48 shows the cumulative waste and process heat suited for HP < 200 °C 
depending on the temperature level of the four named industrial sectors. The heat 
pump has the duty to utilize the low temperature waste heat (mainly moist air and 
condensate streams) to provide the process heat at higher temperatures [9]. 

 

 

Figure 48 Cumulative waste (top) and process (bottom) heat below 200 °C in the four 
investigated sectors in the EU28 [9] 
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Because of some technical reasons such as a limitation of the temperature lift of heat 
pumps to 100 K or missing waste heat sources just 73 % of the process heat < 150 
°C and 57 % < 200 °C can be supplied by industrial heat pumps. The study calculated 
that 20 GW are needed to provide the process heat < 150 °C and additional 3 GW to 
cover process heat up to 200 °C. According to the study 4 174 heat pump units ranging 
from < 0,5 MW to > 30 MW are necessary to provide the suited process heat (641 
PJ/a). Detailed information about the relative achievable process heat coverage by 
industrial heat pumps can be found in Table 17 (in this table . (dot) is used as decimal 
point instead of a , (comma) [9].
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Table 17 Heat pump units per sector and relative process heat coverage; in this table . (dot) is used as decimal point instead of a , (comma) [9] 
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Figure 49 (in this figure . (dot) is used as decimal point instead of a , (comma)) shows 
detailed information about the 4 174 calculated heat pump units. On the left side the 
operating temperatures and the unit size is visualized. The right side shows the 
distribution of the expected coefficient of performance. In general, high heating 
capacities do not lead directly to high temperature levels and vicar versa [9]. 

 

Figure 49 Specification of the 4 174 heat pump units in the EU28: (left) by power and 
sink/source temperature, (right) by calculated COP; in this figure . (dot) is used as decimal 

point instead of a , (comma) [9] 

Figure 50 (in this figure . (dot) is used as decimal point instead of a , (comma)) shows 
a more detailed visualization of the 4 174 heat pump units. The upper part shows the 
number of calculated heat pump units depending on the heating capacity. Around 88 
% of the heat pump units are below 10 MW. The bottom show that around half of the 
heating capacity can be provided by units smaller than 10 MW and the rest are units 
greater than 10 MW [9].  
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Figure 50 HP units and relative HP units (top) related to the cumulative heating capacity and 
relative heating capacity (% of total cumulative heating capacity) (bottom) depending on the 
heating capacity per unit; in this figure . (dot) is used as decimal point instead of a , (comma)  

[9] 

The needed investment to realize the discussed industrial heat pump market with unit 
costs ranging from 200 – 500 €/kW result in 4,5 – 11,5 billion €. The study names these 
values as conservative calculations. The investment costs per sector are shown in 
Table 18 (in this table . (dot) is used as decimal point instead of a , (comma)) [9]. 
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Table 18 Needed investment to realize the European IHP market with unit costs between 
200 – 500 €/kW; in this table . (dot) is used as decimal point instead of a , (comma) [9] 

 

The key message of [9] is that there are many relatively small units (88 % of total HP 
units) providing around 50 % of the heat capacity. To provide solutions for the whole 
industries manufacturer should provide small standardize machines in high numbers 
and very big, customized machines depending on the needed use case [9]. 

Also [7] investigated the paper, food and chemical industries as the most promising 
ones for HP. Figure 51 shows the 2019, process heat (in PJ) and gas (in bcm = billion 
cubic meters) demand of paper, food and chemical industry in Europe. The figure 
divides the process heat demand in the three categories HP not feasible, not 
replaceable by HP and partly replaceable by HP. The greatest HP potential is in the 
paper industry. The highest NG consumer is the chemical industry [53]. 

 

Figure 51 Industrial gas and process heat demand by temperature level and HP replacement 
potential in Europe 2019, 1 bcm = 10 TWh [7] 
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Comparing the different studies, one can see that they do not agree on what is 
coverable by HP. Variable assumptions and border conditions lead to different results. 
The usefulness of integrating an IHP into an industrial process must be examined in 
detail in each individual case. 

Figure 52 shows exemplary industrial processes different HP technologies can provide 
depending on the temperature level. Exemplary applications in the food industry are 
steam production for sterilization, concentration, boiling, baking, vaporization, and 
pasteurization processes. Furthermore, hot water is used during the bottling process 
(washing and sterilization), and the brewing process (mashing, lautering, wort boiling). 
But also, in the polyethylenterephthalat (PET) bottle industry process heat between 
100 – 150 °C is needed for injection molding of plastic preforms or pellets drying. There 
are several drying processes, which need < 150 °C such as starch drying, wood drying, 
paper drying, laundry drying, brick drying (air preheating), drying of animal fodder and 
others. In the chemical industry steam and hot water is needed for distillation, 
concentration, boiling and thermoforming processes. The wood sector needs 
temperatures greater than 100 °C for gluing, pressing and drying processes. The textile 
industry works in the processes of coloring, washing, and bleaching above 100 °C [7], 
[53].  

 

Figure 52 Typical processes in given industries and their temperature level [53] 

HP applications without thermal buffer storages are limited by the simultaneous need 
for heat demand and waste heat availability. Table 19 shows typical excess heat 
streams and their temperature level [54]. 
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Table 19 Industrial excess heat and their typical temperature levels by [54] 

 

Summarizing the European market potential, it can be said that roughly 3000 TWh/yr 
of thermal energy are used in the industry and around 600 TWh/yr are < 200 °C. 200 
– 300 TWh/yr are estimated to be suited for IHP due to the availability of suited waste 
heat sources. To cover the lower bound of 200 TWh/yr around 23 GW of thermal power 
are necessary. Around 50 % of the plants are < 10 MW leading to an economical 
potential of 16 428 ecop RHP having each a thermal power of 0,7 MW [4], [8], [9], [11], 
[40], [52]. 

 District heating 
DH is growing massively all over the world. Most of the thermal energy in DH is 
provided by fossil fuels. There are different generations of DH networks, which mainly 
vary in their temperature and pressure level as well as the transportation medium. 
Figure 53 gives an overview of the different DH generations and their different thermal 
energy sources. The integration of HP in DH systems of the third and fourth generation 
is useful because of the lower temperature level. Combinations between renewable 
energy sources and HP are used in newer DH systems. Some of these combinations 
will be outlined in the following chapters [55].  

Europe is market leader in the transition to the integration of excess heat and 
renewable sources in the DH system. Possible heat sources for a HP integration are 
data centers, metro tunnels, waste heat, hydrogen generating electrolyser, sewage 
water treatment facilities, nuclear power plants and renewable sources. Examples for 
renewable sources are geothermal energy, solar thermal energy, or the burning of 
waste [56]. 

Excess heat source temperatur level in °C

Flue gas 50 - 400
Cooling fluids 20 - 45
Compressor cooling 30 - 70
Washing fluids 30 - 60
Cooking processes < 100
Power unit cooling < 100
injection molding 20 - 80
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Figure 53 DH generations with their temperature level and typical thermal energy sources 
[55] 

The two different ways of integrating a HP into a DH system are shown in Figure 54. 
The parallel integration (a) heats the DH return side or parts of it lifting it to the feed 
temperature level. The serial integration (b) lifts the temperature of the DH feed (after 
another heating plant). In the serial setup exergetic losses occur, if just a part of the 
feed is heated due to mixing the streams with different temperatures. The feasibility of 
any configuration must be considered on the specific project, mostly depending on 
achievable COP and FLH [57].  

 

Figure 54 Two ways to integrate HP into DH networks a) parallel b) serial [57] 
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The target of district heating and cooling (DHC) is to connect 350 million buildings 
globally by 2030, providing 20 % of the space heating needs. The total installed DH 
EU28+3 capacity in 2021 where around 300 GW. Roughly 43 % of the DH thermal 
energy is supplied by renewable and waste heat sources pictured in Figure 55. The 
DH sales in 2021 where around 500 TWh/yr [58]. 

 

Figure 55 Heat sources for DH in Europe in 2021 [58] 

Figure 56 (in this figure . (dot) is used in difference to , (comma)) shows the production 
and capacity of large scale HP in European DHC systems. The current capacity is 
around 2,43 GW. The key players are Sweden, Finland, and Denmark. According to 
predictions the amount of HP power in European DHC will increase at least by 80 % 
until 2030 which corresponds to 2 GW or 2 857 ecop RHP [58]. 
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Figure 56 Large heat pump stock for DHC in selected European countries and their thermal 
energy supply in 2021; in this figure . (dot) is used in difference to , (comma) [58] 

 Overview investigated areas 
In this section the necessity and the justification of the following chapters is clarified. 

 Geothermal energy (4.1): Geothermal energy is a renewable energy sources 
that opens the possibility to supply thermal energy with a HP if no waste heat 
sources are available. The HP can increase the thermal power output of a 
geothermal energy well or increase its temperature level. 

 Hydrogen Electrolysis (4.2): Green hydrogen will become an important energy 
carrier in the European Union towards its path to “net zero emissions”. The 
major technology to provide green hydrogen is electrolysis generating a lot of 
waste heat. This waste heat can be utilized by an HP and lifted to valuable 
temperature levels. 

 Solar thermal heat (4.3): Solar thermal energy can provide thermal energy for 
industries and DH, but is subject of large seasonal fluctuations. Systems that 
can store solar oversupply and make it available at later times typically require 
a HP. 

 Flue gas utilization (4.4): Flue gas is still one of the major excess heat sources 
leaving the plant usually at temperatures greater than 100 °C. 

 Steam production (4.5): Much of the European process heat is needed as 
process steam. All conventional steam supplies are based on fossil fuels and 
need to be replaced by a renewable technology in the future. 
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 Geothermal energy 
4.1.1 Geothermal energy general 
Regardless of the temperature of the ambient air, the temperature inside the earth is 
constant. The deeper one enters the earth's surface, the warmer it gets [59]. The 
thermal power of the earth's crust comes from the radioactive decay of long-lived 
nuclides like ²³5U, ²³8U, ²³²Th and 40K. This geothermal energy can be used by different 
technologies. Regarding the thermal energy deposits, a distinction is made between 
hydrothermal geothermal systems (hot and usually very salty water in great depths) 
and petrothermal systems (warm rock in fracture structures) [59].  

About extraction, a distinction is made between open and closed loop systems. Open 
hydrothermal systems work through a geothermal doublet. In this system thermal 
energy in the form of hot water is pumped to the surface through a producer well. The 
thermal energy is extracted from the hot water through a heat exchanger and returned 
to the subsurface through an injection well [59], [60]. Closed systems, which are also 
often referred to as borehole heat exchangers, are usually designed in the form of 
coaxial pipes. A thermal energy transfer fluid is pumped to depth in the outer annulus, 
using the surrounding rock as a heat exchanger. The heated-up fluid rises to the 
surface in the middle through an insulated riser [60]. 

In terms of depth, it can be distinguished between: 

 Near-surface geothermal energy (depth 20 – 200 m), rock temperature < 25°C 
 Medium geothermal energy (depth 800 – 3000 m), rock temperature 40 - 

100°C 
 Deep geothermal energy (depth >3000 m), rock temperature > 80 °C 

The indicated depths and temperatures are to be understood as approximate values.  

Figure 57 gives an overview of different geothermal energy systems and their 
extraction methods. This thesis focuses on the direct use of hydrothermal sources  [60]. 
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Figure 57 Overview hydrothermal, petrothermal systems; open and closed systems; EGS: 
enhanced geothermal system, GSHP: ground source heat pump [61] 

4.1.2 Geothermal energy in Europe 
The geothermal potential in Europe comprises several gigawatts, whereby the 
geographic and topographic distribution varies considerably. Figure 58 visualizes the 
geothermal resources in Europe. Europe's largest deposits are in Iceland, France, 
Turkey, Germany, Hungary, Italy, and Serbia [62]. Further visualizations of the 
geothermal resources in Europe can be found at (https://heatroadmap.eu/peta4/). 

Petrothermal heat 
(EGS system) 

direct heat 
use 

closed-
loop 

GSHP 

open-loop 
GSHP 
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Figure 58 Overview of the geothermal sources in Europe, the color indicates the temperature 
at different depths [63] 

An investigation of the commercially used geothermal wells in Germany has shown a 
distribution of the most used temperature ranges in combination with the plant size. A 
summary of the findings can be found in Figure 59. The largest plants and the most 
utilized geothermal potential are in the temperature range of 120 - 140 °C. Very low 
temperature levels 20 - 40 °C are hardly used industrially, while very high temperature 
levels > 160 °C are very rare [64].  
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Figure 59 Stock of the geothermal plants as a function of the temperature level data based 
on [64]  

4.1.3 Geothermal applications for heat pumps 
The found low temperature level in near-surface geothermal storages is usually used 
for space heating. This thesis focuses on temperatures between 40 – 150 °C in depts 
greater than 800 m. The major European applications in these temperature levels are 
process heat and DH systems [65]. 

The temperature levels of the commercial used geothermal heat storages in Europe 
differ a lot. Figure 60 shows geothermal storages in Europe and their expected 
temperature level. Highest temperatures can be found in Italy, Turkey, and Germany 
[65].  
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Figure 60 temperature levels of the commercialized geothermal areas in Europe  [65] 

The thermal energy from geothermal deposits can either be used directly or serial in 
combination with a heat pump. Figure 61 shows the direct-use (left) and serial concept 
(right). For the direct-use the geothermal energy reaches higher temperatures than the 
return flow of the DH. In this setup the geothermal energy is transferred via a HEX to 
the DH system. Additionally, a parallel installed heat pump can be used to lower the 
temperature level of the DH-return flow using it as source to increase the DH-feed 
temperature. This setup is used to increase the efficiency of the HEX (increased 
temperature difference) and if the geothermal source cannot lift the DH-feed to the 
needed temperature level. The serial concept (right side) directly uses the geothermal 
energy as source in a HP. The hot sink of the HP is used to heat the DH-feed. 
Geothermal energy is used in the same way for process heat in industrial applications 
[66]. 



S e i t e  | 68 
 

September 2023    

 

Figure 61 District heating concepts for geothermal systems direct (left) serial (right)  [66] 

On the following pages three use cases how the ecop RHP can be integrated in 
geothermal applications are shown. 

 Increase the geothermal heating capacity (Use case Geo-1) 
The use case Geo-1 (Increase the geothermal heating capacity) is exemplary shown 
in Figure 62. This setup can be installed as retrofit to existing plants or in new plants 
to increase the geothermal capacity or to lift the temperature level of the geothermal 
energy. The geothermal energy at a temperature level of 80 °C is used directly to heat 
the district heating return flow (55 °C).  In this process step, the geothermal water is 
cooled down to 60 °C. Next the 60 °C geothermal water is used as a source in an ecop 
RHP, cooling it down to 33 °C. At the sink side of the RHP, water with 70 – 115 °C can 
be extracted. The hot water can either be used as process heat or to lift the DH feed. 
Alternative also the preheated DH feed with 75 °C can be used as HP sink inlet being 
lifted to 130 °C for high temperature applications. The given temperatures are only 
examples for a integration in a typical DH network [63], [64], [65], [66], [67]. 
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Figure 62 Doubled use of the geothermal energy based on [67] 

The advantage of this application is that more thermal energy can be extracted from 
the geothermal reservoir with the same amount of water pumped from the depth. Thus, 
the specific pumping costs are reduced. A simulation of the operating data of the ecop 
RHP is shown in Figure 63. The direct cooling of the geothermal feed via a heat 
exchanger from 80 °C to 60 °C results in a thermal power of 467 kW. The ecop RHP 
can further cool the water from 60 °C to 33 °C extracting 617 kW as source energy. 
The output of the ecop RHP result in 700 kW thermal power lifting a sink from 55 to 95 
°C with a COP of 4,41. In this setup the thermal power of the geothermal well is 
increased by 150 % from 467 kW to 1,167 MW [68]. 

 

Figure 63 Simulation of the ecop RHP in use case Geo-1 [68] 
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 Temperature rise of existing / new geothermal sources (Use case Geo-2) 
Another application is the supply of high temperatures for industry or old DH system 
with heat pumps. If heat pumps should provide high temperatures, reasonable waste 
heat sources are necessary. Often no excess heat sources with temperatures around 
90 °C are available. In this case geothermal energy is a renewable option for a constant 
heat pump source. Figure 64 shows use case Geo-2 where the heat pump is used in 
a serial design to lift the temperature of the geothermal well [63], [64], [65], [66], [67]. 

 

Figure 64 Visualization of use case Geo-2 with a serial use of the geothermal energy based 
on [67] 

A simulation of the ecop RHP in this setup is pictured in Figure 65. The advantage of 
the ecop RHP in this configuration is that it creates a high temperature lift (55 K) and 
can reach temperatures up to 150 °C. In an exemplary simulation (see Figure 65), the 
geothermal water was cooled down from 90 to 53 °C and thus process heat could be 
heated from 90 to 140 °C. In some applications, it might me reasonable to switch 
another ecop RHP in series (compare Geo-1) using the cooled down geothermal water 
with 53 °C as source extracting additional thermal energy for low temperature 
applications [68]. 
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Figure 65 Simulation of the ecop RHP in use case Geo-2 [68] 

 High temperature swing of low temperature geothermal sources (Use case 
Geo-3) 

This use case is based on low temperature geothermal sources of 30 – 50 °C. Without 
a HP these geothermal sources cannot be used for DH or in industry, beside for space 
heating tasks. Such low temperatures can usually be found in depths between 800 – 
2000 m having significant lower drilling expenses. Furthermore, old oil wells can be 
used in this application reducing the drilling costs to zero. Also, some geothermal 
drillings fail or the expected temperature level is not found in reasonable depths. A 
describing visualization is shown in Figure 66 [63], [64], [65], [66], [67]. 

 

Figure 66 Use case Geo-3 with a direct use of low temperature geothermal energy based on 
[67] 
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In Figure 67 the ecop RHP has been simulated for an exemplary use case 3 Geo-3 
[68]. 

 

Figure 67 Example of the ecop RHP in use case Geo-3 [68] 

4.1.4 Economic efficiency for the geothermal use cases 
According to [69] the average levelized costs of heat (LCOH) for geothermal district 
heating (GeoDH) projects are ~ 80 €/MWh. Using exemplary the ecop contracting 
model shown in Figure 43 and the LCOH of 80 €/MWh for GeoDH systems and the 
LCOH of use case Geo-1 result in 46,4 – 83,6 €/MWh depending on the FLH and the 
electricity price. Therefore, the HP add on can lower the price significantly compared 
to the GeoDH without HP. The corresponding calculation is shown in Equation (5), 
where 467 kW is the geothermal power without the ecop RHP and 700 kW is the power 
added by the RHP. The calculation has been visualized in Figure 68 [63], [64], [65], 
[66], [67], [70]. 

𝐿𝐶𝑂𝐻ீ௘௢ିଵ= 80 €MWh  0,467 MW0,467 MW + 0,7 MW+ ቀ24 €MWh ቚ86 €MWh ቁ 0,7 MW0,467 MW + 0,7 MW=  ቀ46,4 €MWh ቚ83,6 €MWh ቁ  (5) 

𝐿𝐶𝑂𝐻ୋୣ୭ିଵ  levelized cost of heat for use case Geo-1 in €/MWh 
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Figure 68 Visualization of the levelized costs of heating for use case Geo-1 [70] 

Based on the calculation given in Equation (5) the use cases Geo-2 and Geo-3 were 
calculated in a very similar way visualized in Figure 69 and Figure 70. Use case Geo-
2 result in significant higher costs, because higher temperatures (up to 150 °C) are 
generated. Compared to most other options of delivering temperatures of 150 °C this 
setup has very low CO2-ev emissions [63], [64], [65], [66], [67], [70]. 

Geo-1 



S e i t e  | 74 
 

September 2023    

 

Figure 69 Visualization of the levelized costs of heating for use case Geo-2 [70] 

Use case Geo-3 aims on existing boreholes with geothermal energy of around 40 °C 
(unused oil wells) or stopped drilling approaches. Drilling approaches might stop early 
if the expected temperature gradients are not found. Around 30 % of all drilling 
approaches do not find the expected temperature level. Use case Geo-3 for stopped 
drilling approaches can be a better solution than an expensive deconstruction of the 
failed borehole. The economic viability is depending on the given case (further 
investment costs for Geo-3, reached temperature level, possibility to extract thermal 
energy, …) [71], [72], [73], [74]. The economic calculation of use case Geo-3 in Figure 
70 assumes that an extraction of low temperature geothermal energy in a failed 
borehole is reasonable and better than a deconstruction. Therefore, the construction 
costs of the geothermal well are set to zero. 

 

Geo-2 
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Figure 70 Visualization of the levelized costs of heating for use case Geo-3 [70] 

4.1.5 Market potential geothermal systems 
The European potential for geothermal energy is huge and growing fast. Figure 71 
shows the number of existing and planned geothermal plants in selected European 
countries. In France, Germany, and Poland are the most geothermal plants in 
development. Currently mostly hydrothermal storages where tapped, but new 
technologies such as hot dry rock open the possibility of a better use of petrothermal 
storages. Hot dry rock is basically a technology for cracking the rock of petrothermal 
storages in depths of 3000 – 5000 m by pumping water with a very high pressure. The 
technology is related to fracking technologies [65], [75]. 

Geo-3 
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Figure 71 Number of GeoDH plants in Europe in operation and under development [65] 

Figure 72 shows an existing GeoDH project in Neustadt Glewe using the geothermal 
feed flow directly to heat the DH return. This project could be extended by the defined 
use cases Geo-1-3. Currently the geothermal water is fed back with 50 °C in the 
injection well. The thermal power of the GeoDH system can be increased by use case 
Geo-1 by further cooling down the geothermal return. Alternative the ecop RHP can 
be used for reserve / peak load heating (see point 4 in Figure 72 - use case Geo-2) 
[71], [72], [73], [74].   
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Figure 72 Existing GeoDH project in Neustadt Glewe (Germany) based on [71], [72], [73], 
[74] 

This thesis assumes that use case Geo-1 can be implemented to most of the 4,8 GW 
installed GeoDH stock in Europe. With the assumption, that it is possible to use the 
geothermal return flow with 60 °C of all the European GeoDH stock and cool it down 
to 33 °C (use case Geo-1) the economic potential would result in 2,35 GW. Further 
assuming that such CO2-ev free heating solutions are subsidized and the FLH are 
typical very high all solutions are economical feasible. Therefore, the market potential 
is equal to the economic potential. This would result in 3 357 pieces of ecop RHP 
having each a power of 700 kW [71], [72], [73], [74]..  

According to [74] the total unused potential of geothermal heat with close by DH plants 
are 350 TWh with temperatures of > 60 °C in < 2 km depth and 1 428 TWh with 
temperatures of > 80 °C in < 2 km depth. The author of [74] estimated that this 
European GeoDH potential could result in 30 000 pieces of 18 MW plants (= 540 GW). 
Figure 73 gives an idea of how the potential for heat pumps can be derived from the 
geothermal potential. Considering the defined use cases Geo-1 to 3 the technical HP 
integration potential in geothermal systems result in 378 GW. If just 1 - 2 % of the 
technical HP potential is economical feasible the market potential result in 5 400 – 10 
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800 pieces of 700 kW ecop RHP. In this calculation the potential of ~40 °C in 1 km 
depth or use case Geo-3 is not considered in more detail [71], [72], [73], [74].  

 

Figure 73 Total geothermal technical, economic, and market potential for the integration of a 
HP into geothermal systems by using use case Geo-1-3 [71], [72], [73], [74] 

 Hydrogen Electrolysis 
Green hydrogen will become an important clean energy carrier helping to decarbonize 
sectors with high CO2 emissions. Hydrogen is suited as energy carrier, because it has 
a high energy density (heating value ~ 120 MW/kg) and existing transport infrastructure 
can partly be used. Nowadays approximately 80 % of the hydrogen production is 
classified as brown or grey. This means it is produced by fossil fuels. Another possibility 
to produce hydrogen is by electrolysis. If the used electricity is from renewable sources, 
electrolysis can be declared as green hydrogen source. To make green hydrogen 
production economical more feasible, the potential of waste heat recovery of 
electrolysis facilities is determined in this section [57], [76].  

Figure 74 gives a short overview of the current major electrolyser technologies [76]. 
This thesis focuses on current state of the art Alkine electrolysis (AEL) and Polymer 
exchange membrane (PEM) electrolyser [57]. High temperature electrolysis is a 
promising technology with high efficiencies, which is currently under development, but 
not included in this thesis.  
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Figure 74 Overview of the current state of the art electrolyser technologies [76] 

4.2.1 Production of green hydrogen 
Electrolysis is an energy intensive process, which happens in an electrolyser powered 
by electricity. Electrolysis is the process when liquid water is split into hydrogen (H2) 
and oxygen (O2). The chemical formula is given in Equation (6) [57].  Hଶ0 ୪୧୯= Hଶ + Oଶ  (6) Hଶ0 ୪୧୯  (liquid) water Hଶ  (gaseous) hydrogen Oଶ  (gaseous) oxygen 

 Polymer exchange membran electrolyser 
A PEM cross section as well as the related chemical reaction equations are shown in 
Figure 75. In a PEM electrolyser the anode is located at the water inlet. At the anode 
the liquid water is decomposed into ions and oxygen. The oxygen and the not 
decomposed water leaves the cell. The ions migrate driven by an electric field through 
the membrane to the cathode side, where these ions are reduced to hydrogen. On 
both sides of the membrane are porous catalyst layers supporting the chemical 
reactions [57]. 
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Figure 75 Cross section and chemical reaction equations of the PEM electrolyser [57] 

PEM electrolyser allow high current densities (> 2 A cm2), cell voltages of 1,6 – 2,0 V 
and work at cell temperatures up to 80 °C, while having high efficiencies of 70 – 80 %. 
The generated hydrogen is very pure (99,99 %). Another advantage of PEM 
electrolyser is their short response time and a very wide dynamic operation range, 
which makes them perfectly suited for the use of fluctuating renewable power. Due to 
the use of noble metals the challenge is to increase their capacity, while keeping the 
production costs of the stacks low [57].  

 Alkine water electrolysis  
The AEL differs from the PEM electrolyser in the liquid alkaline electrolyte instead of 
the membrane. The electrolyte transports the negative charged hydroxide ions from 
the cathode through the separating diaphragm to the anode. At the anode the 
hydroxide ions release electrons forming water and oxygen. The negative charged 
electrons return to the cathode, where they are consumed by the hydrogen ions to form 
hydrogen. Figure 76 depicts an AEL cell including the chemical equations [57].  
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Figure 76 Scheme of a AEL cell and the related chemical reaction equations [57] 

The structure of the AEL is easier and the materials are cheaper and more durable, 
why AEL facilities are in general cheaper. The cell temperature can be up to 90 °C 
reaching efficiencies between 60 – 80 %. The operating pressure in the AEL stack is 
lower than in PEM cells, which is why a higher compression for transportation is 
needed. AEL cells with higher pressures are under development [57], [77].  

Table 20 shows typical specifications of PEM and AEL electrolyser. These typical 
specifications are the base for further calculations. The specifications of electrolysers 
can vary in a broad band depending on their individual use [57].   

Table 20 Typical specifications of a PEM and AEL electrolyser modified by [57], [78] 

 PEM AEL  
current density 1,5 / A/cm² 

efficiency 80 80 % 
cell temperature 80 / °C 
anode pressure 5 7 bar 

cathode pressure 30 7 bar 
cell area / 2082 cm² 

operating current / 200 A 
max. DT in stack 5 5 K 

 

4.2.2 Stack-cooling (Use case H2-1) 
During the electrolysis more thermal energy is produced by the electrodes than 
consumed by the endothermal splitting of water. The generated thermal energy follows 
the formula given in Equation (7). The temperature difference within the electrolysis 
stack should be kept very small (0 K (isothermal) - 10 K). The small temperature 
difference helps to drive the electrolyser in a stationary way. Furthermore, higher 
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temperature differences lead to an increase of aging and fouling processes. Hence, 
the stack must be continuously cooled. The cooling of the stack is done by small water 
flown channels inside the electrolyser. The thermal energy losses of the stack are small 
compared to the thermal energy extracted by the cooling circuit [57], [78], [79], [80].  𝑄̇௚௘௡= 𝑛஼  (𝑉௖௘௟௟ -  𝑉௧௡)  i  𝐴௖௘௟௟  (7) 𝑄̇௚௘௡  generated thermal power in electrolyser in W 𝑛஼ number of cells 𝑉௖௘௟௟    cell voltage in V 𝑉௧௡  thermoneutral voltage in V i  current density in A/cm² 𝐴௖௘௟௟ cell surface in cm² 

A simplified scheme of the use case H2-1 is shown in Figure 77. The cooling fluids exits 
the electrolysis stack with around 79 °C. Usually, the thermal energy is dissipated via 
a fan to the environment. In this setup in a HEX the thermal energy is transferred to 
the closed-loop source circuit of the HP. In the HEX the stack cooling circuit is cooled 
down to 74 °C before it reenters the electrolysis stack. The additional HP source circuit 
allow greater temperature spreads than 0 – 10 K, which improves the efficiency of a 
HP. The HP utilizes the absorbed thermal energy of the source circuit and uses it to lift 
the sink to higher temperatures. The sink of the HP with 90 – 130 °C can be used for 
DH or as process heat [57], [79], [81].  

 

 
Figure 77 Simplified scheme of an electrolysis stack and the cooling circuit including the ecop RHP 

modified by [22], [81] 
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In an ecop internal simulation tool the ecop RHP as shown in Figure 77 has been 
simulated. The result of the ecop RHP simulation is shown in Figure 78. With the given 
temperatures an COP of 3,84 can be achieved. A further cooling down of the source 
flow is not reasonable, because of the temperature difference within the HEX [68]. 

 

Figure 78 RHP simulation for electrolyser stack cooling use case H2-1 [68] 

Figure 79 (in this figure , (comma) are used as thousand-digit-draw) shows the 
predicted market share of AEL, PEM and solid oxide electrolyser cell (SOEL) 
electrolysers in 2030 and 2040. PEM and SOEL will gain increasingly market shares 
by 2040 compared to AEL. The FLH very much depend on the gird integration concept, 
but are assumed to be around 3 500 h/yr [82]. 

 

Figure 79 Market share of electrolyser technologies and predicted full load hours; in this 
figure , (comma) are used as thousand-digit-draw [82] 
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In Lulea (Sweden) a similar project as described above has been planned and is 
currently under construction. The concept of Lulea is shown in Figure 80. There, a 
combination between renewable energy sources (wind power), H2 electrolysers, DH, 
H2 transportation and Methanol synthesis is planned. The methanol synthesis works 
as a Power-to-fuel plant as storage unit [57]. 

 

Figure 80 Waste heat utilization of an electrolyser reference facility in Sweden [57] 

In Lulea an electrolyser capacity of 100 MW is planned. The amount of extractable 
thermal energy by stack cooling for either a PEM or AEL is shown in Table 21 (in this 
table . (dot) is used in difference to , (comma)). In Table 21 it can be seen, that due to 
the lower efficiency of the AEL the waste heat potential is greater than for PEM 
electrolyser. Nevertheless, further calculations are focused on the PEM, because the 
bigger part of new electrolysis plants will follow this technology [57], [83]. 
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Table 21 Specifications and waste heat potential of a 100 MW electrolyser (left) PEM or 
(right) AEL; in this table . (dot) is used in difference to , (comma) [57] 

 

Figure 81 shows the integration of the HP for stack cooling in Lulea. In the given 
scenario the DH feed / return is depending on the summer or winter period 40 °C / 80 
°C or 60 °C / 100 - 115 °C. During the summer months (around 50 % of the time) the 
heat pump is not used. In this time thermal energy of the electrolyser is transferred via 
a HEX to the DH system. In winter the HP operates in a parallel setup to heat the DH 
return to the needed temperature [57]. 

 

Figure 81 Cooling circuit and DH connection of the stack cooling in Lulea [57] 
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The planned heat pump in Lulea is not specified in detail. It is mentioned that the HP 
works with a two staged compressor (for the high temperature lift) and the refrigerant 
is R1234ze(Z). Some HP parameters are summarized in Table 22 (related to the 
ambient temperature) (in this table . (dot) is used in difference to , (comma)). The COP 
given in Table 22, is referred to the ambient temperature and therefore not comparable 
with the COP given in the ecop simulations [57]. 

Table 22 HP specifications of the Lulea project, COP is reffered to the ambient temperature 
by; in this table . (dot) is used in difference to , (comma) [57] 

 

Regarding the literature this application is economical feasible. This means that the 
LCOH of the cooling system including HP, HEX and auxiliary system are comparable 
to other thermal energy sources. The sensitivity analysis of the LCOH for the PEM 
electrolyser is shown in Figure 82 (AEL is very similar). The CAPEX is the most 
sensitive part followed by the discount rate and electricity price [57].  

 

Figure 82 Sensitivity analysis of the reference scenario cooling system [57] 
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The ecop RHP in the more important winter period would have specifications given in 
Figure 83. The COP of the ecop RHP in this specific exemplary scenario would result 
in 5,97 [68]. 

 

Figure 83 Specification of the ecop RHP for the Lulea DH application [68] 

The thermal power for stack-cooling of a 100 MW PEM-electrolysis plant result in 23,2 
MW (Table 22). To utilize the whole thermal energy around 39 ecop RHP would be 
needed in this facility. The total output of the ecop RHP would result in 613,3 m³/h 
water with 100 °C (27,37 MW) (based on Figure 83) [70]. 

4.2.3 Gas drying of hydrogen (Use case H2-2) 
After the production of green hydrogen by electrolysis the hydrogen is fully saturated 
with water vapor. To increase the purity of hydrogen and the efficiency of the 
compression a two-staged gas drying process, to reduce the amount of gaseous water 
in the hydrogen is added. Figure 84 shows the relative humidity of hydrogen in 
accordance to the hydrogen pressure and temperature. The values are calculated by 
the saturation vapor pressure of water in hydrogen [80]. Depending on the further use 
of hydrogen residual moistures between 62 ppm in Pipeline applications and < 5 ppm 
in fuel cell applications are needed [80]. 
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Figure 84 Relative humidity of hydrogen depending on the pressure and temperature [80] 

In the first drying step hydrogen is cooled down from its production temperature of 
around 80 °C to 20 – 40 °C. In this step around 90 % of the water condensates and 
can be removed [57].  

The second step is based on the absorption of water on molecular sieves or silica gel. 
The hydrogen flows through the drying bed and the water is being adsorbed. After the 
saturation of the drying bed, the bed must be regenerated. For a continuous operation 
this process is executed as a swing adsorption dryer with two absorption beds. In form 
of the regeneration process it can be differed between temperature swing adsorption 
dryer (TSA) and pressure swing adsorption (PSA). To avoid contamination of the 
hydrogen the desorption is done with a part of the dry hydrogen stream [57].  

The ecop RHP can be used to utilize the low temperature thermal energy of the first 
step of the gas drying process. Figure 85 shows an exemplarily example how this 
process could look. The generated saturated hydrogen is cooled down from around 80 
°C to 30 °C loosing around 90 % of the absorbed water. The ecop RHP uses the 
thermal energy of the drying circuit as source to lift a sink to valuable temperatures. In 
the next drying step, the hydrogen is further dehumidified in a PSA or TSA [57]. 
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Figure 85 Simplified scheme of waste heat recovery of the hydrogen drying process [57], [70] 

In this model the hydrogen is cooled down from 80 °C to ~ 30 °C. In the case of a 100 
MW electrolysis with a hydrogen mass flow of 1 929 kg/h 400 kW of thermal energy 
(calculated by Equation (8)) is released during the first step of the drying process. The 
specific heat capacity is simplified as the arithmetic mean between the start and end 
state of hydrogen leaving the water vapor unheeded [57].  Pcool, gas drying= 𝑐ு̅మ   ∆𝑇ுమ,௖௢௢௟௜௡௚  𝑚̇ுమ,௣௥௢ௗ௨௖௧௜௢௡   (8) Pcool, gas drying    cooling power for gas drying in kW 𝑐ு̅మ     mean specific heat capacity of hydrogen in kJ/(kg K) ∆𝑇ுమ,௖௢௢௟௜௡௚     cooling circuit temperature difference in K 𝑚̇ுమ,௣௥௢ௗ௨௖௧௜௢௡   mass flow of hydrogen in kg/s 

Figure 86 shows the simulation of the ecop RHP for a gas drying use case. The RHP 
uses the extracted energy to heat the sink from 80 – 100 °C with a COP of 3,56. In 
Figure 86 is a Qsource,in of 584 kW given, which is greater than the extractable 400 kW 
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of a 100 MW electrolysis facility. This leads to the fact, that waste heat utilization of 
hydrogen drying is only feasible in electrolysis facilities > 100 MW [68]. 

 

Figure 86 RHP simulation for gas drying use case H2-2 [68] 

4.2.4 Hydrogen compression (Use case H2-3) 
Hydrogen is a very light gas (density = 0,08375 kg/m³ at 20 °C and 1 atm), which is 
why it occupies a very large volume. To make hydrogen storable it is either 
compressed or liquified. Liquification is due to the cooling down to < -150 °C very 
energy intensive and former even more expensive than compression. Hence, 
hydrogen is usually compressed to different pressure levels depending on the further 
usage [84], [85], [86], [87]. Hydrogen pipelines operate between 50 – 100 bar, while 
cavern storages can have a pressure up to 200 bar. Hydrogen refueling stations 
usually have hydrogen storages with 750 bars for cars and 350 bar for trucks and 
buses.  

The compression of hydrogen is an energy intense process and there have been 
different types of compressors developed (mechanical, non-mechanical: cryogenic 
compression, metal hydride compression, electrochemical compressors, adsorption 
compressors) [88]. Mechanical driven compressors are currently the state of the art 
and most widely used. Figure 87 shows the needed specific energy consumption to 
compress one kg of hydrogen starting from a specific cathode pressure to 100, 200 or 
750 bar [80], [89], [90].  
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Figure 87 Specific energy consumption for the compression of hydrogen [80] 

In terms of compression, it needs to be distinguished between an isothermal 
compression (temperature changes are steadily balanced) and isentropic compression 
(no thermal energy transfer while compression). The isothermal process is less energy 
consuming, but technical not feasible. The used compromise to decrease the energy 
consumption, while being compact and technically feasible are compressors with 
interstage cooling.   

Figure 88 shows the compressor work as a function of the compression ratio for an 
isothermal, isentropic and intercooled compression process. The isothermal process 
needs the least energy. The intercooled process is cooled twice at 5 and 25 bar [80], 
[85].  

 

Figure 88 Specific compressor work for an isothermal, isentropic and intercooled 
compression [80] 
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To reach very high pressures several compressors are installed in series having 
intercooling stages in between. The intercooling stages are heat exchanger, exemplary 
cooled by water or other cooling fluids. Such an intercooled compressor arrangement 
is shown in Figure 89 [89].  

 

Figure 89 Exemplary intercooled compressors in series [85] 

The temperature change of a real gas during an isentropic compression as a function 
of the compression ratio can be calculated by Equation (9). The gas is characterized 
by the compressibility factor and the real isentropic exponent [85]. 

Tଶ = Tଵ   𝑍ଵ𝑍ଶ   ൬𝑝ଶ𝑝ଵ൰఑೛,ೡିଵ఑೛,ೡ   

 

(9) 

Tଵ    initial temperature in K 𝑇ଶ    final temperature in K 𝑍௜    compressibility factor ௣మ௣భ    compression ratio 𝜅௣,௩    real isentropic exponent 

The compressibility factor and real isentropic exponent as a function of the pressure 
and temperature for hydrogen are visualized in Figure 90 [85]. 
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Figure 90 Compressibility factor (left) and real isentropic exponent (right) of hydrogen as a 
function of pressure and temperature [85] 

The resulting final temperature of an isentropic compression of hydrogen starting from 
10 °C and 50 bar depending on the compression ratio is pictured in Figure 91 [85]. 

 

Figure 91 Resulting temperature of an isentropic compression of hydrogen starting at 10 °C 
and 50 bar [85] 

The thermal energy of the intercooling stages is usually dissipated by a fan to the 
environment. Alternative a HP can be used for cooling down the cooling circuit of the 
compressor interstage cooler. The HP uses the cooling circuit as source extracting 
thermal energy to lift the sink circuit. Depending on the temperature level the sink can 
be used in different matters. The extractable energy of the cooling circuit varies 
depending on the end compression pressure and the compressor type [70].  

Figure 92 shows a simplified visualization of a single stage compression. The 
calculated values are based on a compression from a cathode pressure of 30 bar to 
80 bar for pipeline transportation and the hydrogen mass flow of a 100 MW 
electrolyser. “Q°waste heat” is the thermal energy produced by the compressor during 
the compression in dependence of the compressor efficiency. During the compression 
the temperature of hydrogen increases according to Equation (9). “T2” is the end 
temperature after the compression to 80 bar. “Q°cool” is the energy that can be 
extracted by cooling down the hydrogen from the compression end temperature (“T2”) 
to the needed storage temperature (“T3”) [70].  

in bar in bar 

 

 

 

in
 °C
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Figure 92 Simplified visualization of energy flows during compression and possible thermal 
energy extraction [70] 

Table 23 shows a summary for the extractable thermal energy depending on the 
cathode pressure, initial temperature (hydrogen temperature after gas drying) and the 
storage type (final pressure). If higher end pressures than 80 bar are necessary, more 
compressor stages with intercoolers are used. The stages are set to have 
approximately equal compression ratios. Between each stage the partly compressed 
hydrogen is cooled down to 30 °C. The mean temperature after compression is the 
mean temperature of all isentropic compression stages (“T2”). The possible thermal 
energy extraction is approximated by the sum of “Q°waste heat” and “Q°cool” (see 
Figure 92) [80], [89], [90]. 

Table 23 Parameters of the different storage facilities and thermal energy generation during 
compression *calculated according to Equation (9), parameter estimated by Figure 90 [80], 
[89], [90] 

 Pipeline cavern 
storage 

hydrogen car 
refueling 
station 

 

initial pressure: cathode pressure 30 30 30 bar 

end pressure 80 200 750 bar 
initial temperature 28,3 28,3 28,3 °C 

compression stages 1 2 3 pcs. 

mean temperature after 
compression 126* 125* 142* °C 

gas temperature after interstage 
cooling 30 30 30 °C 

thermal energy extraction potential 1 264,5 2 518 4 601 kW 
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The extracted thermal energy can be used in the ecop RHP as source to lift the sink 
to the desired temperature level. The end temperature of a compressor stage is usually 
around 100 - 150 °C and is cooled down to around 30 °C. There are different 
possibilities how the thermal energy of the interstage coolers can be used depending 
on the temperature level [70].  

An example to fully utilize the extracted thermal energy by HP is shown in Figure 93. 
HP are set in series to cool down the cooling circuit low enough to reach hydrogen 
temperatures of 30 °C. In this case the highest temperature level can be utilized by the 
RHP for steam production or other high temperature applications. The lower 
temperature level can either be used for process heat or for DH [70]. 

 

Figure 93 Integration of the RHP in the interstage cooling of the hydrogen compression [70] 

Another possibility is to use the highest temperature level directly and only lift the lower 
temperature levels with the RHP. This waste heat utilization could look like [68]: 

 temperature level of 110 – 140 °C directly used for process heat or steam 
generation 

 temperature level of 90 – 110 °C lifted with RHP to 140 °C and used for 
process heat or steam production (RHP according to Figure 94, COP 4,63) 
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 another RHP in series utilizing the lower temperature level (RHP according to 
Figure 86). Cooling down the source to 28 °C and lifting the sink from 80 to 
100 °C for DH. 

 

Figure 94 RHP for utilization of hydrogen compression waste heat H2-3 [68] 

4.2.5 Economic efficiency for the H2 use cases 
In all hydrogen use cases the thermal energy is generated anyway and must be 
extracted or dissipated. Nowadays and especially in small facilities the extracted 
thermal energy is dissipated by a fan to the surrounding. In contrast to that the thermal 
energy can be used as source circuit for an HP. The electrolyser and the following 
facilities must not be adapted to utilize the waste heat with a HP. Therefore, the LCOH 
for the thermal energy exemplary provided by the ecop RHP can be set to be the costs 
for the RHP itself. Using the contracting model pictured in Figure 43 the LCOH result 
in 24 - 86 €/MWh depending on the FLH and the electricity price [70]. 

4.2.6 Market potential green hydrogen 
The 2020 electrolysis capacities in Europe was 130 MW divided 60 and 40 % between 
AEL and PEM. The highest capacities are in Germany (57 MW), followed by Spain (25 
MW), Switzerland (14 MW), Austria (10 MW) and Great Britain (9 MW). Until 2030 the 
green hydrogen capacity in Europe is going to increase to 40 - 113 GW. From today’s 
perspective is seems like PEM is going to be the major technology for new installations 
till 2030. The electrolysis capacities by countries in 2030 is shown in Figure 95 (in this 
figure . (dot) are used as thousand-digit-draw). According to Figure 95 Spain, 
Netherlands and Germany have the highest electrolysis capacities in development 
[83], [91]. 
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Figure 95 Electrolysis capacity extension from 2022 till 2030 in selected countries; in this 
figure . (dot) are used as thousand-digit-draw [83] 

Figure 96 (in this figure . (dot) is used as thousand-digit-draw) shows the expected 
AEL and PEM elctrolysers waste heat potential in EU27+UK and in the rest of the world 
in 2030 and 2040. In 2030 and 2040 the EU27+UK waste heat from electrolysers are 
expected to be 35 TWh/yr and 250 TWh/yr [91]. 
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Figure 96 Expected waste heat potential from PEM and AEL electrolysers in the EU27+UK 
and the rest of the world in 2030 and 2040; in this figure . (dot) is used as thousand-digit-

draw [91] 

Figure 97 (in this figure , (comma) is used as thousand-digit-draw) shows a comparison 
between the 2040 electrolyser waste heat potential and DH thermal energy demand in 
selected European countries. Across all countries, 64% of DH demand can be met by 
waste heat from electrolysers in 2040. According to Figure 97 Germany, Denmark, 
Spain, Finland, France, and Netherlands will have the greatest electrolyser capacities. 
The explanation of the country shortcuts can be found following the Link 
https://www.gesis.org/fileadmin/upload/dienstleistung/daten/soz_indikatoren/eusi/Abb
reviations.pdf#:~:text=CY%20Cyprus%20CZ%20Czech%20Republic%20EE%20Esto
nia%20H,Switzerland%20N%20Norway%20U.S.%20United%20States%20JAP%20J
apan [91]. 

 

Figure 97 Comparison between electrolyser waste heat potential and DH heating demand in 
2040 in selected European countries; for a explanation of the country shortcuts follow the 

Link Microsoft Word - Country_Abbreviations.doc (gesis.org), in this figure . (dot) is used as 
thousand-digit-draw [91] 
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To utilize the waste heat of 40 - 113 GW electrolysis capacity till 2030 by applying the 
use cases H2-1 to H2-3 the technical potential of ecop RHP result in 14 864 to 41 991 
plants having each a power of 700 kW. The calculations are based on the 100 MW 
PEM-electrolyser shown in Figure 98. The biggest potential is in the stack cooling with 
13 257 – 37 451 pieces, the potential of gas drying is relatively small with 228 - 645 
pieces and the potential of waste heat utilization of hydrogen compression is 1 379 – 
3 895 based on a given storage / transport mix shown in Figure 98. The calculations 
are based on the extractable thermal energy per use case and the needed ecop RHP 
to utilize the thermal energy. Assuming that a HP implementation is technical and 
economical feasible in most cases the market potential equals the technical potential 
and is between 14 864 and 41 991 ecop RHP pieces [70].  

 

Figure 98 Potential of ecop RHP for the waste heat utilization of green hydrogen production 
[70] 

 Solar thermal energy 
With solar energy, a distinction must be made between energy as electricity and as 
thermal energy. Photovoltaic (PV) cells are used to generate electricity with solar 
radiation. A combination between HP and PV is reasonable in most cases, because 
the generated electricity can directly be used to power the HP. To analyze the feasibility 
of the combination between HP and solar thermal energy (STE) is the aim of this 
section [92]. 

The first question is if HP, and STE are competitors or teammates. According to 
research for this thesis a combination of both systems is reasonable, because it 
increases the efficiency of the overall system, while it gives the operator more flexibility 
and redundancy for the energy supply [93].  

This section focuses on solar thermal district heating applications (SDH) and the 
combination of STE, HP, and thermal energy storages (TES) for industries. In this 
thesis it will not be looked deeper in the different kinds of STE applications, nor in 
different kinds of storage technologies. In general, it can be said that in Europe flat 
plate collectors (FPC) are mostly used. Evacuated tube collectors (ETC) are more 
efficient in the upper temperature level (~ 80 °C). Parabolic through collectors (PTC) 
reach higher temperatures but are more expensive. Standard FPC reach temperatures 
of 40 – 60 °C, modified FPC and ETC 80 – 100 °C and PTC 70 – 150 °C. Also, 

ecop RHP hydrogen waste heat utilization potential in Europe
predicted electrolysis capacity in 

Europe 2030
40 113 GW

stack cooling 13 257 37 451 pcs.

hydrogen drying 228 645 pcs. compression Pipeline (80 bar) 2 042 pcs. 50 %
hydrogen compression 1 379 3 895 pcs. compression cavern (200 bar) 4 065 pcs. 25 %

sum ecop RHP Europe 14 864 41 991 pcs. compression hydogen refueling 
PKW (750 bar)

7 429 pcs. 25 %

w
eights for 

com
pressio
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combinations between different collector types can be used to provide different 
temperature levels [3]. Usually, a factor of 0,7 kW/m² is used for FPC (thermal 
power/collector aperture area) to convert collector area to nominal power [94] 

In this section the HP will be modeled as an ecop RHP, because of the advantages 
below. The opportunity of the RHP to flexible adjust the source temperature, while 
having high COP offers a great advantage in the combination with STE and TES. The 
adaptability in the sink and source flow offers the prospect to cool down the source 
sharply to increase the efficiency of the STE system. In the winter arise small STE 
fractions and low TES temperatures. Nevertheless, provides the RHP due to the 
temperature lift of up to 55 K also in this case reasonable supply temperatures [22], 
[95].  

There are two major ways how STE, HP and TES can be combined (parallel and 
serial). The parallel setup is with 61 % the more common one, while 6% are serial 
applications and 33 % are combinations of both types [96].  

A parallel setup is shown in Figure 99. In parallel applications both, STE and the HP 
feed the TES with thermal energy. Depending on their temperature level they might 
feed the TES at different heights (temperature stratification) [97]. The integration of a 
HP offers the possibility to use cheap electricity during the night or during renewable 
overproduction and save it as thermal energy in the TES (Power-to-heat) [3]. The TES 
is used to cover the thermal energy demand [97].  

 

Figure 99 Parallel combination of STE, HP, and TES [97] 

In the literature the parallel concept is exemplary used in the chemical industry. STE 
and HP charge a TES, which cover a washing water demand with 60 – 75 °C. The HP 
uses low-pressure steam of the evaporation plant with around 35 °C as source. The 
HP extract thermal energy from the low-pressure steam to lift the TES to the needed 
temperature level for the washing application [97]. 

A setup of a serial combination is shown in Figure 100. In the serial combination either 
the STE (b) or the HP (a and c) is used to reheat the feed for the end consumer. 
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Respectively the other one is used to charge the TES. If the HP is used for end heating 
the source can either be any kind of waste heat (a), environmental thermal energy 
(exemplary ground or air source - a) or the TES feedback (c) [97]. The translation of 
the descriptions in Figure 100 to English are shown in Figure 99. 

 

A possible use case in the literature for the serial application (a) is the supply of hot 
dry air with 80 – 160 °C for drying applications in an industrial laundry. The STE with 
up to 40 °C is used to charge the TES. The HP using the moist exhaust air from the 
drying process as source, to reheat the fluid from the TES. The reheated fluid is used 
to heat the dry air for drying applications. If necessary, an additional (re-)heater can be 
ordered [97]. 

Another serial application for (a), (b) or (c) is the heating and cooling of electroplating 
baths in the metalworking industry. Electroplating baths needed to be heated up to 
around 90 °C. In the case of (a) the STE would charge the TES and the HP would lift 

Figure 100 Serial combination of STE, HP and TES; a) top: preheating STE and HP reheat 
(source for HP waste heat or environment); b) middle: preheating HP and STE reheat 
(source for HP waste heat or environment); c) bottom: preheating STE and HP reheat 

(source for HP is the  TES return flow)  [97] 
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the TES temperature to the needed level. In the case of (b) and (c) the cooling down 
electroplating bath can be used as source for the HP to feed thermal energy in the TES 
or provide thermal energy for other processes [97]. 

TES are needed because the thermal energy supply of renewable sources is often 
shifted to its demand. For example, in Europe is the thermal energy demand in winter 
on average 10 times larger than in summer. For STE the greatest thermal energy 
supply is during the summer months. Therefore, arises the need of long-term seasonal 
storages. Short-term buffer storages are necessary for daily fluctuations of the thermal 
energy demand and supply. Figure 101 shows the solar contribution for heating in 
accordance with the storage availability. The integration of a TES increases the solar 
fraction (SF) for heating. The SF is 5 – 20 % with shrot term TES and 30 – 60 % with 
seasonal TES [98].  

 

Figure 101 Solar contribution for heating in accordance with the storage availability [98] 

Figure 102 shows the four most common long-term sensible TES. Pit thermal energy 
storages (PTES) are the simplest, cheapest, and have almost no limitation in the size, 
but consume a large area to build. PTES are the most widely used seasonal TES. 
Aquifer thermal energy storages need natural aquifers to be realized [99]. 
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Figure 102 Types of sensible thermal energy long-term storages [99] 

4.3.1 Solar district heating (Use case Solar-1) 
A concept for cities, towns, and villages to increase the share of solar thermal energy 
for space heating, domestic hot water (DHW) and industries is solar district heating 
(SDH). SDH uses solar thermal collectors to capture STE, which is stored in a TES 
and lifted by a HP to cover the heating demand and to provide the needed temperature 
level. Furthermore, the additional integration of HP in a SDH systems enable [100]: 

 The possibility to reduce the storage temperature, leading to lower thermal 
losses and higher STE efficiencies. 

 The storage capacity increases by the possibility to reach higher temperatures 
with the HP. 

 The possibility to integrate volatile energy sources (sector-coupling: Power-to-
heat options). 

SDH accounts for around 88% of the total installed and operating capacity of large-
scale STE. Solar process heat (described in 4.3.2) in the industry makes up around 12 
% and is currently most used in the mining, textile, and food industry. A STE plant is 
defined as large-scale if the collector aperture area surpasses 500 m² or 350 kW 
nominal thermal output [3].  

Figure 103 shows an exemplary integration of a HP in a SDH system. In this case the 
HP heats a buffer storage, to avoid back-mixing and disturbance of the stratification in 
the large-scale TES. The HP uses the large TES as source and supply a small daily 
buffer storage to cover the daily heating demand. The additional buffer storage is 
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optional and lead to higher investment costs and higher thermal losses, but a more 
efficient operation [100].  

 

Figure 103 Typical integration of a HP in a SDH system [100] 

Figure 104 shows a combination between a DH network and several renewable 
thermal energy sources. There are two different kinds of STE collectors providing 
different temperature levels for either a direct use or charging the seasonal thermal 
storage. HP are used to lift the temperature of the seasonal storage to the needed 
temperature level of the consumer or to charge the storage using excess heat. A 
biomass boiler is available to cover peak loads or very high temperature levels. The 
ecop RHP could substitute the biomass boiler in facts of providing high temperatures 
of up to 150 °C, while also handling the other HP tasks [101].  

 

Figure 104 Possible set up of a SDH system with several renewable energy sources [101] 

The goal of a SDH system is to minimize the LCOH, while maximizing the renewable 
energy fraction. To do so, the solar yield must be maximized, while keeping the 
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investment, operation, and maintenance costs low. To achieve this the major hurdles 
of SDH systems are [3], [94], [101]: 

 High capital expenditures (CAPEX) 

 High complexity of the system 

 Missing system certifications 

 Heating supply and demand are staggered 

 High space requirement for the collectors close to the demand 

 Most existing DH systems require high network temperatures  
The effect of the SDH feed and return flow temperature on the solar yield is shown in 
Figure 105. A reduction of both the feed and the return flow temperature result in higher 
solar yields. For example, a reduction of 2 K (57 °C – 55 °C) of the return flow offers 
an 2,8 % increase of the solar yield. Respectively a reduction of 10 K (57 – 47 °C = 4th 
Generation DH network) provide an 10 % increase of the solar yield [102].  

 

Figure 105 Sensitivity analysis of the SDH feed and return flow temperature on the solar 
yield [102] 

 SDH use-case Dronninglund 
A best practice example for a SDH system is the Danish city Dronninglund. The SDH 
system in Dronninglund consists of a combination between FPC, PTES, peak load 
boilers and a HP. Specifications of this SDH network can be found in Table 24 (in this 
table . (dot) is used in difference to , (comma)). In Dronninglund 1 350 consumers are 
supplied by the SDH network. The solar fraction of the 35 726 MWh/yr (SDH heating 
demand in 2018) was 52 %. The STE was provided by FPC with an aperture area of 
37 573 m². The feed and return temperature are 75 and 40 °C. Two storages are used 
to maximize the SF [3]. 

in K 
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Table 24 Specifications of the SDH system in Dronninglund; in this table . (dot) is used in 
difference to , (comma) [3]  

 

A simplified visualization of the SDH network in Dronninglund is shownn in Figure 106. 
The output temperature of the FPC is between 40 °C (winter) and 90 °C (summer). 
During the summer, if the solar output exceeds the thermal energy demand the surplus 
STE is used to charge the 62 000 m³ PTES to a maximum temperature of 90 °C (see 
Figure 107). In autumn hot water from the PTES is used to cover the heating demand 
of the SDH network. The cooled down return flow with around 40 °C reenters the PTES 
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at the bottom. If the PTES temperature is below the required DH feed temperature the 
absorption HP with superheated hot water (160 °C) from the bio-oil boiler is used to lift 
the temperature level. In this combination the PTES can be cooled down to 10 °C. If 
the PTES is fully discharged the thermal energy is supplied by another bio-oil boiler, a 
natural gas boiler and natural gas CHP boiler [3].  

 

Figure 106 Simplified layout of the SDH network in Dronninglund, pumps indicate the flow 
direction [3] 

 
 

Figure 107 Thermal energy demand and solar yield over the year in the Dronninglund-SDH 
[3] 

The absorption HP can be substituted by the ecop RHP. In this case the bio-oil boiler 
with 5 MW is not necessary, reducing the CAPEX. The RHP allows a further cooling 
down (< 5 °C) of the PTES offering a larger storage capacity and a higher efficiency of 
the FPC. An exemplary operating point of the ecop RHP is shown in Figure 108 [68], 
[70]. 
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Figure 108 ecop RHP for Dronninglund [68]  

Figure 109 shows the large-scale FPC system and the TES in Dronninglund. The 
specific costs of the collectors are 389 €/m² (per aperture collector area). The LCOH 
of the system before subsidies are 50 €/MWh [3].  

 

Figure 109 FPC arrays (left) and PTES (right) in Dronninglund [3] 

Most European DH systems have supply temperatures greater than Dronninglund. 
Conventional HP usually cannot generate temperatures greater than 90 °C, what 
implicates the need for fossil, biomass, or electric based reheating. The ecop RHP 
offers the possibility to also provide high DH feed temperatures, while cooling down 
the source significantly. An exemplary simulation of the ecop RHP for this operating 
point is shown in Figure 110 [3], [68].  
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Figure 110 ecop RHP for providing high temperatures for conventional DH networks [68] 

To achieve higher COP a serial configuration of RHP can also be realized showed in 
Figure 111 and Figure 112. In this case the source is cooled down in two steps. Both 
RHP can provide the same sink temperature. By adding another RHP the source can 
be cooled down further [70]. 

 

Figure 111 1/2 ecop RHP switch in series for providing high temperatures for conventional 
DH networks with high COP [68] 
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Figure 112 2/2 ecop RHP switch in series for providing high temperatures for conventional 
DH networks with high COP [68] 

 Local solar heating network 
A feasibility study of a small SDH system is outlined in this section. The data is based 
on a “BAFA-Machbarkeitsstudie” on the topic “Wärmenetzsysteme 4.0” (DH-networks 
4.0). In this study Stadtwerke Aachen AG in cooperation with EEB Enerko 
Energiewirtschaftliche Beratung GmbH investigate, if a SDH system is technical and 
economical feasible based on the given situation on site. The exemplary project has in 
the first stage of development a thermal energy demand of 4,3 GWh/yr and a peak 
load of 3,3 MW. It is assumed that until 2034 the thermal energy demand will rise to 
5,94 GWh/yr and a peak load of 5 MW. The DH network has a feed temperature of 70 
°C and a return of 40 °C. The system is a combination between solar thermal collectors, 
a RHP, heat exchanger, a PTES, and a daily buffer storage [103].  

The planned operation is described by some simplified process visualization. In the 
visualization the red lines show the DH feed and blue lines the DH return flow. Gray 
lines are in the current operating status unused. Figure 113 and Figure 114 show 
typical summer operations where STE is directly used to cover the heating demands 
of the SDH network and the overproduction is used to charge the buffer storage and 
the PTES [104]. 
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Figure 113 Simplified visualization of the thermal energy supply in a typical summer 
operation: direct solar usage and charging of daily buffer storage [104] 

 

Figure 114 Simplified visualization of the thermal energy supply in a typical summer 
operation: direct solar usage and charging of PTES [104] 

Figure 115 shows a typical operation in autumn, when the PTES is fully charged and 
the PTES temperature exceeds the DH feed. In this case the thermal energy can be 
transferred directly via a HEX from the PTES to the DH system [104]. 

daily buffer 
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heat demand 
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Figure 115 Simplified visualization of the thermal energy supply in a typical autumn 
operation: discharging PTES directly via HEX into DH network [104] 

If the PTES temperatures drops below the DH feed, the RHP is used to lift the 
temperature level. First the PTES is used to preheat the DH return flow and afterwards 
the remaining thermal energy of the PTES flow is used as source for the RHP. The 
RHP lifts the preheated DH return flow to the needed DH feed temperature. This 
situation is shown in Figure 116 [104]. 

 

Figure 116 Simplified visualization of the thermal energy supply in a typical autumn 
operation: using PTES via HEX for DH return preheating and afterwards as source for RHP, 

RHP does the end heating of the DH feed [104] 
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Another operation mode is, if the PTES is already partly discharged and the 
temperature level is below the DH return flow. In this case the PTES is used as source 
for the RHP to lift the DH return flow to the needed feed temperature level. A schema 
for this case is shown in Figure 117 [104]. 

 

Figure 117 Simplified visualization of the thermal energy supply in a typical winter operation: 
using PTES as source for RHP, RHP is used for lifting the DH return flow [104] 

If the PTES is fully discharged the RHP can use the STE of sunny winter days directly 
as source pictured in Figure 118. The RHP is used to lift the DH return flow to the 
needed DH feed temperature [104].  

 

Figure 118 Simplified visualization of the thermal energy supply in a typical winter operation: 
using STE as source for RHP, RHP is used for heating the DH return flow [104] 
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Figure 119 shows an COP simulation of the operation pictured in Figure 116. The 
maximal temperature of the PTES is limited to 70 °C due to material durability. The 
PTES feed with 70 °C is used in the HEX to preheat the DH return from 40 to 52 °C. 
In the HEX the PTES feed is cooled down to 50 °. Afterwards the RHP uses the 50 °C 
PTES stream as source cooling it down to 10 °C. The ecop RHP is used for end heating 
from 52 °C to the DH feed temperature of 80 °C. The ecop RHP in this use case 
reaches a COP of 3,67 [68], [70]. 

 

 

Figure 119 Simplified visualization of the thermal energy supply using PTES via HEX for DH 
return preheating and afterwards as source for RHP for DH end heating (top); Specifications 

of the ecop RHP in this operation point (bottom) [68], [70] 
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Figure 120 shows an COP simulation of the operation pictured in Figure 117. The 
PTES in this case is already partly discharged and has a temperature of 45 °C. The 
HEX cannot be used for preheating, because of the low PTES temperature. Therefore, 
the PTES flow is directly used as RHP source being cooled down to 7,6 °C before 
reentering the storages at the bottom.  The ecop RHP is used for lifting the DH return 
from 40 to 80 °C. The ecop RHP in this use case reaches a COP of 3,77 [68], [70]. 

 

 

Figure 120 Simplified visualization of the thermal energy supply using PTES as source for 
RHP to lift the temperature of the DH feed; Specifications of the ecop RHP in this operation 

point (bottom) [68], [70]  
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The great advantages of the RHP in this case are [70]: 

 The DH return flow can be lifted to the needed feed temperature with a single 
HP stage 

 The cooling down of the storage temperature from 45 to below 10 °C is 
achievable in one stage 

 Easy hydraulics and control of the RHP due to parallel setup 

 Very broad control area (partial load) of the RHP, while having good COP 

4.3.2 Solar heat for industrial processes (Use case Solar-2) 
In this section a combination between STE, HP and TES for an industrial use is 
presented. These systems are called SHIP (solar heat for industrial processes) in the 
literature. This use-case is based on an existing insulation manufacturer. SHIP 
systems are similar to SDH systems, but the seasonal PTES is often substituted by 
small-scale tank storages (daily or weekly buffer storages) and the temperature level 
is higher [70].  

In the industry the generation of saturated steam is often required. Figure 121 shows 
a possible renewable set up for the generation of saturated steam with 120 °C from a 
10 °C freshwater feed. The set up consists of a HEX, a steam generator, two tank 
storages, STE and an RHP. The plant release waste heat with around 40 °C, which is 
used together with the low temperature storage for preheating the fresh water from 10 
to 30 °C. In the next step the freshwater is heated via a HEX with hot water from the 
high temperature storage to 85 °C. In the following step the water is reheated by the 
RHP sink to > 100 °C. Afterwards the hot water enters a steam generator where it is 
converted into saturated steam. In this setup two RHP are set in series, while one 
provides high temperatures for the steam generator. The second serial RHP ensures 
a constant source temperature of the steam generating RHP by compensating the 
fluctuating / decreasing storage temperatures. The source providing RHP uses the 
buffer storages as source. The STE is used to charge the storages. The STE charges 
prioritized the LT storage due to higher efficiencies. During the night the RHP can be 
used to charge the HT-storage using excess heat from cooling down the process or 
the LT-storage as source [70]. 
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Figure 121 Set up for the generation of saturated steam with a RHP and STE combination, 
max. stands for maximum [70] 

To transform 1 t/h fresh water with 10 °C to saturated steam with 120 °C 741 kW 
thermal power is needed. The setup was dimensioned to provide this thermal energy 
for 16 h from 6 AM to 10 PM. It is assumed that the buffer storages are at the beginning 
of the day fully charged. The solar collectors are dimensioned that during a weekend 
with average solar irradiance enough thermal energy can be provided to fully charge 
the storages. The dimensions of the system components for the renewable set up are 
shown in Table 25 [70]. 

Table 25 Set up for renewable thermal energy supply [70] 

thermal power demand for 1 t/h 
10 °C fresh water to 120 °C 

saturated steam 741 kW 
LT-temperature storage capacity 55 m³ 
HT-temperature storage capacity 45 m³ 

installed Solar peak power 750 kW 
installed ecop RHP (700 kW) 2 piece 

 

Figure 122 shows a simulation of the ecop RHP providing the HT-level for reheating 
and steam generation. The RHP reaches a COP of ~ 4 in this setup [70]. 
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Figure 122 Simulation results of the ecop RHP for reheating and vaporization – use case 
Solar-2 [68]  

Figure 123 shows the thermal energy demand (differentiated between HT / LT) and 
the thermal energy suppliers. The energy supply exceeds the demand. The difference 
are conversion losses. The LT-demand is the preheating of the freshwater and the 
source for the RHP (all demands covered by the LT-storage) and the HT-demand 
includes the needed thermal energy between 30 °C and 120 °C saturated steam 
(covered by the HT-storage and the RHP sink) [70]. 

   

Figure 123 Thermal energy demands and suppliers of the renewable setup for one day [70] 
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Figure 124 shows the mean-temperature history of the HT- and LT-storages for a day. 
The temperature of the HT-storage decreases linear. The temperature of the LT-
storage decreases stronger when the solar yield is low or not available (6 AM – 7 AM 
& 6 PM – 10 PM). During the rest of the day the high solar yield reduce the discharging 
rate of the LT-storage [70].   

 

Figure 124 Daily mean-temperature history of the LT and HT storages and the considered 
solar yield history; Temp. stands for temperature [70] 

This example show that a renewable operation of HT applications is feasible. If the 
buffer storages and the STE are dimensioned bigger several days can be covered fully 
renewable [70].  

 Textile industry  
An example for the combination of PV, STE, TES and HP is the project of an Austrian 
textile manufacturer. In the plant textile products like exemplarily towels are produced. 
Currently the thermal energy requirements are provided by two gas boilers with a total 
power of 11,7 MW. This thermal energy is used to power the processes shown in Table 
26. Some of these processes require steam, marked with the letters “DD”. The waste 
heat of these processes is used for space heating and DHW requirements [105].  
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Table 26 Processes in the textile industry and their temperature level [105] 

 

The operator of the plant plans to substitute the gas boilers by a renewable alternative. 
The renewable alternative is a combination of photovoltaic/thermal collectors (PVT), a 
PTES, a RHP and PV collectors.  The envisioned concept is shown in Figure 125 (in 
this figure . (dot) are used as thousand-digit-draw). The PVT generate electricity and 
thermal energy simultaneously, the PV only electricity. The thermal energy is fed into 
the PTES and the electricity is used for the RHP or other electricity demands. The RHP 
is used to lift the PTES temperature to the needed level. For the processes which 
require steam the RHP sink is fed into a steam generator. A gas peak boiler is used if 
temperatures > 150 °C are needed [105].



S e i t e  | 121 
 

September 2023    

 

 

Figure 125 Visualization of the future envisioned SHIP heating of a textile manufacturer; combination of a PV, PVT, TES and RHP; in this figure . 
(dot) are used as thousand-digit-draw [105] 
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The dimensions of the plant components are pictured in Table 27 [105]. 

Table 27 Renewable energy concept components [105] 

 

Figure 126 shows the energy supply (simulated) and demand (reference year 2019) of 
the different sources. Between March and August, the supply exceeds the demand. 
During this time thermal energy is fed into the PTES. During the other months thermal 
energy of the PTES is consumed [105]. 

 

Figure 126 Simulated energy balance of the SHIP system; the energy demand is on the 
basis of 2019 [105] 

Figure 127 depicts the mean temperature profiles of the PTES at different heights over 
the year. Between March and August, the PTES temperature is rising, reaching a 
maximum in August. In the following months thermal energy from the PTES is 
consumed which is why the temperature is declining [105]. 
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Figure 127 Mean temperature profiles at different heights in the PTES over the year [105] 

Figure 128 shows the electricity supply of the PVT and PV system and the electricity 
demand of the consumers like the RHP over a year. The electricity demand of the RHP 
can be covered almost over the whole year by the PVT and PV system. The additional 
electricity supply is consumed by other consumers in the plant [105].  

 

Figure 128 Electricity supply of the PVT and PV system and the electricity demand of the 
RHP and other consumers, COP of the RHP is assumed to be constant [105] 

For the renewable thermal energy supply as described above an economic efficiency 
calculation based on the data given in Table 28 were done [105]. 
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Table 28 Parameters for the economic efficiency analysis based on ÖNORM M7140 [105] 

 

Figure 129 shows the outcome of the economic efficiency calculation. The life cycle 
costs for the reference scenario (only OPEX) are significantly higher than the planned 
scenario with and without subsidies (including OPEX, CAPEX and fixed system 
costs) [105].  
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Figure 129 Life cycle costs of the reference case and the planned case without/with 
subsidies, orange: OPEX, blue: CAPEX, gray: fixed system costs [105] 

The resulting LCOH and the dynamic amortization time are visualized in Table 29. The 
LCOH of the planned scenario including subsidies are 51 €/MWh and the DPP are 7,2 
years. This price is competitive with the current fossil energy supply, while having 
approximately on fourth of the GWP [105].  

Table 29 LCOH (in €/kWh) and dynamic amortization period of the project based on [105] 

 
reference scenario 

(fossil energy supply) 

Option 

 
without 

subsidies 
with 

subsidies 

capital LCOH / 0,16 0,13 

consumption based LCOH 0,84 0,34 0,34 

operational LCOH / 0,04 0,04 

sum 0,84 0,54 0,51 

discounted amortization period   9,3 yr 7,2 yr 

  

4.3.3 Economic efficiency of SDH and SHIP systems 
In Europe several SDH systems are under construction, investigation or in operation. 
The competitiveness of SDH systems compared to other technologies rely on several 
facts [3], [106], [107]: 

 Availability of land as well as the price of land 
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 DH temperature level 

 Existing infrastructure for heating (gas boilers, biomass CHP, …) 

 Difference between maximum and minimal thermal energy demand (winter / 
summer) 

 Necessity of seasonal storage (high CAPEX) 

 Prices of other technologies (reference scenario is usually fossil fuels), taxes 
on fossil fuels are in nordic countries for example Denmark significantly higher 

 The size of the DH system, because smaller SDH systems are already well 
explored, while bigger SDH systems with several thermal energy sources are 
more complex and only little experienced 

Generally, it can be said that SDH systems have very low operation and maintenance 
(O&M) costs. Regarding to [3] the O&M costs of the STE collectors can be set to be 
0,5 % of its investment costs. In Denmark the O&M of STE systems are calculated with 
approximately 0,27 €/MWh. SDH systems have higher O&M costs, because of 
electricity costs for the pumps and the HP. Small Danish SDH systems reach LCOH of 
36 €/MWh, while bigger systems with the need of a seasonal storage are around 50 
€/MWh. More cost parameters are pictured in Table 28 [3]. 

Figure 130 shows an average CAPEX structure for SDH systems depending on the 
SF. The costs for land are based on average prices for arable land and are expected 
to be nearby the thermal energy demand. Therefore, short transmission lines are taken 
into account. In the analyzed SDH system no HP where intended, which is why they 
are missing in the CAPEX structure. Nevertheless are the CAPEX of the HP small 
compared to the storage and the collector field costs. Larger SF lead to larger storages 
and therefore they also take a larger cost position [108].  

 

Figure 130 Average CAPEX structure of a SDH system without a HP and short transmission 
lines for SF of 20 % (left) and SF of 40 % (right) [108] 

The cost structure for a small and large-scale SDH system is pictured in Table 30 (in 
this table . (dot) is used as decimal point and , (comma) as thousand-digit-draw). The 
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large-scale SDH system result in higher costs. This is mainly a result of the needed 
PTES instead of a more compact TTES [32].  

Table 30 Cost structure for a small and large scale SDH system; in this table . (dot) is used as 
decimal point and , (comma) as thousand-digit-draw [32] 

 

Figure 131 shows the average LCOH of SDH systems based on their thermal energy 
demand. It is shown that in DH networks with low heating demands (< 0,05 TWh/yr) 
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SDH concepts are not cost effective, while LCOH of ~ 30 €/MWh seem to be the typical 
price fom a heating demand of 0,1 TWh/yr upwards [108].. 

 

Figure 131 LCOH of a SDH system depending on the thermal energy demand [108] 

Another Austrian feasibility study of a SDH is BIG Solar Graz. BIG Solar Graz is a 
combination between STE, HP, TES, and other waste heat sources. The DH system 
of Graz provides around 40 % of the thermal energy demand of the city [109], [110]. 
The peak load of the DH system is 550 MW and the yearly DH demand are 1 200 GWh 
[111]. The DH feed has a temperature of 120 °C and the return flow is around 60 °C. 
The highest thermal energy demand (winter) is approximately 20 – 30 times bigger 
than during the summer. To get the optimum between SF and LCOH a comparison 
between collector area and storage capacity shown in Figure 132 (in this figure . (dot) 
are used as thousand-digit-draw) where done. The optimum resulted in a SF of 20 % 
that can be achieved with a solar aperture area of 450 000 m² (~ 100 football fields) 
and a TES with 1 800 000 m³ [109], [112].  
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Figure 132 Resulting prices of combinations between solar collector aperture area and 
storage capacity; green mean cost effective, red bad ratio for cost effectiveness; in this figure 

. (dot) are used as thousand-digit-draw [112] 

The CAPEX cost structure of this project is shown in Table 31 (in this table . (dot) are 
used as thousand-digit-draw). Based on private equity of 8% and an interest rate of 
1,5 % on the loan and a heating price of 35 € / MWh the return-on-investment (ROI) 
result in 15,5 years [113]. 

Table 31 CAPEX structure of the BIG Solar Graz project; in this table . (dot) are used as 
thousand-digit-draw [63] 

 

Therefore, LCOH of small SDH systems are around 30 – 40 €/MWh and larger SDH 
systems show prices of 40 – 55 €/MWh. Increasing solar fractions and larger SDH 
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systems require large storages leading to higher prices. Payback periods are typical 
very long ~ 10 years [32], [108], [109], [112]. 

The example of a SHIP system (case study of the textile industry) in chapter 4.3.2 
calculated with the RHP shows LCOH of 51 € / MWh including subsidies [105]. 

4.3.4 Market potential SDH and SHIP systems 
DH systems are already well established in Europe, and show a growing trend. Today, 
most of the thermal energy in DH systems is provided by fossil fuels. SDH systems are 
a technology to substitute fossil thermal energy generation for DH systems by 
renewable sources. Role model for SDH systems is Denmark. Figure 133 shows a 
summary about SDH in Denmark on a 2019 basis [3]. 

 

Figure 133 Summary of Danish SDH achievements [3] 

2010 the global installed capacity of large-scale STE was low (38 MW), but in 2018 
1,55 GW were reached. The growth between 2010 and 2016 of the four main markets 
(Germany, Denmark, Austria and China) is shown in Figure 134. The decline in 2016 
of the newly installed STE capacity in Denmark is a result of the changed promotion 
scheme [3]. 
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Figure 134 Newly installed large-scale STE capacity between 2010 and 2016 in the countries 
Denmark, China, Germany and Austria [3] 

The trends of SDH systems in the four mentioned countries are shown in Table 32 (in 
this table . (dot) is used as decimal point and , (comma) as thousand-digit-draw). It is 
noticeable that in Europe mostly FPC are used, while China relies on different collector 
types. Europe count on general solutions which offer SF of 20 – 40 %, while China 
focuses on specialized solutions with SF up top 90 % [3].
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Table 32 SDH trends in four different countries (Denmark, China, Germany, Austria); in this table . (dot) is used as decimal point and , (comma) as 
thousand-digit-draw [3] 
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The growth of solar energy-based systems is due to their high CAPEX very much 
dependent on promotion schemes and given boundary conditions. Figure 135 shows 
examples for promotion schemes and boundary conditions in the countries Denmark, 
China, Germany, and Austria. Denmark with the highest installed large-scale STE also 
meets the most promotion schemes and the best boundary conditions [3]. 

 

Figure 135 Promotion schemes for solar based systems and boundary conditions in the 
countries Denmark, China, Germany and Austria along nine axes [3] 

Table 33 (in this table . (dot) are used as thousand-digit-draw) shows the number of 
existing large-scale SDH divided into > 1 MW and > 350 kW in Europe based on 2018. 
The total power of both categories results in 2,29 GW. The average yearly growth 
between 2013 and 2018 was 21 % [114]. 
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Table 33 Market data of large-scale SDH systems in Europa (2018); in this table . (dot) are 
used as thousand-digit-draw [114] 

 

Figure 136 shows the solar thermal energy potential in Europe depending on the price 
limit and the SF of the SDH network. This analysis is based on existing DH systems 
in 2018, which are suitable for STE (availability of land) and do not have other excess 
heat options nearby. It is shown that at a SF of 20 % a big part of the SDH potential is 
reached at LCOH of 35 €/MWh and to not exceed 20 000 GWh/yr. Higher SF in SDH 
networks result in a bigger potential, while being more expensive [108].  

 

Figure 136 Potential for solar thermal energy in Europe depending on the LCOH and the SF 
[108] 
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Figure 137 shows the solar thermal energy potential of different European countries 
depending on the resulting LCOH of the solar system. If the current thermal energy 
supply in a country is expensive the market is particularly interesting. This is the case 
if the SDH potential at LCOH greater than ~40 €/MWh is big. Such countries are for 
example Spain, Estonia, Czech Republic, or Italy [108].  

 

Figure 137 Solar heat potential depending on the LCOH for some European countires [108] 

If we assume a SDH economic potential of 100 TWh/yr (very conservative assumption) 
and a SF of 30 % the solar heat potential in Europe result in 30 TWh/yr. Considering 
an average solar yield of 500 kWh/(m² yr) and an approximately power per collector 
aperture area of 0,7 kW/m² the resulting STE power in Europe is 42 GW. Assuming 
around 70 % of the SDH system are in combination with a HP and the ratio between 
HP and STE power is 25 % the addressable market potential for HP in SDH systems 
is 7,35 GW. This result in 10 500 ecop RHP with each having a nominal power of 700 
kW [70].   

The potential of STE in the industry was analyzed in the International Energy Agency 
Solar Heating and Cooling (IEA SHC) Task 49. It was found that the global SHIP 
potential is between 1 500 and 2 200 TWh/year [32].  

Figure 138 shows the technical SHIP potential in several European countries. It is 
shown that the SHIP potential is between 3 – 4 % of the industrial thermal energy 
demand. According to Figure 46 the process heat demand in Europe is 2 000 TWh/yr 
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(technical potential). Assuming that the European average of SHIP potential is 2,5 % 
(very conservative) of the process heat demand the addressable process heat is 50 
TWh/yr (economic potential). Assuming that 50 % of the 50 TWh/yr are a combination 
between STE and a HP and the ratio between HP and STE power is again 25 % the 
market potential for SHIP in Europe result in 8,75 GW or 12 500 ecop RHP [32], [70]. 

 

Figure 138 STE potential in several European countries in TWh per year and as fraction of 
the total industrial thermal energy demand [32] 

 Flue gas utilization 
In this chapter different methods to treat flue gas of variable combustion processes is 
examined. The goal is saving primary energy and increasing the efficiency of the 
overall system.  

4.4.1 Steam generator feed preheating with IHP add on 
In this section a method to reduce the fossil fuel consumption for steam production by 
adding an IHP to the system is described. The steam generator is modeled as NG 
fired steam boiler. In this analysis the steam generator is simplified neglecting water 
pretreatment, desludging, degassing and other auxiliary systems. 

 Reusing of the condensed steam (Use case Flue gas-1) 
Figure 139 shows on the top a typical setup of a gas boiler. On the bottom of the figure 
the setup is pictured in a simplified way. In this case it is assumed that the steam circuit 
is a closed system. Therefore, the condensed process steam can be reused as feed 
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with around 100 °C.  In the conventional system the water feed (100 °C) is preheated 
in an economizer (Eco) by hot flue gas to around 130 °C. At the Eco entry the flue gas 
is usually 60 – 80 K above the steam output temperature. The flue gas is cooled down 
to temperatures >140 °C (depending on the primary fuel) to be higher than the acid 
dew point. In the case of NG combustion, the acid dew point is due to a low sulfur 
content of NG not a big thing. Nevertheless, the dimensions of the Eco limit the heat 
transfer.  Flue gas temperatures below 130 °C at the Eco outlet can usually not be 
reached. The remaining thermal energy of the flue gas after the Eco can be used in 
another downstream Eco to preheat the freshwater feed or to preheat the required air 
for combustion. Exemplary can a downstream air preheater (LUVO) (condensing 
Economizer are analyzed in 4.4.2) be used to preheat the needed air for the 
combustion from 15 – 100 °C. In the gas boiler itself the rest of the needed thermal 
energy from 130 °C (liquid) to 180 °C saturated steam is supplied [115], [116].  

 

 

 

simplified 

Figure 139 Set up of a conventional gas boiler (top) and its simplified 
visualization (bottom) based on [70], [115] 
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Adding a HT-HP to the system can help reducing primary energy. A simplified 
visualization of the HT-HP add on to the gas boiler circuit is shown in Figure 140. The 
integration of a HT-HP is used to preheat the freshwater feed from 100 °C to 140 °C 
before entering the Eco. In this setup the feed reaches higher temperatures in the Eco 
(~ 160 °C). The increased boiler inlet temperature of the feed directly leads to a lower 
thermal energy demand in the gas boiler and therefore to fuel savings. In this setup 
the Eco outlet temperature of the flue gas increases. Therefore, the flue gas should 
be cooled down in another downstream Eco. The remaining thermal energy in the flue 
gas is used in a downstream Eco (Eco 2 in Figure 140) to heat the source circuit of 
the HT-HP. The HT-HP source circuit can also be powered by other excess heat 
sources or STE [70].  

 

Figure 140 Simplified visualization of the RHP integration for the freshwater feed preheating 
in the gas boiler circuit [70] 

As HT-HP exemplary the ecop RHP can be used which reach in this set up a COP of 
3,74 shown in Figure 141. Necessary for this application is that the HP can reach 
temperatures of > 140 °C [68].  
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Figure 141 Simulation of the ecop RHP in the gas boiler add on setup (Use case Flue-1) [68] 

 Economic analysis IHP add on with reusing of the condensed steam (Use 
case Flue gas-1) 

In this section it has been analyzed if the HT-HP add on is economical feasible. For 
this analysis four key parameter are relevant, which were determined as follows: gas 
price (25 €/MWh), electricity price (75 €/MWh), CO2 price 113 €/tCO2), discount rate 3 
% and Scope 1 direct emissions of 0,201 tons CO2 per MWhNG as primary energy carrier (for 
more details see 3.4). Annually 8000 FLH are assumed for this scenario. Another 
relevant parameter is the feed temperature at the gas boiler inlet (after Eco), which 
depends on the HT-HP preheating potential and will be varied between 150 – 170 °C. 
Higher feed temperatures lead to higher gas savings being more economic.  With the 
given values above for the example of 160 °C gas boiler inlet temperature in total 155 
k€ can be saved every year considering a production of 15 t/h saturated steam with 
180 °C. 7 k€ result directly from the gas savings and 108 k€ result from the saved CO2 
certificates. The NG savings related to the fossil scenario result in 4,7 % or 798 
tCO2/yr. The required electricity for the RHP (COP of 3,74) are considered in this 
calculation. The needed thermal power of the HT-HP for the preheating purpose result 
in 700 kW, what equals one ecop RHP.  With costs of 490 k€ of the RHP in this case 
including auxiliary system the dynamic payback period result in ~ 4,5 years [95], [70], 
[117]. Figure 142 shows the payback period of the RHP according to the gas boiler 
inlet temperature, which equals the Eco outlet temperature. It is shown that with 
increasing gas boiler inlet temperature the payback period decreases, because more 
gas is saved while the investment is constant [70]. 
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Figure 142 ecop RHP dynamic payback period according to the gas boiler inlet temperature 
(= Eco outlet temperature) [70] 

 Fresh water stream with 20 °C - no steam reuse (Use case Flue-2) 
In the second example it is assumed that the generated steam is consumed during the 
industrial process. Furthermore, no external heat sources except the flue gas are used 
for preheating the freshwater feed. This setup is shown in a simplified way in Figure 
143. The freshwater feed with 20 °C is preheated in a downstream Eco (Eco 2 in 
Figure 143) to around 40 – 50 °C. The preheating potential is depending on the flue 
gas outlet temperature of the upstream Eco (Eco 1 in Figure 143). The heating 
between 43 and 100 °C is often done by tapping saturated steam for degassing. In oil 
boilers this step is necessary, to avoid a cooling down of the flue gas in the Eco 1 
below the acid dew point. In general, the freshwater feed needs to be heated to around 
100 °C before entering Eco 1 to reach high Eco 1 outlet temperatures of the feed [115].  

 

Figure 143 Set up of the steam boiler without external freshwater preheating based on [70] , 
[115] 
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In comparison to the only fossil scenario (Figure 143) Figure 144 shows the same 
system with a HT-HP added. The HT-HP is used to lift the temperature from the Eco 
2 outlet temperature to 100 °C in the first step and in another step to 140 °C. 
Depending on the mass flow this can be done in one or several stages. To minimize 
exergy losses several stages are recommended. Additionally, also waste heat streams 
can be used for preheating from 40 to 100 °C. Due to the HT-HP feed water preheating 
to 140 °C the Eco 1 outlet temperature of 160 °C can be reached leading to fossil fuel 
savings. It is assumed that any case of waste heat or STE can be used as source for 
the HT-HP [70] , [115].  

 

Figure 144 Simplified visualization of the RHP integration in the gas boiler circuit without 
external freshwater preheating [70], [115] 

Considering the same economic parameters as mentioned above the dynamic 
payback period according to the Eco 1 outlet temperature (150 – 170 °C) is given in 
Figure 145. For this setup two ecop RHP are needed leading to investment costs of 
980k €. The ecop RHP have the same COP than in the previous example (COP 3,74). 
The dynamic payback period in this setup is lower than in Figure 142, because higher 
NG savings are realized. The higher NG savings result from the additional preheating 
task of the HT-HP (50 – 100 °C). In the fossil scenario some steam needs to be 
generated on top for the feed preheating and degassing. In the case of 160 °C Eco 1 
outlet temperature the NG savings related to the fossil scenario result in 14,6 %. 344 
k€ are saved with the HT-HP add on every year leading to DPP of 3,02 years. 75 k€ 
result directly from the gas savings and 269 k€ result from the saved CO2 certificates 
[70]. 
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Figure 145 ecop RHP dynamic payback period according to the gas boiler inlet temperature 
(= Eco 1 outlet temperature) [70] 

 Potential IHP add on in steam generator 
While a lot of research is done for entirely renewable steam production the steam 
boiler market is still dominated by fossil fuels showed in Figure 146. NG gas boiler 
have the biggest share of the European steam boiler market with 43,3 %. Fossil steam 
boilers take up 73,3% of the European steam boiler market [118]. 

 

Figure 146 European steam boiler market shares by primary energy (2022) based on  [118] 

Figure 147 (in this figure . (dot) is used in difference to , (comma)) shows a comparison 
of the economic efficiency between HP and a NG boiler on the left side. On the right 
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side the related economic parameters like CAPEX, OPEX, et cetera (etc.) are pictured. 
Gas boiler in this figure is seen as heating unit and not only for steam production. The 
relevant factors are the electricity to gas price ratio and the needed temperature lift. In 
general lead lower electricity to gas ratios as well as smaller temperature lifts to 
advantages of the HP. There are countries (depending on the electricity to gas price 
ratio) where HP solutions (HP steam generation is investigated in chapter 4.5) are 
more cost effective and others where the gas boiler is the economic better solution. 
The cases where gas boilers are the economical better solution are addressed by the 
HT-HP add on [119], [120]. 

 

Figure 147 Heat pump integration in comparison to a gas boiler; in this figure . (dot) is used 
in difference to , (comma) [119], [120] 

According to [118] the steam boiler market will grow until 2032 annually by 5,5 %. In 
2030 1 138 TWh of primary energy will be needed for steam production in Europe 
(technical potential). Using the data of [9] show that providing 1 138 TWh of thermal 
energy needs around 200 GW of thermal power. Assuming that, 20 % are fossil boilers 
with a HT-HP add on as retrofit or newly built the addressable power are 40 GW 
(economic potential). Considering a gas to HT-HP power ratio of 8 % on average, due 
to a mix between the two setups (Flue-1 and Flue-2) the HP potential is 3,2 GW 
(market potential). Taking into account that one ecop RHP has a thermal power of 0,7 
MW the potential of ecop RHP result in 4 571 pieces. 

4.4.2 Flue gas condensation (Use case Flue-3) 
In this section the focus lies on the flue gas condensation of various fuels. Flue gas 
condensation is done to decrease the amount of excess heat of combustion 
processes. If the flue gas is cooled down below the acid dew point different flue gas 
components like Ammoniac, Chlorides, Sulfur compounds, etc. dissolve in the water 
making the condensate very corrosive. Therefore, flue gas condensation is usually 
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done if the fuel carries a low amount of these byproducts, such as gas or some kinds 
of biomass (wood, pellets, wood chips). The flue gas of heavy oil and coal combustion 
are usually not condensed, because of the high contamination [115], [121].  

If the flue gas is cooled below the dew point, the water it contains starts to condense. 
During the cooling down of the flue gas below the dew point beside sensible heat also 
the condensing enthalpy (latent energy) is released. The latent energy for cooling 
down each Kelvin is around 10 times greater than the sensible energy. The acidic 
water in the flue gas of NG and woody biomass mostly condenses at temperatures 
around 45 – 70 °C. To condense the gaseous water in the flue gas a cooling circuit 
with temperatures below the dew point is necessary. Such low temperature fluid 
streams can be low temperature heating systems, DHW or HP source streams. This 
section does not focus on the detailed construction of condensing HEX, but the 
integration of a HP and possible setups [115], [121].  

Flue gas condensation can either be done directly in a condensing HEX or indirect in 
a condensing scrubber. Scrubber are used for cleaning flue gas by absorption of 
hazardous compounds in a washing fluid. This chapter focuses on condensing HEX, 
if the flue gas does not need to be cleaned in a scrubber [121], [122], [123]. 

In the case of gas combustion, the water is generated by Equation (10) [115]. CHସ +  2 Oଶ  = 2 (HଶO) + COଶ  (10) CHସ  methane COଶ  carbon dioxide 
The theoretical difference between the calorific value and the heating value of NG are 
10 % related to the heating value. That equals 1,5 kg condensable water per Nm³ 
natural gas. The achievable condensation rate in a condensing HEX is usually 
between 70 – 100 %, depending on the cooling fluid temperature. The pH (pondus 
hydrogenii) of the condensate is between 3,5 and 5,2. Hence, the condensing HEX 
must be made of stainless steel, ceramic, or graphite to ensure an acceptable 
operating life [115], [121].  

The generated energy of the condensing HEX can be calculated according to Equation 
(11) [115]. 𝑄̇ ௖௢௡ௗ௘௡௦௜௡௚ ுா௑ = ቀ൫𝑇௜௡,௙௟௨௘ ௚௔௦ − 𝑇௢௨௧,௙௟௨௘ ௚௔௦൯ 𝑐ഥ௣,௙௟௨௘ ௚௔௦ + (𝐻௦− 𝐻௜) 𝛼ቁ 𝐵̇௙௟௨௘ ௚௔௦ 

(11) 

  𝑄̇ ௖௢௡ௗ௘௡௦௜௡௚ ுா௑    extracted thermal power in the condensing HEX in kW 
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𝑇௜௡,௙௟௨௘ ௚௔௦   condensing HEX flue gas inlet temperature in K 𝑇௢௨௧,௙௟௨௘ ௚௔௦   condensing HEX flue gas outlet temperature in K 𝑐௣̅,௙௟௨௘ ௚௔௦     mean specific heat capacity of flue gas in kJ / (kg K) 𝐻௦    heating value in kJ/kg 𝐻௜     caloric value in kJ/kg 𝛼    condensation factor 𝐵̇௙௟௨௘ ௚௔௦   flue gas mass flow in kg/s 

Condensing HEX are gladly built if biomass is burned. Biomass can have a water 
content of up to 60% when it is burned. Therefore, a lot of energy is stored in the 
emerging water vapor [122].   

Figure 148 shows the extractable thermal energy based on the primiary fuel (different 
coloured lines) and its water content (for wood water content of 15% to 60%). On the 
abscissa the flue gas temperature is shown. At the point where the line coming from 
the right curves upwards the water starts to condense. On the ordinate the relative 
heat recovery on the basis of flue gas with 160 °C, air-fuel ratio of 1,5, relative humidity 
of 13 % and a reference temperature of 10 °C is shown. The heating value of wood is 
assmued to be 18,78 MJ/kg. It can be seen that with increasing water content of wood 
more thermal energy can be extracted. Wood show a greater potential for condensing 
HEX than NG. Exemplary for the flue gas of a NG combustion the contained water 
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starts to condense at 57 °C. By cooling down the flue gas from 57 to 15 °C 13 % of 
the NG primiary energy can be extracted [122].  

 

Figure 148 Extractable energy depending on the fuel and the water content  [122] 

A typical flue gas treatment of a biomass combustion is shown in Figure 149. In the 
combustion process temperatures of up to 950 °C are reached being used for steam 
or electricity generation. Afterwards the flue gas with variable temperatures 
(depending on the usage) is cooled down in an Eco. In a following process step called 
quenching water can be sprayed to separate dust particles and the relative humidity 
of the flue gas and the dew point temperature increases. This leads to a more constant 
condensation rate in the condensing HEX and a better heat transfer. However, 
continuously wet heat exchanger surfaces corrode less than discontinues wet areas. 
The sensible and latent heat of the condensing HEX can be used directly for low 
temperature heating or as source of a HP [121]. 
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Figure 149 Flue gas treatment in a biomass CHP [123] 

To achieve high condensation rates the condensing HEX needs a low temperature 
cooling circuit. The link between the condensate mass flow and the cooling circuit inlet 
temperature for a pellet combustion with a dew point of 46 °C is shown in Figure 150. 
Lower cooling circuit temperatures achieve higher condensation rates. Other fuels 
usually have higher dew points [124]. 

 

Figure 150 Relation between the cooling circuit temperature and den condensate mass flow 
[124] 

There are two concepts to use the thermal energy of the cooling circuit economically. 
On the one hand a low temperature network (exemplary space heating, fuel drying or 
air preheating) can be heated from around 25 - 35 °C to 40 - 50 °C. Figure 151 shows 
a concept to use the thermal energy of a condensing HEX for air preheating. A part of 
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the DH return with around 60 °C is used to preheat the combustion air (20 – 55 °C) 
and another air stream for heating purposes (15 – 30 °C). The DH return is cooled 
down to 30 °C. This stream is afterwards heated up in a condensing HEX (“innovativer 
Apparat” in Figure 151) from 30 – 60 °C. In a HEX this stream is heated up to 90 °C 
and afterwards mixed with the remaining DH return. The DH return is then heated up 
in an Eco to the feed temperature level [124].  

 

Figure 151 Flue gas condensation used for air preheating [121], [124] 

On the other hand, a HP can be used for cooling down the cooling circuit of the 
condensing HEX using it as source to lift the sink in a serial or parallel way. Figure 152 
(top) shows an example for the parallel integration of the ecop RHP into a DH system 
based on Figure 149. The RHP uses in this configuration the cooling circuit of a 
condensing HEX as source to lift the DH return to the DH feed temperature. Figure 
152 (bottom) shows an exemplary simulation of the ecop RHP in this usage. It is 
assumed that with quenching a cooling circuit inlet temperature of 28°C achieve high 
condensation rates. The extracted energy is used to lift the DH return from 58 to 100 
°C. It is also possible to integrate the HP sink into process applications (drying, etc.) 
or to charge a TES for peak loads [121], [123].  
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Figure 152 (top) Exemplary visualization of the parallel integration of the ecop RHP in a 
condensing HEX and (bottom) exemplary simulation of ecop RHP in this setup (Flue-3) 

based on [68], [123] 

In addition to the parallel also a serial setup is possible visualized in Figure 153. In this 
setup the temperature lift of the HP is smaller and the COP higher. The increased 
temperature of the DH return leads to an decreased efficiency in the following Eco and 
HEX, because of a smaller temperature difference [121], [123].  
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Figure 153 (top) Exemplary visualization of the serial integration of the ecop RHP in a 
condensing HEX and (bottom) exemplary simulation of ecop RHP in this setup (Flue-3) 

based on [68], [123] 

Usually, it is tricky to manage an integration of the HP source circuit directly as 
condensing HEX, because of the fixed evaporating temperature of the HP working 
fluid. Therefore, an intermediate circuit is introduced for condensing and another HEX 
to transfer the thermal energy to the HP source circuit. This result in additional CAPEX 
and doubled temperature differences in the HEX. An advantage of the ecop RHP in a 
condensing HEX is that the ecop working fluid does not need to be vaporized by the 
source. [121], [123]. 
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Economic efficiency condensing HEX (Use case Flue-3) 
In this chapter the economic feasibility of condensing HEX with and without HP are 
investigated. Condensing HEX can also be built in as retrofit to existing plants. 

The payback period of a condensing HEX can be calculated as shown in equation (12) 
and is usually below one year. The exemplary costs of a condensing HEX with 1 MW 
power are 105 000 €. The yearly FLH can be assumed with 5000 – 6000 h/yr and the 
revenue for the extracted heat with 35 €/MWh. With these assumptions the payback 
period result in around half a year, if the whole energy can be utilized. If a HP is needed 
around 490 000 €/MW additional CAPEX arise leading to a payback period of less 
than 3 years. It must be mentioned that in the case of a HP integration the temperature 
level is higher and can be used for more applications. This fact is not considered in 
the calculation [3], [115], [70]. 

𝐴௣௔௬௕௔௖௞ = 𝐾௖௢௡ௗ௘௡௦௜௡௚ ுா௑ 𝑄̇ ௖௢௡ௗ௘௡௦௜௡௚ ுா௑  𝐾௛௘௔௧ 𝐹𝐿𝐻 (12) 

𝐴௣௔௬௕௔௖௞    payback period in yr 𝐾௖௢௡ௗ௘௡௦௜௡௚ ுா௑   costs of the condensing HEX in € 𝐾௛௘௔௧    revenue for extracted thermal energy in €/kWh 𝐹𝐿𝐻   yearly full load hours in h/yr 

Summarizing it can be said that, a condensing HEX is technical as well as economical 
feasible in most cases. If a low temperature heating system, that can achieve high 
condensation rates over the whole year is available, this stream should be used for 
the flue gas condensation. If such a stream is not available a HP offer the possibility 
to continuously cool down the source for condensing, while providing high 
temperatures for other applications. Quenching is possible because it increases the 
dew point and helps in the dust separation but is not necessary. The biggest hurdle is 
an efficient integration and control of the HP to reduce the amount of partial load, while 
enabling high condensation rates. It must be mentioned that a condensing HEX in 
combination with a HP is only be feasible if the plant is in a MW scale [121], [123].  

 Potential condensing HEX (Use case Flue-3) 
If it comes to the market potential analysis it must be distinguished among different 
fuels. The European process heat demand of 1952 TWh/a is 90 % supplied by direct 
combustion processes [4]. According to [9] this would lead to a thermal power of 197 
GW (technical potential). If 25 % do not have a condensing HEX, the flue gas is suited 
for condensing and the operator are willing to invest in a condensing HEX 49,25 GW 
thermal power can be addressed. Additionally, it is assumed that 80 % of these do not 
have a low temperature network for condensing or have no need for low temperature 
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thermal energy. Heat pumps for flue gas condensation can therefore be integrated into 
combustion processes on the order of 39 GW (economic potential). The market 
potential arise in 8 443 ecop RHP based on the fact that 15 % of the thermal plant 
power can be extracted in a condensing HEX [3], [70], [115]. 

 Steam generation 
In the industry steam is often used for heating tasks, because due to the latent heat 
release better heat transfers are achieved and the temperature control is easier.  

This chapter is aiming on steam generating heat pumps (SGHP). In contrast to chapter 
4.4 the following use cases get along without combustion processes. Combustion 
processes for steam generation have high exergy losses due to high temperature 
differences and are mainly driven by fossil fuels [120]. 

Figure 154 (in this figure . (dot) is used as decimal point instead of a , (comma)) shows 
a comparison between fossil driven steam generation and HP driven processes. The 
advantages of HP driven processes are that waste heat can be recovered leading to 
primary energy savings.  Depending on the electricity mix a CO2-ev reduction of 100 
% is possible, if the electricity is fully renewable [8].  

 

Figure 154 Comparison between conventional combustion-based steam generation and HP 
driven processes; in this figure . (dot) is used as decimal point instead of a , (comma) [8] 
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Table 34 (in this table . (dot) is used as decimal point instead of a , (comma)) shows 
a summary of studies on SGHP all over the world. The table shows that there is not a 
single SGHP technology, but several different concepts and combinations [120].  

Table 34 Research studies of SGHP over the world; in this table . (dot) is used as decimal 
point instead of a , (comma) [120] 

 

Steam generation from water is basically an energy upgrading process from low-
pressure and low temperature to high-pressure and high temperature. The required 
energy (2 632,59 kJ/kg) to lift 20 °C and 0,1 MPa (point A) to 125 °C and 0,2 MPa 
(Point B) is visualized in a p-h (pressure-enthalpy) diagram shown in Figure 155 (in 



S e i t e  | 154 
 

September 2023    

this figure . (dot) is used as decimal point instead of a , (comma)). A major part of this 
energy is needed in the two-phase region for evaporation [125].  

 

Figure 155 Required energy for steam generation visualized in a p-h diagram, A: 0,1 MPa, 
20°C; B: 0,2 MPa, 125 °C; in this figure . (dot) is used in difference to , (comma) as decimal 

point [125] 

Figure 156 (in this figure . (dot) is used as decimal point instead of a , (comma)) shows 
four different paths to get from A to B. On the left side (a) the direct path is shown 
which could be approximated by multiple compression and heating stages. If this path 
is technical realized very high CAPEX and much control effort is needed. Therefore, 
this application is not practical used. The right side (b) shows three different paths, 
which are characterized by the three processes compression, heating, and expansion. 
In process 1 the water is compressed to the final pressure in the liquid state and then 
evaporated at a high temperature level. This process saves compression energy, 
because of the higher density in the liquid state, but needs a lot of thermal energy at 
high temperatures (~ 120°C) for evaporation. In contrast, process 2 evaporates at 
atmospheric pressure (~ 100 °C) and compresses the saturated steam to the final 
pressure. Process 3, firstly relaxes the water to 0,05 MPa to evaporate at 85 °C. 
Afterwards the saturated steam is compressed from 0,05 MPa to the final pressure 
[125].  



S e i t e  | 155 
 

September 2023    

 

Figure 156 Multiple processes in the p-h diagram to achieve steam generation (getting from 
point A to B), a) direct path, b) three different paths based on relaxation, heating an 

compression; in this figure . (dot) is used in difference to , (comma) [125] 

It cannot be said in general, which of the following paths for steam generating is for an 
existing plant the best suited on. The most promising set up, depends on the needed 
temperatures, pressures and the given infrastructure on site. Figure 157 shows a T-Q 
diagram (temperature-heat load) and the path 1 and 3 (compare Figure 156) to 
connect the points A and B. The areas I to III show the exegetic losses of the paths. 
The exergy losses for path 3 are lower than for path 1 not including the exegetic losses 
of the compression [125]. 

 

Figure 157 T-Q diagram of the different paths to evaluate the exegetic losses, area I to III 
symbolize the exergy losses [125] 

(a) 



S e i t e  | 156 
 

September 2023    

In the way of the given infrastructure on site it must be distinguished between closed-
loop and open-loop systems. Closed-loop systems (see Figure 158) use steam as 
heating medium in a closed circuit. With this setup large amounts of thermal energy 
can be transferred isothermal in condensing HEX. Closed-loop systems can be driven 
by a HT-HP using excess heat as source for lifting a sink to the needed temperature 
level. The sink can either be used in a steam generator to fully evaporate steam (path 
1 or 2) or to heat a water circuit, which is expanded in a flash tank to generate steam. 
Beside that open-loop systems (see Figure 159) use steam directly. High temperature 
excess heat is used to evaporate water at low pressure. The steam temperature and 
pressure is then lifted by mechanical vapor compression (MVC) (path 3). Alternative 
low pressure excess steam can be utilized by mechanical vapor recompression (MVR) 
and recompressed to higher pressures. There are also combinations between these 
technologies shown in Figure 160 [8], [126], [127]. 
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Figure 158 Closed-loop steam generating units; (top) with flash tank, (bottom) with steam 
generator [8], [126] 

 

Figure 159 Open-loop steam generating units with MVC [8], [126] 
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Figure 160 Combined steam generating unit steam generator + MVC [8], [126], [127]  

 Flash drum (Steam-1) 
A flash drum (steam drum) is a unit that can generate water vapor (steam) by relaxing 
saturated water. The idea of a flash drum is explained by the help of Figure 161 (top). 
Saturated liquid (1) is fed into the steam drum (2) by passing a throttling valve where 
it undergoes a reduction in pressure. While entering the steam drum a diffuser reduces 
the velocity of the incoming liquid and spreads it across the whole cross-section of the 
vessel. During the pressure relaxation flash evaporation occurs and parts of the 
saturated liquid flashes into vapor. During the relaxion the saturated water and vapor 
is cooled to the saturation temperature at the reduced pressure. The separation of the 
two phases in the vessel is done by gravity and the differences in density. The water 
vapor is drawn off at the head (4) traveling through a mesh pad which minimizes the 
entrainment of any liquid droplets in the vapor. In the following pipes water is sprayed 
into the stream to saturate the steam. The saturated steam is either used directly or 
compressed and superheated by an MVC (B). The evaporated water is replaced by 
fresh water (A) and drawn off at the bottom of the steam drum. Afterwards the water 
stream is compressed by a pump (3) and heated by a HP (5). In the pressure control 
unit, the pressure is adjusted to prevent evaporation in the pipe until it reenters the 
steam drum. The bottom of Figure 161 compares a traditional thermal boiler and a HT-
HP with flash-tank in a T,s-diagram. Most of the needed energy (for evaporation) is 
provided by the HP. Only a small part of the needed energy (for lifting the steam 
temperature) is consumed by the compressor (MVC). The numbers 1 to 5, A and B 
describe in both figures (top and bottom) the same states [128].  
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Figure 161 (top) Integration of a HP in a flash drum system, (bottom) T-s diagram of the 
flash cycle compared to a typical evaporation in a thermal boiler [70], [128] 

If a single component liquid flashes by reduction of its pressure the amount of 
generated steam can be calculated by a simple heat balance around the throttling 
valve shown in Equation (13) [128]. 

𝑋௦௧௘௔௠ = 𝐻ଵ −  𝐻ଶ𝐻ସ −  𝐻ଶ =  𝑐௣, భ் (𝑇ଵ,௦௔௧. −  𝑇ଶ,௦௔௧.)∆𝐻௩, మ்  (13) 

𝑋௦௧௘௔௠    weight ratio of vaporized liquid / total liquid mass 𝐻ଵ   Enthalpy of the saturated (sat.) liquid at the higher pressure in kJ/kg 𝐻ଶ   Enthalpy of the saturated liquid at the lower pressure in kJ/kg 𝐻ସ   Enthalpy of the water vapor at the lower pressure in kJ/kg 𝑇ଵ,௦௔௧.   Temperature of the saturated liquid at the higher pressure in K 

MVC 
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𝑇ଶ,௦௔௧.   Temperature of the saturated liquid at the lower pressure in K 𝑐௣, భ்,ೞೌ೟.   specific heat of the saturated liquid at the higher pressure in kJ/(kg K) ∆𝐻௩, మ்  heat of vaporization of the saturated liquid at the lower pressure in kJ/kg 

Depending on the pressure of the saturated liquid and the relaxation in the steam drum 
different temperatures of the HP are needed. In Figure 161 exemplary a relaxation 
from 1 bar to 0,5 bar leading to an evaporation temperature of 80 °C is shown. At 
atmospheric pressure the liquid is saturated at around 100 °C what correspond to the 
sink temperature of the HP. A simulation of the ecop RHP for this temperature is shown 
in Figure 162. It is assumed to have a waste heat source of 80 °C leading to a COP of 
5,34. In this case an MVC can be used to compress the steam to higher pressures 
[68], [128]. 

 
Figure 162 Simulation of the ecop RHP for a flash tank use case (Steam-1) at low 

temperature [68] 

Figure 163 shows a simulation of the ecop RHP to generate steam with 133 °C / 3 bar 
for direct utilization. The COP in this case result in 3,04. One ecop RHP in this setup 
can provide 1 t/h saturated steam with 133 °C if the freshwater feed has 40 °C [68], 
[128]. 
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Figure 163 Simulation of the ecop RHP for a flash tank use case (Steam-1) at higher 
temperatures [68]  

 Steam generator (Steam-2) 
A steam generator is in a simplified way a HEX with a lower pressure and temperature 
in the inner part being heated by a warmer outer part. The outer part is heated by hot 
pressurized water from the HT-HP. In the inner part evaporation takes places and the 
steam is taken off at the head of the HEX. The evaporated part is replaced by fresh 
water. The separation between the liquid and gaseous phase is done by gravity. 

Figure 164 shows a HT-HP driven steam generator circuit to generate saturated steam 
with 3 bar (135 °C). Fresh water (A = 1 bar (25 °C)) is fed into the steam generator 
(2). Thermal energy from a closed loop with pressurized water (5 bar) and 150 °C (1) 
is transferred in the steam generator to evaporate the inner fluid (2) with lower 
pressure (3 bar) and a boiling point of 133 °C. The evaporated part (4 = B) is taken off 
at the head of the steam generator. The cooled down pressurized water (6 & 3) is 
reheated in a HT-HP (5 = 1) before reentering the steam generator. To minimize 
exegetic losses in the steam generator the fresh water (A) is often preheated by waste 
heat streams [120]. 
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Figure 164 Combination of a HP and a steam generator [70], [120] 

The hurdle of this setup is the big amount of thermal energy at high temperatures. 
Furthermore, is the heat transfer within the steam generator problematic because 
there are just small temperature differences. The mean temperature difference 
between the inner and outer part in the steam generator should be between 10 – 15 
K [125]. To reach good COP the HP should be able to work almost isothermal with 
very high mass flows. Conventional HP are not suited for this, because they used to 
work with a temperature difference between the sink-inlet and sink-outlet [128].  

A simulation of the conventional ecop RHP for this use case is shown in Figure 165. 
It is assumed to have a waste heat source of 100 °C leading to a COP of 2,91. One 
ecop RHP in this setup can provide 1 t/h saturated steam with 133 °C if the freshwater 
feed has 40 °C [68], [128]. 
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Figure 165 Simulation of the ecop RHP for a steam generator use case [68]  

A new concept of the ecop RHP is specialized for providing high amounts of thermal 
energy isothermal, with great temperature spreads. This concept is specialized for 
generating steam using a HT-HP and a steam generator. The concept is aiming to 
reach 60 % of the Carnot efficiency [9], [70].  

 Mechanical vapor (re-) compression (Steam-3) 
Figure 166 shows (left) a mechanical vapor recompression unit and (right) a 
mechanical vapor compression unit. MVR is a steam recovery unit which is very likely 
used in open-loop systems. Open-loop means that steam is used directly in the 
process and not via a HEX. On the left side a steam recovery of relaxed and cooled 
down process steam with an MVR is shown. The MVR system recollects the relaxed 
steam and compresses it to reuse it in the process. The MVC unit on the right side 
works different. Water is evaporated at lower pressures via a steam generator or flash 
tank and is afterwards mechanically compressed to higher temperatures via an MVC 
[129].  
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Figure 166 (left) Recompression via MVR of the vapor in the process, (right) MVC 
Compression of generated low-pressure steam [129] 

Figure 167 shows an industrial example of an MVR system. In this process, parts of 
the low-pressure steam with 100 °C from a drying process is drawn of and 
recompressed in an MVR to 150 – 160 °C. The superheated steam is then mixed with 
low-pressure steam and fed back into the drying process [129].  

 

Figure 167 Industrial example of an MVR system integrated in a drying process [129] 

Figure 168 (in this figure . (dot) is used as decimal point instead of a , (comma)) shows 
a MVC example of the manufacturer Epcon. Hot pressurized water is being relaxed in 
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three serial flash tanks generating steam at different pressure levels and 
temperatures. The lower pressure steam is compressed until the pressure level of all 
flash stages are equal. In following serial MVC, the steam is compressed to higher 
pressures. Between stages water is sprayed into the system to saturate the 
compressed steam. The number of compression stages with given compression ratios 
defines the end temperature of the steam. In this case the supply of 15 MW thermal 
energy requires 2,5 MW electricity for compression. The compressed steam is used 
at three different temperature levels. 5 MW thermal energy are used at 110 °C, 5 MW 
at 130 °C and 5 MW at 150 °C. The unit to heat the 70 °C outlet stream of the last 
flash tank to the input temperature (100 °C) of the first tank is not specified in more 
detail. Exemplary a HT-HP can be used to heat the 70 °C output of the third flash tank 
unit to the inlet temperature of the first flash tank (100 °C), requiring some kind of 
source stream [130].  

 

Figure 168 Example for flash tank with MVC driven steam supply; logarithmic mean 
temperature difference (LMTD), heat exchanger (HX) ; in this figure . (dot) is used as 

decimal point instead of a , (comma)  [130] 

Table 35 (in this figure . (dot) is used as decimal point instead of a , (comma)) 
summarizes the compression units of an exemplary MVC/R manufacturer depending 
on the required pressure, temperature and capacity [130]. 
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Table 35 Summary of different MVC/R compression units, PD blowers = positive 
displacement blowers; in this figure . (dot) is used as decimal point instead of a , (comma)  

[130] 

 

Manufacturers like to specify a COP for MVC/R system what is in a thermodynamic 
perspective not correct, because COP are defined for thermodynamic cycles. If 
manufactures define COP for MVC/R system, they compare the heating value of the 
compressed steam with the electrical input. Therefore, the COP is very much 
dependent on the pressure level of the steam supply. The needed electricity increases 
with the needed compression ratio and the compression stages [120].  

 Combined systems 
Depending on the needed temperature and pressure combined systems (HT-HP + 
MVC) may be the best solution. While MVC/R systems cannot evaporate by itself, HT-
HP driven flash tanks and steam generator are limited in the resulting steam 
temperature and pressure. 

The project “Advanced Heat Pump Demonstrator” (AHEAD) is aiming to test a HT-HP 
and MVC driven steam generation for the industry. The project partner Takeda needs 
2,5 t/h steam with 184 °C and 11 bar for its pharmaceutical processes. Figure 169 
shows the simplified setup of the process. Waste heat of 35 °C from the Takeda 
refrigeration system is lifted with a conventional HP to 70 °C. This stream is used as 
source for a HT-HP to evaporate fresh water at 3 bar (134 °C). In a following MVC 
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system, the saturated steam is compressed to 11 bar (184 °C). A successful 
integration leads to a reduction of 90 % of the currently used fossil fuels [131].  

 

Figure 169 Simplified setup of the HT-HP and MVC driven steam generation in the AHEAD 
project [131] 

Other examples for combined systems are shown in the case studies of the MCV/R 
manufacturer Epcon.  Figure 170 (in this figure . (dot) is used as decimal point instead 
of a , (comma)) shows a combination between an air source HP for evaporation at low 
temperatures with a steam generator and a MVC to lift the steam to the needed 
temperature level (110 and 120 °C). The COP of the overall system result is 3,1 [130].  

 

Figure 170 Example for MVR & HP + steam generator driven steam supply; in this figure . 
(dot) is used as decimal point instead of a , (comma)  [130] 

The Austrian Institute of Technology (AIT) investigated a combination between 
geothermal heat and steam generation. In Figure 171 (left) is a combination between 
geothermal heat used as source for an HP in a steam generator and (right) a direct 
evaporation with geothermal heat in a steam generator with an MVC unit [127]. 



S e i t e  | 168 
 

September 2023    

  

Figure 171 Combination between geothermal heat and a HP for steam generation, (left) HP 
uses geothermal heat as source for evaporation of feedwater in a steam generator, (right) 
geothermal heat is used directly in a steam generator for evaporation and an MVR is used 

for increasing the pressure [127] 

The EU funded project BAMBOO focuses on the efficiency improvement of heavy 
industrial process. As part of this project, it was investigated if waste heat of a steel 
manufacturer can be utilized by a HP for steam production (Figure 172). During the 
waste rolling of strips excess heat with 80 °C occur. A closed-loop HP utilizes this 
waste heat to heat the condensate stream of the pickling line. The heated-up stream 
is relaxed in a flash tank generating steam. If higher pressures are required MVC 
systems are used to compress the steam. At the time of the research the HP was not 
implemented in the facility, but a Demo site based on a m1337mzz piston HP was built 
and tested successfully by the French company EDF. The system COP is 2,95 and 
1,9 in the lab test for delivering 2 and 5 bar saturated steam. The integration led to a 
reduction of final energy of 69 and 53 %, reduction of primary energy of 46 and 11 % 
and a reduction of CO2 emissions of 63 and 47 %, respectively 100% if the electricity 
is fully renewable. For this comparison a gas burner with an efficiency of 90 % was 
used. Furthermore, gas and electricity energy primary factors of 1,1 and 2,1, 
respectively greenhouse gas emission factors of 271 and 275 gCO2-ev/kWh were used 
[8].  

 

Figure 172 Waste heat utilization for steam generation in a steel plant [8] 
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Some key findings of the heat pump integration into the steel plant are summarized in 
the SWOT analysis in Figure 173 [8]. 

 

Figure 173 SWOT analysis of the steam generating HP into the steel plant [8] 

 Economic efficiency steam generation 
The study SuPrHeat investigates the hurdles of replacing an existing steam supply 
system with a HP driven one. In Figure 174 they summarized some major points to 
keep an eye on if the steam pressure of the supply system is reduced. If a pressure 
reduction of the steam supply is not an option MVC can be used to increase the steam 
pressure [132]. 
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Figure 174 Important points that must be considered if the pressure is being reduced in an 
existing steam supply [132] 

The electrification of the steam generation comes with hurdles to overcome, but with 
a great potential in CO2-ev savings, if the electricity is renewable generated. Beside the 
environmental aspect an electrification can also make sense in an economic 
perspective. As mentioned above is the economic aspect very much dependent on the 
needed temperatures, pressures, the given infrastructure on site and the supply 
structure (continuous, batch, ….). SGHP are better in continuous low temperature and 
pressure systems in a medium scale. A comparison of costs between a SGHP system 
with a steam generator, a flash tank and a gas reference scenario based on (Table 
36) has been done. The systems are calculated to produce 1 t/h steam with 133 °C (3 
bar). The source of the HP is assumed to be available from excess heat [70], [132]. 

Table 36 Parameters for economic efficiency analysis [70] 

 

Economic analysis Steam generator Flash Tank Gas Unit
Electricity price 0,075 0,075 0,075 €/kWh
gas price 0,025 0,025 0,025 €/kWh
Electricity/gas price ratio 3 3 3
approximated HP COP 2,9 3,04 /
gas boiler combustion efficiency / / 0,9
CO2 price / / 113 €/t
CO2 emission factor / / 0,201 g/kWh
FHL 4000 4000 4000 h/yr
HP System additional costs 640                        640              / €/kWh
FLH 
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Figure 175 shows the results of the economic analysis for a HP with a flash tank (top) 
and a steam generator (bottom) compared to the reference scenario with a gas boiler. 
In blue are the discounted total costs of the HP system including electricity costs and 
CAPEX. In orange are the total discounted costs of the gas boiler case including 
CAPEX, gas costs and CO2 costs. For both HP systems the results are similar and 
with the given assumptions the dynamic payback period is 6,15 (top) and 6,58 (bottom) 
years. FLH of 8000 h/yr would shift the dynamic payback period to ~ 3 years. The HP 
options have higher CAPEX, because the HP is more expensive than the gas boiler. 
The additional needed plant components (flash tank, pumps, pressure control valve, 
…) are for the HP system and gas system very similar. The OPEX of the gas scenario 
are higher because, of the CO2 costs. Over a lifetime of > 20 years a significant amount 
of money can be saved by the HP driven systems. A hurdle to overcome are the higher 
CAPEX and the resulting DPP of > 3 years. The similar functions for both HP systems 
result in approximately the same investment costs and similar COP [70], [120].  

 

 

Figure 175 Total costs for steam production (CAPEX + OPEX) for a HP with (top) flash tank, 
(bottom) steam generator and a reference scenario [70] 

A separate calculation for MVC/R system has, because of missing CAPEX data not 
be done. 
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Summarizing it can be said that a combination of a HP with a steam generator or flash 
tank have both advantages and disadvantages. The flash tank system can reach 
higher COP because of the lower temperature level, but is more complex. The higher 
complexity results from a more difficult separation between the gaseous and liquid 
phase in the tank. In the flash tank the steam mass flow is limited by the maximum 
outlet velocity of the diffuser. The flash tank is the preferred option if the HP can just 
provide temperatures < 100 °C or an MVC system is available at low costs. Steam 
generators are simpler and have a little lower CAPEX. The difficulty is to ensure a 
good heat transfer between the HP circuit and the steam generator. Depending on the 
heat transfer in the steam generator and the achievable temperature level of the HP 
the maximum steam temperature is limited. With HP sink temperatures of 150 °C the 
maximum saturated steam temperature is ~ 133 °C. For higher temperatures either 
the HP sink temperatures must rise, or MVC systems are necessary. For the HP case 
a concurrence of the steam demand and the waste heat supply is necessary. 

 Potential steam generation 
A study investigated the process heat < 150 and < 200 °C demand of the four most 
IHP suited industries paper, chemical, food and refinery. The IHP coverable process 
heat demand of these four sectors in the range < 150 °C result in 641 PJ/a. The study 
shows, that around 20 GW thermal power are necessary to provide the needed 
thermal energy demand. The same literature investigated usual processes in these 
industries. The results show that 47 % of the processes are based on steam. 
Considering these assumptions, the European steam generating HP market in these 
four industries result in 9,4 GW. With a thermal power of 0,7 MW per ecop RHP the 
steam generating ecop RHP market potential results in 13 429 pieces  [4], [9], [133]. 

Considering that according to [118] the steam boiler market will grow until 2032 
annually by 5,5 %, in 2030 1 138 TWh of primary energy will be needed for steam 
production in Europe. The 9,4 GW in the four industries mentioned above are less 
than 8 % of the theoretical steam generating potential 2030 in Europe (technical 
potential) [118].   

In a presentation Mr. Arpagaus, professor at Ostschweizer Fachhochschule, shows 
that the stock of fossil boilers in Europe are more than 18,2 million pieces. The stock 
of oil and gas boilers in EU28 countries is shown in Figure 176 (in this figure ‘ 
(apostrophe) are used as thousand-digit-draw). The largest numbers of fossil boilers 
are in Germany, UK, Italy, France, and Belgium. More than 3,1 million of them are in 
an industrial size. If the replacement rate of industrial gas and oil boilers by IHP is only 
1 % more than 30 000 units are necessary. The presentation of Mr. Arpagaus as well 



S e i t e  | 173 
 

September 2023    

as the growing steam demand in Europe show that the assumption of 13 429 ecop 
RHP pieces is very conservative [8], [120].  

 

Figure 176 Stock of fossil boilers in European countries; in this figure ‘ (apostrophe) are used 
as thousand-digit-draw [120] 
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5 Summary 
 Industrial heat pumps 

Around 40 % of the global final energy demand accounts for the industry. 60 % of the 
energy demand in the industry is thermal energy. A significant amount of the thermal 
energy is currently provided by burning fossil fuels leading to high CO2 emissions. 10 
% of the global CO2 emissions accounts for thermal energy in the industry. In order to 
decarbonize the industries energy supply sustainable technologies for the generation 
of thermal energy are needed. One of the most promising concepts is Power-to-Heat, 
with the prerequisite that the electricity is generated by renewable sources. There are 
different Power-to-Heat technologies for the needed temperature levels in the industry. 
High temperatures (> 500 °C) and medium temperatures (> 200 °C) can be provided 
by burning hydrogen, electric heater, or biomass heater (no Power-to-Heat). For 
temperatures < 200 °C heat pumps are the most effective solution. But heat pumps 
cannot be used in any < 200 °C application. Conventional heat pumps can reach 
temperatures up to 90 °C, whereas industrial heat pumps fill the gap to 150 - 200 °C 
[1], [2], [3], [4]. 

Current industrial heat pump demonstrator can reach temperatures up to 150 – 165 
°C. Annex 58 of the International Energy Agency is aiming on high temperature heat 
pumps and is collecting information about manufacturers and demonstration sites. 
More information can be found here [12]. 

Heat pumps offer the possibility to provide two to seven units of thermal energy with a 
single unit of power. This ratio is called coefficient of performance. In order to do so 
heat pumps utilize low temperature excess or environmental heat on the source site 
to lift the temperature level of the sink site. The possibilities of heat pumps to very 
efficient provide thermal energy, lower operational expenditures and having low CO2-

ev emissions comes with hurdles. These hurdles are the simultaneous need of excess 
heat supply and process heat demand, high capital expenditures, longer payback 
periods and a more complex system [1], [6], [8], [9], [10].  

The reference industrial heat pump in this thesis is the rotation heat pump (RHP) of 
the Austrian manufacturer ecop. Their heat pump has a nominal power of 700 kW and 
can provide temperatures up to 150 °C with a maximum temperature lift between the 
source inlet and sink outlet temperature of 55 K. The rotation heat pump has per- and 
polyfluorinated chemicals free, non-flammable and global warming potential <1 noble 
gases (Helium, Krypton, Argon) as working fluid. The working fluid does not enter the 
two-phase region during the closed cycle process of the rotation heat pump. 
Therefore, is the process, unlike conventional heat pumps, not based on the carnot 
process, but on the joule process. The compression of the working fluid is done by 
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centrifugal forces of a rotation rotor with high-pressure heat exchanger at the outer 
part (sink side) and low-pressure heat exchanger (source side) close to the axis. The 
pressure losses in the closed working fluid circuit are compensated by a fan [23].  

 Economic analysis and commodity prices 
The economic feasibility in this thesis is based on a total cost of ownership analysis. 
In the total cost of ownership analysis, all relevant income and expenditures are 
determined. The investment decision making procedure in this thesis is the dynamic 
payback period and levelized costs of heat. It has been shown that the payback period 
is one of the major factors in industries investment decisions and should not exceed 
two to three years. The interest rate for the dynamic calculations is assumed to be 
constant 3 % for an investment horizon over the next 20 – 30 years. The presented 
heat pump solutions are compared with a gas boiler as fossil reference case. A 
sensitivity analysis showed that the most relevant factors in the economic analysis are 
the power to gas ratio, the yearly full load hours, and the carbon prices. Due to the 
very small impact of maintenance and disposal costs these parameters have been 
neglected. Several predications have been investigated to find good assumptions for 
the future commodity and electricity price trends [10], [24], [25], [26], [31], [32]. 

If long payback periods occur also contract models for the supply of thermal energy 
are possible. Based on full load hours, expected electricity prices and coefficient of 
performance a specific price of thermal energy can be specified. These contracts 
usually include more details like heat purchase commitments, maturities, and others 
[10], [22], [26], [31], [32].  

The commodity and power price trends mainly differ according to scenarios. The most 
relevant scenarios are shortly explained down under. The scenario “central” is based 
on Europe stopping to import Russian gas. Therefore, the European natural gas price 
is determined by the global liquified natural gas price. The energy system will strongly 
decentralize with a significant expansion of renewables. The “Tensions” scenario is 
based on increasing tensions between Europe and Russia and higher CO2 prices. 
Therefore, the early natural gas prices are higher in this scenario. The “Relief” scenario 
is based on a better relationship between Europe and Russia. Europe decreases the 
amount of fossil fuels slightly. The renewable expansion target, which were set during 
the crisis, are kept in place. “GoHydrogen” focuses on a fully decarbonization until 
2050 comparable to the international energy agency “Net Zero” scenario [32], [34], 
[37], [40]. 

The power to gas ratio, is the ratio between the price for electricity and natural gas. 
Among the European Union there are big differences in the power to gas ratio. 
Simplified lead high national CO2 prices combined with a high share of renewable 
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generated electricity to low power to gas ratios. The most attractive market is 
Scandinavia, as well as France, Portugal, and Bosnia with ratios between 1 and 2,5. 
High ratios > 3,5 can be found in Romania, United Kingdom, Hungary, Croatia, and 
Slovakia. The European average of the power to gas ratio was between 2008 and 
2022 in the range of 2,0 and 2,5 tending to slightly increase over time. Forecasters 
agree that an electricity to gas ratio of about 3 will occur in 2040. After 2040, the 
scenarios differ and forecast ratios show values between 2,0 and 4,2. This thesis 
agrees on an European Union average of 3 of the power to gas ratio for an investment 
horizon of 20 - 30 years, but points to large national differences [32], [34], [37], [40]. 

In 2021 an average industrial user in Europe paid 40 - 45 €/MWh taxes for electricity 
and 6 – 6,5 €/MWh taxes for gas. Two-thirds of the revenues from power taxes are 
then used to subsidize renewable energies. The net effect is that the decarbonization 
of the electricity supply is subsidized, while disincentivizing the electrification of 
industry by favoring the use of gas. A review of the taxation framework by favoring the 
direct use of electricity would accelerate the switch away from fossil fuels [1]. 

Specific costs for heat pumps in the literature vary between 300 – 1000 €/kWp, 
depending on the manufacturer and their scope of services (additional equipment, 
labor and costs associated with design and installation, …) [9], [10]. In Europe there 
are variable national capital and operational expenditures subsidies for heat pumps. 
A short summary is given in Table 8 [41]. This thesis uses a conservative specific 
investment cost of 700 €/kWp including subsidies, average costs for ancillary 
equipment, labour associated with the design and installation, and costs associated 
with the design and installation. 

In Europe, greenhouse gas pricing distinguishes between industries with very high 
greenhouse gas emissions, which are priced directly via certificates, and all other 
emitters, which are priced indirectly via taxes. The European emissions trading 
scheme is a “Cap & Trade” system which was introduced in 2005. It includes > 10,000 
plants in the energy sector and energy-intensive industries. Facilities can redeem CO2 
-certificates for released emissions or, if they are not needed, trade them on the 
market. Detailed information about exceptions and regulations can be found in 3.4. 
Industries must pay for their Scope 1 emissions, which occur in the plant itself, for 
example through the conversion of fossil fuels for the generation of thermal energy. 
Scope 2 and 3 emissions must not be covered with certificates by the industries [42], 
[43], [44]. For example, the generation of 1 kWh of thermal energy using a modern 
natural gas boiler emits 202 gCO2-ev/kWh. The combustion technology used is relevant 
due to the efficiency of different plants. The CO2-ev of other fuels, as well as a 
calculation tool (Excel) for CO2-ev emissions for thermal energy and electricity 
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production can be found in [49]. Sectors that are excluded from EU-wide certificate 
trading, like transport, housing, waste, and agriculture are considered nationally 
through annually increasing CO2 taxes. However, due to the relevance of these 
sectors, a certificate trading system is to be introduced by 2027 [45], [51]. 

All predictions agree that the price of CO2-ev certificates will rise in the future due to 
the generated shortage of these. Some studies believe that the price will settle at 
around 113 $/t, since carbon capture and storage will be economical from this value, 
while other studies predict CO2-ev prices of above 180 €/t. This thesis will use a carbon 
certificate price in Europe of 113 €/t, with the assumption that carbon capture and 
storage will become technological and economical feasible and to weight the early 
future with more solid price assumptions more than more distant time periods [2], [34], 
[37]. 

The values of the most relevant economic parameters are summarized in Table 37 [2], 
[32], [34], [37], [40]. 

Table 37 Summary the most relevant gas boiler and HP parameters for later economic 
calculations [2], [32], [34], [37], [40] 

 

The approach of the thesis is to work out the economic solutions of the technical 
potential. By including future developments and the future trends of the most important 
economic parameters like heat pumps capital expenditures, subsidies, CO2 prices, 
electricity prices and gas prices, the market potential is determined [40]. 

 Market potential Europe 
In Europe roughly 3000 TWh/yr of thermal energy are used in the industry. Around 
600 TWh/yr are < 200 °C what is the long-term temperature target for industrial heat 
pumps. 200 – 300 TWh/yr are estimated to be suited for industrial heat pumps due to 
the availability of suited waste heat sources. The greatest potential in this temperature 

Variable Value Unit
0,9 -

0,025 €/kWh 
202 g/kWh 
113 €/t

CAPEXgas boiler 150 €/kW 
0,075 €/kWh

COP
case 

depending -

CAPEXHP 700 €/kW
interest rate i 3 %

full load hour FLH
case 

depending h/yr

reference scenario

HP scenario
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range is in Germany, Italy, United Kingdom, France, Finland, Spain, and Sweden [8], 
[9], [52].  

The study [11] assumes that the industrial heat pumps market in Europe are 174 TWh. 
Figure 177 shows industries with a process heat demand below 150 °C. The sectors 
food and tobacco, paper and chemical have the highest low temperature process heat 
demand. 

Exemplary applications in the food industry are steam production for sterilization, 
concentration, boiling, baking, vaporization, and pasteurization processes. 
Furthermore, hot water is used during the bottling process (washing and sterilization), 
and the brewing process (mashing, lautering, wort boiling). But also, in the PET bottle 
industry process heat between 100 – 150 °C is needed for injection molding of plastic 
preforms or pellets drying. There are several drying processes, which need < 150 °C 
such as starch drying, wood drying, paper drying, laundry drying, brick drying (air 
preheating), drying of animal fodder and others. In the chemical industry steam and 
hot water is needed for distillation, concentration, boiling and thermoforming 
processes. The wood sector needs temperatures greater than 100 °C for gluing, 
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essing and drying processes. The textile industry works in the processes of coloring, 
washing, and bleaching above 100 °C [7], [53].  

 

Figure 177 Market potential of IHP in Europe based on industries and temperature levels [11] 

The studies [9] and [52] investigated the pulp and paper, chemical, food and 
beverages and refinery sector as the most promising ones for the use of industrial heat 
pumps. They estimated the industrial heat pumps suited thermal energy potential 
among these industries for < 150 °C to ~750 PJ (208 TWh/yr) and < 200 °C to ~1100 
PJ (306 TWh/yr). The needed investment to realize the discussed industrial heat pump 
market with unit costs ranging from 200 – 500 €/kW result in 4,5 – 11,5 billion €. The 
study names these values as conservative calculations. The investment costs per 
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sector are shown in Table 38 (in this table . (dot) is used as decimal point instead of a 
, (comma)) [9]. 

A key message of study [9] is that the investigated industries needs many relatively 
small units (88 % of total heat pump units) providing around 50 % of the heat capacity. 
To provide solutions for the whole industry, heat pump manufacturer should provide 
small standardize machines in high numbers and very big, customized machines 
depending on the needed use case.  

Table 38 Needed investment to realize the IHP demand in the four mentioned sectors with 
unit costs between 200 – 500 €/kW; in this table . (dot) is used as decimal point instead of a , 

(comma) [9] 

 

Beside the well-suited sectors discussed above study [6] predicts the fraction of heat 
pump coverage for process heat < 200 °C in all sectors to reach 40 % in 2050. The 
fraction of heat pumps out of the < 200 °C total heat technologies in the market 
between 2010 and 2055 is pictured in Figure 178 [6]. 

 

Figure 178 Fraction of heat pump for process heat < 200 °C ; in this figure . (dot) is used as 
decimal point instead of a , (comma) [6] 
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Beside process heat for industry, district heating is also an interesting sector for the 
use of heat pumps. District heating is growing massively all over the world. District 
heating systems of the third and fourth generation are characterized by a lower 
temperature level and the integration of renewable and waste heat sources into the 
system [55]. Heat pumps can either be used in combination with renewable sources 
or to lift low temperature excess heat sources. Possible excess heat sources are data 
centers, metro tunnels, waste heat in industry, hydrogen generating electrolyser, 
sewage water treatment facilities and nuclear power plants. Examples for renewable 
sources are geothermal energy, solar thermal energy, or the burning of waste [56]. 

The target of district heating and cooling is to connect 350 million buildings globally by 
2030, providing 20 % of the space heating needs. The total installed district heating 
EU28+3 capacity in 2021 where around 300 GW. Roughly 43 % of the district heating 
thermal energy is supplied by renewable and waste heat sources pictured in Figure 
179. The district heating sales in 2021 where around 500 TWh/yr [58]. 

 

 

Figure 179 Heat sources for district heating in Europe (2021) [58] 

The European capacity of large-scale heat pumps in district heating systems are 
around 2,43 GW. The key players are Sweden, Finland, and Denmark. According to 
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predictions the amount of heat pumps for district heating in Europe will increase at 
least by 80 % until 2030 which corresponds to additional 2 GW [58]. 

This thesis investigated specific fields for the use of heat pumps in the industry and 
for district heating. The focus was mainly on new high temperature applications and 
the combination with renewable sources to maximize the CO2-ev savings. In the 
following sections the different use cases are described briefly.  

5.3.1 Geothermal energy 
The geothermal heat power of the earth's crust comes from the radioactive decay of 
long-lived nuclides like ²³5U, ²³8U, ²³²Th and 40K. Geothermal system differentiate 
between hydrothermal (hot water) and petrothermal (hot stone) storages, open and 
closed systems, and the depth / temperature level of the geothermal energy source. 
This thesis focuses on hydrothermal open loop systems in depths between 800 – 3000 
m and temperatures between 40 – 150 °C [59], [60]. 

Figure 180 shows the distribution of geothermal energy in Europe. The color indicates 
the temperature level, with yellow being cooler and red being warmer. Europe's largest 
deposits are in Iceland, France, Turkey, Germany, Hungary, Italy, and Serbia [62]. 

 

Figure 180 Overview of the geothermal sources in Europe [63] 
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Geothermal energy at the focused temperature level can be used for process heat or 
district heating. The generation of electricity in this temperature level is usually 
economical not feasible. Hot water from hydrothermal sources can be utilized directly 
or in a serial setup. In the direct setup hot water is used in a heat exchanger to heat 
the cold side (exemplary a district heat return flow). In the serial setup the geothermal 
water is used as source in a heat pump. This thesis identified three ways to combine 
the ecop heat pump with a geothermal source [64], [65], [67].  

The first use case (Geo1) is designed to increase the thermal power of a geothermal 
well and increase the reachable temperatures. Figure 181 shows that the geothermal 
feed is utilized in a heat exchanger to lift a district heat return from 55 to 75 °C  (467 
kW). The heat pump is used to extract another 617 kW from the geothermal feed 
cooling it down to 33 °C by using it as source. The heat pump in this setup can reach 
temperatures up to 115 °C, and provides 700 kW. Therefore, the thermal power of the 
geothermal well is increased from 467 to 1 167 kW. The average levelized costs of 
heat of a GeoDH system are ~ 80 €/MWh. A Geo-1 ecop HP add on would lead to 
levelized costs of heat between 46,4 and 83,6 €/MWh depending on the full load hours 
and the electricity price. The HP add on offers the possibility to increase the thermal 
power and supply temperature of an existing geothermal well [64], [65], [67]. 

 

Figure 181 Doubled use of the geothermal energy based on [67] 

The second use case (Geo-2) is designed to provide high temperatures for industry or 
old district heat systems with a heat pump if no suited excess heat sources are 
available. To generate temperatures of 150 °C with a heat pump source temperatures 
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of 90 – 100 °C are necessary. Often no constant excess heat sources at this 
temperature level are available. In this case geothermal energy can be used as heat 
pump source. This use case can also be combined with Geo-1 if two heat pumps utilize 
the geothermal heat flow in series. The levelized costs of heat of the Geo-2 use case 
are 104 – 166 €/MWh. Compared to Geo-1 these costs are significant higher, because 
of the higher temperature level. Other technologies to provide temperatures of 150 °C 
often come with high CO2-ev emissions. A combination between Geo-1 and Geo-2 can 
lower the costs [64], [65], [67]. 

The third use case (Geo-3) focuses on geothermal sources with lower temperatures. 
These can occur in lower depths with significant lower drilling costs, in old oil wells or 
in failed geothermal drilling if the expected / needed temperature is not found in 
reasonable depths. Therefore, Geo-3 can lower the biggest risk of geothermal 
systems, the risk of failed drilling. In this use case the heat pump uses the geothermal 
source with 30 – 50 °C as source to lift a sink to a valuable temperature level. If no 
costs for drilling are necessary, for example if an old oil well is used the levelized costs 
of heat result in 24 – 86 €/MWh [67]. 

The HP potential as retrofit to existing GeoDH systems in Europe result in 2,35 GW or 
3 357 pieces of the ecop RHP. The resource potential of geothermal power in Europe 
exceeds 1 770 TWh or 540 GW. The technical potential for the integration of use case 
1 - 3 into new geothermal systems result in 378 GW. If only 1 – 2 % of these systems 
are economical feasible the market potential arise in 5400 – 10 800 pieces of ecop 
RHP [71], [72], [73], [74]. 

5.3.2 Hydrogen electrolysis 
In the future, green hydrogen will be an important renewable energy carrier in the 
energy intensive industry. Today, hydrogen is mostly produced from fossil sources 
declared as grown or grey hydrogen. Green hydrogen is produced by electrolysis of 
water with the help of renewable produced electricity. The predominant electrolyser 
technologies are alkine electrolyser and polymer exchange membrane electrolyser. 
During the splitting of water into oxygen and hydrogen, a lot of waste heat is produced. 
This chapter examines how waste heat generated during the production of green 
hydrogen can be recovered using a heat pump [57], [76]. 

The use case (H2-1) looks deeper in the stack cooling of an electrolysis cell showed 
exemplary in Figure 182. Due to efficiencies of the electrolysis cell, more energy is 
consumed than needed for the endothermic splitting of water. For a stationary 
operation of the electrolysis cell, this thermal energy must be extracted through a 
cooling circuit. It should be noted that the temperature gradient inside the electrolysis 
cell should not exceed 10 K to avoid aging and fouling processes. Therefore, the 
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thermal energy of the stack cooling circuit is transferred to a closed-loop heat pump 
source circuit. The heat pump utilizes the thermal energy to heat a sink for process 
heat or district heating [57], [78], [79], [80].  

 

Figure 182 Simplified scheme of an electrolyser stack cooling with a heat pump and further 
hydrogen processing steps (purification and compression) until storage by [22], [81] 

In Lulea (Sweden) a similar project has been determined. They estimated the waste 
heat potential of a 100 MW PEM electrolyser to 23,2 MW. The waste heat of a AEL 
would be 31 MW, because of the poorer cell efficiency. They estimated, that the waste 
heat utilization with a heat pump would be economical feasible and identified the 
capital expenditures, the discount rate, and the electricity prices as the most sensitive 
parameters for the cost structure [57]. 

After the electrolysis the hydrogen is saturated with water vapor. Therefore, the 
hydrogen needs to be dried for further uses. The drying process usually consist of two 
steps. First, the hydrogen is cooled down to 20 – 40 °C, where around 90 % of the 
water condensates. The final drying is done by adsorption of the water vapor to silica 
gel. Use case H2-2 is designed to utilize the extracted thermal energy from cooling the 
hydrogen after the stack from 80 °C to 20 - 40 °C for drying purposes. It has been 
shown that from the hydrogen generated by a 100 MW electrolyser 400 – 500 kW can 
be extracted during the first step of drying. Therefore, this use case is limited to large 
electrolyser [57], [80], [84].  
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Use case H2-3 is focusing on the excess heat generated during the compression of 
hydrogen. Hydrogen is a very light gas, which is why it occupies a very large volume. 
Therefore, it needs to be either compressed or liquified to be transported and stored. 
This thesis aims on the excess heat of intercooled mechanical compressor 
arrangements. On the one hand, large compressors need due to limited efficiencies 
be cooled, and on the other hand, the hydrogen temperature rises while being 
compressed. To achieve an approximately isothermal compression (which requires 
less energy compared to an isentropic compression) the hydrogen must be cooled 
between each compression stage. The resulting extractable thermal energy for a 100 
MW electrolyser as a function of the cathode pressure, the final compression pressure, 
the initial hydrogen temperature (after gas drying) and the average compression 
temperature is shown in Table 39 [80], [84], [85], [86], [87], [89], [90].  

Table 39 Heat generation during compression to different end pressures depending on the 
storage facilities *calculated according to Equation (9), parameter estimated by Figure 90 

[80], [89], [90] 

 Pipeline cavern 
storage 

hydrogen car 
refueling 
station 

 

initial pressure: cathode pressure 30 30 30 bar 

end pressure 80 200 750 bar 
initial temperature 28,3 28,3 28,3 °C 

compression stages 1 2 3 pcs. 

mean temperature after 
compression 126* 125* 142* °C 

gas temperature after interstage 
cooling 30 30 30 °C 

thermal energy extraction potential 1 264,5 2 518 4 601 kW 
 
Usually, the thermal energy of the compressor cooling circuit is dissipated by a fan to 
the surrounding. Depending on the temperature level the thermal energy can be 
utilized by a heat pump or used directly in a heat exchanger. The waste heat utilization 
can exemplarily look like [68]: 

 temperature level of 110 – 140 °C directly used for process heat or steam 
generation 

 temperature level of 90 – 110 °C lifted with RHP to 140 °C and used for 
process heat or steam production 

 another RHP in series utilizing the lower temperature level. Cooling down the 
source to 28 °C and lifting the sink from 80 to 100 °C for district heating. 
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In all hydrogen use cases the thermal energy is generated anyway and must be 
extracted in some way. In contrast to release the energy with a fan to the surrounding 
the thermal energy can be used as source for a heat pump. The electrolyser and the 
following plants must not be adapted to utilize the waste heat with a heat pump. 
Therefore, the levelized costs of heat for the thermal energy provided by the heat pump 
can be set to be the costs for the heat pump itself. These costs are pictured for the 
ecop RHP in Figure 43 and are between 24 and 86 €/MWh. Since the ecop RHP 
requires 600 kW on the source side under full load, gas drying and compression 
applications are limited to larger plants. Stack cooling already provides sufficient 
thermal waste heat in the scale of 2 - 3 MW electrolyser [70]. 

The 2030 expected electrolysis capacity in Europe is between 40 – 113 GW 
dependent on the scenario and study. The biggest capacities are planned to be in 
Germany, Denmark, Spain, Finland, France, and Netherlands. Studies show that the 
electrolyser waste heat potential is predicted to be 35 TWh/yr in 2030 and 250 TWh/yr 
in 2040. Based on the use cases (H2-1 to H2-3) the ecop rotation heat pump potential 
in Europe is 14 864 to 41 991 plants, while the biggest potential is the stack cooling, 
followed by hydrogen compression [70], [83], [91], [91].  

5.3.3 Solar thermal energy 
The section solar thermal energy focuses on a combination between solar thermal 
energy (flat plate collectors, evacuated tube collectors, parabolic through collectors), 
thermal energy sources and heat pumps. The combination between photovoltaic cells 
and a heat pump is also reasonable, but will not be investigated in more detail. The 
thermal energy storage can either be a short-term buffer storage for daily fluctuations 
or a long-term seasonal storage for seasonal fluctuations. Thermal energy storages 
are often used in combination with solar thermal energy because the thermal energy 
supply of renewable sources (solar energy) is often shifted to its demand (highest 
demand is in winter). Solar thermal energy and heat pumps can either be used parallel, 
where both charge a thermal energy storage or serial, if one charges the thermal 
energy storage and the other technology is used for end heating. For example, can 
solar thermal energy be used to charge a seasonal storage and a heat pump can use 
the storage as source to lift the sink for district heating or process heat [3], [22], [95], 
[96], [97], [98], [99], [94]. 

Use case (Solar-1) presents a concept for cities, towns, and villages to increase the 
share of renewable / solar thermal energy in district heating systems. Solar district 
heating (SDH) systems are a combination between solar thermal collectors, thermal 
energy storages, heat pumps, and peak load boilers. Solar thermal collectors are used 
to charge a stratified seasonal thermal energy storage. The thermal energy storage is 
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used directly to supply the district heating network if the temperature level is higher 
than the district heating return. If the temperature in the thermal energy storage 
decreases the heat pump uses the storage as source to provide the needed 
temperature level. The heat pump cools down the thermal energy storage increasing 
the efficiency of the solar collectors. Peak load boilers are used if the peak load cannot 
be covered or if the thermal energy storage is fully discharged. Best practice example 
of solar district heating networks can be found in Denmark. Figure 183 shows a 
simplified process diagram of the solar district heating network in Dronninglung 
(Denmark). The feed and return temperature are 75 and 40 °C, the solar fraction is 52 
% and the levelized costs of heat result in 50 €/MWh without subsidies [3], [100], [101], 
[102], [103], [104]. 

 

Figure 183 Solar district heating network in Dronninglund (Denmark), the pumps indicate the 
flow direction [3] 

There are many factors that can heavily influence resulting levelized costs of heat of 
solar district heating systems. The most import are [3], [106], [107]: 

 Availability of land as well as the price of land 

 District heating temperature level 

 Existing infrastructure for heating (gas boilers, biomass combined heat and 
power plant, …) 

 Difference between maximum and minimal thermal energy demand (winter / 
summer) 

 Necessity of seasonal storage (high capital expenditures) 

 Aiming solar fraction 

 Prices of other technologies (reference scenario is usually fossil fuels), taxes 
on fossil fuels are in Nordic countries for example Denmark significantly 
higher 

 The size of the district heating system, because smaller solar district heating 
systems are already well explored, while bigger solar district heating systems 
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with several thermal energy sources are more complex and only little 
experienced. 

Solar district heating systems usually have high capital expenditures, but low 
operational expenditures. Therefore, typical discounted payback periods are between 
7 – 12 years. Small scale solar district heating systems and smaller solar fractions (< 
30 %) are usually cheaper, because of smaller storages. Small scale solar district 
heating systems have levelized costs of heat between 30 – 40 €/MWh, while bigger 
systems range from 40 – 55 €/MWh [3], [32], [106], [107], [108], [109], [112], [113]. 

The use case (Solar-2) aims on providing thermal energy for industries by a 
combination of renewable sources and heat recovery. These systems are called solar 
heat for industrial processes. Solar heat for industrial processes is like solar district 
heating with the difference that storages are usually dimensioned smaller and the 
temperature level is higher. This thesis shows an example of solar heat for processes 
in a textile industry. The process is based on solar thermal energy charging a stratified 
storage and a heat pump providing the necessary temperature level. Furthermore, 
photovoltaic cells are used to cover the electricity demand of the heat pump. The 
analyzed feasibility study showed that the renewable concept achieves lower prices 
(51 €/MWh including subsidies) than the fossil reference scenario. The discounted 
payback period result in 7,2 years [70], [105].  

The role model for solar district heating is Denmark, where it has been shown that the 
concept work and is economical feasible. The expansion of solar district heating 
systems is very much depended on promotion schemes and boundary conditions. 
Austria and Germany try to establish attractive promotion schemes and boundary 
conditions to follow the Danish example. Especially countries with high costs for 
heating, while having a high solar yield are attractive markets. Such countries are 
Spain, Estonia, Czech Republic, and Italy. Studies predict a solar district heat potential 
of > 100 TWh/yr in Europe. Considering some conservative assumptions the market 
potential of heat pumps in solar district heating systems result in 7,35 GW or 10 500 
ecop RHP [32], [108], [114]. 

Solar heat for industrial processes is not yet well established. The major hurdles are 
the availability of land, the complexity and long payback periods. The international 
energy agency found a global potential for solar process heat of 1 500 – 2 200 TWh/yr 
or 3 – 4 % of the industrial thermal energy demand. The conservative assumption of 
2,5 % solar process heat in Europe lead to a heat pump market potential of 8,75 GW 
or 12 500 ecop RHP [32], [70]. 
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5.3.4 Flue gas utilization 
Flue gas is one of the major excess heat sources in industry. Flue gases of fossil 
combustion processes are often not cooled below 140 °C. If the flue gas is cooled 
down below the acid dew point different flue gas components like Ammoniac, 
Chlorides, Sulfur compounds, etc. dissolve in the water making the condensate very 
corrosive [70], [115], [116], [119], [120]. 

Use case (Flue-1 and Flue-2) is aiming on the fossil small to medium scale steam 
generation. Fossil steam generator (natural gas, oil, …) are using an economizer to 
reduce the needed thermal energy in the boiler itself. In the economizer thermal 
energy from the flue gas is transferred to the freshwater feed. In this section a high 
temperature heat pump is added to an existing fossil steam generator setup to preheat 
the freshwater feed before entering the economizer. A simplified visualization of the 
high temperature heat pump add on to the gas boiler circuit is shown in Figure 184 
(Flue-1). The integration of a high temperature heat pump is used to preheat the 
freshwater feed from 100 °C to 140 °C before entering the economizer. In this setup 
the feed reaches higher temperatures in the economizer (~ 160 °C). The increased 
boiler inlet temperature of the feed directly leads to a lower thermal energy demand in 
the gas boiler and therefore to fuel savings [70], [115], [116], [119], [120]. 

 

Figure 184 Simplified visualization of a high temperature heat pump integration for the 
freshwater feed preheating in the gas boiler circuit [70] 

The use cases Flue-1 and Flue-2 differentiate in the temperature of the freshwater 
feed. Use case Flue-1 is considering that the steam condensate (~100 °C) can be 
reused as freshwater feed. Use case (Flue-2) assumes that the steam is consumed 
and the freshwater feed has a temperature of 20 °C [70], [115], [116], [119], [120]. 
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The dynamic payback period is very much depended on gas, electricity, and CO2 
prices. Another very sensitive parameter is the reachable economizer outlet 
temperature (= boiler inlet temperature). The dynamic payback period for the use case 
Flue-2 is pictured in Figure 185. In the case of 160 °C economizer outlet temperature 
the natural gas savings related to the fossil scenario result in 14,6 %. 344 k€ are saved 
every year with 75 k€ resulting directly from the gas savings and 269 k€ from the saved 
CO2 certificates [70] 

 

Figure 185 ecop RHP dynamic payback period according to the gas boiler inlet temperature 
(= economizer outlet temperature) [70] 

The generation of steam is dominated by fossil fuels. According to [118] the steam 
boiler market will grow until 2032 annually by 5,5 %. In 2030 1 138 TWh of primary 
energy or 200 GW will be needed for steam production in Europe. Assuming that 20 
% will use Flue-1 or Flue-2 as retrofit or in a newly built steam boiler the addressable 
power are 40 GW. Considering a gas to high temperature heat pump power ratio of 8 
% on average the heat pump market potential is 3,2 GW or 4 571 pieces ecop RHP 
[70], [70], [115], [115], [116], [119, 120]. 

The use case (Flue-3) focuses on the condensation of the gaseous water in the flue 
gas produced during the combustion process or contained in the fuel. Usually, the flue 
gas is only condensed if the proportion of corrosive dissolved components (ammoniac, 
chlorides, sulfur compounds) in the condensate is low. This is the case for exemplary 
woody biomass or natural gas. The flue gas condenses when the temperature falls 
below the dew point, which is usually in the range of 45 - 70 °C for these fuels. The 
flue gas condensation takes place in a condensing heat exchanger, with a low 
temperature flow on the cooling side. This can be, for example, a space heating circuit 
or the source of a heat pump. If a permanently available low temperature source is 
available, it makes sense to use it for the condensing heat exchanger. If this is not the 
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case or if there is no demand for the low temperature thermal energy, a heat pump 
can be used. In this case, the heat pump cools down the source below the dew point 
temperature and extracts the condensation energy from the flue gas and is thus 
reheated. The heat pump can use the source power to heat any sink accordingly. The 
dynamic payback time depends on the achievable temperature level and prices for the 
thermal energy and can vary between half a year and three years. The potential in the 
European industry is huge. It is assumed that around 5 910 MW are wasted from 
suitable flue gas stream. 8 443 ecop RHP could be used to utilize this excess heat [3], 
[70], [115], [121], [122], [123], [124].  

5.3.5 Steam generation 
Today, process steam comes largely from fossil fuel steam generators. However, 
there are already renewable approaches with heat pumps. If the electrical energy used 
in the heat pump comes from renewable sources, CO2 savings of 100% can be 
achieved. There are three main types of steam generating heat pump concepts. The 
generation of pressurized water at high temperatures in a heat pump for the use in a 
steam generator or in a flash tank. Or the compression of steam at low pressures to 
higher pressures with specialized compressors [8], [120], [125], [126], [127]. 

The use case (Steam-1) deals with flash tanks for steam generation. Here, pressurized 
saturated hot water is generated in the heat pump and expanded in a steam drum. 
Due to the reduction of the pressure, flash evaporation occurs. The resulting steam is 
extracted via the header. The remaining hot water is mixed with fresh water, 
compressed, and reheated in the heat pump. Figure 186 shows a heat pump driven 
flash evaporation with a mechanical vapor compression (orange) and a traditional 
thermal boiler (blue) in a temperature-entropy diagram [128].  

 

Figure 186 T-s diagram of the flash cycle compared to a typical evaporation in a thermal 
boiler [70], [128] 
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Use case Steam-2 deals with the generation of steam using a heat pump and a steam 
generator. A steam generator is in a simplified way a heat exchanger with a lower 
pressure and temperature in the inner part being heated by a warmer outer part. The 
outer part is heated by hot pressurized water from the high temperature heat pump. In 
the inner part evaporation takes places and the steam is taken off at the head of the 
heat exchanger. The evaporated part is replaced by fresh water. The separation 
between the liquid and gaseous phase is done by gravity. An exemplary setup is 
shown in Figure 187 [120], [128].  

 

Figure 187 Combination of ecop rotation heat pump and a steam generator, exemplary 
temperature levels are shown in the figure [70], [120] 

Use case Steam 3 deals with the mechanical compression of low-pressure steam 
using specialized compressors. Depending on the application, capacity, temperature 
and pressure, different compressors are used for this purpose. A distinction is made 
between mechanical vapor compression and mechanical vapor recompression units 
pictured in Figure 188. Mechanical vapor compression units are used to compress 
steam from a steam generator or flash tank to higher pressures and temperatures in 
several stages (right). Mechanical vapor recompression units (left) are used to recycle 
low-pressure steam from open-loop processes. Low-pressure steam (exemplary from 
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a drying process) is drawn of from the system and mechanically compressed to higher 
pressures and temperatures and fed back into the process [120], [129], [130].  

 

Figure 188 (left) mechanical vapor recompression, (right) mechanical vapor compression of 
generated low-pressure steam [129] 

The flash tank system can reach higher coefficient of performance because of the 
lower temperature level, but is the more complex system, because it must be achieved 
a good separation between the steam and liquid phase. In the flash tank the steam 
mass flow is limited by the maximum outlet velocity of the diffuser in the steam drum. 
The flash tank is the preferred option if the heat pump can just provide temperatures 
< 100 °C or a mechanical vapor compression system is available at low costs. Steam 
generators are simpler and have a little lower capital expenditures. The difficulty is to 
ensure a good heat transfer between the heat pump circuit and the steam generator. 
Depending on this heat transfer and the achievable temperature level of the heat pump 
the maximum steam temperature is limited. With heat pump sink temperatures of 150 
°C the maximum saturated steam temperature is ~ 133 °C. For higher temperatures 
either the heat pump sink temperatures must rise, or mechanical vapor compression 
systems are necessary.  

In an economic efficiency calculation, the heat pump-based systems with a flash tank 
and a steam generator were compared with a gas boiler as reference system. The 
boundary conditions and economic parameters were used according to the previous 
analyses. The full load hours were varied between 4000 and 8000 hours per year. It 
has been shown that the dynamic payback time of both heat pump systems are very 
similar. The flash tank variant achieves better coefficient of performance and therefore 
shorter payback times due to the lower temperature level. The dynamic payback time 
is about 6 years for 4000 and 3 years for 8000 full load hours a year. With both systems 
considerable costs can be saved during a life cycle of 20 years [70], [120], [132]. 
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The study [9] investigated the potential of thermal energy that can be provided by heat 
pumps in Europe in the four sectors paper, chemical, food and refinery. The potential 
resulted in 641 PJ or 20 GW of thermal power. 47% of these processes are based on 
steam. The potential of steam-generating heat pumps in these four sectors is therefore 
9,4 GW or 13 429 ecop RHP units. Further studies show that the steam boiler market 
will grow to 1 138 TWh by 2030. The stock of oil and gas boilers in the EU28 countries 
is about 3,1 million units. Based on these comparisons, it can be estimated that the 
caclulated 13 429 ecop RHP units are a conservative estimation for the market 
potential [4], [8], [9], [118], [120], [133]. 

 Summary heat pump COP and EU market potential 
In this section the necessity and justification, the coefficient of performance and the 
market potential of the analyzed market segments is summarized. 

 Geothermal energy (4.1): Geothermal energy is a renewable energy sources 
that opens the possibility to supply thermal energy with a heat pump if no 
waste heat sources are available. The heat pump can increase the thermal 
power output of a geothermal energy well or increase its temperature level. 

 Hydrogen Electrolysis (4.2): Green hydrogen will become an important energy 
carrier in the European Union towards its path to “net zero emissions”. The 
major technology to provide green hydrogen is electrolysis generating a lot of 
waste heat. This waste heat can be utilized by a heat pump and lifted to 
valuable temperature levels. 

 Solar thermal heat (4.3): Solar thermal energy can provide thermal energy for 
industries and district heating, but is subject of large seasonal fluctuations. 
Systems that can store solar oversupply and make it available at later times 
typically require a heat pump. 

 Flue gas utilization (4.4): Flue gas is still one of the major excess heat 
sources leaving the plant usually at temperatures greater than 100 °C. 

 Steam production (4.5): Much of the European process heat is needed as 
process steam. All conventional steam supplies are based on fossil fuels and 
need to be replaced by a renewable technology in the future. 

Table 40 shows as summary of the calculated coefficient of performance (COP) of the 
ecop rotation heat pump for all presented use cases. The calculated COP are in the 
range of 2,91 – 5,97. The temperature levels are only examples for the presented 
market segments. 
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Table 40 Summary of the ecop rotation heat pump COP calculations of the different use 
cases 

Name Use Case Customer 
Sink 
In in 

°C 

Sink 
Out in 

°C 

Source 
In in °C 

Source 
Out in °C COP 

Increase geothermal 
heating capacity Geo-1 Industry / 

District heating 55 95 60 33 4,41 

Rise geothermal 
temperature level Geo-2 Industry / 

District heating 90 140 90 53 3,58 

Utilize low temperature 
geothermal energy Geo-3 Industry / 

District heating 55 80 40 14,6 3,56 

Hydrogen stack cooling H2-1 Industry / 
District heating 80 120 74 48 3,84 

Hydrogen stack cooling H2-1 Industry / 
District heating 60 100 74 57,7 5,97 

Hydrogen drying H2-2 Industry / 
District heating 80 100 80 28 3,56 

Hydrogen compression H2-3 Industry / 
District heating 100 140 100 81,7 4,63 

Hydrogen compression H2-3 Industry / 
District heating 80 100 80 28 3,56 

Solar district heating Solar-1 District heating 40 75 40 5,3 3,72 
Solar district heating Solar-1 District heating 80 115 75 25 3,16 
Solar district heating Solar-1 District heating 70 115 75 61,4 4,7 
Solar district heating Solar-1 District heating 70 115 61,4 48,1 3,72 
Solar district heating Solar-1 District heating 52 80 50 10 3,67 
Solar district heating Solar-1 District heating 40 80 45 7,6 3,77 

Solar heat for industrial 
processes Solar-2 Industry 100 140 90 76,8 3,99 

Steam generator feed 
preheating Flue-1 Industry 

(Steam) 105 145 90 77 3,74 

Steam generator feed 
preheating Flue-2 Industry 

(Steam) 105 145 90 77 3,74 

Condensing heat 
exchanger Flue-3 Industry / 

District heating 60 70 45 27,7 4,06 

Condensing heat 
exchanger Flue-3 Industry / 

District heating 58 100 45 28,2 3,44 

Flash drum (low 
temperature) Steam-1 Industry 

(Steam) 80 105 80 66,1 5,34 

Flash drum (high 
temperature) Steam-1 Industry 

(Steam) 132 140 100 88 3,04 

Steam generator Steam-2 Industry 
(Steam) 138 148 100 88,2 2,91 
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Table 41 gives a summary of the EU28 market potential in thermal power and pieces 
of ecop rotation heat pumps having each a thermal power of 700 kW. The calculation 
is simplified in the matter that the source input equals the thermal power output of 700 
kW. The targeted thermal power is in the range of 51,1 – 73,9 GW that equals 73 064 
– 105 591 ecop RHP. The greatest potential is the H2-stack cooling, followed by the 
heat pump-based steam generation. Other great potential lies in the combination with 
solar or geothermal systems. Some of these potentials may overlap to some extent, 
but this does not refute the basic statement of the table that there is an enormous 
potential for high temperature heat pumps. 

Table 41 Summary of the market potential (EU28) of the investigated market segments; 
decimal places are not pictured in this table; District heating = DH 

Name Reference Case Customer Thermal power 
potential in MW 

pieces of ecop RHP 
each 0,7 MW 

Potential 
horizon 

Retrofit of 
GeoDH stock Geo-1,2,3 

Industry / 
District 
heating 

2 350 3 357 2020 

GeoDH 
potential Geo-1,2,3 

Industry / 
District 
heating 

3 780 - 7 560 5 400 - 10 800 general 

GeoDH failed 
drilling Geo-3 

Industry / 
District 
heating 

no estimations no estimations general 

H2 stack 
cooling H2-1 

Industry / 
District 
heating 

9 280 - 26 216 13 257- 37 451 2030 

H2 gas drying H2-2 
Industry / 

District 
heating 

160 - 452 228 - 646 2030 

H2 
compression 

cooling 
H2-3 

Industry / 
District 
heating 

965 - 2726 1 379 - 3 894 2030 

Solar district 
heating (SDH) Solar-1 

Industry / 
District 
heating 

7 350 10 500 general 

Solar heat for 
industrial 
processes 

(SHIP) 

Solar-2 Industry 8 750 12 500 general 

Steam 
generator 

feed 
preheating 

Flue-1 + 2 Industry 
(Steam) 3 200 4 571 2030 

Condensing 
heat 

exchanger 
Flue-3 Industry 

(Steam) 5 910 8 443 2020 
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Heat pump 
based steam 
generation 

Steam-1, 2, 3 Industry 
(Steam) 9 400 13 429 2030 

  sum 51 145 - 73 914 73 064 - 105 591  

 

The named market potential is larger than the one identified in other studies for 
following reasons: 

 Most of the other studies name the potential in certain industries in contrast to 
the whole market. 

 Other studies focus on the utilization of available excess heat sources in 
given industries, which is why they focus on suited industries like chemical, 
paper, food and refinery. In contrast to that this thesis includes source 
streams of renewable sources such as geothermal or solar thermal heat. 

 Previous studies for this topic focused on the existing European industry in 
2016 – 2020 and do not include future developments. This thesis focuses in 
terms of economic factors as well as the potential on a horizon till 2030. 
Exemplary the greatest analyzed potential of H2-stack cooling is nowadays 
almost not existing.  

 Furthermore, this thesis includes not only the thermal energy demand of 
industry, but also district heating and its future development. 

Study [9] stated in 2020 the potential of high temperature heat pumps < 150 °C and < 
200 °C in the four industries food, chemical, paper and refinery to 20 and 23 GW. They 
only considered processes were simultaneous available suitable waste heat sources 
where available. Study [11] predicted the potential of industrial heat pump coverable 
thermal energy in Europe to 178 TWh/yr. The results of other related studies are 
summarized in Table 42. 
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 Outlook 
The thesis has shown that there are many renewable concepts that can replace 
conventional / fossil systems. Some of these systems are based on storage solutions 
with heat pumps due to fluctuating environmental influences or fluctuating operating 
conditions. Needs of the heat pump are large temperature lifts at a reasonable 
coefficient of performance and a flexible operation. It has been shown that the heat 
pump of the Austrian manufacturer ecop Technology GmbH, meets these 
requirements and thus has a very wide applicability and thus potential. The examined 
concepts are under the given basic conditions and with the ecop rotation heat pump 
as reference plant all economical. Economic hurdles are the high capital expenditures 
and the resulting long payback periods. This can be remedied by government 
subsidies, as they already exist in some cases, or by a contracting model, where the 
responsibility for the provision of thermal energy lies with the heat pump 
supplier/operator. Technical hurdles are fluctuating operating conditions and complex 
overall systems. Remedies for this can be provided by possible follow-up work. These 
can analyze the most interesting use cases under a technical focus and take a closer 
look at possible demonstration projects or best practice examples in the industry. 

Table 42 Summary of different studies aiming on identifying the industrial heat pump 
potential in EU28 [40] 
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