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Preface

The 3rd High-Temperature Heat Pump Symposium was held in Copenhagen 29-30
March 2022. For the first time, it was a two day event, full of exciting presentations and
posters as well as plenty of time for networking and good discussions.

High-temperature heat pumps have become more relevant than ever. The ambitions to-
wards sustainability are increasing, while decarbonization by electrification and energy
efficiency are governing topics.

We can observe that the huge potentials for high-temperature heat pumps are recog-
nized by process industries as an integral part of their strategy to reduce CO2 emissions
and that more and more technology providers are developing heat pump technologies
capable of temperatures well above 100 °C. In turn, we can also observe challenges
for both sides to work with an emerging technology. The application potential in indus-
tries is strongly dependent on their willingness to adapt to heat pump-based process
heating, while such strategic decisions require a clear picture of the potential of the
technology. In turn, technology providers need a clear market perspective to justify the
development of high-temperature heat pump technologies.

This context, especially when considering the urgency in the transition towards green
process heating, makes it obvious that efficient communication between technology
providers, process industries, consultants, energy-planners, policy makers, R&D insti-
tutions, and many more is key to enabling a successful exploitation of the great potential
of high-temperature heat pumps.

With this Symposium, we hope to have contributed to the facilitation of this urgently
needed knowledge exchange; accelerating the journey towards more heat pumps in
real installations to make an impact towards increasing sustainability. We are, there-
fore, happy that it was possible to gather more than 200 participants for this year’s
symposium. We also acknowledge the sponsors of the event for their significant con-
tributions.

Benjamin Zühlsdorf, Danish Technological Institute
Michael Bantle, SINTEF
Brian Elmegaard, DTU Technical University of Denmark
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Opening Speech 

Benjamin Zühlsdorf 

 

Danish Technological Institute, Energy and Climate, Aarhus, Denmark, bez@dti.dk   
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Organized by:

3rd HTHP Symposium
The road towards 2022

2017

65 participants

2019

100 participants

2022

200+ participants
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Net Zero by 2050 – A Roadmap for the 
Global Energy Sector
Light Industries:
• Electricity accounts for around 40% of heat 

demand by 2030 and about 65% by 2050. 
• For low‐ (<100 °C) and some medium‐ 

(100‐400 °C) temperature heat, electrification 
includes an important role for heat pumps 
(about 30% of total heat demand in 2050). 

• In the NZE, around 500 MW of heat pumps 
need to be installed every month over the next 
30 years.

Source: “Net Zero by 2050 – A Roadmap for the Global Energy Sector, International 
Energy Agency, 05/2021, https://www.iea.org/reports/net-zero-by-2050

The road towards market deployment

Technology 
Development

Market 
deployment

Process 
integration

Technology 
Awareness
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Application Technology Development 
perspectives 

based on 
application 

potential

Application 
potential based 
on technology 

availability

Time Track 1 Track 2

09:00 – 10:20
Technology 

Developments
2-1A

System & Sector 
Integration

2-1B

10:20 – 10:50 Coffee Break

10:50 – 12:10
Heat Pump-based 

Steam Systems
2-2A

Technology Development
2-2B

12:10 – 13:10 Lunch

13:10 – 14:00

Plenary Discussion: Fulfilling the Potential - How many 
Industrial Heat Pumps are realistic and how do we get 

there?

14:00 Site Visits

Time Track 1 Track 2

09:00 – 10:30 Welcome Session
1-1

10:30 – 11:00 Coffee Break

11:00 – 12:30 Technology Developments and Perspectives
1-2

12:30 – 13:30 Lunch

13:30 – 14:30
Regulatory Frameworks 

and Business Models
1-3A

HTHP Technologies
1-3B

14:30 – 15:00 Coffee Break

15:00 – 16:20 HTHP Technologies
1-4A

Process Integration
1-4B

16:20 – 17:30 Poster Session and Networking
1-5

19:00 Dinner at FoodClub København

Tuesday, 29.03.2022 Wednesday, 30.03.2022

• Upload & check your presentations
• Post your posters during lunch break

• All presentations and posters to be 
published as book of presentations

4 High-Temperature Heat Pump Symposium 2022



Practicalities

Covid-19 Rooms Tickets Support

#HTHPSymposium

Pictures
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  1 

 

Need of Electrification and Decarbonization – now more than 
ever! 

Nils Røkke 

 

SINTEF, Norway   
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1

Need of Electrification and Decarbonization 
– now more than ever!

Dr. Nils A. Røkke, EVP sustainability SINTEF, President EERA

3rd HTHP Symposium, Copenhagen 29/3-2022

The Energy Trilemma 

Sustainability

Climate and 
Environment

CompetetivenessSecurity of Supply
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War in Europe
Change in priorities

Sustainability

Climate and 
Environment

Compete-
tiveness

Security of 
supply

Sustainability

Security of 
supply Compete-

tiveness

Ukraine crisis

Climate and 
Environment

Photo: Aftenposten
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Europe puts priority 
on security of supply

REPowerEU (March 8th 2022)
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Teknologi for et bedre samfunn

What can the heat pump do? 

 Utilization of excess heat 
 Supply renewable process heat
 Decarbonization technology on high Technological Readiness Level  

• Converting fossil fuel use for heat 
equivalent to 4-500 TWh/yr

• This could save 41-51 BCM gas/year, 
equivalent to 1/7 of fossil gas use in 
EU and about 1/3 of gas import from 
Russia

• And this by "just" using ~100-120 
TWh of electricity/yr, saving millions 
of tons of CO2 ,win-win situation

• Fully interchangeability, thermal 
energy and electricity

8

So where does HTHP fit into this picture?

Illustration from White Paper: Strenghtenining Industrial Heat Pump Innovation – Decarbonizing Industril Heat 
https://www.sintef.no/globalassets/sintef-energi/industrial-heat-pump-whitepaper/2020-07-10-whitepaper-ihp--a4.pdf/
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Foto: Tine

Teknologi for et bedre samfunn

High temperature heat pump integration is 
possible today: TINE Bergen

• First Dairy in which heat demand is covered by heat pumps (100%) 
• Initial analyses showed a 40% energy saving potential 
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It's all here!
• Utilize excess heat = money saved  
• Electrify by heat pumps = clean 

energy 
• Improving energy efficiency
• Upgrade existing power 

infrastructure to optimize output
• Produce more renewable power

So it is not black 
magic..

11

Technology for a better society

Catalyzing European energy research to achieve a
climate neutral society by 2050

High-Temperature Heat Pump Symposium 2022 13
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Towards energy transformation in chemical industry by large-
scale energy recovery using heat pumps 

Julian Meyer-Kirschner1, Martin Dorn2 

 
1 BASF SE, Process Research and Chemical Engineering, Ludwigshafen am Rhein, 

Germany, Julian.Meyer-Kirschner@basf.com   
2 BASF SE, Petrochemicals, Ludwigshafen am Rhein, Germany, 

Martin.Dorn@basf.com  

Keywords: 
Chemical industry, energy transformation, steam production, Verbund 

 

Abstract  

BASF has set itself the goal to reduce its greenhouse gas emissions by 25 percent by 2030 compared 
to 2018 and further strives to achieve net zero CO2 emissions by 2050 [1]. One of the largest sources 
of CO2 emissions at the Verbund production site Ludwigshafen is generation of process steam in 
integrated heat-and-power plants. Two major levers to reduce the consumption of natural-gas-based 
process steam are heat efficiency and heat recovery measures. Conventional heat efficiency 
improvement by methods like Linnhoff pinch analysis and technologies such as direct heat integration 
and mechanical vapor recompression have already been implemented to a wide extent. This makes the 
CO2 reduction target highly ambitious.  

Changing regulatory environment with tough emission goals and increasing carbon pricing, as well as 
the prospect of green electricity at adequate scale open the stage for application of a broader spectrum 
of technologies that were previously out of the question.  

In the last two years a research project “New Approaches for Heat Efficiency And Transformation 
Technology” (HEATT) at BASF identified high-temperature heat pumps as a promising pillar for 
recovery of medium temperature process heat that is currently withdrawn via cooling water and air-
coolers. The project carried out an extensive internal study that included more than 70 production 
clusters and initiated a first pilot application at 50 MW scale in Ludwigshafen [2]. 

In this talk we present the challenges in identifying white spots in waste heat utilization within a highly 
integrated Verbund site. We give a summary of the prevailing conditions of identified waste heat 
sources. Furthermore, we discuss different approaches and their peculiarities to include heat pumps into 
chemical plants and the Verbund site in general. We conclude with the identified requirements regarding 
application in chemical industry for further development of high-temperature heat pumps. 

As we start with a new area of technology with limited reference available, open risk communication 
and willingness to start with first courageous concepts will be the key for sustainable solutions in 
future. 

[1] https://www.basf.com/global/en/who-we-are/sustainability/we-produce-safely-and-
efficiently/energy-and-climate-protection/climate-protection-goal.html  

[2] https://www.basf.com/global/de/media/news-releases/2021/02/p-21-123.html  
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Internal

Towards energy transformation

in chemical industry

Large-scale energy recovery using heat pumps
29.03.2022    

Julian Meyer-Kirschner, Martin Dorn

BASF SE, Ludwigshafen am Rhein

Internal

Headquarters

Employees BASF SE 34,484*

Site area 10 km² 

Sales products** ~ 8.1 million metric tons p.a.

Road ~ 106 km 

Rail ~ 230 km

Logistics

~ 1,900 trucks daily

~ 400 railcars daily

~ 30 fully electric AGV transports daily

~ 15 ships daily

Pipeline system ~ 2,850 km

Production facilities ~125 production facilities with around 

200 production plants

Verbund production site Ludwigshafen

2

The world’s largest integrated chemical complex owned by a single company.

* as of December 31, 2020
** from in-house production 

Challenge to identify most 

beneficial heat recovery options.

29.03.2022 | HTHP Symposium 2022 Copenhagen | Julian Meyer-Kirschner, BASF SE
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Internal

Status today
Steam generation by combustion of natural gas in highly efficient combined cycle power plants 

(covering > 70% of BASF’s electricity demand).

29.03.2022 | HTHP Symposium 2022 Copenhagen | Julian Meyer-Kirschner, BASF SE3

CO2

FOSSIL 

ENERGY

WASTE HEAT

CO2

COMBINED CYCLE 

POWER PLANT

3 Mio. 

t.CO2

VERBUND

Steam

Power

+ Chemicals

~20 TWh 
natural gas

Annual values

Diffuse losses

~6 TWh

Cooling

water

~14 TWh

Air cooler

~8 TWh

Internal

Pinch analysis 

 Combines all heat sources and sinks into a single diagram.

 Overlapping sections allow direct heat integration.

Verbund opportunity

 Waste heat from one plant can be used as energy in other 
plants.

Limitations

 ΔTmin for heat transfer.

 Cooling demand in non-overlapping section cannot be 
recovered by direct heat-transfer.

Heat recovery as of today
Pinch analysis and heat exchanger networks

| HTHP Symposium 2022 Copenhagen | Julian Meyer-Kirschner, BASF SE29.03.20224

This part is still lost.

At every plant. 

Pinch analysis is already extensively used 

and led to numerous heat integrations.

Brunner et al. (2015), Einführung in die 

Prozessintegration mit der Pinch-Methode, 

https://w ww.energieschweiz.ch/ 

Steam

Cooling 

water

High-Temperature Heat Pump Symposium 2022 17



Internal

Thermal separation techniques

 Have considerable impact on BASF’s energy demand.

Mechanical vapor recompression

 Direct coupling of heat source and sink.

 Good heat transfer characteristics due to                  
condensation / evaporation.

Limited application due to complex design

 Decision made in early stage of process development. 

 Low data on
⚫ Effect of molecular properties on choice of compressor.

– thermal degradation 
– auto-polymerization
– corrosivity

⚫ Resulting efficiencies, investment cost and size requirements.

 Often non-pure / multicomponent vapor.

Heat recovery as of today
Heat integration via Mechanical Vapor Recompression

| HTHP Symposium 2022 Copenhagen | Julian Meyer-Kirschner, BASF SE29.03.20225

Steam

Feed

A+B

A

B

Cooling 

water

D
is

ti
lla

ti
o
n
 c

o
lu

m
n

Internal

Our path to reduce BASF emissions
2018-2050

BASF greenhouse gas emissions (Scope 1+2)

1990 2018 2030 2050

NET ZERO
-25%

> 45%

2030
Business
as is 2018

million mt CO2/a

~ 75% ~ 60%

22

Growth 

16

100%

29.03.2022 | HTHP Symposium 2022 Copenhagen | Julian Meyer-Kirschner, BASF SE6
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Internal

Heat recovery

VERBUND

RENEWABLE

ENERGY

WASTE HEAT
(Cooling water, air 

coolers, diffusive losses)

CO2

HEAT PUMP

Future
Electrification of steam generation with advanced heat recovery by energy efficient heat pumps.

29.03.2022 | HTHP Symposium 2022 Copenhagen | Julian Meyer-Kirschner, BASF SE7

Internal

Need for H E A T T

8 29.03.2022 | HTHP Symposium 2022 Copenhagen | Julian Meyer-Kirschner, BASF SE

Need

 Uncover waste heat utilization white spots. 

 Identify and develop technology solutions to 
realize potential.

Challenge

 Transparency over low-temperature waste heat 
sources, which are (for the time being) not 
monitored centrally.

 Missing data & sensors on waste heat flows.

Approach

 Project HEATT - Heat Efficiency And 
Transformation Technology

High-Temperature Heat Pump Symposium 2022 19



Internal

H E A T T
Development of 

technology solutions 
and 

orchestration of initiatives 
and projects 

H E A T T – joint forces within BASF and beyond
Partnering together: combined knowhow – one common objective

| HTHP Symposium 2022 Copenhagen | Julian Meyer-Kirschner, BASF SE29.03.20229

Waste heat monitoring

And identification of suitable 

waste heat sources

Heat Sharing

Survey of heat sinks and 

sources

Carbon 
management 
measures

Corporate Technology

Commitment from 
Operations

Support on plant level

Pilot Projects

Test of technologies 

in pilot scale

Technology market

What can be bought? 

Technology readiness 

level

Technology development

Collaborate with industry and 

academia

Fellow campaigners

In chemical industry to 

support us in external 

collaborations and 

development projects

International network 
of experts

To challenge ideas, needs 

and solution approaches

Internal and external collaborations

Internal

Identified heat recovery potential
Verbund site Ludwigshafen as of 2021

| HTHP Symposium 2022 Copenhagen | Julian Meyer-Kirschner, BASF SE29.03.202210

→ Multiple high duty candidates identified. → Comparable heat potential from 

liquid and vapor streams.

Resulting heat recovery potential

 Data from ~ 70 plants. Over 300 individual waste heat streams.

Theoretic potential is more than twice as high as required to fulfill our entire low-pressure steam demand. 
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Internal

Based on these results and aligned with our 
sustainability strategy, the electrically driven heat 
pump is identified as key technology.

Challenge: Temperature lifts from 30 – 90 °C up 
to 120 – 160 °C necessary for steam production.

29.03.2022 | HTHP Symposium 2022 Copenhagen | Julian Meyer-Kirschner, BASF SE11

Air-cooler

Cooling water

Identified heat recovery potential
Verbund site Ludwigshafen as of 2021

Significant potential > 60 °CMajority of waste heat 

release

Internal

Electrification of steam production via heat pumps

| HTHP Symposium 2022 Copenhagen | Julian Meyer-Kirschner, BASF SE29.03.202212

Situation as-is

Future concept

Target

 Recover low temperature waste heat to produce process steam 

and reduce cooling demand.

Integration

 Usage of heat within plant or supply Verbund steam grid.

⚫ Production plants are becoming steam suppliers. 

 Construction area is major hurdle in tightly packed Verbund.

Fallback concept

 How to supply plant with steam if heat pump fails? 

 How to fulfill cooling demand if heat pump trips? 

High-Temperature Heat Pump Symposium 2022 21



Internal

Multiple heat recoveries in sequence

 Higher waste heat temperature 
compared to parallel setup.

 Lower operational flexibility.

Multiple independent heat pumps at 
different temperature levels

 COP vs. amount of heat 
recovered can be optimized 
individually.

 But: Heat must be recovered at 
the process, potential feedback on 
production.

13 29.03.2022 | HTHP Symposium 2022 Copenhagen | Julian Meyer-Kirschner, BASF SE

Central vs. decentral heat recovery

Multiple heat recoveries in parallel

 Streams from multiple sources are 
consolidated resulting in a centralized 
heat pump.

 Intermediate heat carrier (i.e., water) 

1. Avoids direct interaction with the process.
2. Allows distant installation of heat pump.

3. Facilitates interface with heat pump 
vendor.

 Lower recovery temperature due to 
additional heat transfer and mixing.

Internal

Pilot application for steam production

A high temperature heat pump pilot project at the Acetylene plant in Ludwigshafen

29.03.2022 | HTHP Symposium 2022 Copenhagen | Julian Meyer-Kirschner, BASF SE14

Further information:
https://www.basf.com/global/en/media/news-releases/2021/02/p-21-123.html

Key figures

▪ Joint effort with Siemens Energy.

▪ Generation of 60 t/h process steam 

from waste heat.

▪ Scheduled for commissioning in 2024.

▪ CO2 reduction potential of

up to 160 000 t/a.*

* Upon reduction of duty of combined cycle power plants.    

Calculated for Verbund site Ludwigshafen.

22 High-Temperature Heat Pump Symposium 2022



Internal

Why is now the right time for heat pumps in 

chemical industry?
What has changed?

15

Overall: 

▪ BASF will reduce CO2 emissions. 

▪ Green electricity is the chosen lever

Open/closed loop heat pumps, E-drives, electro-

chemistry, direct electrical heating, steam/vapor 

compression …

Our demand in heat pumps will increase!

▪ Today, advanced energy saving measures 

are significantly more economic than in the 

past.

Increasing cost of natural gas, CO2-penalty and 

public funding facilitates the implementation. 

▪ Today, heat pumps are on the brink of 

being competitive. 

Adjustments in regulatory conditions (renewable 

sources act, EEG) in combination with further 

technological advancements will lead to more 

implementations.

29.03.2022 | HTHP Symposium 2022 Copenhagen | Julian Meyer-Kirschner, BASF SE

Internal

◼ Offerings and references of HTHP in 2-digit MW scale.

◼ Modularized heat pumps for 1 – 5 MW streams.

◼ Research on working fluids (thermally stable, low GWP, no ODP, minimal environmental impact in 

case of leakage)

◼ Large-scale HTHPs with toxic or flammable working fluids (focus on safety concept).

◼ Should be efficient despite load changes.

◼ Long service intervals with maintenance during planned turnovers.

29.03.202216 | HTHP Symposium 2022 Copenhagen | Julian Meyer-Kirschner, BASF SE

Future research
An industrial ‘wish list’
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Internal

◼ Heat transformers and heat-driven chillers for plants with 
excess heat that are not integrated into a Verbund.

29.03.202217 | HTHP Symposium 2022 Copenhagen | Julian Meyer-Kirschner, BASF SE

Future research
An industrial ‘wish list’

◼ Extend applicability of Mechanical Vapor 
Recompression also to technically challenging fluids.

◼ Short-Cut methods for techno-economic evaluation of advanced 
heat recovery already in early process development.

Internal

Information on BASF’s Carbon Management Program 

Sustainability @ BASF 

https://www.basf.com/global/de/who-we-are/sustainability/we-produce-safely-and-efficiently/energy-and-climate-protection.html

| HTHP Symposium 2022 Copenhagen | Julian Meyer-Kirschner, BASF SE29.03.202218

H E A T T 

Dr.-Ing. Julian Meyer-Kirschner
Process Research & Chemical Engineering

julian.meyer-kirschner@basf.com
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Abstract  
 

As the organizers of the High-temperature Heat Pump symposium and by participation in several R&D 
activities in the field, we have decided to collect information in the form of a keynote talk for the 2022 
event. The talk covers the potential for the technology, some relevant challenges, options for integration 
and status of the technical solutions. 

The potential  

In the report Net Zero by 2050 by IEA [1] it is concluded that industrial heat pumps for a range of 
temperatures will be required extensively for reaching the targets. This was also concluded by a group 
of research institutions in the whitepaper Strengthening Industrial Heat Pump Innovation [2] for 
decarbonization in industry. The presentation illustrates the potential by cases based on Danish industry 
showing a potential for electrification of up to 90 % [3], while it was shown in [4] that full electrification 
of a powder milk facility is technically possible. 

The challenges 

Industrial production is highly competitive and economic feasibility is paramount for decision on energy 
supply. Recently, we have seen significant variations in gas and electricity prices – even further 
intensified by the conflict in Ukraine. This leads to less certainty on price forecasts, but in connection 
with the focus on the green transition for avoiding greenhouse gas emissions, electrification by use of 
local, renewable sources receives increased attention.  

The state-of-the art in heat pump technology shows that reaching supply temperatures of up to 100 °C 
is technically feasible and a proven technology for several application. Higher temperature levels are 
currently defined as high temperature applications in the field. An increasing number of projects 
focusing on the development and demonstrations of high-temperature heat pumps, as well as 
commercially available technologies can be observed, while the number of realized projects is still 
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limited. This has to do with the availability and technological readiness, but also other bottlenecks 
related to technology, economy, organizations and other risks are important. 

The integration  

The integration of heat pumps in industry should be done smartly, in order to reach the best possible 
electrification, as a compromise of overall system performance, investment cost, reliability and 
redundancy and further aspects. This requires understanding of the actual energy demand and required 
temperature levels of the production, because higher temperature lifts results in lower, infeasible 
Coefficient of Performance (COP) of the machines. For this reason, it is important to carefully map the 
heat demands and potential excess heat sources and the options for heat integration by direct heat transfer 
for reaching the highest possible system COP, focusing on the resulting energy demand rather than the 
COP of the heat pump. Pinch analysis and process integration methods are important tools for this. 

The technology 

The present status of availability of high-temperature heat pumps has been mapped by [5], with a recent 
update [6]. Currently, the IEA Heat Pumping Technologies Program (HPT) Annex 58 on Industrial Heat 
Pumps [7] is mapping even further options, while the IEA Industry Energy Program (IETS) Task XIX 
on Electrification in industry [8] collaborates on deeper understanding of the potential implementation 
in industry. 

The definition of temperature levels in related energy technology applications is a relevant to 
understand. In conventional power production facilities the working fluid steam, which commonly 
reaches much higher pressure and temperature than what is deemed feasible for high-temperature heat 
pumps. Similar observations may be done for organic Rankine cycle (ORC) plants, which use the same 
working fluids as commonly applied in heat pumps. Further potential for technology transfer may be 
present. 

Conclusion 

The presented observations lead to the following conclusions: 

There is a significant demand for electrification and green transition in industry. Direct electrification 
using heat pumps has a significant potential and should be applied to the largest possible extent for 
reaching high energy efficiency and accordingly appropriate utilization of the energy resources. 

High energy efficiency in industrial high-temperature applications, will be reached by smart 
electrification, focusing on the real process demands, options for excess heat utilization and process 
integration. 

Currently, technology suppliers are developing novel solutions for higher temperature applications, 
which are available for a range of demands and temperature levels. These need to be matched with the 
right industrial end users. A number of demonstration projects are on-going which will benefit the 
development. Further applications and incentives for electrification using heat pumps in industry will 
lead to overcoming some of the bottlenecks that seemingly limit the implementation presently.  
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Potential

3

DTU, DTI, SINTEF29 March 2022 HTHP Symposium 2022

IEA perspective
• ” In the NZE, around 500 MW of 

heat pumps need to be installed 
every month over the next 30 
years.”

• For low‐ (<100 °C) and some 
medium‐ (100‐400 °C) temperature 
heat

4
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Heat Pump integration

5
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Full electrification of dairy – case study

Bühler et al, A comparative assessment of electrification
strategies for industrial sites: Case of milk powder production, 
2019

6
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Full electrification of dairy – case study

7
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Bühler et al, A comparative assessment of electrification
strategies for industrial sites: Case of milk powder production, 
2019
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Elektrification potential in Danish Industry

8

Bühler, F., Müller Holm, F., & Elmegaard, B. (2019). 
Potentials for the electrification of industrial processes 
ECOS 2019
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Challenges

9
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Energy Prices

11

Bühler, F., Müller Holm, F., & Elmegaard, B. Potentials for the electrification

of industrial processes in Denmark. In Proceedings of ECOS 2019

https://tradingeconomics.com/commodity/eu-natural-gas

Proven Principles

• > 300 cases in IEA HPT 
Annex 48

• Proven technology < 100 °C

• Proven principles > 100 °C

https://waermepumpe-izw.de/
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Electrification – bottlenecks

13

Risk-based

Economic

Technical

Organisational

Petersen, M.S., Müller Holm, F. (2021). 
ELIDI – Bottlenecks for electrification
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Integration

14
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Conventional gas heating

1100 MWh fuel

15

1000 MWh heat @ 50 °C

150 °C

DTU, DTI, SINTEF29 March 2022 HTHP Symposium 2022

HTHP Single Unit

670 MWh El

16

1000 MWh heat @ 50 °C

150 °C

100 °C

25 °C

Carnot efficiency 50 %
COP 1,5
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HTHP Glide matching

300 MWh El

17

1000 MWh heat @ 50 °C

150 °C

100 °C

25 °C

Lorenz efficiency 50 %
COP 3,4

Subcooling

Transcritical

Serial

Zeotropic

… 
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HTHP Process Integrated

265 MWh El

18

1000 MWh heat @ 50 °C

150 °C

100 °C

25 °C

Lorenz efficiency 50 %
HP COP 2,1
System COP 3,8

Subcooling

Transcritical

Serial

Zeotropic

… 
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Process integration

• Pinch analysis and process integration
• Heat integration

• Real process temperature demand

• Heat sources available

• Diverse demand in industry

Stream Tstart Tend Cdot Qdot
Cold 1 5 65 72,96 4378
Cold 2 65 90 5,61 140
Cold 3 90 120 5,61 168
Hot 1 120 95 5,61 140
Cold 4 65 86 1,87 39
Cold 5 86 93 1,87 13
Hot 2 93 72 1,87 39
Hot 3 72 5 1,87 125

19
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Technology

20
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High Temperature Heat Pump State-of-the-art

21

Cordin Arpagaus, Stefan Bertsch, Frédéric Bless, Industrial Heat Pumps –Research and Market, DeCarbCHLunch Talk 2021

DTU, DTI, SINTEF29 March 2022 HTHP Symposium 2022

Developing solutions – Olvondo Tecnologies (NO)
• Stirling cycle
• High-temperature 
• Steam generation (10 bar)
• 500 kW
• COP ~1,4

22

Khan, U., Zevenhoven, R., & Tveit, T. M. (2020). Evaluation of the Environmental 
Sustainability of a Stirling Cycle-Based Heat Pump Using LCA. Energies
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Power production State-of-art

23

By Wikipedia (user:andrew.ainsworth) user
[[:User:Andrew.Ainsworth:User:{{{3}}}|{{{3}}}]], CC 
BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=7113
276

• Advanced steam power
• Supercritical cycle
• 600 °C/ 350 bar

• Organic Rankine Cycle
• Up to 300 °C
• R134a, R245fa, R600a, R600, 

pentanes, toluene, siloxane

DTU, DTI, SINTEF29 March 2022 HTHP Symposium 2022

Conclusion

24
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Demand for 
HTHP solutions for 

green transition

Smart electrification
Savings, integration and 

efficiency

Diverse demand 
requires matching 

technology and end-
users

Conclusion

First movers and 
incentives needed
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Abstract  

This presentation and extended abstract summarize the work from the ongoing IEA Annex 58 about 

High-Temperature Heat Pumps (HTHP). The Annex involves 10 countries and is running from 01/2021 

to 12/2023. The Annex consists of 5 tasks while the presentation focuses on the results from Task 1, 

which provided a comprehensive state of the art review for technologies with supply temperatures above 

100 °C. The state-of-the-art review comprised the collection and analysis of information from 

technology suppliers of market-ready and close-to-market technologies as well as information about 

realized demonstration cases. The presentation concluded by deriving technology development 

perspectives and giving an outlook of the expectations for the coming years with focus on development 

and demonstration activities. 

Introduction 

Annex 58 about high-temperature heat pumps is part of the Technology Collaboration Programme on 

Heat Pumping Technologies within the International Energy Agency. The Annex is a working group 

involving national teams from 10 countries (Austria, Belgium, Canada, Denmark, France, Germany, 

Japan, Netherlands, Norway, and Switzerland). Each national team comprises various organizations 

working in the field of high-temperature heat pumps. The Annex has been started in 01/2021 and will 

conclude by 12/2023. 

The Annex is structured in 5 tasks: 

• Task 1: Technologies – State of the art and ongoing developments for systems and components 

• Task 2: Concepts – Development of best practices for promising application areas 

• Task 3: Applications – Strategies for the conversion to HTHP-based process heat supply 

• Task 4: Definition and testing of HP specifications – Recommendations for defining and testing 

of specifications for high-temperature heat pumps in commercial projects 

• Task 5: Dissemination 

The overall objective of the Annex is to provide an overview of the technological possibilities and 

applications as well as to develop best practice recommendations and strategies for the transition towards 

heat pump-based process heat supply. The intention is to improve the understanding of the technology’s 

potential among various stakeholders, such as manufacturers, potential end-users, consultants, energy 
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planners and policy makers. In addition, the Annex aims to provide supporting material to facilitate and 

enhance the transition to a heat pump-based process heat supply for industrial applications. 

This work is focused on the presentation of the preliminary results from Task 1 – Technologies. The 

final report of Task 1 including various supplementing materials will be published at the Annex 58 

homepage (https://heatpumpingtechnologies.org/annex58/). 

Methods 

Task 1 summarized information about the state of the art of high-temperature heat pumps including 

technologies that were commercially available or had a clear perspective towards the market. 

Information about relevant technologies was collected in standardized two-page brochures to be filled 

by the technology suppliers. These technology descriptions included a general technology description, 

a project example and key information about: 

• Performance data 

• Capacity range 

• Max. temperatures 

• Type of working fluid 

• Compressor type 

• Specific investment cost 

• Technical Readiness Level (TRL) 

• Expected lifetime 

• Size and footprint 

In addition, information about realized demonstration cases has been collected and analysed. The 

collection of information has been conducted by similar two-page demonstration case descriptions, 

including information about the application case (industry, process, heat source & sink, temperature 

levels, operating hours) and the technology (HP type, compressor type, capacity, and COP).  

Finally, this information was used to give an outlook on expectations for the perspectives for HTHP 

technology development and demonstration. 

Results 

The collection of information about has been conducted by the various participants and in total 28 

technology descriptions could be collected from a variety of suppliers. An overview of the collected 

information is shown in Table 1, while Figure 1 shows the achievable maximum supply temperatures 

and the indicated capacity ranges of the considered technologies. 

The available vapor compression technologies are using compression equipment which can be 

categorized in three groups: 

• Compressors from process industries: Large and advanced technologies, suitable for very high 

temperatures and economically most competitive in applications with heat supply capacities 

larger than 15 MW to 20 MW. 

• Compressors from refrigeration industries: Upgraded commercial and industrial compression 

equipment for heat supply capacities between 100 kW to 15 MW. 

• Novel and strongly adapted compressors: This category summarizes the compression 

technologies which are based on e.g. truck engines, vacuum pumps, turbo compressors and 

others. 
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Table 1: Overview of the collected supplier technologies. 

Supplier Compressor type Working fluid Capacity 

[MW] 

Tmax,supply  

[°C] 

TRL indication Spec. invest. 

cost [€/kW] 

Fuji Electric Reciprocating R-245fa 0.03 120 9 n/a 

Emerson Scroll and EVI 

scroll 

R-245fa, R410a, R-

718 

0.03 120 6 n/a 

Mayekawa Reciprocating R-744 0.1 120 8-9 n/a 

Skala Fabrikk Piston R-290+R-600 0.3 115 7 (prototype 

demo.) 

500-700 

Kobelco 

Compressor 

Twin-screw R-245fa/R-134a 

+R-718 

0.37-0.40 175 9 n/a 

Mitsubishi  

Heavy Ind. 

Two-stage 

centrifugal 

R-134a 0.6 130 9 n/a 

ecop Centrifugal 

compression 

ecop fluid 1 0.7 150 6-7 700 

Fenagy Reciprocating R-744 0.3-1.8 120 5-6 (concept 

study) 

250-425 

Rank Screw R-245fa, R-

1336mzz(Z), R-

1233zd(E) 

0.12-2.0 160 7 (prototype 

demo.) 

200-400 

SRM Screw R-718 0.25-2.0 165 5 n/a 

Johnson 

Controls 

Reciprocating R-717+R-600 

(cascade) 

0.5-5.0 120 7-8 (hydro-

carbon) 

n/a 

Sustainable 

Process Heat 

Piston HFOs 0.3-5.0 165 6-8 (size 

dependent) 

150-1000 

ToCircle Rotary vane R-717+R-718 1.0-5.0 188 6-7 250-430 

Weel & 

Sandvig 

Turbo R-718 1.0-5.0 160 4-9 150-250 

Olvondo Piston (double 

acting) 

R-704 5.0 200 9 1200 

Heaten Reciprocating, 

custom design 

HFOs 1.0-6.0 165 7-9 250-350 

Enerin Piston R-704 0.3-10.0 250 6 (prototype 

testing) 

600-800 

Spilling Piston R-718 1.0-15.0 280 9 100-400 

Epcon High-pressure 

centrifugal fan 

R-718 0.5-30.0 150 9 200-400 

Turboden Turbo Application specific 3.0-30.0 200 7-9 300-700 

MAN Energy 

Solutions 

Centrifugal turbo 

compressor with 

expander 

R-744 10.0-50.0 150 7-8 300-500 

Piller Turbo R-718 1.0-70.0 212 8-9 850 

Siemens 

Energy 

Turbo (geared-type 

or single-shaft) 

R-1233zd(E)/  

R-1234ze(E) 

8.0-70.0 160 9 (up to 90 °C), 

pilot plant at 120 

°C  

250-800 

Qpinch Chemical adsorption 

heat transformer (no 

compressor) 

Water, H3PO4 and 

derivatives 

> 2.0 230 9 1000-2000 
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Figure 1: Maximum supply temperature and heat supply capacity for all considered technologies. 

It becomes obvious that information for a large number of technologies could be collected and this might 

give the impression that various technologies are available direct implementation. It may however be 

noted that each technology is described by various characteristics affecting its technology readiness and 

that all technologies have potentials for further developments and improvements. An overview of the 

most relevant characteristics and the indicated ranges is given in the following: 

• Technology Readiness Level:     4-9 

• Average spec. invest. cost per heat supply capacity:  200 €/kW to 1,500 €/kW 

• Heat supply capacity:      0.03 MW to 70 MW 

• Maximum supply temperature:     100 °C to 280 °C 

• Varying geographical availability 

Considering the variety of these aspects, it may be concluded that there is a clear demand for further 

technology developments as well as demonstration projects for advancing the state of the art. 

In addition to the technology review, information has been gathered about realized demonstration cases 

and an overview of this is given in Table 2. For ten of the cases (no. 3-12), the information has been 

gathered as two-page descriptions while information for two cases (no. 1-2) has been collected from 

available literature. The demonstration cases comprised various sectors, including food and beverage, 

pharmaceutical, refinery, chemical, plastics, sewage, paper, electronics and minerals. The heat was 

typically used for drying, thermal separation, hot water generation and steam generation. 
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Table 2: Overview of the collected demonstration cases. 

No. Supplier Industry Process Heat source Heat sink HP 

Type 

Refri-

gerant 

Com-

pressor 

Capa-

city 

COP Op. 

hours 

        Unit 

Operation 

Tout 

[°C] 

Tin 

[°C] 

Unit 

Operation 

Tout 

[°C] 

Tin 

[°C] 

      [kW]   [h/a] 

1 n. a. beverage alcoholic 

distillation 

product 

cooling 

75 78 distillation 140 n. a. MVR n. a. n. a. 350 5.2 n. a. 

2 Maye-

kawa 

electronic coil drying electro-

painting 

cooling 

25 30 drying 120 20 CCHP R744 piston 89 3.1 n. a. 

3 AMT/ 

AIT 

food starch 

drying 

waste heat 72 76 drying 138 96 CCHP R-1336 

mzz(Z) 

screw 374 3.2 4,000 

4 Olvondo pharma-

ceutical 

recooling recooling 

heat 

34 36 steam 

generation 

183 178 Stirling 

HP 

R704 piston 2,250 1.7 6,100 

5 Kobelco sewage sludge 

drying 

exhaust 

drying air 

93 93 steam 

generation 

160 160 MVR R718 twin-

screw, 

roots 

blower 

675 2.9 n. a. 

6 Kobelco refinery bioethanol 

distillation 

process 

cooling 

60 65 distillation 115 110 CCHP 

+ Flash 

Tank 

R245fa twin-

screw 

1,850 3.5 n. a. 

7 MHI electronic coil drying waste heat 50 55 drying 130 70 CCHP R134a centri-

fugal 

627 3.0 n. a. 

8 Piller  plastics thermal 

seperation 

exhaust 

vapour 

60 60 steam 

generation 

131 126 MVR R718 turbo                  

(8 

blowers) 

10,000 4.4 8,000 

9 AMT/ 

AIT 

minerals brick 

drying 

exhaust 

drying air 

80 84 drying 121 96 CCHP R-1336 

mzz(Z) 

piston                 

(8 

compr.) 

296 5 4,000 

10 Spilling pulp and 

paper 

pulp 

drying 

exhaust 

vapour 

105 133 steam 

generation 

201 n. a. MVR R718 piston                 

(4 LT-, 2 

HT- 

cylinders) 

11,200 4.2 7,500 

11 Spilling chemical chemical exhaust 

vapour 

105 152 steam 

generation 

211 n. a. MVR R718 piston                 

(4 LT-, 2 

HT- 

cylinders) 

12,000 5.3 7,500 

12 Rotrex, 

Epcon 

sewage sludge 

drying 

surplus 

steam 

100 n. a. steam 

generation 

146 n. a. MVR R718 turbo                   

(2 stages) 

500 4.5 n. a.  

13 SkaleUP dairy process hot 

water 

(re)cooling 12,     

0 

20,   

5 

process hot 

water 

115 95 CCHP LT-C: 

R290, 

HT-C: 

R600 

piston 300 2.5,  

2.3     

6,500 

14 QPinch chemical steam 

production 

exhaust 

vapour 

120 - 

145 

steam 

generation 

140 - 185 heat 

trans-

former 

H2PO4 heat-

driven 

2,900 0.45 2,500 

These cases have demonstrated the beneficial impact of heat pumps, including increased energy 

efficiency and electrification, and thereby increased the acceptance of high-temperature heat pumps at 

end-users, while providing crucial learnings for all involved parties. 

Based on the collected information, as well as the other ongoing R&D projects of the various Annex 58 

participants, expectations for the upcoming development and demonstration of the technology have been 

derived. 
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It was found that different technologies are commercially available for applications with supply 

temperatures of up to 120 °C. For this temperature range, further commercial projects are expected 

during the coming years. For temperatures of up to 150 °C to 160 °C, it is expected that further 

demonstration projects are conducted within the next 2-3 years, accompanied by technical developments 

for component and system development. At the same time, various development projects are ongoing 

with a focus on advancing the state of the art for even higher supply temperatures, while various 

prototypes are being developed and tested during the next 2-5 years. 

It may however be noted that these developments are not only focused on technical developments 

enabling higher temperatures, but also dependent on the actual technology and capacity on decreasing 

investment cost, increasing efficiency and reliability and other factors. 

Discussion 

The technology review used standardized templates for collecting information from technology 

suppliers, which enabled a structured analysis of the available data. These templates were accompanied 

by explanations for defining the input to the technology descriptions. Despite the effort for standardizing 

the information materials, some of the materials might be incomplete due to confidentiality or biased by 

the technology provider describing their own technology. However, all information were analysed and 

in case of inconsistent data, these have been discussed with the respective technology suppliers, which 

is assumed to have ensured a certain consistency and reliability of the information.  

Conclusions  

The presented state of the art review has highlighted the various technologies that are on their way to 

the market, to cover the large application potential. The technology review is the most recent and 

comprehensive collection of this kind of information and will be published in full length in accessible 

two-page descriptions complemented by a detailed analysis within the Task 1 report of Annex 58. The 

summary of the demonstration cases is supplementing the state-of-the-art review with experiences from 

industrial demonstrations, underlining the beneficial impact, increasing the trust in the technology and 

providing crucial learnings for all involved parties. The information about the technologies and the 

technology development perspectives is crucial for the end-users and energy planners in making the 

long-term decision towards a decarbonized process heating, and thereby emission free production 

processes. 
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IEA HPT Annex 58 about HTHPs
State of the art review, demonstration cases and development perspectives

High-Temperature Heat Pump Symposium, Copenhagen
29.03.2022

Benjamin Zühlsdorf, Danish Technological Institute
Jonas L. Poulsen, Danish Technological Institute
Florian Schlosser, University of Paderborn

Agenda

• Introduction to the IEA HPT Annex 58 about HTHPs

• Task 1 – Technology Review

• Task 1 – Review of demonstration cases

• Task 1 – Technology development perspectives

• Questions
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The road towards market deployment

• Component and system 
development

• Testing and demonstration

• Variety of technologies

• Collaborative effort 

Technology Development

• Commitment to sustainability 
and decarbonization

• Potentials, limitations and 
characteristics of the technology

• How to exploit the potentials?

• Variety of stakeholders involved

• Decarbonization strategy

• Retrofitting of industries 
for HP-based heat supply

• Level of integration

• Technology implementation 
within commercial projects

• Learning curve for operators 
and suppliers

• Supply chain covering 
considerable volumes

• Business models

Market deployment

Process integration

Technology Awareness

Application Technology

Temperatures
• Supply temperature
• Temperature glides
• Temperature lift

Maturity
• TRL
• References
• Perspectives

Cost
• CAPEX
• OPEX

Availability
• Technology availability
• Installation, Service & Maintenance
• Number of installations

Capacity
• Heat supply
• Heat source
• Operating hours

Development 
perspectives 

based on 
application 

potential

Application 
potential based 
on technology 

availability

Integration
• Open cycle
• Closed cycle
• Process ↔

Utility

Technology
• Temperature limitations
• Working fluid
• …
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IEA HPT Annex 58 – HTHPs
Objective

Providing an overview of HP technologies, potentials and perspectives as well as 
developing concepts and strategies towards HP-based process heat supply

Scope

Heat pump technologies with supply temperatures above 100 °C
Technologies | Concepts | Applications | Testing | Dissemination

Project facts and partner group
2021 – 2023 | Annex of the IEA HPT TCP |  https://heatpumpingtechnologies.org/
Austria/Belgium/Canada/Denmark (Operating Agent)/France/Germany/Japan/ 

Netherlands/Norway/Switzerland + potentially UK/US

Annex Organization

IEA Executive 
Committee

Operating Agent
DTI, Denmark

Continuous reporting

Austria
Lead: AIT

National
working 
groups TU Graz

Belgium
Lead: Ghent
University

KU Leuven

Canada
Lead: NR CAN

Sherbrook 
University
Emmerson

Denmark
Lead: DTI

DTU
Johnson Controls

Fenagy
Viegand Maagøe

Rambøll

Germany
Lead: DLR

DLR
Fraunhofer ISE

University of 
Paderborn

Inter-
national
working 
group+

France, Japan, 
Netherlands, 

Norway, 
Switzerland, UK, 

US 

National
Represen-

tative
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Annex 58 activities

• Available and 
close-to market 
supplier 
technologies

• Demonstration 
cases

• Development 
perspectives

Technologies
• Best-practice 

solutions for HP-
based process heat 
supply

• Various industrial 
processes and 
sectors

Concepts

• Transition 
strategies towards 
HP-based solutions

• Energy integration

• Level of integration

• Non-technical 
aspects

Applications
• Definition and 

testing of HP 
specifications

• Baseline for 
performance 
comparisons

• Project handling

HP Specifications
• Increasing 

awareness 

• Various target 
groups

• Dedicated 
dissemination 
activities

Dissemination

Multi-disciplinary and cross sectoral activities

Timeline – updated 11/2021 

Time

Task 2: Concepts

2020 2021 2022 2023

Task 3: Applications

Task 5: Dissemination

Task 1: Technologies

Task 4: Definition and testing of HP 
specifications

Task Lead Reporting

DTI

OST/DTI

AIT/DTI

DTI

DTI

Joint Report

Joint Report

Joint Report

Joint Report

-
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• All HTHP Technologies with 
Tsupply > 100 °C

• 2-page descriptions of:
• Available and close-to market 

supplier technologies 

• Demonstration cases

• Development perspectives

Task 1 – HTHP Technologies

Agenda

• Introduction to the IEA HPT Annex 58 about HTHPs

• Task 1 – Technology Review

• Task 1 – Review of demonstration cases

• Task 1 – Technology development perspectives

• Questions
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• Technology description

• Key information
• Performance data

• Capacity range

• Max. temperatures

• Working fluid

• Compressor type

• Spec. investment cost

• TRL

• Expected lifetime

• Size & footprint

• Project example

Collected information 
supplier technologies
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Overview of collected information
Supplier Compressor 

type
Working fluid Capacity 

[MW]
Tmax,supply 

[° C]
TRL indication Spec. invest.

cost [€/kW]

Fuji Electric Reciprocating R-245fa 0.03 120 9 n/a

Emerson Scroll and EVI 
scroll

R-245fa, 
R410a, R-718

0.03 120 6 n/a

Mayekawa Reciprocating R-744 0.1 120 8-9 n/a

Skala Fabrikk Piston R-290+R-600 0.3 115 7 (prototype
demo.)

500-700

Kobelco 
Compressor

Twin-screw R-245fa/R-
134a
+R-718

0.37-0.40 175 9 n/a

Mitsubishi 
Heavy Ind.

Two-stage 
centrifugal

R-134a 0.6 130 9 n/a

ecop Centrifugal 
compression

ecop fluid 1 0.7 150 6-7 700

Fenagy Reciprocating R-744 0.3-1.8 120 5-6 (concept 
study)

250-425

Rank Screw R-245fa, R-
1336mzz(Z),
R-1233zd(E)

0.12-2.0 160 7 (prototype 
demo.)

200-400

SRM Screw R-718 0.25-2.0 165 5 n/a

Johnson 
Controls

Reciprocating R-717+R-600 
(cascade)

0.5-5.0 120 7-8 (for 
hydrocarbon 
top cycle)

n/a

Sustainable 
Process Heat

Piston HFOs 0.3-5.0 165 6-8 (size 
dependent)

150-1000

Supplier Compressor 
type

Working 
fluid

Capacity 
[MW]

Tmax,supply

[° C]
TRL indication Spec. invest.

cost [€/kW]
ToCircle Rotary vane R-717+R-718 1.0-5.0 188 6-7 250-430

Weel & Sandvig Turbo R-718 1.0-5.0 160 4-9 150-250

Olvondo Piston (double 
acting)

R-704 5.0 200 9 1200

Heaten Reciprocating, 
custom design

HFOs 1.0-6.0 165 7-9 250-350

Enerin Piston R-704 0.3-10.0 250 6 (prototype 
testing)

600-800

Spilling Piston R-718 1.0-15.0 280 9 100-400

Epcon High-pressure 
centrifugal fan

R-718 0.5-30.0 150 9 200-400

Turboden Turbo Application 
specific

3.0-30.0 200 7-9 300-700

MAN Energy 
Solutions

Centrifugal 
turbo-
compressor with 
expander

R-744 10.0-50.0 150 7-8 300-500

Piller Turbo R-718 1.0-70.0 212 8-9 850

Siemens
Energy

Turbo (geared-
type or single-
shaft)

R-1233zd(E)/ 
R-1234ze(E)

8.0-70.0 160 9 (up to 90 °C), 
pilot plant at 
120 °C currently 
being built

250-800

Qpinch Chemical 
adsorption heat 
transformer (no 
compressor)

Water, H3PO4 
and derivatives

> 2.0 230 9 1000-2000
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Maximum supply temperature as a function of capacity

• Higher maximum supply
temperatures for higher
capacities.

Specific investment cost (disregarding installation and integration cost) 
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COPheating as a function of mean temperature lift

• Strong correlation for higher indicated
COPheating at low mean temperature
lifts.

• Depends on application type.

Lorenz efficiency as a function of mean temperature lift

• Strong correlation with higher Lorenz 
efficiency for higher temperature lifts. 

• Depends on application type.

High-Temperature Heat Pump Symposium 2022 57



Average expected lifetime as a function of capacity

• Average lifetime between 10-35 years, 
higher lifetime for higher capacities.

• Information so far collected for 24 suppliers working with HTHP technology (+15 types of working fluids)

• All technology descriptions will be published online on Annex 58 homepage

Summary and status

3 examples of dependencies for HTHP technologies

• Status of HTHP technology:

• TRL: 4-9

• Average specific cost:             
200 €/kW – 1500 €/kW

• Capacity:                         
0.03 MW - 70 MW

• Max. supply temperature:     
100 °C - 280 °C 

• Different avaliablity
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Agenda

• Introduction to the IEA HPT Annex 58 about HTHPs

• Task 1 – Technology Review

• Task 1 – Review of demonstration cases

• Task 1 – Technology development perspectives

• Questions

22

No. Supplier Industry Process HP Type Refrigerant Compressor Capacity COPH

Op. 

hours
Ref.

Unit 

Operation

Tout 

[°C]

Tin 

[°C]

Unit 

Operation

Tout 

[°C]

Tin 

[°C]
[kW] [h/a]

1 n. a. beverage
alcoholic 

distillation

product 

cooling
75 78.3 distillation 140 n. a. MVR n. a. n. a. 350 5.2 n. a. [1]

2 Mayekawa electronic coil drying

electro-

painting 

cooling

25 30 drying 120 20 CCHP R744 piston 89 3.1 n. a. [1]

3 AMT food
starch 

drying
waste heat 72 76 drying 138 96 CCHP R-1336mzz(Z) screw 374 3.2 4,000 [2]

4 Olvondo
pharma-

ceutical
recooling

recooling 

heat
34 36

steam 

generation
183 178 Stirling HP R704 piston 2,250 1.7 6,100 [2]

5 Kobelco sewage
sludge 

drying

exhaust 

drying air
93 93

steam 

generation
160 160 MVR R718

twin-screw, 

roots blower
675 2.9 n. a. [2]

6 Kobelco refinery
bioethanol 

distillation

process 

cooling
60 65 distillation 115 110

CCHP + 

Flash Tank
R245fa twin-screw 1,850 3.5 n. a. [2]

7 MHI electronic coil drying waste heat 50 55 drying 130 70 CCHP R134a centrifugal 627 3.0 n. a. [2]

8 Piller plastics
thermal 

seperation

exhaust 

vapour
60 60

steam 

generation
131 126 MVR R718

turbo                  

(8 blowers)
10,000 4.4 8,000 [2]

9 Viking minerals brick drying
exhaust 

drying air
80 84 drying 121 96 CCHP R-1336mzz(Z)

piston                 

(8 compr.)
296 5 4,000 [2]

10 Spilling
pulp and 

paper
pulp drying

exhaust 

vapour
105 133

steam 

generation
201 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

11,200 4.2 7,500 [2]

11 Spilling chemical chemical
exhaust 

vapour
105 152

steam 

generation
211 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

12,000 5.3 7,500 [2]

12 Rotrex, Epcon sewage
sludge 

drying

surplus 

steam
100 n. a.

steam 

generation
146 n. a. MVR R718

turbo                   

(2 stages)
500 4.5 n. a. [2]

13 SkaleUP dairy
process hot 

water
(re)cooling

12,     

0
20,   5

process hot 

water
115 95 CCHP

LT-C: R290, HT-

C: R600
piston 300

2.5,  

2.3    
6,500 [2]

14 QPinch chemical
steam 

production

exhaust 

vapour

steam 

generation

heat trans-

former
H2PO4 heat-driven 2,900 0.45 2,500 [2]

Heat sinkHeat source

120 - 145 140 - 185

Overview of collected demonstration cases
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Case Studies by industries and application processes

23Dr.-Ing. Florian Schlosser | Paderborn University | Department of Energy System Technologies

Drying Thermal 
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hot water
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drying process hot water

thermal seperation steam generation

Box-plot of target sink temperatures and measured COPheating as 
a function of mean temperature lift 

24Dr.-Ing. Florian Schlosser | Paderborn University | Department of Energy System Technologies

∆Tmean =

ΔTsink

ln
Tsink,out
Tsink,in

−
ΔTsource

ln
Tsource,in
Tsource,out
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Lorenz efficiency as a function of mean temperature lift

25Dr.-Ing. Florian Schlosser | Paderborn University | Department of Energy System Technologies

∆Tmean =
ΔTsink

ln
Tsink,out
Tsink,in

−
ΔTsource

ln
Tsource,in
Tsource,out

ηLorenz =
COPheating

COPLorenz

COPLorenz =
ഥTsink

ഥTsink −ഥTsource

Demo cases - drying

26Dr.-Ing. Florian Schlosser | Paderborn University | Department of Energy System Technologies

T [°C]

ሶH [kW]

Dehumidification

∆Tsink,glide

∆Tsource,glide

∆Tlift

No. Supplier Industry Process HP Type Refrigerant Compressor Capacity COPH

Op. 

hours
Ref.

Unit 

Operation

Tout 

[°C]

Tin 

[°C]

Unit 

Operation

Tout 

[°C]

Tin 

[°C]
[kW] [h/a]

1 n. a. beverage
alcoholic 

distillation

product 

cooling
75 78.3 distillation 140 n. a. MVR n. a. n. a. 350 5.2 n. a. [1]

2 Mayekawa electronic coil drying

electro-

painting 

cooling

25 30 drying 120 20 CCHP R744 piston 89 3.1 n. a. [1]

3 AMT food
starch 

drying
waste heat 72 76 drying 138 96 CCHP R-1336mzz(Z) screw 374 3.2 4,000 [2]

4 Olvondo
pharma-

ceutical
recooling

recooling 

heat
34 36

steam 

generation
183 178 Stirling HP R704 piston 2,250 1.7 6,100 [2]

5 Kobelco sewage
sludge 

drying

exhaust 

drying air
93 93

steam 

generation
160 160 MVR R718

twin-screw, 

roots blower
675 2.9 n. a. [2]

6 Kobelco refinery
bioethanol 

distillation

process 

cooling
60 65 distillation 115 110

CCHP + 

Flash Tank
R245fa twin-screw 1,850 3.5 n. a. [2]

7 MHI electronic coil drying waste heat 50 55 drying 130 70 CCHP R134a centrifugal 627 3.0 n. a. [2]

8 Piller plastics
thermal 

seperation

exhaust 

vapour
60 60

steam 

generation
131 126 MVR R718

turbo                  

(8 blowers)
10,000 4.4 8,000 [2]

9 Viking minerals brick drying
exhaust 

drying air
80 84 drying 121 96 CCHP R-1336mzz(Z)

piston                 

(8 compr.)
296 5 4,000 [2]

10 Spilling
pulp and 

paper
pulp drying

exhaust 

vapour
105 133

steam 

generation
201 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

11,200 4.2 7,500 [2]

11 Spilling chemical chemical
exhaust 

vapour
105 152

steam 

generation
211 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

12,000 5.3 7,500 [2]

12 Rotrex, Epcon sewage
sludge 

drying

surplus 

steam
100 n. a.

steam 

generation
146 n. a. MVR R718

turbo                   

(2 stages)
500 4.5 n. a. [2]

13 SkaleUP dairy
process hot 

water
(re)cooling

12,     

0
20,   5

process hot 

water
115 95 CCHP

LT-C: R290, HT-

C: R600
piston 300

2.5,  

2.3    
6,500 [2]

14 QPinch chemical
steam 

production

exhaust 

vapour

steam 

generation

heat trans-

former
H2PO4 heat-driven 2,900 0.45 2,500 [2]

Heat sinkHeat source

120 - 145 140 - 185

No. Supplier Industry Process HP Type Refrigerant Compressor Capacity COPH

Op. 

hours
Ref.

Unit 

Operation

Tout 

[°C]

Tin 

[°C]

Unit 

Operation

Tout 

[°C]

Tin 

[°C]
[kW] [h/a]

1 n. a. beverage
alcoholic 

distillation

product 

cooling
75 78.3 distillation 140 n. a. MVR n. a. n. a. 350 5.2 n. a. [1]

2 Mayekawa electronic coil drying

electro-

painting 

cooling

25 30 drying 120 20 CCHP R744 piston 89 3.1 n. a. [1]

3 AMT food
starch 

drying
waste heat 72 76 drying 138 96 CCHP R-1336mzz(Z) screw 374 3.2 4,000 [2]

4 Olvondo
pharma-

ceutical
recooling

recooling 

heat
34 36

steam 

generation
183 178 Stirling HP R704 piston 2,250 1.7 6,100 [2]

5 Kobelco sewage
sludge 

drying

exhaust 

drying air
93 93

steam 

generation
160 160 MVR R718

twin-screw, 

roots blower
675 2.9 n. a. [2]

6 Kobelco refinery
bioethanol 

distillation

process 

cooling
60 65 distillation 115 110

CCHP + 

Flash Tank
R245fa twin-screw 1,850 3.5 n. a. [2]

7 MHI electronic coil drying waste heat 50 55 drying 130 70 CCHP R134a centrifugal 627 3.0 n. a. [2]

8 Piller plastics
thermal 

seperation

exhaust 

vapour
60 60

steam 

generation
131 126 MVR R718

turbo                  

(8 blowers)
10,000 4.4 8,000 [2]

9 Viking minerals brick drying
exhaust 

drying air
80 84 drying 121 96 CCHP R-1336mzz(Z)

piston                 

(8 compr.)
296 5 4,000 [2]

10 Spilling
pulp and 

paper
pulp drying

exhaust 

vapour
105 133

steam 

generation
201 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

11,200 4.2 7,500 [2]

11 Spilling chemical chemical
exhaust 

vapour
105 152

steam 

generation
211 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

12,000 5.3 7,500 [2]

12 Rotrex, Epcon sewage
sludge 

drying

surplus 

steam
100 n. a.

steam 

generation
146 n. a. MVR R718

turbo                   

(2 stages)
500 4.5 n. a. [2]

13 SkaleUP dairy
process hot 

water
(re)cooling

12,     

0
20,   5

process hot 

water
115 95 CCHP

LT-C: R290, HT-

C: R600
piston 300

2.5,  

2.3    
6,500 [2]

14 QPinch chemical
steam 

production

exhaust 

vapour

steam 

generation

heat trans-

former
H2PO4 heat-driven 2,900 0.45 2,500 [2]

Heat sinkHeat source

120 - 145 140 - 185

No. Supplier Industry Process HP Type Refrigerant Compressor Capacity COPH

Op. 

hours
Ref.

Unit 

Operation

Tout 

[°C]

Tin 

[°C]

Unit 

Operation

Tout 

[°C]

Tin 

[°C]
[kW] [h/a]

1 n. a. beverage
alcoholic 

distillation

product 

cooling
75 78.3 distillation 140 n. a. MVR n. a. n. a. 350 5.2 n. a. [1]

2 Mayekawa electronic coil drying

electro-

painting 

cooling

25 30 drying 120 20 CCHP R744 piston 89 3.1 n. a. [1]

3 AMT food
starch 

drying
waste heat 72 76 drying 138 96 CCHP R-1336mzz(Z) screw 374 3.2 4,000 [2]

4 Olvondo
pharma-

ceutical
recooling

recooling 

heat
34 36

steam 

generation
183 178 Stirling HP R704 piston 2,250 1.7 6,100 [2]

5 Kobelco sewage
sludge 

drying

exhaust 

drying air
93 93

steam 

generation
160 160 MVR R718

twin-screw, 

roots blower
675 2.9 n. a. [2]

6 Kobelco refinery
bioethanol 

distillation

process 

cooling
60 65 distillation 115 110

CCHP + 

Flash Tank
R245fa twin-screw 1,850 3.5 n. a. [2]

7 MHI electronic coil drying waste heat 50 55 drying 130 70 CCHP R134a centrifugal 627 3.0 n. a. [2]

8 Piller plastics
thermal 

seperation

exhaust 

vapour
60 60

steam 

generation
131 126 MVR R718

turbo                  

(8 blowers)
10,000 4.4 8,000 [2]

9 Viking minerals brick drying
exhaust 

drying air
80 84 drying 121 96 CCHP R-1336mzz(Z)

piston                 

(8 compr.)
296 5 4,000 [2]

10 Spilling
pulp and 

paper
pulp drying

exhaust 

vapour
105 133

steam 

generation
201 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

11,200 4.2 7,500 [2]

11 Spilling chemical chemical
exhaust 

vapour
105 152

steam 

generation
211 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

12,000 5.3 7,500 [2]

12 Rotrex, Epcon sewage
sludge 

drying

surplus 

steam
100 n. a.

steam 

generation
146 n. a. MVR R718

turbo                   

(2 stages)
500 4.5 n. a. [2]

13 SkaleUP dairy
process hot 

water
(re)cooling

12,     

0
20,   5

process hot 

water
115 95 CCHP

LT-C: R290, HT-

C: R600
piston 300

2.5,  

2.3    
6,500 [2]

14 QPinch chemical
steam 

production

exhaust 

vapour

steam 

generation

heat trans-

former
H2PO4 heat-driven 2,900 0.45 2,500 [2]

Heat sinkHeat source

120 - 145 140 - 185
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T [°C]

ሶH [kW]

Dehumidification

∆Tsink,glide

∆Tsource,glide

∆Tlift

No. Supplier Industry Process HP Type Refrigerant Compressor Capacity COPH

Op. 

hours
Ref.

Unit 

Operation

Tout 

[°C]

Tin 

[°C]

Unit 

Operation

Tout 

[°C]

Tin 

[°C]
[kW] [h/a]

1 n. a. beverage
alcoholic 

distillation

product 

cooling
75 78.3 distillation 140 n. a. MVR n. a. n. a. 350 5.2 n. a. [1]

2 Mayekawa electronic coil drying

electro-

painting 

cooling

25 30 drying 120 20 CCHP R744 piston 89 3.1 n. a. [1]

3 AMT food
starch 

drying
waste heat 72 76 drying 138 96 CCHP R-1336mzz(Z) screw 374 3.2 4,000 [2]

4 Olvondo
pharma-

ceutical
recooling

recooling 

heat
34 36

steam 

generation
183 178 Stirling HP R704 piston 2,250 1.7 6,100 [2]

5 Kobelco sewage
sludge 

drying

exhaust 

drying air
93 93

steam 

generation
160 160 MVR R718

twin-screw, 

roots blower
675 2.9 n. a. [2]

6 Kobelco refinery
bioethanol 

distillation

process 

cooling
60 65 distillation 115 110

CCHP + 

Flash Tank
R245fa twin-screw 1,850 3.5 n. a. [2]

7 MHI electronic coil drying waste heat 50 55 drying 130 70 CCHP R134a centrifugal 627 3.0 n. a. [2]

8 Piller plastics
thermal 

seperation

exhaust 

vapour
60 60

steam 

generation
131 126 MVR R718

turbo                  

(8 blowers)
10,000 4.4 8,000 [2]

9 Viking minerals brick drying
exhaust 

drying air
80 84 drying 121 96 CCHP R-1336mzz(Z)

piston                 

(8 compr.)
296 5 4,000 [2]

10 Spilling
pulp and 

paper
pulp drying

exhaust 

vapour
105 133

steam 

generation
201 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

11,200 4.2 7,500 [2]

11 Spilling chemical chemical
exhaust 

vapour
105 152

steam 

generation
211 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

12,000 5.3 7,500 [2]

12 Rotrex, Epcon sewage
sludge 

drying

surplus 

steam
100 n. a.

steam 

generation
146 n. a. MVR R718

turbo                   

(2 stages)
500 4.5 n. a. [2]

13 SkaleUP dairy
process hot 

water
(re)cooling

12,     

0
20,   5

process hot 

water
115 95 CCHP

LT-C: R290, HT-

C: R600
piston 300

2.5,  

2.3    
6,500 [2]

14 QPinch chemical
steam 

production

exhaust 

vapour

steam 

generation

heat trans-

former
H2PO4 heat-driven 2,900 0.45 2,500 [2]

Heat sinkHeat source

120 - 145 140 - 185

No. Supplier Industry Process HP Type Refrigerant Compressor Capacity COPH

Op. 

hours
Ref.

Unit 

Operation

Tout 

[°C]

Tin 

[°C]

Unit 

Operation

Tout 

[°C]

Tin 

[°C]
[kW] [h/a]

1 n. a. beverage
alcoholic 

distillation

product 

cooling
75 78.3 distillation 140 n. a. MVR n. a. n. a. 350 5.2 n. a. [1]

2 Mayekawa electronic coil drying

electro-

painting 

cooling

25 30 drying 120 20 CCHP R744 piston 89 3.1 n. a. [1]

3 AMT food
starch 

drying
waste heat 72 76 drying 138 96 CCHP R-1336mzz(Z) screw 374 3.2 4,000 [2]

4 Olvondo
pharma-

ceutical
recooling

recooling 

heat
34 36

steam 

generation
183 178 Stirling HP R704 piston 2,250 1.7 6,100 [2]

5 Kobelco sewage
sludge 

drying

exhaust 

drying air
93 93

steam 

generation
160 160 MVR R718

twin-screw, 

roots blower
675 2.9 n. a. [2]

6 Kobelco refinery
bioethanol 

distillation

process 

cooling
60 65 distillation 115 110

CCHP + 

Flash Tank
R245fa twin-screw 1,850 3.5 n. a. [2]

7 MHI electronic coil drying waste heat 50 55 drying 130 70 CCHP R134a centrifugal 627 3.0 n. a. [2]

8 Piller plastics
thermal 

seperation

exhaust 

vapour
60 60

steam 

generation
131 126 MVR R718

turbo                  

(8 blowers)
10,000 4.4 8,000 [2]

9 Viking minerals brick drying
exhaust 

drying air
80 84 drying 121 96 CCHP R-1336mzz(Z)

piston                 

(8 compr.)
296 5 4,000 [2]

10 Spilling
pulp and 

paper
pulp drying

exhaust 

vapour
105 133

steam 

generation
201 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

11,200 4.2 7,500 [2]

11 Spilling chemical chemical
exhaust 

vapour
105 152

steam 

generation
211 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

12,000 5.3 7,500 [2]

12 Rotrex, Epcon sewage
sludge 

drying

surplus 

steam
100 n. a.

steam 

generation
146 n. a. MVR R718

turbo                   

(2 stages)
500 4.5 n. a. [2]

13 SkaleUP dairy
process hot 

water
(re)cooling

12,     

0
20,   5

process hot 

water
115 95 CCHP

LT-C: R290, HT-

C: R600
piston 300

2.5,  

2.3    
6,500 [2]

14 QPinch chemical
steam 

production

exhaust 

vapour

steam 

generation

heat trans-

former
H2PO4 heat-driven 2,900 0.45 2,500 [2]

Heat sinkHeat source

120 - 145 140 - 185

No. Supplier Industry Process HP Type Refrigerant Compressor Capacity COPH

Op. 

hours
Ref.

Unit 

Operation

Tout 

[°C]

Tin 

[°C]

Unit 

Operation

Tout 

[°C]

Tin 

[°C]
[kW] [h/a]

1 n. a. beverage
alcoholic 

distillation

product 

cooling
75 78.3 distillation 140 n. a. MVR n. a. n. a. 350 5.2 n. a. [1]

2 Mayekawa electronic coil drying

electro-

painting 

cooling

25 30 drying 120 20 CCHP R744 piston 89 3.1 n. a. [1]

3 AMT food
starch 

drying
waste heat 72 76 drying 138 96 CCHP R-1336mzz(Z) screw 374 3.2 4,000 [2]

4 Olvondo
pharma-

ceutical
recooling

recooling 

heat
34 36

steam 

generation
183 178 Stirling HP R704 piston 2,250 1.7 6,100 [2]

5 Kobelco sewage
sludge 

drying

exhaust 

drying air
93 93

steam 

generation
160 160 MVR R718

twin-screw, 

roots blower
675 2.9 n. a. [2]

6 Kobelco refinery
bioethanol 

distillation

process 

cooling
60 65 distillation 115 110

CCHP + 

Flash Tank
R245fa twin-screw 1,850 3.5 n. a. [2]

7 MHI electronic coil drying waste heat 50 55 drying 130 70 CCHP R134a centrifugal 627 3.0 n. a. [2]

8 Piller plastics
thermal 

seperation

exhaust 

vapour
60 60

steam 

generation
131 126 MVR R718

turbo                  

(8 blowers)
10,000 4.4 8,000 [2]

9 Viking minerals brick drying
exhaust 

drying air
80 84 drying 121 96 CCHP R-1336mzz(Z)

piston                 

(8 compr.)
296 5 4,000 [2]

10 Spilling
pulp and 

paper
pulp drying

exhaust 

vapour
105 133

steam 

generation
201 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

11,200 4.2 7,500 [2]

11 Spilling chemical chemical
exhaust 

vapour
105 152

steam 

generation
211 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

12,000 5.3 7,500 [2]

12 Rotrex, Epcon sewage
sludge 

drying

surplus 

steam
100 n. a.

steam 

generation
146 n. a. MVR R718

turbo                   

(2 stages)
500 4.5 n. a. [2]

13 SkaleUP dairy
process hot 

water
(re)cooling

12,     

0
20,   5

process hot 

water
115 95 CCHP

LT-C: R290, HT-

C: R600
piston 300

2.5,  

2.3    
6,500 [2]

14 QPinch chemical
steam 

production

exhaust 

vapour

steam 

generation

heat trans-

former
H2PO4 heat-driven 2,900 0.45 2,500 [2]

Heat sinkHeat source

120 - 145 140 - 185

Demo cases – steam generation via MVR and MVR + flash tank
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high-
temperature
steam

MVR

No. Supplier Industry Process HP Type Refrigerant Compressor Capacity COPH

Op. 

hours
Ref.

Unit 

Operation

Tout 

[°C]

Tin 

[°C]

Unit 

Operation

Tout 

[°C]

Tin 

[°C]
[kW] [h/a]

1 n. a. beverage
alcoholic 

distillation

product 

cooling
75 78.3 distillation 140 n. a. MVR n. a. n. a. 350 5.2 n. a. [1]

2 Mayekawa electronic coil drying

electro-

painting 

cooling

25 30 drying 120 20 CCHP R744 piston 89 3.1 n. a. [1]

3 AMT food
starch 

drying
waste heat 72 76 drying 138 96 CCHP R-1336mzz(Z) screw 374 3.2 4,000 [2]

4 Olvondo
pharma-

ceutical
recooling

recooling 

heat
34 36

steam 

generation
183 178 Stirling HP R704 piston 2,250 1.7 6,100 [2]

5 Kobelco sewage
sludge 

drying

exhaust 

drying air
93 93

steam 

generation
160 160 MVR R718

twin-screw, 

roots blower
675 2.9 n. a. [2]

6 Kobelco refinery
bioethanol 

distillation

process 

cooling
60 65 distillation 115 110

CCHP + 

Flash Tank
R245fa twin-screw 1,850 3.5 n. a. [2]

7 MHI electronic coil drying waste heat 50 55 drying 130 70 CCHP R134a centrifugal 627 3.0 n. a. [2]

8 Piller plastics
thermal 

seperation

exhaust 

vapour
60 60

steam 

generation
131 126 MVR R718

turbo                  

(8 blowers)
10,000 4.4 8,000 [2]

9 Viking minerals brick drying
exhaust 

drying air
80 84 drying 121 96 CCHP R-1336mzz(Z)

piston                 

(8 compr.)
296 5 4,000 [2]

10 Spilling
pulp and 

paper
pulp drying

exhaust 

vapour
105 133

steam 

generation
201 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

11,200 4.2 7,500 [2]

11 Spilling chemical chemical
exhaust 

vapour
105 152

steam 

generation
211 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

12,000 5.3 7,500 [2]

12 Rotrex, Epcon sewage
sludge 

drying

surplus 

steam
100 n. a.

steam 

generation
146 n. a. MVR R718

turbo                   

(2 stages)
500 4.5 n. a. [2]

13 SkaleUP dairy
process hot 

water
(re)cooling

12,     

0
20,   5

process hot 

water
115 95 CCHP

LT-C: R290, HT-

C: R600
piston 300

2.5,  

2.3    
6,500 [2]

14 QPinch chemical
steam 

production

exhaust 

vapour

steam 

generation

heat trans-

former
H2PO4 heat-driven 2,900 0.45 2,500 [2]

Heat sinkHeat source

120 - 145 140 - 185

No. Supplier Industry Process HP Type Refrigerant Compressor Capacity COPH

Op. 

hours
Ref.

Unit 

Operation

Tout 

[°C]

Tin 

[°C]

Unit 

Operation

Tout 

[°C]

Tin 

[°C]
[kW] [h/a]

1 n. a. beverage
alcoholic 

distillation

product 

cooling
75 78.3 distillation 140 n. a. MVR n. a. n. a. 350 5.2 n. a. [1]

2 Mayekawa electronic coil drying

electro-

painting 

cooling

25 30 drying 120 20 CCHP R744 piston 89 3.1 n. a. [1]

3 AMT food
starch 

drying
waste heat 72 76 drying 138 96 CCHP R-1336mzz(Z) screw 374 3.2 4,000 [2]

4 Olvondo
pharma-

ceutical
recooling

recooling 

heat
34 36

steam 

generation
183 178 Stirling HP R704 piston 2,250 1.7 6,100 [2]

5 Kobelco sewage
sludge 

drying

exhaust 

drying air
93 93

steam 

generation
160 160 MVR R718

twin-screw, 

roots blower
675 2.9 n. a. [2]

6 Kobelco refinery
bioethanol 

distillation

process 

cooling
60 65 distillation 115 110

CCHP + 

Flash Tank
R245fa twin-screw 1,850 3.5 n. a. [2]

7 MHI electronic coil drying waste heat 50 55 drying 130 70 CCHP R134a centrifugal 627 3.0 n. a. [2]

8 Piller plastics
thermal 

seperation

exhaust 

vapour
60 60

steam 

generation
131 126 MVR R718

turbo                  

(8 blowers)
10,000 4.4 8,000 [2]

9 Viking minerals brick drying
exhaust 

drying air
80 84 drying 121 96 CCHP R-1336mzz(Z)

piston                 

(8 compr.)
296 5 4,000 [2]

10 Spilling
pulp and 

paper
pulp drying

exhaust 

vapour
105 133

steam 

generation
201 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

11,200 4.2 7,500 [2]

11 Spilling chemical chemical
exhaust 

vapour
105 152

steam 

generation
211 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

12,000 5.3 7,500 [2]

12 Rotrex, Epcon sewage
sludge 

drying

surplus 

steam
100 n. a.

steam 

generation
146 n. a. MVR R718

turbo                   

(2 stages)
500 4.5 n. a. [2]

13 SkaleUP dairy
process hot 

water
(re)cooling

12,     

0
20,   5

process hot 

water
115 95 CCHP

LT-C: R290, HT-

C: R600
piston 300

2.5,  

2.3    
6,500 [2]

14 QPinch chemical
steam 

production

exhaust 

vapour

steam 

generation

heat trans-

former
H2PO4 heat-driven 2,900 0.45 2,500 [2]

Heat sinkHeat source

120 - 145 140 - 185

low-
temperature
steam

Spilling piston compressors runnig 7500 h/a

MVR sludge dryer
(Schneeberger et al. 
2021)

62 High-Temperature Heat Pump Symposium 2022



Demo cases – steam generation via MVR and MVR + flash tank
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waste heat source

feed water
flash tank

low-
temperature
steam

high-
temperature
steamMVR

No. Supplier Industry Process HP Type Refrigerant Compressor Capacity COPH

Op. 

hours
Ref.

Unit 

Operation

Tout 

[°C]

Tin 

[°C]

Unit 

Operation

Tout 

[°C]

Tin 

[°C]
[kW] [h/a]

1 n. a. beverage
alcoholic 

distillation

product 

cooling
75 78.3 distillation 140 n. a. MVR n. a. n. a. 350 5.2 n. a. [1]

2 Mayekawa electronic coil drying

electro-

painting 

cooling

25 30 drying 120 20 CCHP R744 piston 89 3.1 n. a. [1]

3 AMT food
starch 

drying
waste heat 72 76 drying 138 96 CCHP R-1336mzz(Z) screw 374 3.2 4,000 [2]

4 Olvondo
pharma-

ceutical
recooling

recooling 

heat
34 36

steam 

generation
183 178 Stirling HP R704 piston 2,250 1.7 6,100 [2]

5 Kobelco sewage
sludge 

drying

exhaust 

drying air
93 93

steam 

generation
160 160 MVR R718

twin-screw, 

roots blower
675 2.9 n. a. [2]

6 Kobelco refinery
bioethanol 

distillation

process 

cooling
60 65 distillation 115 110

CCHP + 

Flash Tank
R245fa twin-screw 1,850 3.5 n. a. [2]

7 MHI electronic coil drying waste heat 50 55 drying 130 70 CCHP R134a centrifugal 627 3.0 n. a. [2]

8 Piller plastics
thermal 

seperation

exhaust 

vapour
60 60

steam 

generation
131 126 MVR R718

turbo                  

(8 blowers)
10,000 4.4 8,000 [2]

9 Viking minerals brick drying
exhaust 

drying air
80 84 drying 121 96 CCHP R-1336mzz(Z)

piston                 

(8 compr.)
296 5 4,000 [2]

10 Spilling
pulp and 

paper
pulp drying

exhaust 

vapour
105 133

steam 

generation
201 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

11,200 4.2 7,500 [2]

11 Spilling chemical chemical
exhaust 

vapour
105 152

steam 

generation
211 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

12,000 5.3 7,500 [2]

12 Rotrex, Epcon sewage
sludge 

drying

surplus 

steam
100 n. a.

steam 

generation
146 n. a. MVR R718

turbo                   

(2 stages)
500 4.5 n. a. [2]

13 SkaleUP dairy
process hot 

water
(re)cooling

12,     

0
20,   5

process hot 

water
115 95 CCHP

LT-C: R290, HT-

C: R600
piston 300

2.5,  

2.3    
6,500 [2]

14 QPinch chemical
steam 

production

exhaust 

vapour

steam 

generation

heat trans-

former
H2PO4 heat-driven 2,900 0.45 2,500 [2]

Heat sinkHeat source

120 - 145 140 - 185

No. Supplier Industry Process HP Type Refrigerant Compressor Capacity COPH

Op. 

hours
Ref.

Unit 

Operation

Tout 

[°C]

Tin 

[°C]

Unit 

Operation

Tout 

[°C]

Tin 

[°C]
[kW] [h/a]

1 n. a. beverage
alcoholic 

distillation

product 

cooling
75 78.3 distillation 140 n. a. MVR n. a. n. a. 350 5.2 n. a. [1]

2 Mayekawa electronic coil drying

electro-

painting 

cooling

25 30 drying 120 20 CCHP R744 piston 89 3.1 n. a. [1]

3 AMT food
starch 

drying
waste heat 72 76 drying 138 96 CCHP R-1336mzz(Z) screw 374 3.2 4,000 [2]

4 Olvondo
pharma-

ceutical
recooling

recooling 

heat
34 36

steam 

generation
183 178 Stirling HP R704 piston 2,250 1.7 6,100 [2]

5 Kobelco sewage
sludge 

drying

exhaust 

drying air
93 93

steam 

generation
160 160 MVR R718

twin-screw, 

roots blower
675 2.9 n. a. [2]

6 Kobelco refinery
bioethanol 

distillation

process 

cooling
60 65 distillation 115 110

CCHP + 

Flash Tank
R245fa twin-screw 1,850 3.5 n. a. [2]

7 MHI electronic coil drying waste heat 50 55 drying 130 70 CCHP R134a centrifugal 627 3.0 n. a. [2]

8 Piller plastics
thermal 

seperation

exhaust 

vapour
60 60

steam 

generation
131 126 MVR R718

turbo                  

(8 blowers)
10,000 4.4 8,000 [2]

9 Viking minerals brick drying
exhaust 

drying air
80 84 drying 121 96 CCHP R-1336mzz(Z)

piston                 

(8 compr.)
296 5 4,000 [2]

10 Spilling
pulp and 

paper
pulp drying

exhaust 

vapour
105 133

steam 

generation
201 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

11,200 4.2 7,500 [2]

11 Spilling chemical chemical
exhaust 

vapour
105 152

steam 

generation
211 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

12,000 5.3 7,500 [2]

12 Rotrex, Epcon sewage
sludge 

drying

surplus 

steam
100 n. a.

steam 

generation
146 n. a. MVR R718

turbo                   

(2 stages)
500 4.5 n. a. [2]

13 SkaleUP dairy
process hot 

water
(re)cooling

12,     

0
20,   5

process hot 

water
115 95 CCHP

LT-C: R290, HT-

C: R600
piston 300

2.5,  

2.3    
6,500 [2]

14 QPinch chemical
steam 

production

exhaust 

vapour

steam 

generation

heat trans-

former
H2PO4 heat-driven 2,900 0.45 2,500 [2]

Heat sinkHeat source

120 - 145 140 - 185

No. Supplier Industry Process HP Type Refrigerant Compressor Capacity COPH

Op. 

hours
Ref.

Unit 

Operation

Tout 

[°C]

Tin 

[°C]

Unit 

Operation

Tout 

[°C]

Tin 

[°C]
[kW] [h/a]

1 n. a. beverage
alcoholic 

distillation

product 

cooling
75 78.3 distillation 140 n. a. MVR n. a. n. a. 350 5.2 n. a. [1]

2 Mayekawa electronic coil drying

electro-

painting 

cooling

25 30 drying 120 20 CCHP R744 piston 89 3.1 n. a. [1]

3 AMT food
starch 

drying
waste heat 72 76 drying 138 96 CCHP R-1336mzz(Z) screw 374 3.2 4,000 [2]

4 Olvondo
pharma-

ceutical
recooling

recooling 

heat
34 36

steam 

generation
183 178 Stirling HP R704 piston 2,250 1.7 6,100 [2]

5 Kobelco sewage
sludge 

drying

exhaust 

drying air
93 93

steam 

generation
160 160 MVR R718

twin-screw, 

roots blower
675 2.9 n. a. [2]

6 Kobelco refinery
bioethanol 

distillation

process 

cooling
60 65 distillation 115 110

CCHP + 

Flash Tank
R245fa twin-screw 1,850 3.5 n. a. [2]

7 MHI electronic coil drying waste heat 50 55 drying 130 70 CCHP R134a centrifugal 627 3.0 n. a. [2]

8 Piller plastics
thermal 

seperation

exhaust 

vapour
60 60

steam 

generation
131 126 MVR R718

turbo                  

(8 blowers)
10,000 4.4 8,000 [2]

9 Viking minerals brick drying
exhaust 

drying air
80 84 drying 121 96 CCHP R-1336mzz(Z)

piston                 

(8 compr.)
296 5 4,000 [2]

10 Spilling
pulp and 

paper
pulp drying

exhaust 

vapour
105 133

steam 

generation
201 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

11,200 4.2 7,500 [2]

11 Spilling chemical chemical
exhaust 

vapour
105 152

steam 

generation
211 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

12,000 5.3 7,500 [2]

12 Rotrex, Epcon sewage
sludge 

drying

surplus 

steam
100 n. a.

steam 

generation
146 n. a. MVR R718

turbo                   

(2 stages)
500 4.5 n. a. [2]

13 SkaleUP dairy
process hot 

water
(re)cooling

12,     

0
20,   5

process hot 

water
115 95 CCHP

LT-C: R290, HT-

C: R600
piston 300

2.5,  

2.3    
6,500 [2]

14 QPinch chemical
steam 

production

exhaust 

vapour

steam 

generation

heat trans-

former
H2PO4 heat-driven 2,900 0.45 2,500 [2]

Heat sinkHeat source

120 - 145 140 - 185

Demo case - steam generation via CCHP + flash tank

30

condenser

evaporator

waste heat source

feed water

low-temperature steam

flash tank

No. Supplier Industry Process HP Type Refrigerant Compressor Capacity COPH

Op. 

hours
Ref.

Unit 

Operation

Tout 

[°C]

Tin 

[°C]

Unit 

Operation

Tout 

[°C]

Tin 

[°C]
[kW] [h/a]

1 n. a. beverage
alcoholic 

distillation

product 

cooling
75 78.3 distillation 140 n. a. MVR n. a. n. a. 350 5.2 n. a. [1]

2 Mayekawa electronic coil drying

electro-

painting 

cooling

25 30 drying 120 20 CCHP R744 piston 89 3.1 n. a. [1]

3 AMT food
starch 

drying
waste heat 72 76 drying 138 96 CCHP R-1336mzz(Z) screw 374 3.2 4,000 [2]

4 Olvondo
pharma-

ceutical
recooling

recooling 

heat
34 36

steam 

generation
183 178 Stirling HP R704 piston 2,250 1.7 6,100 [2]

5 Kobelco sewage
sludge 

drying

exhaust 

drying air
93 93

steam 

generation
160 160 MVR R718

twin-screw, 

roots blower
675 2.9 n. a. [2]

6 Kobelco refinery
bioethanol 

distillation

process 

cooling
60 65 distillation 115 110

CCHP + 

Flash Tank
R245fa twin-screw 1,850 3.5 n. a. [2]

7 MHI electronic coil drying waste heat 50 55 drying 130 70 CCHP R134a centrifugal 627 3.0 n. a. [2]

8 Piller plastics
thermal 

seperation

exhaust 

vapour
60 60

steam 

generation
131 126 MVR R718

turbo                  

(8 blowers)
10,000 4.4 8,000 [2]

9 Viking minerals brick drying
exhaust 

drying air
80 84 drying 121 96 CCHP R-1336mzz(Z)

piston                 

(8 compr.)
296 5 4,000 [2]

10 Spilling
pulp and 

paper
pulp drying

exhaust 

vapour
105 133

steam 

generation
201 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

11,200 4.2 7,500 [2]

11 Spilling chemical chemical
exhaust 

vapour
105 152

steam 

generation
211 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

12,000 5.3 7,500 [2]

12 Rotrex, Epcon sewage
sludge 

drying

surplus 

steam
100 n. a.

steam 

generation
146 n. a. MVR R718

turbo                   

(2 stages)
500 4.5 n. a. [2]

13 SkaleUP dairy
process hot 

water
(re)cooling

12,     

0
20,   5

process hot 

water
115 95 CCHP

LT-C: R290, HT-

C: R600
piston 300

2.5,  

2.3    
6,500 [2]

14 QPinch chemical
steam 

production

exhaust 

vapour

steam 

generation

heat trans-

former
H2PO4 heat-driven 2,900 0.45 2,500 [2]

Heat sinkHeat source

120 - 145 140 - 185

No. Supplier Industry Process HP Type Refrigerant Compressor Capacity COPH

Op. 

hours
Ref.

Unit 

Operation

Tout 

[°C]

Tin 

[°C]

Unit 

Operation

Tout 

[°C]

Tin 

[°C]
[kW] [h/a]

1 n. a. beverage
alcoholic 

distillation

product 

cooling
75 78.3 distillation 140 n. a. MVR n. a. n. a. 350 5.2 n. a. [1]

2 Mayekawa electronic coil drying

electro-

painting 

cooling

25 30 drying 120 20 CCHP R744 piston 89 3.1 n. a. [1]

3 AMT food
starch 

drying
waste heat 72 76 drying 138 96 CCHP R-1336mzz(Z) screw 374 3.2 4,000 [2]

4 Olvondo
pharma-

ceutical
recooling

recooling 

heat
34 36

steam 

generation
183 178 Stirling HP R704 piston 2,250 1.7 6,100 [2]

5 Kobelco sewage
sludge 

drying

exhaust 

drying air
93 93

steam 

generation
160 160 MVR R718

twin-screw, 

roots blower
675 2.9 n. a. [2]

6 Kobelco refinery
bioethanol 

distillation

process 

cooling
60 65 distillation 115 110

CCHP + 

Flash Tank
R245fa twin-screw 1,850 3.5 n. a. [2]

7 MHI electronic coil drying waste heat 50 55 drying 130 70 CCHP R134a centrifugal 627 3.0 n. a. [2]

8 Piller plastics
thermal 

seperation

exhaust 

vapour
60 60

steam 

generation
131 126 MVR R718

turbo                  

(8 blowers)
10,000 4.4 8,000 [2]

9 Viking minerals brick drying
exhaust 

drying air
80 84 drying 121 96 CCHP R-1336mzz(Z)

piston                 

(8 compr.)
296 5 4,000 [2]

10 Spilling
pulp and 

paper
pulp drying

exhaust 

vapour
105 133

steam 

generation
201 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

11,200 4.2 7,500 [2]

11 Spilling chemical chemical
exhaust 

vapour
105 152

steam 

generation
211 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

12,000 5.3 7,500 [2]

12 Rotrex, Epcon sewage
sludge 

drying

surplus 

steam
100 n. a.

steam 

generation
146 n. a. MVR R718

turbo                   

(2 stages)
500 4.5 n. a. [2]

13 SkaleUP dairy
process hot 

water
(re)cooling

12,     

0
20,   5

process hot 

water
115 95 CCHP

LT-C: R290, HT-

C: R600
piston 300

2.5,  

2.3    
6,500 [2]

14 QPinch chemical
steam 

production

exhaust 

vapour

steam 

generation

heat trans-

former
H2PO4 heat-driven 2,900 0.45 2,500 [2]

Heat sinkHeat source

120 - 145 140 - 185
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Demo case - steam generation via CCHP + heat exchanger
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condenser

evaporator

waste heat source

feed water saturated steam
pressurized
hot water
circuit

No. Supplier Industry Process HP Type Refrigerant Compressor Capacity COPH

Op. 

hours
Ref.

Unit 

Operation

Tout 

[°C]

Tin 

[°C]

Unit 

Operation

Tout 

[°C]

Tin 

[°C]
[kW] [h/a]

1 n. a. beverage
alcoholic 

distillation

product 

cooling
75 78.3 distillation 140 n. a. MVR n. a. n. a. 350 5.2 n. a. [1]

2 Mayekawa electronic coil drying

electro-

painting 

cooling

25 30 drying 120 20 CCHP R744 piston 89 3.1 n. a. [1]

3 AMT food
starch 

drying
waste heat 72 76 drying 138 96 CCHP R-1336mzz(Z) screw 374 3.2 4,000 [2]

4 Olvondo
pharma-

ceutical
recooling

recooling 

heat
34 36

steam 

generation
183 178 Stirling HP R704 piston 2,250 1.7 6,100 [2]

5 Kobelco sewage
sludge 

drying

exhaust 

drying air
93 93

steam 

generation
160 160 MVR R718

twin-screw, 

roots blower
675 2.9 n. a. [2]

6 Kobelco refinery
bioethanol 

distillation

process 

cooling
60 65 distillation 115 110

CCHP + 

Flash Tank
R245fa twin-screw 1,850 3.5 n. a. [2]

7 MHI electronic coil drying waste heat 50 55 drying 130 70 CCHP R134a centrifugal 627 3.0 n. a. [2]

8 Piller plastics
thermal 

seperation

exhaust 

vapour
60 60

steam 

generation
131 126 MVR R718

turbo                  

(8 blowers)
10,000 4.4 8,000 [2]

9 Viking minerals brick drying
exhaust 

drying air
80 84 drying 121 96 CCHP R-1336mzz(Z)

piston                 

(8 compr.)
296 5 4,000 [2]

10 Spilling
pulp and 

paper
pulp drying

exhaust 

vapour
105 133

steam 

generation
201 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

11,200 4.2 7,500 [2]

11 Spilling chemical chemical
exhaust 

vapour
105 152

steam 

generation
211 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

12,000 5.3 7,500 [2]

12 Rotrex, Epcon sewage
sludge 

drying

surplus 

steam
100 n. a.

steam 

generation
146 n. a. MVR R718

turbo                   

(2 stages)
500 4.5 n. a. [2]

13 SkaleUP dairy
process hot 

water
(re)cooling

12,     

0
20,   5

process hot 

water
115 95 CCHP

LT-C: R290, HT-

C: R600
piston 300

2.5,  

2.3    
6,500 [2]

14 QPinch chemical
steam 

production

exhaust 

vapour

steam 

generation

heat trans-

former
H2PO4 heat-driven 2,900 0.45 2,500 [2]

Heat sinkHeat source

120 - 145 140 - 185

No. Supplier Industry Process HP Type Refrigerant Compressor Capacity COPH

Op. 

hours
Ref.

Unit 

Operation

Tout 

[°C]

Tin 

[°C]

Unit 

Operation

Tout 

[°C]

Tin 

[°C]
[kW] [h/a]

1 n. a. beverage
alcoholic 

distillation

product 

cooling
75 78.3 distillation 140 n. a. MVR n. a. n. a. 350 5.2 n. a. [1]

2 Mayekawa electronic coil drying

electro-

painting 

cooling

25 30 drying 120 20 CCHP R744 piston 89 3.1 n. a. [1]

3 AMT food
starch 

drying
waste heat 72 76 drying 138 96 CCHP R-1336mzz(Z) screw 374 3.2 4,000 [2]

4 Olvondo
pharma-

ceutical
recooling

recooling 

heat
34 36

steam 

generation
183 178 Stirling HP R704 piston 2,250 1.7 6,100 [2]

5 Kobelco sewage
sludge 

drying

exhaust 

drying air
93 93

steam 

generation
160 160 MVR R718

twin-screw, 

roots blower
675 2.9 n. a. [2]

6 Kobelco refinery
bioethanol 

distillation

process 

cooling
60 65 distillation 115 110

CCHP + 

Flash Tank
R245fa twin-screw 1,850 3.5 n. a. [2]

7 MHI electronic coil drying waste heat 50 55 drying 130 70 CCHP R134a centrifugal 627 3.0 n. a. [2]

8 Piller plastics
thermal 

seperation

exhaust 

vapour
60 60

steam 

generation
131 126 MVR R718

turbo                  

(8 blowers)
10,000 4.4 8,000 [2]

9 Viking minerals brick drying
exhaust 

drying air
80 84 drying 121 96 CCHP R-1336mzz(Z)

piston                 

(8 compr.)
296 5 4,000 [2]

10 Spilling
pulp and 

paper
pulp drying

exhaust 

vapour
105 133

steam 

generation
201 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

11,200 4.2 7,500 [2]

11 Spilling chemical chemical
exhaust 

vapour
105 152

steam 

generation
211 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

12,000 5.3 7,500 [2]

12 Rotrex, Epcon sewage
sludge 

drying

surplus 

steam
100 n. a.

steam 

generation
146 n. a. MVR R718

turbo                   

(2 stages)
500 4.5 n. a. [2]

13 SkaleUP dairy
process hot 

water
(re)cooling

12,     

0
20,   5

process hot 

water
115 95 CCHP

LT-C: R290, HT-

C: R600
piston 300

2.5,  

2.3    
6,500 [2]

14 QPinch chemical
steam 

production

exhaust 

vapour

steam 

generation

heat trans-

former
H2PO4 heat-driven 2,900 0.45 2,500 [2]

Heat sinkHeat source

120 - 145 140 - 185

Demo case - hot water production with cascade HTHP
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No. Supplier Industry Process HP Type Refrigerant Compressor Capacity COPH

Op. 

hours
Ref.

Unit 

Operation

Tout 

[°C]

Tin 

[°C]

Unit 

Operation

Tout 

[°C]

Tin 

[°C]
[kW] [h/a]

1 n. a. beverage
alcoholic 

distillation

product 

cooling
75 78.3 distillation 140 n. a. MVR n. a. n. a. 350 5.2 n. a. [1]

2 Mayekawa electronic coil drying

electro-

painting 

cooling

25 30 drying 120 20 CCHP R744 piston 89 3.1 n. a. [1]

3 AMT food
starch 

drying
waste heat 72 76 drying 138 96 CCHP R-1336mzz(Z) screw 374 3.2 4,000 [2]

4 Olvondo
pharma-

ceutical
recooling

recooling 

heat
34 36

steam 

generation
183 178 Stirling HP R704 piston 2,250 1.7 6,100 [2]

5 Kobelco sewage
sludge 

drying

exhaust 

drying air
93 93

steam 

generation
160 160 MVR R718

twin-screw, 

roots blower
675 2.9 n. a. [2]

6 Kobelco refinery
bioethanol 

distillation

process 

cooling
60 65 distillation 115 110

CCHP + 

Flash Tank
R245fa twin-screw 1,850 3.5 n. a. [2]

7 MHI electronic coil drying waste heat 50 55 drying 130 70 CCHP R134a centrifugal 627 3.0 n. a. [2]

8 Piller plastics
thermal 

seperation

exhaust 

vapour
60 60

steam 

generation
131 126 MVR R718

turbo                  

(8 blowers)
10,000 4.4 8,000 [2]

9 Viking minerals brick drying
exhaust 

drying air
80 84 drying 121 96 CCHP R-1336mzz(Z)

piston                 

(8 compr.)
296 5 4,000 [2]

10 Spilling
pulp and 

paper
pulp drying

exhaust 

vapour
105 133

steam 

generation
201 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

11,200 4.2 7,500 [2]

11 Spilling chemical chemical
exhaust 

vapour
105 152

steam 

generation
211 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

12,000 5.3 7,500 [2]

12 Rotrex, Epcon sewage
sludge 

drying

surplus 

steam
100 n. a.

steam 

generation
146 n. a. MVR R718

turbo                   

(2 stages)
500 4.5 n. a. [2]

13 SkaleUP dairy
process hot 

water
(re)cooling

12,     

0
20,   5

process hot 

water
115 95 CCHP

LT-C: R290, HT-

C: R600
piston 300

2.5,  

2.3    
6,500 [2]

14 QPinch chemical
steam 

production

exhaust 

vapour

steam 

generation

heat trans-

former
H2PO4 heat-driven 2,900 0.45 2,500 [2]

Heat sinkHeat source

120 - 145 140 - 185

No. Supplier Industry Process HP Type Refrigerant Compressor Capacity COPH

Op. 

hours
Ref.

Unit 

Operation

Tout 

[°C]

Tin 

[°C]

Unit 

Operation

Tout 

[°C]

Tin 

[°C]
[kW] [h/a]

1 n. a. beverage
alcoholic 

distillation

product 

cooling
75 78.3 distillation 140 n. a. MVR n. a. n. a. 350 5.2 n. a. [1]

2 Mayekawa electronic coil drying

electro-

painting 

cooling

25 30 drying 120 20 CCHP R744 piston 89 3.1 n. a. [1]

3 AMT food
starch 

drying
waste heat 72 76 drying 138 96 CCHP R-1336mzz(Z) screw 374 3.2 4,000 [2]

4 Olvondo
pharma-

ceutical
recooling

recooling 

heat
34 36

steam 

generation
183 178 Stirling HP R704 piston 2,250 1.7 6,100 [2]

5 Kobelco sewage
sludge 

drying

exhaust 

drying air
93 93

steam 

generation
160 160 MVR R718

twin-screw, 

roots blower
675 2.9 n. a. [2]

6 Kobelco refinery
bioethanol 

distillation

process 

cooling
60 65 distillation 115 110

CCHP + 

Flash Tank
R245fa twin-screw 1,850 3.5 n. a. [2]

7 MHI electronic coil drying waste heat 50 55 drying 130 70 CCHP R134a centrifugal 627 3.0 n. a. [2]

8 Piller plastics
thermal 

seperation

exhaust 

vapour
60 60

steam 

generation
131 126 MVR R718

turbo                  

(8 blowers)
10,000 4.4 8,000 [2]

9 Viking minerals brick drying
exhaust 

drying air
80 84 drying 121 96 CCHP R-1336mzz(Z)

piston                 

(8 compr.)
296 5 4,000 [2]

10 Spilling
pulp and 

paper
pulp drying

exhaust 

vapour
105 133

steam 

generation
201 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

11,200 4.2 7,500 [2]

11 Spilling chemical chemical
exhaust 

vapour
105 152

steam 

generation
211 n. a. MVR R718

piston                 

(4 LT-, 2 HT- 

cylinders)

12,000 5.3 7,500 [2]

12 Rotrex, Epcon sewage
sludge 

drying

surplus 

steam
100 n. a.

steam 

generation
146 n. a. MVR R718

turbo                   

(2 stages)
500 4.5 n. a. [2]

13 SkaleUP dairy
process hot 

water
(re)cooling

12,     

0
20,   5

process hot 

water
115 95 CCHP

LT-C: R290, HT-

C: R600
piston 300

2.5,  

2.3    
6,500 [2]

14 QPinch chemical
steam 

production

exhaust 

vapour

steam 

generation

heat trans-

former
H2PO4 heat-driven 2,900 0.45 2,500 [2]

Heat sinkHeat source

120 - 145 140 - 185
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Questions?

Thank you for your attention!

All demonstration cases will be published online on Annex 58 homepage.

Dr.-Ing. Florian Schlosser

Department of Energy System Technologies

Paderborn University, Germany 

Tel.: +49 (0)5251 60 4138

E-Mail: florian.schlosser@uni-paderborn.de
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Agenda

• Introduction to the IEA HPT Annex 58 about HTHPs

• Task 1 – Technology Review

• Task 1 – Review of demonstration cases

• Task 1 – Technology development perspectives

• Questions
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Application potential

Distribution of the heating capacity (<30 MW) for the 
heat pump units which make up the EU28 industrial 

heat pump market estimated by Marina et al.

• Capacities below 10 to 20 MW
• Large number of units 

• Repeatable, standardized 
solutions

• Economy of numbers

• Capacities above 10 to 20 MW 
• Tailormade solutions

• Economy of scale

State of the Art – HTHPs
• HTHPs for supply > 100 °C require 

compressor developments

Compressors from process industries
Advanced technologies | Application specific design 

Cost intensive | Applications > 15-20 MW 

Upgraded refrigeration compressors
Currently limited to < 90 °C | Standard compressors 

Proven technology | Applications < 15-20 MW 

Novel and (strongly) adapted technologies
Technologies based on equipment from 

automobiles, pumps, …| Capacities of kW to MW 
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• Applications: 
• Pressurized hot-water production

• District heating

• First technologies are commercially available at 
competitive cost

• R&D focus on demonstration projects

• First commercial projects expected soon/ongoing

Technology Development Perspectives
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Upgraded  
refrigeration 
compressors

Novel and 
(strongly) adapted 

technologies

• Applications: 
• Pressurized hot-water production

• Steam production

• Prototypes demonstrated in industry

• R&D focus on multipliable, cost-competitive solutions

• Wide market deployment: 2-3 years

Technology Development Perspectives
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• Applications: 
• Steam production and compression

• Integrated process equipment

• First prototypes demonstrated in industry

• R&D focus on technology development & cost reduction

• Several prototypes expected for demonstration: 2-4 
years

Technology Development Perspectives
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Upgraded  
refrigeration 
compressors

Novel and 
(strongly) adapted 

technologies

• Applications: 
• Pressurized hot-water production & district heating

• Steam production and compression

• First technologies are commercially available at 
competitive cost

• R&D focus on technology development and demonstr. 

• Wide market deployment: 2-3 years

Technology Development Perspectives
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Compressors from 
process industries
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Technology Development Perspectives
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Compressors from 
process industries

• Applications: 
• Steam production and compression

• Few prototypes demonstrated in industry

• R&D focus on technology development, demonstration 
and cost reduction

• Market-driven development perspectives

Other trends
• Development of heat pump-integrated 

process equipment
→ Higher efficiencies possible

→ No existing equipment to be replaced

→ Overall improved business case for HPs

• Examples:
• Baking ovens

• Spray Dryers
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Task 1 – Summary 

• A comprehensive technology overview could be created
• 24 technology descriptions

• 12 demonstration case descriptions

• Technology development perspectives could be described from 
technology perspective

• Publication planned for 05/2022

• https://heatpumpingtechnologies.org/annex58/

Task 2 – Concepts
Task 2: Concepts – Development of concepts for promising 
application areas

• Development of blueprint solutions for heat pump-based process heat supply 
for selected processes and industries

• Analysis of thermal and electrical storage to enable exploitation of varying 
heat sources and supply to varying heat sinks 

• Analysis of approaches for getting access to electricity at low cost, such as 
additional investment in renewables and/or flexible operation.

→ Ongoing work
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Thank you for your attention!

Any questions?
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Introduction 

Drying processes are energy-intensive due to the high evaporation enthalpy of water and they are most 

typically heated with fossil fuels with no or limited waste heat recovery. It was estimated that 12-25% 

of the national industrial energy consumption in developed countries is attributable to industrial drying. 

[1-3] Hence, drying processes can contribute significantly to increase efficiency in industry.  Industrial 

heat pumps convert unused waste heat into valuable process heat and therefore, they increase process 

efficiency and the share of electrified processes. High temperature heat pumps that deliver process heat 

up to 160°C offer a larger range of applications in industry and are well suited for drying processes.  

In the H2020 project DryFiciency, several high temperature heat pumps were developed and 

demonstrated: heat pumps for air drying processes based on a closed loop vapor compression system 

and heat pumps for steam drying based on an open loop mechanical vapor recompression system. This 

contribution provides insights into demo plant operation of the two closed loop compression heat pumps 

for air drying. The closed loop heat pumps use the refrigerant R1336-mzz(Z) by Chemours, it is based 

on HFO (hydrofluoro-olefins). The refrigerant has been already successfully tested at AIT in a lab-scale 

heat pump prototype for high temperature applications up to 160 °C [4]. It has a low GWP value of 2 

(global warming potential) and is non-flammable, non-toxic and not subject to the F-gas regulation. Two 

types of compressors were adapted to high temperature applications: screw compressors by Bitzer 

Kühlmaschinenbau and piston compressors by Viking Heat Engines. Fuchs Schmierstoffe successfully 

developed a new lubricant that is chemically and thermally stable with the refrigerant. The heat pump 

cycle design was optimized towards heat supply temperatures of up to 160°C and the capability to cover 

a wide range of operation states with high efficiency. Based on numerical simulations, a twin cycle 

layout was selected. [5]  

The first DryFiciency heat pump was installed in a brick production facility of Wienerberger, where it 

acts as a booster on a previously installed thermal driven heat pump. Heat  with up to 160°C is provided 

in the last zone of the brick dryer, where high temperatures are most beneficial. The heat pump is 

equipped with 8 piston compressors. The second DryFiciency heat pump is integrated in a starch dryer 

at Agrana, that uses hot air with 160°C as the drying agent. The heat pump recovers waste heat from 

other processes with 60°C to 80°C and is equipped with two screw compressors.  
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Methods 

The heat pump demonstrators are equipped with numerous sensors for data monitoring. Temperature 

sensors are integrated at all important parts of the refrigerant cycles, for example at the condensers, the 

internal heat exchanger, the expansion valve, the evaporators and the compressors. Pressure sensors are 

located among others before and after the compressors, at the inlet of the condensers and before the 

expansion valves. Electricity consumption of the motors is measured in terms of power, energy, voltage, 

current and power factor. In addition, heat meters to monitor the heat source and the heat sink are 

integrated. Various parameters of the drying process from the process control systems are used to 

determine the impact of the heat pump on the brick and the starch drying process.  

The data processing, from the collection to visualisation and reporting, is done at AIT with the help of 

python scripts. Missing timestamps are detected automatically and marked for further analysis. Fluid 

properties like density and specific enthalpy are calculated from measurement data using the open source 

thermophysical property library CoolProp [6]. For time-independent characteristics of the heat pump to 

be analysed, such as the COP, heating capacity and electricity consumption at certain operational 

conditions, a python script was developed that automatically filters the interesting timeseries of heat 

pump data on a defined grid of chosen input variables, such as source and sink temperatures and 

compressor frequencies, each having a certain discretization (5 K for temperatures, 10 Hz for 

frequencies), e.g. resulting in about 2 million combinations for the Agrana heat pump. The values are 

resampled to their 90 seconds mean values and only normal operation of the heat pump is considered 

(i. e. no start-up). For a timestamp to be used, the input variables have to fulfil a stability criterium, i. e. 

the absolute difference of their values has to be below certain limits compared to the timestamp before. 

For the resulting timestamps the statistics of the interesting variables are stored (number of time stamps, 

mean value, standard deviation, minimum, maximum, quartiles). For the evaluation only operation 

conditions are used which have been monitored for more than 10 hours. This allows for a statistical 

approach for data analysis. 

For the calculation of environmental impact, heat pump data is compared to a natural gas burner with a 

thermal efficiency of 90% delivering the same amount of heat. Primary energy factors based on current 

European averages are used: 2.1 for electricity [7], 1.1 for natural gas [8]. The CO2 emissions are 

calculated as CO2 equivalent also considering other greenhouse gases such as methane or nitrous oxide. 

In 2021, the use of electrical energy in Austria led to 258 g CO2eq /kWh, the use of “Green Electricity” 

to 16 g/ kWh (used for 2030 outlook) and natural gas to 271 g/kWh. [9] In the EU, on average 275 g/kWh 

were currently emitted by using electrical energy. For the 2030 outlook, emissions have to fall to 

75.49 g/kWh to achieve a net reduction of 55% in greenhouse gases. [10] 

Results and discussion 

The operation of the heat pumps proved to be successful, slides 8 and 9 provide snapshots of heat source 

and heat sink temperatures for longer operation periods. Although there are fluctuations in the heat 

source temperatures, the heat sink temperatures are kept constant by the heat pump control algorithm 

and the control concept proved to be favourable.   

At the Wienerberger demo site, about 4,000 operation hours were collected with the heat pump. The 

heat pump operated at elevated temperature levels of 150°C to 160°C for about 570 hours. The heat 

output reached up to 297 kW. The COP ranged from 5.0 at 120°C / 84°C (heat sink outlet / heat source 

outlet) to 2.2 at 160°C / 89°C. The heat pump for starch drying at Agrana was also operated for about 

4,000 hours. The heat supply temperatures ranged from 90°C to 160°C, reaching a maximum heat output 

of 373 kW. This is about 10% of the energy demand of the drying process. About  900 hours were 
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collected at supply temperatures above 150°C. Due to the lower heat source temperatures, the Agrana 

demonstrator was operated at higher temperature lifts. The COP ranged from 3.1 at 121°C / 62°C (heat 

sink outlet / heat source outlet) to 2.7 at 153°C / 73°C. An overview on operation hours is provides on 

slide 7, performance data is compiled on slides 10 and 11. Comparison with efficiency data from other 

industrial heat pumps, that are market available shows that the DryFiciency heat pumps range among 

the devices with high efficiency.  

The environmental impact of two heat pump demonstrators was assessed for operation in the design 

point (120°C heat supply temperature at Wienerberger, 138°C at Agrana) by comparison to a natural 

gas burner with the same heating capacity. The results are presented on slide 12 and show substantial 

reductions in final energy, primary energy and CO2 emissions. Compared to the use of natural gas, final 

energy savings of up to 82% were achieved resulting in carbon emission reductions of ca. 600 t/a at 

Wienerberger. At Agrana, final energy savings of ca. 2,400 MWh/a were achieved leading to a yearly 

reduction in carbon emissions of ca. 660 t. 

Based on the operating results of the DryFiciency heat pump, potential savings for other drying 

processes are calculated when heat pumps are used in place of gas burners. The most commonly 

available heat source in drying processes is moist exhaust air that contains latent energy from drying. 

Assuming dew points of the exhaust air between 40-60°C, the source outlet temperature will be around 

40°C, thus considerably lower than the heat sources used by the DryFiciency demonstrators 

(Wienerberger: heat provided by a thermal driven heat pump, Agrana: heat provided by a waste heat 

recovery cycle). Using moist exhaust air instead will increase the temperature lift to about 120 K if the 

maximum heat supply temperature of 160 °C is maintained. This results in a lower COP of 1.8 assuming 

a second law efficiency of 50%. The savings potentials illustrated on slide 14 are therefore calculated 

with a minimum COP of 1.8 and a maximum COP of 4.7 using natural gas burners as the baseline. Final 

energy savings and CO2 emission reductions of 50-81% can be realized with heat pumps operating on 

moist air. Thereby, energy efficiency of the drying process is increased substantially. Using green 

electricity in 2030, the drying processes are almost completely decarbonized. Thus, heat pumps are an 

important element to decarbonize industrial process heat supply. 

Conclusion 

In the DryFiciency project, two closed loop high temperature heat pumps were successfully developed 

and demonstrated in air drying processes. In total, about 8,000 h of operation were collected covering a 

wide range of operation conditions. The control strategy of the heat pumps proved to be viable, 

stationary operation conditions were maintained and fluctuation in the heat sources were levelled out.  

Both DryFiciency heat pumps prove to be a very efficient measure to significantly reduce energy 

consumption and CO2 emissions for heat supply. Compared to natural gas burners, that are most 

commonly used in drying processes, heat pumps lower energy consumption by 50-80% which is a 

valuable asset considering increasing energy prices.   
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DRYFICIENCY CLOSED LOOP HP: 
Operation experience and outlook

V. Wilk, B. Windholz, F. Helminger, M. Lauermann, J. Riedl, A. Sporr, A. Schneeberger, 
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DRYFICIENCY: INDUSTRIAL DEMONSTRATION

AGRANA Stärke GmbH

Pischelsdorf (AT)

Wienerberger AG

Uttendorf (AT)

Starch dryingBrick drying Bio sludge drying

Scanship A/S

Drammen (NO)

Closed loop heat pump Open loop heat pump

The project has received funding from the European Union’s Horizon 2020 programme for 

energy efficiency and innovation action under grant agreement No. 723576.

High temperature heat pumps up to 160ºC
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326.04.2022

CLOSED LOOP HEAT PUMP

426.04.2022

STARCH DRYING

Dry product

Flow 
stream
dryer

Wet product

Steam

Water
(HRC)

Intermediate circuit 
(Water)

Closed loop
heat pump

~200 t/h@158°C

140°C

70°C

100°C

Exhaust air
~200 t/h@52°C

(48% RH)

~200 t/h
@30°C

Drying
agent (air)

Evaporator

90°C

Condenser

14 t/h
(10% moisture)

(35-40% moisture)
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BRICK DRYING

Dry product

(2% moisture)

~1000 °C

20 °C
50 °C

Dry BrickFired Brick

Kiln

Tunnel Dryer

Cooling air from ambient

Temperature

Recirculaton fans

Wet product

(28% moisture)

Gas burner

Temperature

Rel. humidity

10 t/h 

Drying capacity 2.6t/h

50°C
(60% RH)

Exhaust air

Drying agent (air)

40°C  90°C

30°C 60°C

Evaporatorwaste 
heat 

recovery

Condenser
Intermediate circuit 
(Water)

400°C 180°C

Hot air 
from kiln

120°C

100°C

70 t/h@115°C
(2% RH)

626.04.2022

HEAT PUMP CYCLE LAYOUT

Evaporator

Condenser

Evaporator

Condenser

Compressor Compressor

IHX IHX

Expansion
valve

Expansion
valve
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726.04.2022

• WBG: 

4020 h until 31.8.2021

• AGA: 

4008 h until 31.8.2021

PERFORMANCE: OPERATING HOURS

826.04.2022

PERFORMANCE: AGRANA
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926.04.2022

PERFORMANCE: WIENERBERGER

1026.04.2022

OVERVIEW ON HEAT PUMP OPERATION

data points represent >10h of stationary operation 
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1126.04.2022

OVERVIEW ON HEAT PUMP OPERATION

other IHP from Arpagaus et al. High 

temperature heat pumps: Market 

overview, state of the art, research 

status, refrigerants, and application 

potentials, Energy (152), p.985-

1010, 2018.

1226.04.2022

IMPACT OF THE DEMONSTRATORS

Agrana

138ºC

2388 MWh/a = 72%

1690 MWh/a = 46%

659 t/a = 73%

heat supply temperature

final energy reduction

primary energy reduction

CO2 emissions reduction

Wienerberger

120ºC

2163 MWh/a = 82%

1904 MWh/a = 66%

592 t/a = 83%

reductions compared to a natural gas burner with the same heating capacity
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1326.04.2022

Use of humid exhaust gas 

• dew point: 40-60ºC → lower heat source outlet temperature: 40ºC

• higher temperature lift: 120 K → COP ≈ 1.8

• change of heat pump layout for higher lifts: cascade  

OUTLOOK: HEAT PUMP DRYERS

Comparison to dryers with natural gas burner: 

CO2 emissions of natural gas: 

271 g/kWh

CO2 emissions of electricity: 

Austria 2020: 258 g/kWh

EU 2020: 275 g/kWh

CO2 emissions of electricity in the future: 

Austria 2030: 16 g/kWh

EU 2030: 76 g/kWh

1426.04.2022

END ENERGY AND CO2 EMISSIONS
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1526.04.2022

• DryFiciency 

• successful component and system development for high temperature applications

• well suited compressors, lubricant and refrigerant 

• stationary operation of the demonstrators with satisfying performance

• ca. 8000 h operation hours achieved for both demonstrators until 08/2021

• heat pumps are a future proof process heat supply technology

• lower energy consumption and CO2 emission reduction by waste heat recovery

• large multiplication potential for processes with process heat of up to 160ºC 

• process integration is decisive to realize efficient solutions

SUMMARY

1626.04.2022

AIT‘S DRYFICIENCY TEAM

Thomas Fleckl

Franz Helminger Michael Lauermann

Veronika Wilk

Annemarie Schneeberger Bernd Windholz

Andreas Sporr

Stephan Kling

Johannes Riedl

www.dryficiency.eu
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THANK YOU!

AIT Austrian Institute of Technology

Veronika Wilk

veronika.wilk@ait.ac.at

www.ait.ac.at/energy

www.dryficiency.eu
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An industry response to more ambition in energy regulation 

Annita Westenbroek 

 

CEPI Confederation of European Paper Industries, Belgium 
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Confederation of European Paper Industries

An industry response to more 
ambition in energy regulation

Copenhagen, 29 March

3rd HTHP Symposium

Annita Westenbroek

88 High-Temperature Heat Pump Symposium 2022



3

Confederation of European Paper Industries

European pulp and paper industries

500 pulp, paper and board producing companies

Keeping >72% of the fibres in the loop

60% of the energy consumption is biomass-based

32 Mt CO2 eq. annual carbon emissions

70% of which is related to paper drying

4

Confederation of European Paper Industries

Decoupling economic growth from carbon emissions

103.4%

89.3%

96.6%

93.3% 93.3%

105.3%

92.7%

99.2%

86.9% 87.7%

99.9%

83.8%

87.8%

74.3%

71.5%

65.0%

70.0%

75.0%

80.0%

85.0%

90.0%

95.0%

100.0%

105.0%

110.0%

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Changes in % since 2005 for prod. energy and CO2

 t prod

TJ

tCO2

- 28.5%

- 12.3%

- 6.7%
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Confederation of European Paper Industries

The urgency

• We need to make our sector even less energy intensive 

• the availability of sufficient renewable energy that is competitively priced and commonly

considered irreproachable, is and will stay limited

• doubling energy savings with available technologies might prove to be difficult

• We need technological innovations…  and a favourable environment…

6

Confederation of European Paper Industries

Build awareness 
and identify 
knowledge gaps 
by

• Facilitating exchange 
of knowledge

• Providing insights into 
practical solutions

Promote 
innovation by

• Stimulating common 
R&D projects within 
paper industry

Create 
a favourable 
regulatory 
environment by

• Ensuring crucial R&D 
topics are included in 
European R&D calls

• Informing policy asks

• Improving Cepi’s
positive positioning

Cepi Energy Sollutions Forum
to accelerate development and implementation of carbon 

reducing technologies and concepts
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Confederation of European Paper Industries

How can High Temperature Heat Pump technologies assist 

in reaching the carbon reduction goals of the paper industry?

8

Confederation of European Paper Industries

The needs and hurdles

Needs for a justified 
conceptual heat pump 

analysis?

• Insight in available heat 
pumps

• Insight in how to 
integrate them in the 
current process

• Insight in total cost of 
investment and  
operation

• Lower electricity prices

Main hurdles for heat 
pump integration

• High costs

• Complex integration

• Lack of knowledge

• Availability of electricity

Size of needed heat 
pump

• 9% < 1 MW 

• 30% 1-5 MW

• 35 %  5-20 MW

• 20% 20-50 MW

• 6% > 50 MW
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Confederation of European Paper Industries

Main challenges of the paper industry

High capex
Complex 

integration

Lack of 
knowledge (on 

both sides)

10

Confederation of European Paper Industries

Amplification by cooperation

High ambition for energy 
savings, but…

- What is available?

- How to integrate?

- How to decrease costs?

Development of high 
temperature heat pumps, but…

- What is really needed?

- What size, source / sink 
temperatures?

- Where and how to apply?
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Confederation of European Paper Industries

Joint action

Policy & regulatory 
asks

• Industry’s access to 
abundant affordable clean 
electricity

• CCfDs for the opex

• Financial and R&D support 
for integration and 
exploitation

• De-risking process 
integration

• Accelerated certification 

Technological 
efforts

• Redesign paper drying 
processes to allow 
integration

• Develop standardised heat 
pumps (compressors)

Training and 
awareness raising 
programmes

• Integration and exploitation

If you print this presentation, please recycle it. 

Paper is recyclable and the natural support of ideas.

Cepi aisbl

Confederation of European Paper Industries

Avenue Louise 250, box 80 

B-1050 Bruxelles

+32 2 627 49 11

cepi.org       @CEPI_paper Cepi
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EU Policy affecting the development and application of high-
temperature heat pumps 

Thomas Nowak 

 

EHPA European Heat Pump Association, Belgium 
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We need some heavy lifting

EU Policy affecting 
development and application of high temperature heat pumps

Thomas Nowak, Secretary General, European Heat Pump Association 

High temperature heat pump sy mposium | 29.03.2022 | Thomas Nowak

2

Heat pumps are mature and used everywhere - today

High temperature heat pump symposium | 29.03.2022 | Thomas Nowak

Commercial
Applications

Industrial

Applications & 

District Heating

Big 

buildingsResidential
Applications

White goods & 

cars
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IEA report: net zero by 2050 (2021)

High temperature heat pump symposium | 29.03.2022 | Thomas Nowak

+ 
deployment of 

industrial heat 
pumps: 

500 MWmonth
until 2050

➔ 180 GW!

4

Markets are growing 
Heat pump sales in 21 European markets 

High temperature heat pump symposium | 29.03.2022 | Thomas Nowak

Visual of production line

est. +30%
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Industrial HP?
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50 - 100 kW 100 - 350 kW 350 - 500 kW 500 - 750 kW 750 - 900 kW 900 - 1200 kW 1200 - 1500 kW 1500 - 5000 kW

12472 4158 525 334 119 75 66 36
High temperature heat pump symposium | 29.03.2022 | Thomas Nowak

6

Legislation covering high temperature heat pumps

High temperature heat pump symposium | 29.03.2022 | Thomas Nowak

● Ecodesign

● EPBD (via energy grids)

● Energy efficiency directive
Industrial heat pumps contribute to the EE target

● New Renewable energy directive
acknowledges renewables from air, water, ground and waste heat

● Emission trading scheme (ETS) strong impact via CO2 price

● ETS2 (if small industry is included)

● VAT Directive

● Energy taxation Directive
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Europe is discussing even higher new targets for 2030!

High temperature heat pump symposium | 29.03.2022 | Thomas Nowak

renewable

45*

%

energy efficiency

36*

%

CO2

55

%

8

Growth is not not fast enough: RES in heating and cooling

10,42%

11,13%

11,85%

13,27%

13,88%
15,31%

15,49%

16,11%

17,12%

17,55%

18,48%

18,85%

19,10%

19,49%

19,71%

20,55%
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2.000,00

3.000,00

4.000,00

5.000,00
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Total final energy demand for heating and cooling | EU 28 (in TWh)

Final energy consumption Derived heat Heat pumps Non RES-H&C RES-H&C [%]

< 1pp 
annual increase of 
renewable share

1st RES D 2nd RES D

+4,2pp

https://ec.europa.eu/eurostat/web/energy/data/shares
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IEA 10-point plan to reduce EU reliance on Russian gas

High temperature heat pump symposium | 29.03.2022 | Thomas Nowak

7. Speed up the 

replacement of gas 

boilers with heat 

pumps

8. Accelerate energy 

efficiency 

improvements in 

buildings and 

industry

10

EU Commission: REPowerEU: high ambition

High temperature heat pump symposium | 29.03.2022 | Thomas Nowak

● Double sales numbers of hydronic heat pumps by 2026

● Arrive at sales of 10 million additional hydronic heat 

pumps in 2026

● Do not stop: aim at 30 million heat pumps by 2030

x 5 for annual sales until 2030

Average growth around 20% pa

100 High-Temperature Heat Pump Symposium 2022



11

ʼ

High temperature heat pump symposium | 29.03.2022 | Thomas Nowak

https://static.agora-energiewende.de/fileadmin/Projekte/2021/2021_07_EU_GEXIT/253_Regaining-Europes-Energy-Sovereignty_WEB.pdf

12

Industry measures

High temperature heat pump symposium | 29.03.2022 | Thomas Nowak

7. Don’t regulate industrial gas and energy prices, let the demand 
signal work.

8. Take emergency measures to avoid irreversible reduction in EU 
industrial and agriculture production 

9. Accelerate the uptake of renewable solutions for low and medium-
temperature industrial heat ➔ Heatpumps

10. Regulate industry to ensure all cost-effective energy savings 
measures are taken ➔ in combination with #7: Heatpumps, 

11. Rapidly scale material efficiency and enhanced recycling of energy-
intensive materials 

https://static.agora-energiewende.de/fileadmin/Projekte/2021/2021_07_EU_GEXIT/253_Regaining-

Europes-Energy-Sovereignty_WEB.pdf
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1. We need ambition and trust by policy makers for all all heat pump 

technologies

2. Making clean heating economically most attractive will bolster demand

3. In legislation, set a priority for heat pumps, create long-term legal 

certainty and avoid disruption, fast forward measures (see next slide)

4. Skills: capacity and level of skilled experts
Installers – planners – architects – engineers – entrepreneurs 

5. R&D for even better heat pumps, in particular for renovation 

➔ S3 smart – small – silent 

High temperature heat pump symposium | 29.03.2022 | Thomas Nowak

EHPA requests

14

Unprecedented measures: 
what does that mean for you?

High temperature heat pump symposium | 29.03.2022 | Thomas Nowak
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161 
Members

s

22
countries represented

EHPA

Vision

In a fully decarbonised

Europe, heat-pump 

technologies are the 

number one heating 

and cooling solution, 

being a core enabler 

for a renewable, 

sustainable and smart 

energy system.

The European Heat Pump Association aisbl / founded 2000

High temperature heat pump symposium | 29.03.2022 | Thomas Nowak

International cooperation 
CECA, IEA, IEA HPC, IRENA, HPCJ
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Industrial heat pump opportunities in the Irish 
market 

 

Dr. David Connolly* 

Chief Technology Officer, Astatine Limited 

Abstract 

Ireland is a world leader at the integration of variable renewable electricity onto an electricity 

grid with the highest share of onshore wind in the world and second highest share of total 

wind power. Today approximately 40% of Ireland’s electricity needs are met by wind power 

which is made even more significant by the fact that Ireland’s power system is very isolated, 

with only two relatively small interconnectors between the island of Ireland and Britain. 

However, an unintended consequence of this success is the high level of dispatch down, due 

to grid constraints and curtailment, now occurring with approximately 15% or 2 TWh of wind 

power in Ireland currently not being used, a figure which is set to rise at Ireland aims to 

increase its renewable electricity share to 80% by 2030. 

In parallel to this success story for renewable electricity lies a systemic failure in relation to 

renewable heat. Ireland currently has the lowest share of renewable heat in the European 

Union at a minuscule 6.3%, which is even in decline in recent years. Ireland’s total heat 

demand is approximately 45 TWh per year of which industry requires ~17.5 TWh. Further 

subdivision of the Irish industrial heat demand by temperature level indicates that ~9.4 TWh 

of industrial heat in Ireland is required at temperatures of <200 C, which could potentially be 

met by industrial heat pumps. Furthermore, the largest industrial sector by energy 

consumption in Ireland is the food and beverage sector, an area which has many existing 

industrial heat pumps in operation throughout Europe. 

Considering the growing volumes of renewable electricity, low share of renewable heat and 

significant share of industrial heat below 200 C, Ireland’s energy system is primed for an 

influx of industrial heat pump installations. This presentation will go into these opportunities 

in more detail and quantify some of the benefits available in realising these opportunities.  

 
*Corresponding author: Tel.: +353 87 683 9057; E-mail: david.connolly@astatine.ie  
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Current Situation:
Great at Renewable 
Electricity & Poor at 

Renewable Heat
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Source: https://ec.europa.eu/eurostat/en/web/products-eurostat-news/-/edn-20220211-1

6
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Huge Potential (>50%) 
for Renewable Heat in 
Industry with Existing 

Technologies

Heat Demand in Ireland by Sector (TWh)

Industry Accounts for 17.5 TWh or 38%

8

TOTAL
45.7 TWh

18.4, 40%

5.7, 13%
3.5, 8%

0.6, 1%

17.5, 38%

Residential

Commercial

Public

Agriculture

Industry

8
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Latest Data from SEAI Indicated Approximately 
6.9 TWh up to 150 C, likely ~10 TWh at 200°C*

9

PRIMARY SOLUTIONS
(My View)

Commoditised Electrification
&

District Heating

Bespoke Electrification
&

Fuels e.g. H2 & Bio

1.3 , 7%

5.6 , 32%

6.1 , 35%

4.5 , 26%

Industrial Heat Demand in Ireland by Temperature (TWh)

Low Grade Heat (<100 C)

Medium/Low Grade Heat (100 - 150 C)

Medium Grade Heat (150 - 500 C)

High Grade Heat (>500 C)

9

*The Heat Roadmap Europe (www.heatroadmap.eu) project included a 
division at 200°C for industrial heat and found that 57% of the heat 
demand in Ireland was <200°C, which equates to 9.9 TWh.

10

26%

20%

8%
6%

6%

5%

4%

4%

3%

3%

2%
2%

1%

11%

Sample of 342 Industrial Heat Pumps Globally by 
Application

Food & Beverage

District heating

Large Buildings

Machinery

Chemicals

Electronics

Agriculture/Fishing

Metal industry

Utility

Health & Tourism

Plastics

Metal Processing

Paper/Pulp

Others

31%

18%

11%

7%

6%

6%

5%

5%

3%
3%

2%1%

1% 1%

Sample of 88 Food & Beverage Industrial Heat Pumps 
Globally by Appication

Others

Dairy (milk, cheese, etc)

Brewery & Malt

Chocolate

Meat Processing

Noodle

Beverage

Slaughter House

Fruit juice

Deep freeze

Bakery

Winery

Sugar

Tabacco
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Astatine
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Up to 200°C
Renewable Heat
(High-temperature heat pumps)

Renewable Electricity
(Onsite Solar Power & Corporate PPAs)

You Fund Or We Can Fund
(Heat & Power As A Service)

1

2

SCOPE

14

Fossil Fuel Free Distillery

• Requires >110 C Hot Water

• First fossil free distillery in Europe/World?

Dairy Plants

• Five projects at various stages

• Mostly aiming to supply ~80-100 C 
Hot Water

• Typically a high temperature heat 
pump & large-scale solar 
installation as most have land 
available around the sites

• Huge scope to replicate at other 
dairy sites around Ireland

• Motivators: 
–Zero (onsite) 

carbon; 

–Utilise low-cost 
renewable 
electricity;

–Long-term 
security of supply
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Major Barrier is the High 
Cost of Electricity 
Compared to Gas

Need to Equalise the Price of Electricity & Gas by, for example:

1) Lower electricity rates for electrification of heat/transport

2) Derogations for grid charges and grid connection costs
• EU Electricity to Gas Price ratio by Dr. Cordin Arpagaus• EU Electricity to Gas Price ratio by IEA Annex 48
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Major policy change in March 2022

“Heat pumps have a crucial 
role… in the industry sector that 
supply medium and low-grade 

heat at temperatures up to 
about 200°C”.

~€1 Billion In 
Benefits for Irish Society 

Which
Reduces Energy Costs for 
Business by ~€500 Million
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€270 Million Less CO2 Penalties

€440 Million Less Fossil Fuels

€200 Million Wind Energy Saved

€35 Million More in Grid Usage

•

•
–

–

•

–

20

9.4 TWh 
Industrial Heat

16% RES-H
2.7 MtCO2 
(Scope 1)
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Questions?
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Large Scale High Temperature Heat Pumps: Lessons learned and 

near future technologies 

Lars Reinholdt1, Pernille Hartmund Joergensen1 

 

1 PlanEnergi, Jyllandsgade 1, DK 9520 Skoerping, Denmark,  

lr@planenergi. dk  

 

Keywords: 

Large scale, high temperature heat pump, natural refrigerant, lessons learned, near future 

 

Abstract  

 

As 100% renewable energy-based heat supply in 2030 is the political goal in Denmark the search for 

alternatives to fossil fuel (mainly natural gas) is a major focus. As the price of electrical power was 

lowered the use of heat pumps turned to be competitive and since 2020 and more than 120 industrial 

size heat pumps from 1 to 24 MW heat have been put in operation and more system up to 50 MW heat 

is being installed. 

 

Lessons learned from the installation of more than 30 systems based on natural refrigerants will be 

presented covering different temperature levels and waste heat recovery from industry and data centres, 

ground water, air and sea water as heat sources and having a total capacity of 135 MW heat. The 

connection to the electrical grid and the offering of ancillary services as well as the integration with 

other heat production system and storage will be included. 

 

The near future needs for even higher temperatures for both industrial processes and district heating will 

also be presented, pointing at ready markets having a large volume of similar specification and needs. 

As the district heating business in Denmark have been for temperatures up to 90°C these markets can 

be a base for development and market maturing of more standardized high temperature heat pump 

system. 
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LARGE SCALE HIGH TEMPERATURE HEAT PUMPS:

LESSONS LEARNED AND NEAR FUTURE TECHNOLOGIES

REGULATORY FRAMEWORK & BUSINESS MODELS

Lars Reinholdt
Pernille Hartmund Joergensen

1 High-Temperature Heat Pump Symposium  2022                 •               29. March 2022

WHO IS PLANENERGI?

2

• Consulting engineering firm

• Over 39 years of 

sustainable and renewable energy

• 46 employees

• Offices in Denmark:
• Skoerping

• Aarhus

• Copenhagen

• District heating
• Master plans and basis for decision making
• District heating expansions and conversions
• Large-scale heat pumps
• Excess heat
• Solar District Heating
• Thermal Energy Storages 
• Hydraulic and thermal analyses and 

optimization of networks

• Strategic Energy Planning
• Mapping
• Strategies
• Action plans
• Heat planning

• Biogas

• Spatial planning for PV-parks and wind 
turbines

• International research and development 
projects (IEA, Horizon etc.)

High-Temperature Heat Pump Symposium  2022                 •               29. March 2022
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Topics

• Why heat pumps

• Business opportunity: 
• Heat pumps in the Danish district heating

• Business models

• High temperature heat pumps for district heating
• Near future technologies

• Invitation for market dialog

3 High-Temperature Heat Pump Symposium  2022                 •               29. March 2022

Why heat pumps

Postulate
Heat Pumps are ”nice to have” not ”need to have”

Heat pumps ”just” deliver heat in a more appropriate way 
than the alternative.

It is all about
• COP
• COP
• COP

4 High-Temperature Heat Pump Symposium  2022                 •               29. March 2022
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Why heat pumps

Postulate
Heat Pumps are ”nice to have” not ”need to have”

Heat pumps ”just” deliver heat in a more appropriate way 
than the alternative.

It is all about
• COP Total cost of energy
• COP Total cost of energy
• COP Total cost of energy

…. which is not just COP!

5 High-Temperature Heat Pump Symposium  2022                 •               29. March 2022

Business opportunity:
Heat pumps in the Danish district heating

Lowering of the taxation of power in 2019 made it 
boom:

• Total plants in operation: 120

• Total heat capacity: 400 MW (out of this PlanEnergi: 103 MW)

Varmepumpedata.dk

6 High-Temperature Heat Pump Symposium  2022                 •               29. March 2022
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Business opportunity:
Heat pumps in the Danish district heating

The technologies:
• Drinking and ground water 5 7 MW

• Sea water 3 9 MW

• District Cooling 2 10 MW

• Solar (thermal) cooling 6 9 MW

• Flue gas 15 24 MW

• Sewage water 4 32 MW

• Waste heat 18 104 MW

• Air 66 204 MW 

7 High-Temperature Heat Pump Symposium  2022                 •               29. March 2022

Air water heat pumps

8

Braedstrup district heating. Capacity 5,8 MW, ammonia/NH3

High-Temperature Heat Pump Symposium  2022                 •               29. March 2022
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Example: Faaborg 10,5 MW capacity

• Ammonia, NH3

• 2 x screw compressors

• 3 x screw compressors +
5 x reciprocating comp.

• 32 air coolers air upwards

• Supply directly to grid

• No storage tank

• Storage tank is being planned…

9 High-Temperature Heat Pump Symposium  2022                 •               29. March 2022

Heat pumps: COP

• Danish district heating typical temperatures:
• Forward 65 to 85°C, return 35 to 45°C

• Typical COPs on air-water heat pumps:
• Summer ( +17°C): 3,5 – 3,9 Winter (-4°C) 2,8 – 3,1

• Lorenz-efficiency: 50 to 60 %

10 High-Temperature Heat Pump Symposium  2022                 •               29. March 2022
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Experience: air water heat pumps

PlanEnergi: 15 plants in operation, total capacity 76 MW

• They WORK!

• First cold winter (2020-21) down til -18°C: 

The defrost made it…

• A number of plants (but not all!!) have lower COP and 
capacity than offered:
• Did the supplier go too far…?

• Still something to learn to get even higher COP

High-Temperature Heat Pump Symposium  2022                 •               29. March 202211

Business model: 
Feasibility study and project proposal

12 High-Temperature Heat Pump Symposium  2022                 •               29. March 2022

EnergyPRO model Socio and privat economy
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Business model: 
Feasibility study and project proposal

13 High-Temperature Heat Pump Symposium  2022                 •               29. March 2022

Business model: 
Validation and sensitivity on HP assumptions

14 High-Temperature Heat Pump Symposium  2022                 •               29. March 2022
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Business model: Tendering

15 High-Temperature Heat Pump Symposium  2022                 •               29. March 2022

Electrical supply

• All the compressors have variable speed drives

• Electrical noise (THD, Total Harmonic Distortion) is 
being a bigger and bigger issue and has to be 
addressed early

• Ancillary services to the grid is possible 

• POC (Point Of Connection)

16 High-Temperature Heat Pump Symposium  2022                 •               29. March 2022
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Electrical supply

POC (Point Of Connection), Denmark

Innovative und Grüne Fernwärme Norddeutschland     Großwärmepumpen  • 3. März 202217

A-High:
The costumer is connected at 60 kV at a 60/10-20 kV 
transformer station

A-Low:
The costumer is connected at 10-20 kV at a 60/10-20 
kV transformer station

B-High:
The costumer is connected at 10-20 kV at a 10-20/0,4 
kV transformer station

B-Low:
The costumer is connected at 400 V at a 10-20/0,4 kV 
transformer station

High temperature heat pump case

• Hyper data centers: Excess heat > 30 MW 
• Forward: 32 C

• Return: 20 C

• District heat at transmissions line level: 
• Forward: 92 – 120 C

• Return: 48 – 52 C

• First stage (following the amount of excess heat):
• 16 MW heat 

• expected to be realized as  2 x approx. 8 MW plants

18 High-Temperature Heat Pump Symposium  2022                 •               29. March 2022
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High temperature heat pump case
Technologies 

• Maturity of the offered solution
As we are going to scale up (and operate for 10 – 20 years)

• At the market

• Near the market: The supplier has to “prove” readiness to 
offer but also support (service and spare parts) the solution 
in the coming years

• TRL (8) 9 >

19 High-Temperature Heat Pump Symposium  2022                 •               29. March 2022

High temperature heat pump case
Technologies 

Market survey (first stage)
• Hydro carbons

• Very promising, but no supplier identified

• Water vapor / steam
• Mature and efficient technology used in Mechanical Vapor 

Recompression today
• MVR starts out at 70 – 80 C = low temperature heat pump stage 

needed

• Transcritical CO2
• On the market but still need to be proven in operation
• The rather high return temperature on warm side challenging 

the COP

• Ammonia water compression-absorption process 
• Proven technology (to 110 C) but the capacity per unit is to be 

raised

20 High-Temperature Heat Pump Symposium  2022                 •               29. March 2022
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High temperature heat pump case
Business development 

21 High-Temperature Heat Pump Symposium  2022                 •               29. March 2022

The worldwide district heating could be the technology 
driver:

• It is a high volume business

• Heat is the product

• Long investment horizon (long payback time)

• The systems are the same kind

• Temperature levels are in the same range (but not the 
same…)

Invitation for “market dialog”

22 High-Temperature Heat Pump Symposium  2022                 •               29. March 2022

Aim:

To make the “right” open and fair tender 

• Deeply explain the needs and possibilities “around” 
the heat pump

• Identifying the possibilities in the different 
technologies

• Open the district heat (ant heat source) to be able to 
draw the benefit from the identified “possibilities”

• If interested: Please contact Lars Reinholdt
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Thank you

Lars Reinholdt

Team manager, heat pumps

Phone: +45 2060 3975

Email: lr@planenergi.dk
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HighLift – a very high temperature heat pump for industrial use – 

key results from a Horizon2020 Fast Track to Innovation Project 

Tor-Martin Tveit1, Stefano Vittor2, Ron Zevenhoven3 

 

1 Olvondo Technology AS, Holmestrand, Norway, tmt@olvondotech.no 
2 Olvondo Technology AS, Holmestrand, Norway, stv@olvondotech.no 

3 Åbo Akademi University, Process and Energy Technology, Turku, Finland, 

ron.zevenhoven@abo.fi   

 

Keywords: 

Very high temperature heat pump, steam generation, helium (R704), waste-heat recovery  

 

Abstract  

The HighLift project was a cooperation between AstraZeneca, Olvondo Technology, and Åbo Akademi 

University, and partly financed through the European Commission’s Horizon2020 Fast Track to 

Innovation. The project developed the next-generation very high temperature heat pump, suitable for 

combined heating and cooling, waste-heat recovery, and steam generation up to 10 barg.  Here we present 

some of the key results of the project. The project aimed to increase the system efficiency, improve the 

reliability, cut production costs, refined quality control, and improved ICT platform for the very high 

temperature heat pump. Supporting theoretical and desktop studies address energy efficiency, life cycle 

assessment (LCA) and market potential for the HighLift technology. In this extended abstract some key 

development results from the project are presented. The focus will be on the high operating temperatures 

of the heat pump.  

Introduction 

The project developed a next-generation prototype heat pump (750 kW heat output) that was installed 

at the AstraZeneca R&D centre in Gothenburg, Sweden.  Three very high temperature heat pumps (500 

kW heat output each) were already installed at the site, using the waste-heat recovery circuit at the site 

as the cold side heat source and the 10 barg steam system as the hot side heat sink. The prototype was 

integrated into the existing 10 barg steam system and connected to the heat recovery circuit at the site. 

Details about the installation can be found in the previous work by the authors [1].  Besides the design, 

construction and implementation of the prototype, theoretical studies addressed energy efficiency and 

life cycle analysis (LCA). For more details regarding the technical development in the project, refer to 

the other work by the authors [2,3]. 

Methods 

The high temperatures (>150°C) make it challenging to find sealing material that can withstand the 

temperature in addition to thermal cycling.  Prior to the start of the project various tests were made with 

various FKM and FFKM seals.  The results of the tests showed that the seals either did not work properly 

for the required temperatures or were prohibitively expensive for standard applications.  The task of the 

new design changes was to try to eliminate as many of the polymer seals as possible, either by changing 

the type of seal or by removing the separation between the surfaces. 
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The mechanical design of the kinematical parts of the heat pump is close to a large-scale piston 

compressor or a medium speed ship diesel engine.  In contrast to a piston compressor or a diesel engine, 

the acceptable leak-rate from the piston rod seal is very low.  The working medium in the heat pump is 

helium, which increases the challenge to design a seal with low enough leak rate.  Additional challenges 

are presented by not being able to cool the working medium and that no oil should leak into the cylinders. 

The temperature of the piston rod is lower than the gas temperature, but still presents a challenge for the 

lifetime of the seal.  Oil in the cylinders would start clogging the regenerator and the performance of the 

heat pump would decline. The new design of the seal was an iteration of the seal used in the existing 

heat pumps, primarily improving the durability of the seal and withstand the higher pressure difference 

needed for the increase in output. 

Exergy analysis is used to quantify the efficiency of energy used in thermal systems such as heat pumps, 

“normalising” all energy streams by their capacity to do work [4]. For power P, heat Q and fuel lower 

heating value LHV the exergies can be calculated and losses defined as irreversibilities, i.e. entropy 

generation. A further quantification of any inefficient use of resources and impact on the environment 

was made using life cycle assessment, LCA.  

Results and Discussion 
Error! Not a valid bookmark self-reference. shows the heat 

pump installed on site.  The heat pump is installed in the same 

room as the three previous heat pumps and is connected to the 

sink/source system through the common connections. 

The cold side of the heat pump is facing towards the main 

motor, while the hot side of the heat pump is towards the wall.  

Cold heat is transferred from the site’s heat recovery system 

through a plate-heat exchanger. The closed loop water circuit 

circulates water through the plate-heat exchanger and the 

internal heat exchangers on the heat pump. Steam is produced 

in a plate-and-shell steam generator, where a closed super-

heated water loop circulates over the steam generator and the 

hot side internal heat exchangers on the heat pump. Oil for the 

bearings is cooled by the cold closed loop water circuit. This 

means that the friction heat in the bearings and other mechanical components is recycled internally in 

the heat pump, reducing the thermal losses, and improving the efficiency. An estimate of the heat from 

the oil transferred to the cold circuit is between 10 and 15 kW. The estimates are based on the 

temperatures of the oil and shaft speed of the oil pump. 

 

During the test period of 

approximately 2500 hours the heat 

pump was generating steam at an 

average pressure of 9.0 bar, 

corresponding to a temperature of 

180.5 °C.  The average temperatures 

of the water in/out from the heat 

pump were 181.3 and 183.2 °C 

respectively, giving a ΔT of 1.9 K. 

Figure 2 shows the hot side 

temperature during a month’s 

Figure 1. Heat pump installed on site. 

Figure 2. Hot circuit temperatures for the period between 10th of October to 

the 11th of November 2021. 
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operation in October/November 2021. The variations in the temperatures are due to the changes in the 

steam pressure in the site’s steam system. The pressure will vary slightly with the load of the system 

and is controlled by a gas boiler that forms the primary source of steam.   

When the control of the heat pump 

output is properly designed and 

calibrated, the heat pump should 

generate all the steam needed by the 

system with the heat pumps in the 

periods where the load is below the 

maximum steam capacity of the heat 

pumps. The temperatures on the cold 

source vary more than the hot sink 

temperatures. This can be seen in 

Figure 3, which shows the cold heat 

exchanger’s inlet and outlet 

temperatures of the heat recovery 

circuit. 

The temperature difference, ΔT, between the outlet and the inlet is controlled by the heat pump.  The 

setpoint of the ΔT is given by the site’s control system and can vary freely between 5 and 10 K.  The 

ΔT for the period was 5 K most of the time, but there were also shorter periods with a ΔT of 6 K and 

10 K. 

The average temperature lift for the heat pump, that is, from the average cold temperature to the average 

hot temperature was approximately 144 K. 

The target leak rate for the dynamic 

piston rod seals for the project was set 

to less than 24 litreSTD/day.  The heat 

pump’s data acquisition system does 

not measure the leak rate directly, but 

the leak rate can be estimated from 

the working medium pressure and 

temperature over time.  This gives a 

leak rate for all the components and 

not only the piston rod seal.  Figure 4 

shows the calculated working 

medium mass in the heat pump for a 

period of 24 hours.  The two almost 

vertical lines in the graph are when 

the control system is refilling the heat pump.  The total estimated leak rate for the heat pump is about 

44 litreSTD/day. This means that the leak rate for each piston rod seal is less than 11 litresSTD/day.  This 

is still approximately twice the acceptable leak rate. However, a considerable share of the leaking gas 

was leaking through a faulty brazing joint. A better estimate of the leak rate will be available when the 

leak in the joint is fixed.  Nevertheless, based on the observations of the leak in the joint it is very likely 

that the leak rate for the seals is within the acceptable limits, and the current estimate of the leak rate for 

the whole heat pump (without the faulty brazing joint) is between 22 and 24 litreSTD/day. 

 

 

Figure 3. Cold circuit temperatures for the period between 10th of October to 

the 11th of November 2021. 

Figure 4. Helium mass in the heat pump during 24 hours of operation.             

The unit of mass is a normalised volume parameter used by the PLC to control 

the pressure. 
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For a 500 kW heat output system using either waste heat and electricity, or a fossil fuel the exergy 

analysis shows an efficiency of 71% for the heat pump versus 34% or 33% for a natural gas or fuel oil-

fired heater, respectively, as shown in Figure 5. 

 

LCA quantifies the life cycle impact resulting from use of resources or emissions to the environment, 

for the same system operated 15 years, including construction and end-of-life commissioning, for 

thirteen so-called midpoint categories. Figure 6 shows the outcomes as a radar chart [3]. 

Conclusion 

The conclusion of the project was that the new generation heat pump had a stable operation at the 

required temperatures, and that the performance and wear of the parts was very good. There are still 

improvements that could be achieved with minor modifications. Energy efficiency analysis and LCA 

show the advantages of the system compared to fuel-fired heaters. 
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Figure 6. Radar chart of the relative environmental 

impacts of 15 years 500 kW heating using a natural gas 

boiler (NGB), oil boiler (OB) or Stirling engine heat pump 

(SE) incl. construction and decommissioning 
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Figure 5. Exergy efficiency analysis of Highlift HTHP versus gas 

or oil boilers for 500 kW heat output at 200°C 
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HighLift – a very high 
temperature heat pump for 

industrial use –
key results from a Horizon2020 
Fast Track to Innovation Project

T.-M. Tveit, S. Vittor, R. Zevenhoven

Fast Track to Innovation (FTI)
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Official project video

Methods and test setup

• Main components:

• heat pump
• steam generator
• plate heat exchanger
• auxiliary circuits
• working-medium system
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Control, data acquisition, data processing

Hot side temperatures
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Cold side temperatures

Helium leak rate

Critical working 
medium leak points

The total estimated leak rate for the heat pump is about 44 litreSTD/day. 
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Exergy analysis and LCA
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Concluding remarks

The conclusion of the project was that

the new generation heat pump had a

stable operation at the required

temperatures, and that the performance

and wear of the parts was very good.

There are still improvements that could

be achieved with minor modifications.

Energy efficiency analysis and LCA

show the advantages of the system

compared to fuel-fired heaters.

Links on the HighLift-webpage:

http://highlift.olvondotech.no
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Smart implementation of a Rotation Heat Pump 

Andreas Längauer1, Bernhard Adler1 

1 ecop Technologies GmbH, R&D, Vienna, Austria, andreas.laengauer@ecop.at  

    

Keywords: 

High temperature heat pump, Rotation Heat Pump, centrifugal compression, flexibility  

 

Abstract  

 

The challenge for conventional heat pumps is to achieve a high coefficient of performance (COP) under 

different boundary conditions and temperature levels. While compression heat pumps can usually only 

provide good efficiency for one design point or temperature level, the Rotation Heat Pump (RHP) allows 

switching from low temperature to very high temperature levels without changing the system. This is 

possible due to the used Joule-Cycle used for the process where the working fluid is always gaseous. 

No condensation or evaporation takes place in the heat exchangers and so the working fluid is not 

limiting the process by for example the critical point. To provide an efficient compression, which is 

necessary to reach high COP levels, centrifugal forces are used to compress the environmentally friendly 

working fluid. A closed pipe system, filled with the working fluid, is rotating around a centrals axis of 

rotation. Inside these pipes, the relative velocity of the fluid is low compared to the absolute velocity 

seen by the main rotation. Thus, the pressure drop caused by the fluid flow is very small compared to 

the absolute pressure increase caused by centrifugal forces. Because of this, the overall compression 

efficiency is very high. To ensure an efficient system using this Joule-cycle this high compression 

efficiency is mandatory. Otherwise, this thermodynamic cycle would not work economically.  

To demonstrate the flexibility, different application cases are shown where the temperature level is 

varying and provided heat can be used in certain ways.  

Flexibility of a Rotation Heat Pump 

 

Flexibility can therefore be seen from different points of view. Since the working fluid is always 

gaseous, the temperature level is not bound to a specific operating point. So as described, the temperature 

level can vary in a wide range without changing any parameters of the system. The output temperature 

of the sink is mainly depending on the source temperature and the rotational speed of the system. 

Keeping the speed constant, the provided temperature level of the sink would follow the temperature 

curve source with only an offset by the temperature lift. A further point of flexibility is set by controlling 

the mass flow in the system by the speed of the fan. So, for each design point the rotational speed of the 

fan can be adjusted and optimised to reach for example a maximum power output or a maximum COP. 

In combination with the flexible rotational speed of the main rotor different control strategies can be 

applied and developed. All electric engines relevant for the process are combined with frequency 

converters which allow a wide range of operation points. The following application cases benefit from 

these flexibilities and allow smart integration in different systems. 

Smart application cases of a Rotation Heat Pump  

 

For example, a RHP can be used to lift the temperature level up to 150°C to produce steam when needed 

and otherwise, when no steam has to be provided, process heat at 70-90°C is produced. Waste heat of a 

production process can be used as a source in this case. This implementation would use controlled valves 

to switch between the different use cases operated by the company’s control system. A further big 
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advantage is that the full load operating hours can be increased significantly compared to the case if the 

heat pump is only used for steam production or only process heat. The investment has only to be done 

once but increasing the up-time a lot makes also the investment case much more attractive. Since the 

available space is also almost always an issue, in this case space is only required for one machine. For 

steam production various options can be considered. This could reach from using a flash tank and 

directly producing steam on the sink side or combining the heat pump system with a heat exchanger for 

steam production. 

A second possibility is the implementation as a “Heat Booster”. This means, that conventional district 

heating is used as a source and for customers needing higher temperature levels (e.g. >100°C), the RHP 

is used to lift the temperature when necessary. If no high temperature heat is required, waste heat of a 

production process can be used as source and heat is lifted to support district heating at lower 

temperature levels. This implementation could be suitable for industrial applications where the demand 

for high-temperature heat is not constant, but where a year-round heat supply is also required. To give 

some examples, beside industries like pulp and paper, food and beverage, tobacco and chemical industry 

also public buildings like hospitals could use this “Heat booster” for high temperature supply. Since 

they need temperatures >100°C for cleaning and sterilisation of their equipment, usually local gas or oil 

boilers are used to provide this temperature levels.  

A third possible application is switching between providing heat in winter and cooling in summer. Due 

to the fact, that district cooling is getting more and more important, also a RHP can be used in summer 

to provide cooling at low temperatures down to -20°C, which is perfectly matching when also heat is 

necessary. So, for this application in summer the source can be cooled down to provide district cooling 

and the sink is used to transfer the heat to ambient air for example using a conventional heat exchanger. 

In the best case also the heat of the sink can be used in summer, this would increase the economic 

efficiency significantly. In winter, a source at low temperature levels can be used to provide heat for 

district heating at high temperature levels. The heat pump system is not changing therefore, while the 

different use cases can be realised by having hydraulic valves to change the operation points.  

Besides the described application cases, also many other implementations can profit from the flexibility 

of the system. Just to mention one more, the combination of a Rotation Heat Pump with a solar thermal 

system and a long-term storage for hot water. In summer the storage is heated up and when during winter 

the temperature level drops under a certain level the heat pump lifts the low temperature of the storage 

to the necessary temperature. 

Conclusion and discussion  

 

The examples show the advantages of the Rotation Heat Pump and how applications can benefit from 

the flexibility. Since conventional heat pumps are often limited in their operation range, a great potential 

of implementations is not yet exploited. An enormous amount of CO2 emissions could be avoided if 

these potentials were utilized. In order to identify the versatile applications, it is necessary that the 

possibilities are known and can be considered in the planning. 
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3
Latest warming stripes (1850-2020)
http://www.climate-lab-book.ac.uk/warming-stripes/

4

90% of industrial heat is generated by 
fossil fuels ...

... and causes 20% of global CO2 
emissions.

A PROBLEM TO BE SOLVED

Source: https://www.solar-payback.com/potential/global-heat-demand-in-industry/
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OUR MOTIVATION
With our flexible and highly efficient rotary heat pump, we
aim to become the market and technology leader in CO2-
neutral industrial heat recovery (100-200°C) in Europe.

ABOUT US

WHO WE ARE
We are a highly innovative Austrian clean-tech start-up based
in Vienna and Neuhofen in Austria. Our investors rank among
others the OÖ Hightechfonds, FSP Ventures (Familie Scheuch
Privatstiftung) and Fill Holding.

18
Employees

Sitz
in Neuhofen (OÖ)

15+ Jahre
R&D

67
Patents

AWARDS

Investors

6

1. MOTIVATION & COMPANY 
2. TECHNOLOGY
3. APPLICATION CASES
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A highly efficient industrial heat pump 
with an operating range up to 150°C

Core innovation is a novel circular compression 
process

Use of a working gas without greenhouse effect

Innovation: 
✓ Centrifugal force enables 99% efficiency in compression
✓ High temperatures, high temperature flexibility

TECHNOLOGY

5

8

FUNCTION OF THE PATENTED ECOP-TECHNOLOGY
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... WHICH HAS ALREADY BEEN 
EXTENSIVELY PATENTED.

Highly efficient 
compression or low losses 
due to low velocity in the 
channels
(<10m/s compared to 100m/s in 
conventional turbo 
compressors - 1000x lower losses)

Average efficiency of the 
RHP up to 98%
(Average of main compression and 
ventilation system)

Source inlet
e.g.: 65°C

Source outlet
e.g.: 43°C Low-temperature heat

exchanger

High-temperature heat
exchangerhighly efficient

expansion

Highly efficient 
compression/low losses 

due to low relative speed

Sink outlet
e.g.: 95°C

Sink inlet
e.g.: 70°C

Ventilation system

10

operates in high temperature ranges (up to 150°C) compared to 

classic industrial heat pumps,

achieves consistently high efficiency at all temperature levels or at 

high spreads,

can operate flexibly at different operating points, and

does not use any refrigerants that are harmful to the climate

ADVANTAGES
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1. MOTIVATION & COMPANY 
2. TECHNOLOGY
3. APPLICATION CASES

12

INDUSTRIES

food & beverages

energy services building materials

chemicals

paper & textiles

metals
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14

Advantages:
− High temperature

− flexibility

Case 1: steam production

Source:
− Waste heat of process

Sink:
− Steam production

− 2-stage application

Sink in: 
60°C

Sink out: 
130-140°C

Source out:
5°C

Source in: 
28°C

subsystem:
90°C

Compression Heat Pump

Rotation Heat PUmp
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Advantages:
− Sensible heat transfer

− Flexibility

− High temperatures

Case 2: district heating & booster

Source:
− Storage

Sink:
− Heat supplier

− District heating

− Flue gas condensation

16

FLEXIBLE OPERATION POSSIBLE -
SUMMER AND WINTER

5°C20°C

Winter (e.g.: flue gas condensation):
Source on: 60°C
Source off: 45°C

Summer - district cooling:
Source on: 20°C
Source off: 5°C

Winter - District heating (90°C)Summer (50°C):
Process heat/
Hot water/
Air heat exchanger
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OPTIMAL USE FOR A 
ROTATION HEAT PUMP

district heating AND district cooling
USE WITHIN ONE PLANT.

18

Source Sink

Losses

Ventilation

Rotor

Own demand

Source

OPTIMAL USE WHEN HEAT AND COLD CAN BE 
USED SIMULTANEOUSLY

𝐶𝑂𝑃𝐺𝑒𝑠𝑎𝑚𝑡 =
𝐻𝑒𝑎𝑡𝑆𝑖𝑛𝑘 + Heat𝑆𝑜𝑢𝑟𝑐𝑒
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑝𝑜𝑤𝑒𝑟

=
700𝑘𝑊 + 604𝑘𝑊

181𝑘𝑊
= 7,2
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Advantages:
− High temperature

− flexibility

Case 3: pasteurization

Source:
− Cooling product

Sink:
− Heating product

20

Advantages:
− High temperatures

− flexibility

Case 4: destillation

Source:
− condensation

Sink:
− destillation

154 High-Temperature Heat Pump Symposium 2022



21

Advantages:
− High temperatures

− flexibility

Case 5: electrolysis

Source:
− Cooling water

Sink:
− Process, DH

22

Examples of industries:

− Energy supply / district heating

− Chemical industry / distillation, cooking, etc

− Dairies / e.g. sterilisation, pasteurisation, whey

− Breweries / e.g. heating, cooking

− Beverage industry / e.g. pasteurisation

− Food industry / e.g. drying

− Paper industry / e.g. cooking, drying

➔Water-guided circuit, temperature up to 150°C*.

WHAT WE ARE 
LOOKING FOR

*Steam generation in preparation

INNOVATIVE 
END USERS FOR 
PRE-SERIES PLANT
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Andreas Längauer
Simulation Engineer

ecop Technologies GmbH
Lastenstraße 15
4531 Neuhofen an der Krems

CONTACT

FUNDED BY:

PREISE / AUSZEICHNUNGEN

E: andreas.laengauer@ecop.at
T: +43 / 1 / 86 51 062-27
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our mission.

"ecop advances a breakthrough technology that enables 

clean industrial heat generated at high efficiency and 

without burning fossil fuels."
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Extended Abstract template for the 3rd Symposium on High-

Temperature Heat Pumps - An introduction to TurboClaw high 

temperature heat pump technology    

Tom Taylor, CEO. tom@futraheat.com 

More than two-thirds of industry’s energy demand is for process heating. This heat is generated almost 

exclusively by burning fossil fuels on-site and contributes about 15% of global CO2 emissions. 

Crucially, binding net zero targets, global energy-price moves, and consumer demand for sustainable 

goods have created a powerful shift in market forces to incentivise industry to rapidly decarbonise its 

heat.  

As a result, most global manufacturers are in fact targeting net-zero between 2030 and 2040, recognising 

the growing value of decarbonisation, driven by consumer demand, energy pricing and carbon 

policy/taxation. Sustainability is no longer optional; but industry still demands the most cost-effective 

solutions to decarbonise its heat. High temperature heat pumps are set to be the breakthrough technology 

to deliver such solutions up to 200°C, but have yet to penetrate broadly into the industrial process heating 

market, largely because the products being marketed are not cost effective. 

Leveraging its unique TurboClaw turbo-compressor technology, Futraheat is targeting the most 

common applications up to around 1MWt - where techno-economic challenges for conventional 

technologies are greatest and direct competition limited – as well as the lowest-cost (£/kW) products in 

the target market. 

A turbo-compressor simplified; TurboClaw operates at greatly reduced speeds without oil, yielding 

lower manufacturing, operating and maintenance costs. These advantages enable Futraheat to overcome 

the techno-economic challenges faced by many traditional compressor products in delivering the high 

temperatures required by industry. 

Futraheat has developed a full-size, 300kW, TurboClaw enabled high temperature heat pump for 

technology validation and demonstration, part-funded through a £500k Innovate UK grant won in 2021. 

This is being extensively tested at Futraheat’s Surbiton facility and will subsequently be installed in an 

operational brewery to prove its ‘GREENSTEAM’ product concept. 

 

The GREENSTEAM heat pump is a beachhead product designed to address the problem of cost-

effectively decarbonising industrial process heat needs between 100°C and 150°C. It harnesses the 

unique TurboClaw compressor technology to cost effectively electrify factory-steam generation, 

offsetting or replacing existing fossil-fuel boilers. 

Futraheat ia planning for first GREENSTEAM product sales in 2024. We are now working with blue-

chip customers to identify strategic sites for minimum-viable-product trials in 2023, whilst completing 

our full-size demonstrator for technology validation at Hepworth Brewery, Sussex, UK, later this year. 
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Electrifying industry’s heat
for a zero carbon future 

An introduction to TurboClaw high temperature heat pump technology   

Who we are
• Start-up clean tech established in May 2021

• Founded to commercialise TurboClaw® as a high 
temperature heat pump compressor technology

• Spin-out from Imperial College London and Dynamic 
Boosting Systems Ltd.

• Core team with combined 30 years’ experience working 
with TurboClaw and high-speed rotating machinery

• ‘Sister’ company Projective Ltd provides unrivalled 
industry expertise and access

• Full development and demonstration facility based in 
Surbiton, Greater London 

• Targeting demonstration in 2022 and commercialisation 
from 2023
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What is TurboClaw?

• A novel, patented type of turbo-compressor

• Low specific-speed characteristics brings benefits of 
turbo-compressors to ‘lower flow-rate’ applications

• Highly forward swept blades deliver given pressure 
ratio at ~0.3 – 0.5 times the rpm of conventional 
centrifugal compressor

• Already validated as refrigerant and steam 
compressor

• Combined benefits yield lower design, manufacture, 
operation and maintenance cost advantages

• Key to unlocking cost-effective HTHP solutions 
delivering 100°C - 200°C heat up to 1MWt

Benefits to HTHPs
• Inherent turbo-compressor benefits

• Further ‘low-speed’ benefits

Combined benefits allow for:
• Unique architecture for validation as 

HTHP compressor
• Lower cost
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• We’re pursuing a parallel 
commercialisation 
approach

• Direct HTHP product 
sales for commercial 
traction

• Compressor sales to 
3rd parties for 
commercial scale

• Also further development 
of TurboClaw steam 
compressor to extend 
temperature range 
beyond 200°C

• Beachhead ‘Greensteam’ 
products up to 1MWt

• Low-pressure steam 
generation up to ~150°C

• Source temps from ~80°C

• TurboClaw compressors for 
direct integration into new-
build process plant as part of 
integrated heat recovery

Commercialisation

Progress and next steps
• We’re building our first full-scale HTHP demonstrator for trials from mid-year: 

• Single-stage TurboClaw compressor
• 30°C lift over the boiling point
• 300kW heat delivered 
• COPs of between 5.0 and 6.5 
• Using ultra-low GWP refrigerant R-1233zd

• Next step – on site trials at Hepworth Brewery
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Our ethos is straightforward: 

Develop the most cost-effective heat 
recovery technology

Work with like-minded partners for global 
reach 

Accelerate the clean industrial revolution

Thank You

tom@futraheat.com | +44 (0)7951 528 931
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DECARBONIZE THE HIGH TEMPERATURE HEAT DEMAND WITH INNOVATIVE 
LARGE HEAT PUMPS 
 
Andrea Barbon 
Turboden SpA; andrea.barbon@turboden.it 
 
 
 
Nowadays decarbonization is a well-known word by most of the people and the number of countries 
announcing net zero emissions target over the coming decades are constantly growing.In general , if we really 
want to limit the global temperature rise to 1.5 °C, it is required to bring global energy-related carbon dioxide 
emissions to net zero by 2050. 
This macro-trend of decarbonization is favoring the Large Heat Pumps (LHP) market for district heating and 
industrial heat generation; in fact, the International Energy Agency estimates 12.8 TW of heat capacity to be 
decarbonized by 2050 globally. 
Large Heat Pumps are among the few technologies applicable for heat decarbonization with significant 
advantages compared to alternatives (e.g. electrical boilers). If we consider a limited number of European 
countries, with boundary conditions favorable to Large Heat Pump development – size above 2 MWt and a 
temperature required below 200°C – the potential is more than 20 GW and as of today only 5% of such market 
is exploited. 
One of the reasons of this low development rate is related to the technology development, in fact to 
decarbonize heat demand, especially in industrial sector, it is necessary to develop innovative heat pumps 
capable to supply heat at high temperature. 
Turboden, within the framework of HEATLEAP Project, is developing a high temperature solution to feed the 
main trunk of the city district heating at 120°C. The presentation will provide the details of this innovative 6 
MWt large heat pump solution. 
Since the heat demand in industrial sectors is mainly associated to low-medium pressure steam and or high 
temperature water directly used in the industrial process, the presentation will show how using different 
working fluids, including hydrocarbons, it is possible to develop large heat pump solutions that match such 
high temperature heat demand.  
Finally, the presentation will give an overview of the possible applications of this high temperature solution 
in industrial processes, segment currently not covered by other technologies with comparable efficiency and 
environmental footprint. 
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March 29, 2022 - Copenaghen

DECARBONIZE THE HIGH TEMPERATURE HEAT DEMAND

Andrea Barbon, Sales Application Manager - Turboden

WITH INNOVATIVE LARGE HEAT PUMPS

SINCE 1980 
Turboden is an Italian firm and a global leader 
in the design, manufacture, and maintenance 
of Organic Rankine Cycle (ORC) systems, highly 
suitable for distributed generation, which 
produce electric and thermal power 
exploiting multiple sources. 

Thanks to its long experience in the energy 
efficiency sector, today Turboden expands its 
solutions offering with Gas Expanders and 
Large Heat Pumps (LHP).

Experience in

countries
50+

With

installations
400+

Installed power

MWe
750+

Electric power generated

GWh
25 thousand

Cumulative operation time

hours
19 million

Average availability

98.4%
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OUR PRODUCTS

3

Designed for decarbonisation.

GAS EXPANDERLARGE HEAT PUMPORC SYSTEM

Position 
Hilfslinie

Position 
Hilfslinie

Position 
Hilfslinie

Copyright © – Turboden S.p.A. All rights reserved

TURBODEN LARGE HEAT PUMPS

4

Large Heat Pumps (LHP) are utility-scale heating plants that allow to transfer large quantities of heat from a colder source to a higher 
temperature heat user, like a district heating network or an industrial process. 

Highly efficient
Electrically driven based on turbo compressor technology

Large-scale
Output from 3 MWth to 30 MWth per single unit

High lift 
Up to more than 100°C, possible thanks to custom design

High temperature
Output up to 200°C with the possibility to generate steam

Environment-friendly
Experience with 10+ different working fluids with low GWP and low ODP

GWP: Global Warming Potential
ODP: Ozone Depletion Potential
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HFO R1233zd

HFO R1234ze

HC Cyclopentane

HC n-pentane

HC iso-butane

HC iso-pentane

HC n-butane

Temperature - [°C]
5

TURBODEN FLUIDS: OPERATIVE TEMPERATURE RANGE

HydroCarbons

Refrigerants

DISCLAIMER NOTE: This scheme is valid for subcritical heat pump cycles operated at pressures above atmospheric.

Maximum condensation
temperature

Minimum evaporation
temperature
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6

The HEATLEAP project aims to demonstrate the environmental and economic benefits of waste heat recovery 
systems such as large heat pumps and gas expanders in energy intensive industries by testing these 
technologies at real scale. The project is funded under the LIFE programme (EU’s funding instrument for the 
environment and climate action).

The ultimate goals of this project are the valorization of waste heat streams converting into useful heat for 
district heating (through an innovative Large Heat Pump) and the recovery of waste heat from decompression 
of natural gas from the grid to generate electricity (through Gas Expander).

EU HEATLEAP PROJECT
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7

Heat from the cooling of the steelmaking process can be upgraded through a LHP and used for district heating instead of being wasted, 
i.e. dissipated through cooling towers.

DISTRICT HEATING NETWORK
ELECTRIC ARC 

FURNACE

LARGE HEAT PUMP
COP  ̴̴ 8.2

POWER

60°C

95°C

DH network operating
temperature ranges
between 85 and 120°C.

75°C

70°C

CHIMNEYFILTER

120°C

STEAM
PRODUCTION 

BOILER

Steam production system is
fluctuating depending on 
steel production process

PRIMARY CIRCUIT

SECONDARY CIRCUIT

ORI MARTIN STEELWORKS – P&I SCHEME

Main technical features of LHP:

▪ 6 MWth design heat delivered with 
output temperature up to 120°C

▪ Full integration with DH network. 
Control system designed to be highly 
flexible depending on:

▪ DH network operating 
temperature

▪ Steam production boiler heat 
production

▪ High flexibility with 2 compression 
stages and variable frequency driver 
and IGV (due to a very variable 
process)

▪ Working fluid: Low GWP HFO 
R1233ZD

LHP TECHNICAL FEATURES

Position 
Hilfslinie

Position 
Hilfslinie

Position 
Hilfslinie

Copyright © – Turboden S.p.A. All rights reserved

8

LOW-PRESSURE 

COMPRESSOR SKID

EVAPORATOR

SUB-COOLER

CONDENSER

HIGH-PRESSURE 

COMPRESSOR SKID

LHP UNIT LAYOUT
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Position 
Hilfslinie

Position 
Hilfslinie

Position 
Hilfslinie

Copyright © – Turboden S.p.A. All rights reserved

• Fully integrated
• Compact concept
• Modular design

• Multi speed
• Scalability
• Flexible operation

• Modular design
• Multi fluid
• Scalability
• High temperature

9

LHP UNIT COMPRESSOR SKID – KEY FEATURES

CENTRIFUGAL COMPRESSOR PLANETARY GEARBOX LUBE UNIT

Position 
Hilfslinie

Position 
Hilfslinie

Position 
Hilfslinie

Copyright © – Turboden S.p.A. All rights reserved

FIND OUT MORE

OUR EXPERIENCE. YOUR POWER.

ANDREA BARBON

Sales Application Manager 
Large Heat Pumps

andrea.barbon@turboden.it
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Oilon ChillHeat high temperature heat pumps – up to 120 °C with 
full power 

Martti Kukkola 

 

Oilon, Finland 
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Oilon ChillHeat high temperature heat pumps – up to 120 ˚C 

with full power

HTHP Symposium Copenhagen 29.-30.3.2022

Martti Kukkola

ChillHeat product family

• Oilon ChillHeat, 120 ˚C heat pump technology

• ChillHeat P-series (High temperature option) heat 

pumps

• 120 °C water can be produced at full power

• Refrigerant of the future GWP 1

• Safety class A1 (non-toxic and non-flammable)
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ChillHeat product family

Enabling decarbonization for 

high temperature applications in 

energy production and industry

District heating and 
cooling

Industry

Heat pump case study

• Carbon neutrality with Oilon industrial ChillHeat high temperature heat pumps

Carlfors Bruk – The small Scandinavian giant 

Carlfors Bruk was founded in 1898 and since 1931 the company has been owned by the Björklund family. After many years as a producer in the metallic pigment sector we have 

gained valuable experience and solid knowledge that today makes us a well-known supplier of aluminum pigments globally.

We cover all continents in close cooperation with agents and distributors and from our facilities in Huskvarna (situated in between Stockholm and Copenhagen) more than 98% of our 

sales are exported worldwide.

Carlfors Bruk AB is certified in accordance with ISO 9001 and manufacture aluminum paste and powder in a modern process industry with a continuous 24 hours operation. With a 

total of 65 employees we are a tight and flexible organization always focusing on prompt service in close contact with our customers.
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• Heat recovery and process cooling

Carlfors Bruk, Sweden

Heat source: Heat recovery and process cooling

Heat sink: space and process heating

• Cooling capacity:

• Cooling power 285 kW

• Heating capacity:

• Very hot water (VHW) 0-500 kW

• Warm water (WW) 10-354 kW

• Water temperatures(cooling/heating): 20 °C/ 110 °C

• ChillHeat pumps: 

• S180 SU HC+ VFDx1 R1234ze

• 2 x P300 SU HC+ VFDx1 High temp.

Heat pump case study

Simplified flow chart

© Patrik Renström/AFRY 
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Running data for last month

Process parameters from 

last month

• Heating setpoint: 105°C

• Cooling side average: 24,3°C (9-56°C)
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One alarm on low temperature unit. 
Reason: High evaporator temperature

Process parameters from last month

• Availability 99,9%

The heat pump system is working really well. The

first year the system has saved us ~600 000 

SEK, and this year we are expecting the savings

to exceed 1 MSEK. 

In addition to saving money, the heat pump 

system is also reducing our carbon emissions

Fredrik Målberg, Carlfors Bruk

It was a positive surprise how fast Oilon could set 

up a system for these demanding running

conditions. After the first meeting we already had

a detailed system draft with performance data.

Patrik Renström, AFRY

It is very easy to find a suitable heat pump

solution to almost any process or customer

need. Even if the heat pumps are serial-made 

products, it is always possible to find a suitable

configuration in Oilon Selection Tool.

We are really impressed how reliable the

system at Carlfors has been from day one, 

even if the system is running at really high

temperatures. 

The Oilon Global Monitor is also making

process optimization and trouble shooting easy. 

The units are designed for easy maintenance.

Daniel Ankarbranth, Francks Kylindustri

The heat pump control system is easy to set up

and adjust, and the customer support has been

brilliant. 

Nicolas Regel, Carlfors Bruk
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• More is yet to come…

Continuous product development

sales.chillheat@oilon.com www.oilon.com
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Challenges in the development of positive displacement compressors for 

high temperature heat pumps. 

David Holder, Dirk Schlehuber 

BITZER Kühlmaschinenbau GmbH, Sindelfingen, Germany, 

 david.holder@bitzer.de, dirk.schlehuber@bitzer.de 

Keywords: 

High temperature heat pump, compressor technology, development challenges, 

 

Abstract  

Since the mid-2010s heat pumps were increasingly perceived as the future-proof solution for industrial 

heating processes even at higher temperature levels. At this point, BITZER began to investigate the 

market potential for high-temperature heat pumps with great interest. Since then the operating 

possibilities of the existing product portfolio have been gradually expanded to utilize its full potential. 

For the open transformation potentials of industrial heating processes, capacities of more than 250 kW 

are predominantly required per heating unit. Screw compressors will probably be used to a large extent 

in those industrial HT-HP applications. BITZER initially works with synthetic refrigerants 

R1234ze(E) and R515B for SDT up to 93°C and, in a subsequent step, with the refrigerants R245fa 

and R1233zd(E) for SDT above 93°C (up to 125°C). Those refrigerants theoretically offer the best 

ratio between heating capacity and efficiency. For possible future compressor developments for SDT 

beyond 125°C the refrigerant R1336mzz(Z) could be a good choice. In addition to synthetic 

refrigerants, BITZER also sees hydrocarbons as thermodynamically very sensible and future-proof 

refrigerants for high-temperature heat pumps, especially in the industrial sector. The refrigerants R717 

and R744 do currently not represent an alternative for the existing screw compressor series from 

BITZER due to the high pressures required.  

 

The CSH2T prototypes are based on standard CSH compressors but with essential changes to cope 

with the higher temperatures. The adjustments made include electronic components, gaskets as well as 

some mechanical changes to the compressor. Among other things, a motor with a higher temperature 

class and high-temperature bearings are used. Many common refrigeration components, such as 

Schrader, are only approved by their manufacturers for temperatures up to a maximum of 100°C, 

which is why they are not used for the prototype for the time being. The CSH2T is monitored by an 

intelligent protection device, the SE-i1 from BITZER. When connected to the internet, this offers the 

possibility to integrate the compressors into the BDN (BITZER Digital Network), so that all project 

partners can view the system parameters relating to the compressor live. 

 

In 2021, BITZER delivered the first CSH2T95 prototype to a partner company (Combitherm, GER) 

where the compressor was first tested for 200h on a purpose-built test rig. After positive test results, 

additional 20 prototype compressors were delivered and used in heat pumps for three different 

international projects. The heat pump units are operated with R1233zd(E) and designed to produce 

WLT up to 120°C which is used as the first stage of an industrial drying process. The exhaust air from 

the drying process is used as the heat source. Due to current travel restrictions, none of the heat pumps 

are in operation yet, but the first unit is scheduled to be commissioned in calendar week 13/2022. 

Meaningful results from this trial phase are expected by the end of 2022. 
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David Holder (33) is a B.Eng. in mechanical engineering specialized in refrigeration, air conditioning 

and environmental process engineering. After completing his studies in 2014, he has been able to 

deepen his knowledge in the field of refrigeration and air conditioning as a project manager for special 

projects. Since 2018, David Holder is working in the product marketing for the screw compressor 

business unit at BITZER, which has a strong focus on innovation management and new product 

development. 
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CHALLENGES IN THE DEVELOPMENT OF POSITIVE DISPLACEMENT 

COMPRESSORS FOR HIGH TEMPERATURE HEAT PUMPS

B.Eng. David Holder

Product Expert Screw Compressor // Copenhagen 29 Mar. 2022

CHALLENGES IN THE DEVELOPMENT OF POSITIVE DISPLACEMENT COMPRESSORS FOR HIGH TEMPERATURE HEAT PUMPS2 26.04.2022© BITZER D.HOLDER

REQUIREMENTS

FOR HIGH TEMPERATURE REFRIGERANTS

Thermodynamics

Material 

Compatibility

Oil/Refrigerant  

Compatibility

Efficiency

Spec. Heating 

Capacity 

Flammability 

Availability

Critical 

Pressure 

Critical 

Temperature

Toxicity

Standards/

Regulations

Environmental 

Impact

Price

Compressor

CommercialSafety
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SUITABLE REFRIGERANTS 

FOR DIFFERENT TEMPERATURE LEVELS

Evaporating temperature 

C
o
n
d
e
n
s
in

g
 t

e
m

p
e
ra

tu
re

 

~80°C

~100°C

~125°C

~160°C

~30°C ~40°C ~70°C ~120°C

Temperature Level 0

Space heating

&

low temperature 

process heating

for positive displacement refrigerant compressors …

Temperature Level 2

Process & District heating

Temperature Level 3

Process heating (incl. industrial steam production)

Temperature Level 1

Process & District heating

R134a 

R513A

R450A

R1234yf

NH3, CO2

R290

R515B

R1234ze(E)

HCs

e.g. R600a

(NH3)

CO2

R245fa

R1233zd(E)

R1224ydZ

R1336mzz(E)

R1336mzz(Z)

HCs

e.g. R600a 

R600

R1336mzz(Z)

HCs

R601(n-Pentane)

Above SDT 160°C 
→ refrigerant candidates becoming rare…  
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CHARACTERISTICS OF SELECTED REFRIGERANTS

FOR THE HEATING APPLICATION

Refrigerant Tcritical

°C

Pcritical

bar

Safety 

Group

GWP100a

(AR4)

ODP Possible 

Oils

LWT

level

R513A 94,9 36,5 A1 631 0 POE up to 

~ 75/80°C

R134a 101,1 40,7 A1 1430 0 POE up to 

~ 75/80°C

R515B 108,9 35,9 A1 293 0 POE up to 

~ 85/90°C

R1234ze(E) 109,4 36,4 A2L 7 0 POE up to 

~ 85/90°C

R245fa 153,9 36,5 B1 1030 0 POE up to 

~ 130/135°C

R1233zd(E) 166,5 36,2 A1 5 0,00034
POE

(others ?)
up to 

~ 120/125°C

R1336mzz(Z) 171,3 29,0 A1 9 0
POE

(others ?)
up to 

~ 155/160°C

In
c
re

a
s
in

g
 T

c
ri
ti
c
a

l

EVERY TEMPERATURE LEVEL NEEDS TO BE EVALUALTED INDIVIDUALLY 

Comparison of F-gases only
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THEORETICAL REFRIGERANT COMPARISON 

FOR SST/SDT 40 / 90 °C // LIFT 50K
Reference: CSH9583 / 805 m3/h 50Hz

R515B (A1 / GWP 293) & R1234ze(E) (A2L / GWP 7) 

both match the requirements regarding Qh & COP for the temperature level SST/SDT 40/90°C
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Heating Capacity (Qh in kW)
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DGT 103°C DGT 103°C

Calculations: AS-PP, FS
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THEORETICAL REFRIGERANT COMPARISON 

FOR SST/SDT 75 / 125 °C // LIFT 50K
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Heating Capacity (Qh in kW)
SST/SDT 75/125°C SH/SC 10/0K 

Reference: CSH9583 / 805 m3/h 50Hz

4,30
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4,62
4,35 4,44
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C
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Coefficient of Performance (Heating)
SST/SDT 75/125°C SH/SC 10/0K

R1233zd(E) seems to be the best match regarding Qh & COP 

for the temperature level SST/SDT 75/125°C

132°C 133°C 131°C 125°C132°Ccalc. DGT

Calculations: AS-PP, FS
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THEORETICAL REFRIGERANT COMPARISON 

FOR SST/SDT 105 / 155 °C // LIFT 50K
Reference: CSH9583 / 805 m3/h 50Hz

R1336mzz(Z) (A1 / GWP 9) is currently the only refrigerant matching 

Qh & COP requirements for the temperature level SST/SDT 105/155°C
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DGT 158°C

DEVICES FOR 

HEATING APPLICATIONS
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DEVICES FOR THE HEATING APPLICATION

Scroll Recip Screw

water-cooled 

S&T condenser

DX S&T evaporator

Electronics

ORBIT FIT
R410A/R452B/R454B

SDT up to +65°C

QH up to 211kW

ECOLINE H series

R1234ze / R515B

SDT up to +95°C

QH up to 136kW

CSH series

R1234ze / R515B

SDT up to +93°C

QH up to 860kW

Matching 

Controllers
pre-parametrized 

Frequency 

Converters 

Condenser CRF series
HFC/HFO/R290/R717

SDT up to +90°C

QH up to 2.5MW

Evaporator DH series
HFC/HFO/R290

QC up to 1.6MW

QH up to 2.5MW
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Digital solutions support easy calculation, selection, monitoring, commissioning & service 

DIGITAL WORLD 

Compressor & Component 

Selection Software
SMARTUBE Heat Exchanger 

Selection Software

BEST Electronic Service Tool ePARTS – Spare parts Software
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COMPACT SCREW COMPRESSORS

A PERFECT MATCH FOR DISTRICT HEATING

CHALLENGES
IN ACHIEVING

TEMPERATURES
ABOVE 100°C?
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CHALLENGES IN ACHIEVING TEMPERATURES ABOVE 100°C

Parts to consider 

Examples …

Electrical parts

− Solenoid valves

− Motor (HT version)

− Terminal plate

− Internal cables

− Motor protection device

− Oil level control OLC, 

etc.

O-rings / gaskets / 

plastics / elastomers

− All Plastic materials …

− Pressure relief valve

− Check valve 

− Shut-off valves, etc.

Mechanical parts 

− Tolerances

− Bearings (HT version)

− Schrader valves

− Sight glass, etc.

Oil 

− POE / PAO / PAG / Other ?

− Oil/Refrigerant diagrams

• Daniel plots > +100°C ? 

Painting „BITZER green“

− 2K-painting

→ Rule of thumb: Every 25K higher Condensing temperature doubles the complexity

PROJECT REFERENCE

CSH2T

HIGH TEMPERATURE 
UP TO SDT 125°C

+++ DEVELOPMENT STATUS +++
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PROJECT REFERENCE

CSH2T PROTOTYPE

15

+++ DEVELOPMENT STATUS +++

Condensing temp.

up to 125°C

Heating Cap.

up to 410 kW

Selected models

700/805 m3/h
(50 Hz)

Design pressure

19/28 bar R1233zd(E)
PROCESS& 

DISCTRICT
HEATING

Evap. temp.
up to 

50/70°C

SH max  ~ 20K

SGT max  ~100°C

SDT max ~140°C  

→ ~ 25 parts need to be evaluated, requalified and / or replaced

(CSH9583-280Y,R1233zdE,+35/+122°C,10/0K, ECO, 60Hz)
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PROJECT REFERENCE 

CSH2T HIGH TEMPERATURE UP TO SDT 125°C (CWLT 120°C)

16

HT heat pump

(CSH2T prototype)
(VSD driven) Source: Combitherm (KKA, 2021)

exhaustive air 

outdoor air supply 
Dryer

WtA

HX

AtW

HX

Buffer 

tank

Buffer 

tank

condensate

Sink

A
m

b
ie

n
t

Industrial DRYER – Heat Pump Concept

120°C

Source: 460 kWth

40°C

50°C

110°C

SINK: 750 kWSINK: 750 kWth COP ~2.5
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TEST BENCH - Design and Impression
+++ TEST UNIT +++

PROJECT REFERENCE 

CSH2T HIGH TEMPERATURE UP TO SDT 125°C (CWLT 120°C)
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Project experience

− Compressor is continuously monitored by SE-i1 

and connected to BITZER DIGITAL NETWORK (BDN)

− VSD operation works quite well between 30..60Hz

• Some noise issues (increased vibrations @ 55Hz)

− Some solubility effects of R1233zd(E) 

occur with high viscosity POE oil

− Gasket material compatibility  

• R1233zd(E) and O-rings to be further investigated

− In General, very positive results up to now

• Further testing and optimization is ongoing

− Projects partners have agreed to start a heat pump product

in 2022 as small series product with CLWT +120°C 

PROJECT REFERENCE 

CSH2T HIGH TEMPERATURE UP TO SDT 125°C (CWLT 120°C)
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High temperature process heat pump 

to supply medium temperatures 

CLWT up to 120°C

19

Source: Combitherm (KKA, 2021)

Projects
waiting for commissioning:

S-Korea (4 pcs CSH2T95)

China     (7 pcs CSH2T95)

Norway  (9 pcs CSH2T95)

up to now .. total 20 pcs

PROJECT REFERENCE 

CSH2T HIGH TEMPERATURE UP TO SDT 125°C (CWLT 120°C)
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SUMMARY

Suitable Refrigerants for different temperature levels

− Thermodynamic-, Safety-, Compressor-

and Commercial requirements

− Comparison of Heating Capacity and COP 

for selected HT-HP refrigerants

Overview of available devices for the HP application from BITZER

− S&T Condensers and S&T Evaporators

− Scroll, Recip and Screw compressors

Technical challenges to achieve condensing temperatures above SDT 100°C

Project reference of the development of CSH2T screw compressors in an industrial 

HT heat pump for CWLT up to 120°C with R1233zd(E) 

together with our development partner Combitherm in Stuttgart, Germany
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Integration of high temperature CO2 heat pumps and 

conventional heaters for spray dryers 

Lorenzo Bellemo1, Riccardo Bergamini2 

 

1 GEA Process Engineering A/S, R&D Center for Powder and Thermal Separation 

Technology, Søborg, Denmark, lorenzo.bellemo@gea.com 
2 GEA Process Engineering A/S, R&D Center for Powder and Thermal Separation 

Technology, Søborg, Denmark, riccardo.bergamini@gea.com 

 

Keywords: 

High temperature heat pump, R744, heat recovery, heat integration, spray drying 

 

Introduction  

Dairy and food spray dryers have typical process requirement of 1.2 kWh thermal energy per kg 

powder produced. Steam and indirect gas heaters are conventionally used for heating the main process 

air up to between 200 °C and 250 °C [1]. Electrification with heat pumps is the most promising 

solution for reducing primary energy use and so GHG emissions. CO2 Heat Pumps (CO2HP) are very 

suited for heating spray drying process air due to the large air temperature lifts. Current GEA CO2HP 

technology allows production of hot water temperatures up to 130 °C and so process air temperatures 

up to 120 °C, with simultaneous chilled water production down to 2 °C [2]. Conventional heaters are 

still needed for reaching the required drying temperatures, so heat recovery from their exhaust streams 

(i.e. hot condensate from steam heaters and flue gas from indirect gas heaters) is necessary for 

increasing the overall heating system efficiency. When integrating a CO2HP for preheating the process 

air before a conventional heater, the higher air temperature into the heater decreases the heat recovery 

potential from the heater exhaust stream. The solution hereby presented is to recover heat from the 

conventional heater exhaust stream in an economizer in parallel to the CO2HP [3].  

Methods 

A case study considering heating of a single airstream to be used for the spray drying process was 

investigated. The airstream is taken from ambient at 15 °C, preheated by the CO2HP system to 120 °C, 

and finally heated to 200 °C by a steam heater. The steam heater includes steam heating sections as 

well as a condensate heat recovery section, from which condensate leaves at 135 °C as process air 

enters at 120 °C. Heat from the hot condensate is further recuperated in an economizer in parallel to 

the CO2HP, leaving at 30 °C. The condensate is then returned to the boiler, first preheated by the 

boiler flue gas, then converted to 18 bar steam in the boiler by combustion of natural gas. A simplified 

process flow diagram of the corresponding heating system is shown in Figure 1.     
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Figure 1. Simplified process flow diagram of CO2HP integration for heating a process airstream with parallel heat recovery 

from condensate out of a conventional steam heater.  

The CO2HP is a GEA component working in a one-stage trans-critical cycle and equipped with semi-

hermetic piston compressors. An analogous CO2HP was installed in a pilot system at the GEA Test 

Center for spray drying in Søborg (Denmark) in 2019 and tested since [2]. Test results from the pilot 

system have been used to validate a calculation tool for the CO2HP, which was used for simulations in 

this analysis. 

The remaining components in the system were modelled by mass and energy balances.   

To illustrate the effects of integrating a CO2HP in the spray drying process with parallel heat recovery 

from the conventional heater exhaust stream, 6 different system configurations were considered.  

Systems 1 and 2 use a conventional steam heater with condensate heat recovery for heating up the 

process airstream from 15 °C to 200 °C. System 1 returns condensate at 85 °C to the boiler 

economizer, while system 2 returns it at 30 °C. 

The other 4 systems include a CO2HP for air preheating to 120 °C, with the following differences:     

• System 3: CO2HP produces chilled water at 2 °C, no parallel condensate heat recovery  

• System 4: CO2HP produces chilled water at 2 °C, with parallel condensate heat recovery  

• System 5: CO2HP produces chilled water at 12 °C, no parallel condensate heat recovery 

• System 6: CO2HP produces chilled water at 12 °C, with parallel condensate heat recovery 

System 3 and System 4 use the CO2HP for producing chilled water at low temperatures, which is 

useful if processes requiring low-temperature cooling are present nearby. Such processes are typically 

served by a refrigeration plant. As such, the chilled water produced from the CO2HP can be used in 

partial (or total) substitution of the one produced by the refrigeration plant, providing energy savings 

on the latter. 

The steam production and distribution system was modelled by assuming a 90 % thermal efficiency of 

the boiler body (i.e. flue gases entering the boiler economizer at approximately 220 °C). The 

economizer was in every case designed to preheat the returned condensate to the same temperature. 

Finally, an overall 20 % heat loss factor was assumed in the steam distribution line.  

The 6 system configurations were compared based on the following performance indicators: 

• The specific power absorbed by the CO2HP (�̇�𝐻𝑃), indicated as kWh per ton of process air. 

• The CO2HP heating COP, defined as the ratio between the heating load delivered by the heat 

pump and the absorbed power (𝐶𝑂𝑃𝐻𝑃). 
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• The specific net power absorbed by the CO2HP (�̇�𝐻𝑃,𝑛𝑒𝑡) in case all generated cooling is used 

for reducing the absorbed power of a nearby refrigeration plant with cooling COP of 4. Also 

�̇�𝐻𝑃,𝑛𝑒𝑡 is indicated as kWh per ton of process air. 

• The COP of the entire heating system (𝐶𝑂𝑃𝑠𝑦𝑠), defined as the ratio of the whole process air 

heating load and the total primary energy use, consisting of the enthalpy flow of natural gas 

burned in the boiler and the net power absorbed by the CO2HP (�̇�𝐻𝑃,𝑛𝑒𝑡).   

• The specific natural gas consumption in the steam boiler (�̇�𝑁𝐺), indicated as Nm3 per ton of 

process air. 

Results 

Simulation results are reported in Table 1. In addition to the abovementioned performance indicators, 

the return temperature of condensate to the boiler economizer is also indicated. 

 
Table 1. Simulation results with comparison of different system configurations.  

PARAMETERS SYS1 SYS2 SYS3 SYS4  SYS5 SYS6 

𝑪𝑶𝑷𝒔𝒚𝒔 [-] 0.72 0.79 1.24 1.27 1.16 1.20 

�̇�𝑵𝑮 [Nm3/tonair] 6.7 6.1 3.2 3.2 3.2 3.2 

𝑪𝑶𝑷𝑯𝑷 [-] - - 2.4 2.4 2.9 2.9 

�̇�𝑯𝑷 [kWh/tonair] - - 12.3 10.4 10.3 8.8 

�̇�𝑯𝑷,𝒏𝒆𝒕 [kWh/tonair] - - 7.7 6.5 10.3 8.8 

𝑻𝒄𝒐𝒏𝒅,𝒓𝒆𝒕𝒖𝒓𝒏 [°C] 85 30 135 30 135 30 

 

It can be noted that 𝜂𝑡ℎ,𝑠𝑦𝑠 increases significantly when using a CO2HP, up to 76 % comparing System 

1 and 4 and 61 % comparing System 2 and 4, which have the same condensate return temperature. Very 

importantly, �̇�𝑁𝐺 is approximately halved when using a CO2HP in comparison to conventional steam 

heating systems. 

Parallel heat recovery from hot condensate leads to an increase of 𝜂𝑡ℎ,𝑠𝑦𝑠 of 2.4 % comparing System 3 

and 4 and 3.4 % comparing System 5 and 6. On the other hand, �̇�𝐻𝑃 for System 4 is 15 % lower than in 

System 3, corresponding to share of parallel heat recovery from condensate to the process air preheater 

duty.  

Producing warmer chilled water with the CO2HP leads to further reductions of �̇�𝐻𝑃, 15 % comparing 

System 4 and 6, due to the decreased compressor ratio in System 6. However, the benefits in combining 

useful heating and cooling are clear comparing 𝐶𝑂𝑃𝑠𝑦𝑠 and �̇�𝐻𝑃,𝑛𝑒𝑡 of System 4 and 6, where System 4 

is characterized by 6 % higher 𝐶𝑂𝑃𝑠𝑦𝑠 and 26 % lower �̇�𝐻𝑃,𝑛𝑒𝑡. 

The CO2HP cycle operation is the same for System 3 and 4, which then operate with the same 𝐶𝑂𝑃𝐻𝑃. 

When increasing the chilled water temperature produced to 12 °C, the decrease of compressor pressure 

ratio leads to a 20 % increase in 𝐶𝑂𝑃𝐻𝑃, approaching 3.  
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Discussion 

Above results show that condensate heat recovery in parallel to a CO2HP improves the system energy 

efficiency, even if only by a few percent points. However, it should be noted that the importance of 

this increase is significant, as it refers to the overall system efficiency. A good indicator of this is the 

compressor absorbed power, which is decreased by 15 %. This is not only linked to reduced 

operational expenditures for the system (electricity is usually an expensive energy carrier) but it is also 

directly proportional to a decrease in CO2HP size, so smaller system footprint and lower investment 

costs, and lower GHG emissions associated to electricity generation. Of course, the additional space 

requirements and costs of the economizer and related connections need to be considered for evaluating 

the best solution. As the economizer is a standard compact plate heat exchanger, it is likely that 

implementing the condensate parallel heat recovery solution will lead to a more compact and cheaper 

system, which together with the higher energy savings due to increased system efficiency, will provide 

more attractive payback times for investing in the overall CO2HP system.   

It is also important to note that the parallel heat recovery from condensate reduces the condensate 

return temperature way below 100 °C, whereas condensate would return at temperatures above 100 °C 

when integrating a CO2HP without parallel heat recovery, if no other action is taken. In that case, a 

part of the condensate would flash in the return line that is typically at atmospheric pressure, and there 

would be little to no potential for heat recovery from the flue gas in the economizer of the boiler.  

Conclusion 

When a CO2HP is used to preheat a process airstream before a conventional air heater, heat recovery 

from the heater hot exhaust stream in parallel to the CO2HP is found to increase the energy 

performance of the entire system. Moreover, the solution reduces the heat pump size required to 

provide the same process heating load, and so it reduces electricity consumption and makes the overall 

CO2HP system cheaper and more compact.  
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Introduction
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2

• Spray dryers require air temperatures above 200 °C, conventionally provided by fossil fuel-based heating systems.

• In recent years, GEA has been focusing on developing high temperature CO2 heat pumps solutions for reducing fossil 
fuel consumption and so GHG emissions of spray drying plants. 

• A pilot system equipped with a GEA high temperature CO2 heat pump has been tested at the GEA spray drying Test 
Center since 2019, proving the technology is able to produce hot water up to 130 °C and chilled water as cold as 2 °C 
simultaneously.

• When integrating a CO2 heat pump for preheating a process air before a steam or indirect gas heaters, the heat 
recovery potential from their exhaust stream (condensate or flue gas). The proposed solution is to recover heat from 
the hot heater exhaust stream in parallel to the CO2 heat pump.
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Conventional steam heating system
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Integration of a CO2 heat pump 
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Integration of a CO2 heat pump with parallel heat recovery
*patent pending
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Overview of analysed systems

Steam heating systems

6

• System 1:
85 °C condensate return temperature

• System 2:
30 °C condensate return temperature

Steam heating systems and CO2 heat pump

• System 3:
2 °C chilled water production / no parallel heat recovery

• System 4:
2 °C chilled water production / with parallel heat recovery

• System 5:
12 °C chilled water production / no parallel heat recovery

• System 6:
12 °C chilled water production / with parallel heat recovery

HTHP Symposium 2022
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Performance indicators
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• Specific power absorbed by HP ( ሶ𝑤𝐻𝑃) [kWh / ton process air]

• Net specific power absorbed by HP ( ሶ𝑤𝐻𝑃,𝑛𝑒𝑡) [kWh / ton process air] 
Considers savings on refrigeration plant (cooling COP 4)

• HP Heating COP (𝐶𝑂𝑃𝐻𝑃)

• COP of entire heating system (𝐶𝑂𝑃𝑠𝑦𝑠) 
Defined as ratio of whole process air heating load and total primary energy use (enthalpy flow of natural 
gas based on lower heating value and net HP absorbed power)

• Specific gas consumption ( ሶ𝑣𝑁𝐺) [Nm3 / ton process air]

Comparison of system performance
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Conclusion
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▪ When using a CO2 heat pump to preheat a process airstream before a conventional air heater, it is found beneficial to 
recover heat from the hot heater exhaust stream in parallel to the heat pump. 

▪ This solution reduces the required heat pump size, which provides several benefits:  

✓ Lower electricity consumption / higher system energy performance and so reduced GHG emissions
In the case of dairy and food spray dryers equipped with steam heating, this solution reduces the heat pump 
electricity consumption by ~15 %, still with process air entering the steam heater at 120 °C 

✓ Reduced system cost 

✓ Reduced system footprint

GEA.com
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Abstract  
 
Introduction 

As reducing the environmental impact of human activities has become a global goal, lowering the 
emissions of greenhouse gases is a priority. Today, process industries are responsible for a large portion 
of the world's energy demand, and High temperature Heat Pumps (HTHP) can play a major role in the 
electrification of this sector reducing CO2 emissions as seen in IEA Heat Pump Centre, (2014). 

The high efficiency of an implemented HTHP is of utmost importance (Bergamini et al. (2019)). 
However, the COP of HTHPs highly depends on the temperature level at which they deliver heat. 
Reducing the required temperature lift to a minimum is thereby key to improving the energy 
performance of the overall process. Additionally, the commercial availability of HTHPs is limited as 
outlined by Arpagaus, C. et al. (2018). 

This work aims to outline the current temperature levels of seven cases in the Danish food and beverage 
industry. For a representative screening of five dairy plants, a slaughterhouse, and a brewery in 
collaboration with the SuPrHeat project, the temperatures required by the processes are identified and 
compared to the existing utility temperatures. By recognizing the discrepancy between these temperature 
levels, lower utility temperatures are proposed and the improvement in energy efficiency is quantified 
by the implementation of HTHPs at various temperature levels using a fixed Carnot efficiency.  

Methods 

The analysis of this work is based on individual process screenings conducted by Viegand Maagøe as a 
part of the SuPrHeat project. The screening work resulted in an overview of each individual process 
stream and the utilities associated with each of the seven cases. This work focuses on each case in broad 
terms without considering technologies used for each stream besides the inlet and outlet temperatures. 

The process streams of every site are analyzed and ranked by their temperature requirements, and energy 
demand. The process stream with the highest temperature is identified and used as the minimum required 
utility temperature. In the same way, the temperature that can cover 95% of the heating demand is 
determined. 

These three temperature levels i.e., the current utility temperature, the highest stream temperature, and 
the temperature able to cover 95% of all heating are used as potential condenser temperatures for 

High-Temperature Heat Pump Symposium 2022 201



 

  2 

HTHPs. The COP of the heat pump is calculated by assuming a Carnot efficiency of 50% and using a 
readily available heat pump source of 30 ⁰C. A pinch temperature difference of 5K is implemented at 
both sink and source side. The electric boiler is assumed to have a thermal efficiency of 95%. 

Results 

With this analysis it is easy to identify the potential for lowering the temperature of the heat pump from 
the current utility level. In most cases, 95% of the heat demand of the plant is at temperatures 
significantly lower than the temperature at which steam is currently generated for heat distribution: 

From the seven studied plants, the cheese factory, the dairy plant and the Slaughterhouse presented the 
biggest discrepancies between the steam system temperatures and the actual processes needed. In these 
cases, the steam is generated at 160 or 170 ⁰C, but 95% of the energy is used at less than 90 ⁰C. 

In four out of the seven studied sites there is potential for most of the heating demand to be supplied 
by already existing technology, as 95% of this energy demand is localized below 90 ⁰C.  

Lowering the temperature at which the heat pump is delivering heat not only would allow the usage of 
other less-expensive, readily available heat pump technologies but also would have a major impact in 
its performance. The increase in COP (considering a fixed Carnot efficiency) compared to a straight-
forward replacement of the boiler at the same steam temperature is significant while still being able to 
supply 95% of the demand of the plant: 

 

In the case of the cheese factory, the dairy plant and the slaughterhouse, the COP of the heat pump 
could be increased from 1.5 to 2.5.  
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Discussion  

The results presented in this work purely focus on the temperature levels of seven cases. The sites show 
the potential to lower the utility temperature without decreasing process temperature. Further potential 
is present if the temperatures of the individual processes could be lowered. Already existing HP 
technology could be able to fulfil 95% of the heating demand in some cases as high temperatures are 
not strictly necessary. However, additional detail is needed to determine the full potential at each specific 
site. 

Several conservative assumptions are made regarding the implementation of the HTHPs. It is assumed 
that the heat pumps experience no glide at neither the sink nor the source. A large glide on the sink side 
would result in a lower average temperature, yielding a potentially higher COP. This especially has 
potential when the hot utility is hot water or air as in the milk powder plant. The heat pump source of 
30 ⁰C is low and energy available at higher temperatures is possible to find in most industrial 
productions. A higher temperature source will decrease the temperature lift of the heat pump again 
increasing the COP.  

Conclusion 

The results of the analysis show a mismatch between the current utilities and process streams on a 
temperature perspective in the Danish food and beverage industry. It was observed that, in the studied 
plants, much of the total energy demand is localized at low-temperature levels.  

Lower supply temperatures significantly improve the potential COP of the HTHPs. Implementing local 
boosts of temperature utilizing electric boilers may decrease the supply temperature of the HTHP, again 
increasing the COP and overall efficiency of the utility when considering the electricity for the boiler. 

It is therefore key for the correct integration of heat pumps in industry to evaluate the temperature at 
which heat is used. Challenging these temperatures in the food and beverage industry may not only 
allow the use of more mature heat pump technologies but increase energy efficiency. 
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Process heating demand in European industry

2

Source: Strenghtening Industrial Heat Pump Innovation - Decarbonizing Industrial Heat
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Cheese factory
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Milk treatment 60 90 3,33
Whey treatment 68 90 7,41
Cheese treatment 8 55 2,59
Space heating 8 25 2,23
CIP 50 85 9,63
Space heating 8 30 8,52
Milk treatment 55 126 0,75
Distribution loss 20 175 2,59
Milk treatment 6 5 1,10
Milk treatment 55 8 7,67
Whey treatment 40 5 10,3
Culture 90 5 0,44
Storage 25 5 0,22
Air conditioning 20 5 2,19
Waste water 30 20 7,70
Condenser 30 20 25,4

- Total energy ~92 GWh
- Steam circuit at 175 ⁰C
- Hot water at 103⁰C
- Ice water at 8-2 ⁰C
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Milk powder factory

4

Tstart
[⁰C]

Ttarget
[⁰C]

Qdot
[GWh]

Distribution loss 20 235 17,3
CIP 8 70 14,4
Evaporator 234 235 30,2
Drier (spray tower) 30 210 57,2
Drier (SF) 30 130 16,2
Drier (VF) 8 45 4,3
Pasteur 80 85 4,3
Pasteur weight in 10 5 1,3
Pasteur milk 70 7 2,0
Pasteur cream 70 7 0,9
Drier (VF) 25 8 1,1
Storage 25 15 0,5
Drier (exhaust air) 80 20 62,2
Evaporator 52 20 15,3
Condenser 30 20 7,7
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Tstart
[⁰C]

Ttarget
[⁰C]

Qdot
[GWh]

Milk treatment 70 90 2,54
Soured milk 14 40 0,48
Soured milk 75 90 0,48
Rice section 6 130 0,21
UF section 57 70 0,21
Sterilization 8 90 0,53
CIP 8 85 4,04
Space heating 40 65 1,01
Space heating 40 65 1,52
Weight in 10 3 1,35
Milk treatment 6 3 1,73
Soured milk 65 60 0,28
Soured milk 30 18 0,64
Rice section 130 12 0,16
UF section 65 50 0,27
Bottling department 5 3 0,49
Sterilization 90 35 0,32
Storage 25 5 1,37
Condensation and waste water 30 20 2,34
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Culture factory

6

- Total energy ~ 13,7 GWh
- Steam circuit at 170 ⁰C
- Ice water at 6-9 ⁰C

Tstart
[⁰C]

Ttarget
[⁰C]

Qdot
[GWh]

Water+Media Mixing 8 55 0,37
UHT 132 141 0,20
Fermentation 38 40 0,00
Freeze drying 50 120 0,32
CIP 8 80 1,13
SIP 11 121 0,12
Centrifuge 11 40 0,21
Sampling 8 30 0,34
Not mapped 8 31 1,04
Boiler Loss 8 170 1,19
UHT 65 30 0,38
Freeze drying -51 -50 0,61
Fermentation 38 10 0,29
SIP 121 11 0,88
Eluate 45 20 0,17
CIP - wastewater 50 20 0,53
Condenser - freezedryer 25 19 1,22
Condenser - cooling tower 25 20 1,69 0.0%
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Dairy factory

77

- Total energy ~ 325 MWh
- Steam circuit at 170⁰C
- Ice water at 3⁰C

Tstart
[⁰C]

Ttarget
[⁰C]

Qdot
[MWh]

Heating raw milk 5 50 36,2
Pasteur milk 50 72 14,4
Pasteur cream 50 72 3,2
Heating yoghurt 5 90 6,3
Heating cheese 5 40 22,3
CIP 60 80 27,4
Pasteur raw milk + milk 50 5 29,4
Pasteur cream 50 5 6,5
Cooling yoghurt 90 20 5,2
Condenser 30 20 51,3
Boiler and distribution loss 170 8 22,0
Waste water 30 10 41,2
Other loss 20 10 27,4
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Brewery
Tstart
[⁰C]

Ttarget
[⁰C]

Qdot
[GWh]

Worth production 50 77 5,89
Boiling 80 101 9,42
Heat recovery Worth production 8 80 15,31
Pasteur 55 70 4,71
Water for wash 8 70 4,71
CIP 8 80 3,53
Space heating + ventilation 8 30 2,36
Boiler loss 20 140 2,36
Not mapped 0 0 11,78
Heat recovery product cooling 100 18,5 15,31
Cooling of product 18,5 12 1,18
Fermentation 16 15 2,36
Cooling after fermentation 16 3 2,36
Cooling after fermentation 3 1 1,18
Pasteur 20 10 2,36
Not mapped 0 0 2,36
Condenser refrigeration 30 20 12,96
Heat recovery desuperheater 65 30 2,36
Waste water 37 20 12,96
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Slaugterhouse

9

Tstart
[⁰C]

Ttarget
[⁰C]

Qdot
[GWh]

Blood treatment 30 65 1,61
Blood treatment 65 2 3,51
Scald 160 161 4,02
Flame 600 605 20,91
Flue gas - flame (heat recovery) 450 150 7,80
Flue gas - flame 150 20 12,74
Fat melting 160 161 3,22
Water for Intestinal cleansing 42 82 1,61
Water for cleaning (heat recovery) 10 42 29,76
Water for cleaning 42 82 7,24
Drying after cleaning (ventilation) 7 15 8,85
Cooling of pig body (tunnel cooler) 36 6 23,88
Cooling of room 20 19 27,39
Superheat cooler, condensator (heat 
recovery) 60 25 15,60
Superheat cooler, condensator + defrost 50 25 74,56
Waste water (heat recovery) 50 25 6,76
Waste water 28 20 36,03
Water for room heating 30 60 3,12 
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Summary of cases

10

Cheese Milk powder Milk Culture Dairy Brewery Slaugtherhouse

Utility temperature [⁰C] 175 235 150 170 170 145 160

Highest process 
temperature [⁰C] 126 235 130 141 90 101 160

Stream temperature at 95% 
demand [⁰C] 90 235 90 120 90 100 82
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Potential for heat pumps with current process
streams

11

Cheese Milk powder Milk Culture Dairy Brewery Slaugtherhouse

COP 
current utility 1,46 1,19 1,65 1,49 1,49 1,69 1,56

COP 
highest temperature 1,91 1,19 1,86 1,73 2,63 2,34 1,56

COP
95% temperature 2,63 1,19 2,63 1,99 2,63 2,36 2,90

COP
95% and el-boiler 2,55 1,18 2,55 1,94 2,55 2,29 2,81

79,9% 0,0% 59,7% 33,3% 76,0% 39,6% 85,6%

Assuming Carnot efficiency of 50% from a 30 ⁰C source  with 5K pinch
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Conclusions

• Mismatch between current utility temperature and process temperatures

• Lower utility temperatures significantly improve the COP of heat pumps

• Local boost of temperature may improve the COP further

• Potential is present across all food & beverage categories

• Potential even higher if specific process temperatures can be lowered

• With proper integration, already existing HP technology could be able to fulfil 95% of the 
heating demand in some cases as high temperatures are not strictly necessary

Challenge the temperature levels!

12
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Abstract  

The industry is in a transition phase towards, towards a more sustainable future, both nationally and 

internationally. Common for all the initiative is that the industry has a plan, but there is a big variety of 

ways to approach a sustainable future. To get the most out of the capacity, then it is crucial to have a 

strategic and a prioritized approach. 

This presentation will show examples on how Viegand Maagøe has assisted the industry on their way 

to their targets. The presentation will be supported by several cases that describe the company’s strategy 

and how they have been working towards reducing their carbon food print. 

Viegand Maagøe will present how they approach establishing a solid baseline, for finding the potentials 

for integrating heat pumps as part of an energy optimization strategy.  

Arla foods has integrated at hybrid and ammonia heat pump utilizing surplus heat for covering process 

heat demands, saving from 2-33% of the fossil energy consumption. Royal Unibrew is planning to boost 

the present heat recovery system with at ammonia heat pump, reducing the fossil energy consumption 

by 27%. CP Kelco has is planning to electrify the production by introducing various heat pump systems 

from ammonia system to vapor recompression systems, and her by reducing the fossil energy 

consumption by 100% and the total energy consumption by 70%. Common for the three companies is 

that they have all started out with a solid baseline, that enables them to pinpoint where to invest in order 

to get the most value for their spendings.        

In the presentation bottlenecks and limitations when integrating heat pumps into industrial systems will 

ne highlighted, e.g., how does the energy prices limit the temperatures that can be reached, how does 

the site geographic and system effects the integration potential? The above challenges will be 

exemplified by cases that have been implemented, that is under construction and that are in the design 

phase. 
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Medium Stream no Temp. In Temp. Out Mass flow Dry matter Cp

˚C ˚C t/yr % kJ/KgK

Water 1 12 80 80.000 0 4,2

Water 2 12 30 50.000 0 4,2

Mix A 3 5 74 100.000 20% 3,6

Mix A 4 74 5 100.000 20% 3,6

Mix C 5 25 5 10.000 100% 2,0

Heating consumption

Temp. In Temp. Out Mass f low Dry matter Cp Temperature intervals Hedvand Damp Energi vand
Varme-

pumpe

˚C ˚C t/yr % kJ/KgK -30 -20 -10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 kWh kWh kWh kWh

Indvejning Indvejning Pasteur 463 RO vand 2 77 80 445.562      0,0% 4,18 0 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 1.552.041   

Indvejning Indvejning Pasteur 588 Procesvand 3 48 70 102.898      0,0% 4,18 0 0 0 0 0 0 0 2 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 2.628.480   

Indvejning Indvejning Pasteur 588 Procesvand 3 70 95 102.898      0,0% 4,18 0 0 0 0 0 0 0 0 0 0 2 1 1 0 0 0 0 0 0 0 0 0 0 0 2.986.909     

Mælkebehandling Mælkelinje 1 Pasteur 203 Råmælk 4 54 65 331.648      15,0% 3,86 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.910.984   

Mælkebehandling Mælkelinje 2 Pasteur 223 Råmælk 5 61 65 265.319      15,0% 3,87 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.139.488   

Mælkebehandling Mælkelinje 1 HTT pasteur Vand 10 113 122 48.997        0,0% 4,18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 512.020      

Mælkebehandling Mælkelinje 2 HTT pasteur Vand 11 113 122 39.198        0,0% 4,18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 409.616      

Mælkebehandling Mælkelinje 1 Pasteur 213 Fløde 8 83 93 23.995        43,0% 3,40 0 0 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 226.567        

Mælkebehandling Mælkelinje 2 Pasteur 233 Fløde 9 83 93 19.196        43,0% 3,40 0 0 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 181.253        

Kultur Kultur Veksler Skummetmælk 14 10 15 11.174        9,0% 3,94 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 61.146        

Kultur Kultur Veksler Skummetmælk 14 15 94 11.174        9,0% 3,98 0 0 0 0 2 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 976.568        

Kultur Kultur Kulturtank Skummetmælk 14 94 98 11.174        9,0% 4,02 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 49.970          

Osteri Osterlinje 1 Pasteur 583 Ostemælk 15 8 25 244.475      13,0% 3,84 0 0 0 2 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4.432.039   

Osteri Osterlinje 1 Pasteur 583 Ostemælk 15 25 30 244.475      13,0% 3,86 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.309.021   

Osteri Osterlinje 1 Pasteur 583 Ostemælk 15 69 74 244.475      13,0% 3,92 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1.330.941   

Osteri Osterlinje 1 Pasteur 585 Ostemælk 16 8 25 244.475      13,0% 3,84 0 0 0 2 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4.432.039   

Osteri Osterlinje 1 Pasteur 585 Ostemælk 16 25 30 244.475      13,0% 3,86 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.309.021   

Osteri Osterlinje 1 Pasteur 585 Ostemælk 16 69 74 244.475      13,0% 3,92 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1.330.941   

Osteri Osterlinje 1 Ostningstank Ostemælk 17 34 35 558.656      13,0% 3,87 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 599.849        

Osteri Osterlinje 1 Strækning Ost 18 41 62 70.706        50,0% 3,07 0 0 0 0 0 0 0 2 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.264.624   

Osteri Osterlinje 1 Pasteur 1250/1550 Vand 19 72 75 315.000      0,0% 4,18 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 1.097.250   

Osteri Osterlinje 1 Pasteur 1350/1650 Vand 20 72 75 252.000      0,0% 4,18 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 877.800      

Osteri Osterlinje 2 Pasteur 683 Ostemælk 21 10 23 58.586        9,0% 3,94 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 834.390      

Osteri Osterlinje 2 Pasteur 683 Ostemælk 21 23 35 58.586        9,0% 3,96 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 772.686      

Osteri Osterlinje 2 Pasteur 683 Ostemælk 21 70 74 58.586        9,0% 4,00 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 260.405      

Osteri Osterlinje 2 Ostningstank Ostemælk 22 40 40 59.782        9,0% 3,97 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -                

Osteri Osterlinje 2 Strækning Ost 23 40 62 7.792          50,0% 3,06 0 0 0 0 0 0 0 2 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 145.870      

Osteri Osterlinje 2 Pasteur 1950 Vand 24 72 75 116.000      0,0% 4,18 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 404.067      

Vallebehandling Dræn Vallepasteurisering Pasteur 183 Fodervalle 25 70 78 5.952          7,0% 4,04 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 53.461          

Vallebehandling Dræn Vallepasteurisering Pasteur 373 Valle 26 70 73 186.556      6,0% 4,06 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 631.161      

Vallebehandling Dræn Vallepasteurisering Pasteur 403 Valle 27 70 73 186.556      6,0% 4,06 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 631.161      

Vallebehandling Dræn Vallepasteurisering Pasteur 423 Valle 28 70 73 186.556      6,0% 4,06 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 631.161      

Vallebehandling Dræn Vallepasteurisering Pasteur 483 Retentat 29 67 73 53.009        9,0% 4,00 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 353.242      

Vallebehandling Dræn Vallepasteurisering Pasteur 493 Retentat 30 67 73 53.009        9,0% 4,00 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 353.242      

Vallebehandling Dræn Vallepasteurisering Pasteur 433 Vallefløde 31 82 90 3.131          33,0% 3,57 0 0 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 24.866          

Vallebehandling strækning Vallepasteurisering Pasteur 183 Fodervalle 33 70 78 448             7,0% 4,04 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 4.020            

Vallebehandling strækning Vallepasteurisering Pasteur 433 Vallefløde 35 80 90 88               33,0% 3,57 0 0 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 870               

Vallebehandling strækning Vallepasteurisering Pasteur 403/423 Saltvalle 34 64 74 17.462        6,0% 4,06 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 196.847      

CIP Syre (alle Anlæg) Vand 60 65 4,18 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 712.279        

CIP Base (alle Anlæg) Vand 80 85 4,18 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 2.849.116     

Brugsvand Vand Vand 12 55 4,18 0 0 0 0 2 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 553.700        

Rumvarme Produktion Vand 12 60 4,18 0 0 0 0 2 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.828.813     

Rumvarme Administration Vand 12 60 4,18 0 0 0 0 2 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 626.279        

TOTAL 13.674.518   2.332.130   9.759.615   20.719.938 

Stream 

no
Section Line MediumEquipment
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☺

45 C

90 C

135 C

COP=4

COP=3,5

COP=3 (1/7)/COP3=4,8

(2/7)/COP3,5=8,2

(4/7)/COP4=14,3

Total=27,2 Total=33,33

(7)/COP3=33,33

Split Total

Saving: (33,33-27,2)/33,33*100=18 %

24
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Extended Abstract  

1. Introduction 

Heat transfer within heat exchangers is the main source of exergy destruction in high-

temperature heat pumps [Hu et al., 2017]. Matching the temperature profile of refrigerant and 

secondary medium is an effective approach to reduce exergy destruction. One way to achieve 

temperature matching in the heat exchangers is selecting refrigerants with an appropriate critical 

temperature. Depending on the refrigerant’s critical temperature and the boundary conditions 

applied, three operational modes exist, namely: subcritical, transcritical and supercritical. 

Above the critical pressure, the refrigerant transfers heat associated to a temperature change. 

Whereas below the critical pressure, the temperature is constant during condensation or 

evaporation. A second approach is to make use of zeotropic mixtures that achieve non-

isothermal phase change. In this paper, both transcritical and supercritical operation as zeotropic 

mixtures will be studied to achieve optimal temperature matching for heat sink outlet 

temperatures in the range of 160-200°C. 

 

2. Methodology 

In this work a selection of pure fluids and binary mixtures are simulated for a large set of 

boundary conditions by use of a thermodynamic framework. The thermodynamic framework, 

refrigerant selection and boundary conditions are briefly described in the upcoming sections.  

  

2.1. Simulation framework. 

The thermodynamic model allows for simulation of heat pump cycles, using pure refrigerants 

and binary mixtures, based on defined pressure levels, amount of superheat and subcooling1 and 

a molar fraction for the mixtures. A single-stage heat pump cycle, optionally with the use of an 

internal heat exchanger (IHX), is used as reference cycle. More complex cycles (e.g. cycle with 

two compression stages and intercooling) can be derived based on the operating conditions of 

the single-stage heat pump cycle. The single-stage heat pump cycle is modelled by assuming 

compression with a fixed isentropic efficiency (75%) and isenthalpic expansion. No pressure 

drops and heat losses were considered in the heat exchangers and piping. Furthermore, an 

effectivity of 0.75 was used for the IHX.  

 

A optimizer on top of the thermodynamic model allows for maximizing the COP by varying the 

pressure levels, superheat and subcooling and molar fractions for mixtures. A state-of-the-art 

global optimizer within SciPy was selected. The optimization algorithm includes several 

techniques to reduce the simulation time, such as multiprocessing or a design space dependent 

                                                           
1 For operation above the critical point the superheat and subcooling are defined with respect to the critical 
point. 
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on the refrigerant. In addition, soft constraints are applied as such the pinch point temperature 

difference is kept at 5K and wet compression is avoided.  

 

2.2. Refrigerant selection 

All pure refrigerants within REFPROP10.0 with favorable environmental properties (ODP ≈ 0, 

GWP<150) are simulated. For zeotropic mixtures, all possible binary mixtures from the selected 

pool of pure refrigerants are considered. However, as the focus is on zeotropic mixtures 

operating in the subcritical region, mixtures where both components have a critical temperature 

below 160°C are not considered.  

 

After simulation of the selected refrigerants, several technical constraints (see Table 1) are 

applied.  
Table 1: Considered technical constraints in the post-processing of the fluid selection. 

 

 

 

 

 

Furthermore, in case of mixtures, the miscibility is assessed in the postprocessing. No constraint 

is applied on the compressor outlet temperature since multiple techniques exists to reduce it, 

such as: intercooling, vapor- or liquid-injection, etc [Redón et al., 2014 and Shen et al., 2014]. 

With an analogous reasoning [Harby, 2017], no constraint is applied on the refrigerant 

flammability. However, scenarios where flammable fluids are not allowed will be considered.   

 

2.3. Boundary conditions 

Several relevant case studies and a set of 140 generic boundary conditions, covering a large 

range of heat sink and source temperature glides, are studied. For both, the heat sink outlet 

temperatures varies between 160-200°C. Two boundary conditions are further discussed in this 

study, namely a case with sensible heat source and sink and a case with latent heat source and 

sensible heat sink. The selected temperature levels of these generic boundary conditions can be 

found in Table 2. 

 
                  Table 2: Temperature levels of the selected boundary conditions. 

 Sensible-Sensible Latent-Sensible 

Tsource (°C) 100 - 120 100 

Tsink (°C) 160 - 180 120 - 180 

 

3. Results and discussion 

3.1. Sensible-Sensible boundary condition 

The acquired results for the selected sensible-sensible boundary condition are given in Table 3. 

In this table, the five best performing fluids are shown. For these refrigerants the COP, pev, pcd, 

PR, volumetric heating capacity (VHC) and Lorentz efficiency (ηlor) are given. Moreover, it is 

indicated whether or not the most optimal cycle makes use of IHX. For mixtures, the molar 

fraction of the first constituent is given within brackets.  
Table 3: Properties of the five best performing fluids for the sensible-sensible boundary condition. 

Refrigerant 
COP 

[-] 

pev 

[bar] 

pcd 

[bar] 
PR [-] 

VHC 

[kJ/m3] 
ηlor  (%) 

IHX 

acetone/toluene (0.48) 4.30 1.83 9.50 5.2 1754 58.2 ✓ 

                                                           
2 For operation above the critical point the term evaporator/condenser are in fact not correct. Instead, one 
should use gas heater or cooler, but for the sake of simplicity evaporator and condenser will be used. 

Parameter Constraint 

Pressure ratio (PR) PR < 20 

Evaporator2 pressure (pev) pev > 0.5 bar 

Condenser pressure (pcd) pcd < 45 bar 
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acetone/water (0.43) 4.22 2.69 16.19 6.0 3023 57.2 x 

benzene/methanol (0.75) 4.16 2.97 15.24 5.1 2764 56.3 ✓ 

ethanol/toluene (0.37) 4.15 1.65 10.74 6.5 1756 56.2 ✓ 

ethanol/water (0.21) 4.10 1.50 12.81 8.5 2141 55.5 x 

 

From Table 3 it can be concluded that the five best performing refrigerants are zeotropic 

mixtures. Acetone/Toluene has, with a COP of 4.30 (ηlor= 58.2%), the best performance. The 

other mixtures have similar performances. However, all five mixtures consists of at least one 

highly flammable fluid. When non-flammable or mildly flammable refrigerants would be 

targeted, water-ammonia allows for the best performance (COP = 3.87). The best performing 

pure fluid is toluene (COP = 3.85), whereas the best performing non-flammable or mildly 

flammable pure fluid is water (COP = 3.61).  

Use of zeotropic mixtures allows for a COP increase of 12% compared to pure fluids when 

flammability is not an issue, and 7% when flammability is an issue. In addition, more 

advantageous operating conditions can be achieved by mixing working fluids. In Table 4, a 

comparison between water/ammonia and water is made. Next to the increase in COP (+7%), the 

evaporator pressure becomes above atmospheric level (+32%), pressure ratio decreases (-24%), 

the VHC increases (+25%) and the compressor outlet temperature (Tcomp,out) decreases (-

34.4°C). A minor disadvantage is a small increase in pressure level at the condenser (+7.6%).  

                      Table 4: Technical comparison of water/ammonia mixture with pure water. 

Refrigerant 
COP 

[-] 
pev 

[bar] 

pcd 

[bar] 
RR 
[-] 

VHC 

[kJ/m3] 

Tcomp,out 

[°C] 

water/ammonia (0.94) 3.87 1.12 10.77 9.6 1725 438.9 

water 3.61 0.85 10.01 11.9 1375 473.3 

 

Pure working fluids operating in the transcritical or supercritical region all had lower COPs. 

3.2. Latent-Sensible boundary condition 

The acquired results for the selected latent-sensible boundary condition are given in Table 5. 

The table has the same layout as Table 3, used for the sensible-sensible boundary condition. 
Table 5: Properties of the five best performing fluids for the latent-sensible boundary condition. 

Refrigerant 
COP 

[-] 

pev 

[bar] 

pcd  

[bar] 

PR 

[-] 

VHC 

[kJ/m3] 

ηlor 

[%] 
Mode 

IHX 

R1234ze(Z) 4.64 12.1 44.6 4.68 8882 54.1 Transcritical ✓ 

R1233zd(E) 4.60 9.3 37.6 4.03 7295 53.7 Transcritical ✓ 

R1336Mzz(Z) 4.58 6.3 31.3 5.00 5322 53.4 Transcritical ✓ 

Acetone 4.50 3.27 18.35 5.62 3444 52.5 Subcritical ✓ 

Isopentane (R601a) 4.45 6.45 30.67 4.75 5218 51.9 Transcritical ✓ 

 

From Table 5 it can be observed that four out of the five best performing fluids are pure fluids 

operating in the transcritical region. With the top three being HFOs/HCFOs. R1234ze(Z) has, 

with a COP of 4.64 (ηlor =54.1%), the highest performance. The non-transcritical refrigerant 

acetone is highly flammable. When flammable fluids are not considered, water is, with a COP 

of 4.13, the best performing subcritical fluid. In this scenario, transcritical operation would 
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allow for a COP increase of about 12%. Moreover, the HFOs/HCFOs and R601a have high 

VHCs, but they inherently induce high pressures. Because of the constant temperature at the 

heat source side, and strong temperature glide at the heat sink side, zeotropic mixtures are less 

interesting for optimal temperature matching in this scenario. 

 

 3.3 Generalization 

Based on the large dataset, the results are generalized. The best performing operational modes 

and corresponding fluids for each scenario can be found in Table 6. When the best performing 

fluid is non-flammable or mildly flammable, no flammable fluids are reported. If the best 

performing fluid is flammable the most optimal non-flammable fluid is reported as well. 

              Table 6: Generalization of the best performing fluids and operational modes for each type of boundary condition. 

              Heat Source 

  Latent Sensible 

H
ea

t 
S

in
k

 

Latent 

Subcritical pure fluid 

• Flammable: hydrocarbons 

• Non-flammable: water 

 Zeotropic mixtures and pure fluid 

• Flammable: water/acetone 

• Non-flammable: pure water 

(near-) azeotropic mixtures 

• Flammable: water/acetone (azeotrope) 

• Non-flammable: x 

 

Sensible 

Zeotropic mixtures and pure fluid (Medium 

∆Tsink)  

• Flammable: mixtures of HCs 

• Non-flammable: pure water 

Zeotropic mixtures 

• Flammable: acetone/toluene 

and acetone/water 

Transcritical cycles (Large ∆Tsink) 

• R1336Mzz(Z) or R1234ze(Z) 

• Non-flammable: 

water/ammonia 

 

In event of a latent heat source and latent heat sink, pure working fluids with high critical 

temperatures (e.g. hydrocarbons or water) shows the best performance. Moreover, some binary 

mixtures with azeotropic points (e.g. water/acetone) shows good performance and operating 

conditions. In case of a sensible heat source and latent heat sink, the zeotropic mixture 

water/acetone shows the best performance, and pure water when flammable fluids are not 

allowed. For a latent heat source and a sensible heat sink, zeotropic mixtures of hydrocarbons, 

or pure water when flammable fluids are not allowed, shows the best performance in event of 

small glides at the heat sink. For large temperature glides, transcritical cycles of HFOs/HCFOs 

shows the best performance, with large VHCs. When both heat source and heat sink are of 

sensible nature zeotropic mixtures clearly shows the best performance and favorable operating 

conditions. 

 

Overall, it is expected that zeotropic mixtures could show even better performance by 

introducing a mixture composition regulation technique between evaporator and condenser. In 

this way, the Lorentz cycle can be better approached [Xu et al., 2018]. Especially for scenarios 

where there is a great difference in temperature glide between heat sink and source, regulation 

of the composition can have a great influence.  

 

4. Conclusion 

The results show that matching temperature profiles is an effective approach for increasing the 

COP. Both subcritical and transcritical operation as zeotropic mixtures are suitable to achieve 

this temperature matching, depending nature of the boundary conditions. However, zeotropic 

mixtures and transcritical operation are currently not widely employed, with the exception of 

the transcritical CO2 cycle at lower temperatures, while there is a clear potential for them. 

Furthermore, next to the increase in performance, mixing pure fluids allows for more feasible 
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operating conditions. Therefore azeotropic mixtures could be advantageous for applications 

with no temperature glides. In addition, a mixture composition technique could be applied for 

zeotropic mixtures as such they could better approach the Lorentz cycle for a wide variety of 

boundary conditions. No fluids operating in the supercritical region are observed to perform 

well for the considered boundary conditions. Moreover, they would require high pressures. 
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HIGH-TEMPERATURE HEAT PUMPS
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INTRODUCTION

Heat transfer within heat exchangers is the main source 

of exergy destruction in high-temperature heat pumps 

2

Supercritical 

operation

Transcritical 

operation

Subcritical 

operation

Zeotropic 

mixtures

Targeted heat sink 

outlet temperatures: 

160-200°C 
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METHODOLOGY – SIMULATION FRAMEWORK

• High-level thermodynamic model

• Single-stage cycle with option for internal heat exchanger (IHX) 

• Input: pev, pcd, superheat and subcooling (+ xmolar)

• Output: COP, VHC, Tcomp,out …

• Optimization framework

3

SciPy

Global 

Optimizer

Thermodynamic 

model:

pev

pcd

∆Tsh

∆Tsc

(xmolar)

Constraints:

PPTDev ≥ 5K

PPTDcd ≥ 5K

pev < pcd

Dry compression

Working fluids

Use of IHX

Optimal heat 

pump cycle for 

each working fluid

METHODOLOGY – REFRIGERANT SELECTION

• All pure refrigerants within REFPROP10.0 (ODP ≈ 0, GWP ≤ 150)

→ Pool of binary mixtures

→ Eliminated binary mixtures where both critical temperatures < 160°C

• Postprocessing

• (Miscibility)

• No constraints on compressor outlet temperature

• No constraints on flammability

4

Parameter Constraints

Pressure ratio (PR) PR < 20

Evaporator pressure (pev) pev >  0.5 Bar

Condenser pressure (pcd) pcd < 45 Bar
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METHODOLOGY – BOUNDARY CONDITIONS

• Several case studies (distillation, drying,  steam production, 

oil heating …)

• Large set of generic data
̶ Four classifications (heat source/heat sink)

‒ Latent/Latent (25 boundary conditions)

‒ Latent/sensible (25 boundary conditions)

‒ Sensible/latent (18 boundary conditions)

‒ Sensible/sensible (70 boundary conditions)

• Two generic cases further discussed

5

Once with and once 

without IHX

Sensible-Sensible Latent-Sensible

Tsource (°C) 100 - 120 100

Tsink (°C) 160 - 180 120 - 180

Hot water or thermal oil heating

Superheated steam drying

RESULTS – SENSIBLE/SENSIBLE CASE 

Refrigerant COP
pev

[bar]

pcd

[bar]

Pressure ratio

[-]

VHC 

[kJ/m3]

ηlor

(%)
IHX

acetone/toluene (0.48) 4.30 1.83 9.50 5.2 1754 58.2 ✓

acetone/water (0.43) 4.22 2.69 16.19 6.0 3023 57.2 x

benzene/methanol (0.75) 4.16 2.97 15.24 5.1 2764 56.3 ✓

ethanol/toluene (0.37) 4.15 1.65 10.74 6.5 1756 56.2 ✓

ethanol/water (0.21) 4.10 1.50 12.81 8.5 2141 55.5 x

… … … … … … …

Toluene 3.85 0.63 5.30 8.4 713 51.1 ✓

6

5 best performing working fluids

Consider flammability as an issue

Refrigerant COP
pev

[bar]

pcd

[bar]

Pressure

ratio [-]

VHC

[kJ/m3]

Tcomp,out

[°C]

ηlor

(%)

water/ammonia (0.94) 3.87 1.12 10.77 9.6 1725 439 52.4

Water 3.61 0.85 10.01 11.9 1375 473 48.9

+7% +32% +7.6% -24% +25% -34°C +3.5%

Sensible-Sensible

Tsource (°C) 100 - 120

Tsink (°C) 160 - 180
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RESULTS – LATENT/SENSIBLE CASE 

7

Refrigerant COP
pev

[bar]

pcd

[bar]

Pressure

ratio [-]

VHC

[kJ/m3]
ηlor (%) Mode

R1234ze(Z) 4.64 12.1 44.6 4.68 8882 54.1 Transcritical

R1233zd(E) 4.60 9.3 37.6 4.03 7295 53.7 Transcritical

R1336Mzz(Z) 4.58 6.3 31.3 5.00 5322 53.4 Transcritical

Acetone 4.50 3.27 18.35 5.62 3444 52.5 Subcritical

Isopentane (R601a) 4.45 6.45 30.67 4.75 5218 51.9 Transcritical

5 best performing working fluids

Consider flammability as an issue

Refrigerant COP
pev

[bar]

pcd

[bar]

Pressure

ratio [-]

VHC

[kJ/m3]
ηlor (%) Mode

R1234ze(Z) 4.64 12.1 44.6 4.68 8882 54.1 Transcritical

R1233zd(E) 4.60 9.3 37.6 4.03 7295 53.7 Transcritical

R1336Mzz(Z) 4.58 6.3 31.3 5.00 5322 53.4 Transcritical

… … … … … … … …

Water 4.13 0.85 8.5 10.00 1427 48.2 Subcritical

Latent-Sensible

Tsource (°C) 100

Tsink (°C) 120 - 180

GENERALIZATION

8
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CONCLUSION
• Both subcritical and transcritical cycles as zeotropic mixtures are interesting to 

achieve temperature match

• Zeotropic mixtures have beneficial effects:

➢ Enhance operating conditions

➢ Allow for composition adjustment 

• Supercritical operation is less interesting for targeted temperatures

9

FUTURE WORK
• Optimize economics
• Advanced thermodynamic cycles
• Construction and validation of set-up

Elias Vieren
PhD-researcher

UGent: Sustainable Thermo-Fluid Energy Systems
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E Elias.vieren@ugent.be

E Steven.lecompte@ugent.be
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Extended Abstract  

 

1. Introduction 

The revalorization of industrial waste heat with temperatures below 120ºC (with an estimated potential 

of up to 20.41 Twh/year for the EU28 region) can significantly reduce the CO2 emissions of the 

industrial sector.  High Temperature Heat Pumps (HTHP) can upgrade this waste heat making use of 

electricity from renewable origin. This upgraded heat can be used directly within the production 

processes of the industry if a heat sink at an appropriate temperature level is available. As already 

highlighted in several studies, the lack of knowledge about the available heat sources and sinks, the high 

initial investment cost and the dependency on the cost of electricity are the main reasons that still 

prevents the massive implementation of this kind of applications. It is however still possible under the 

current boundary conditions in Europe to find suitable cases for this internal heat upgrade applications. 

2. Methods 

Based on the analysis of the process from different sectors have been made and the possibilities for the 

implementation of large heat pumps (understanding large as heat pumps with a capacity over 500 kW) 

have been analysed. Three plants from the paper and dairy industry are object of a deeper analysis and 

presented in the results section. 

 

3. Results 

The schemes showing the possible integration of the HTHP units in the heat recovery and upgraded 

system for these three sites are included in figures 1 to 3. 

3.1 Upgrading exhausted air waste heat in the paper industry 

 

Figure 1 presents the first identified heat upgrade application in a paper manufacturing factory. The 

recovered waste heat to be upgraded is part of the exhaust heat from the paper machine dryer air hood 

system. This exhaust heat of this dryer air hood is currently recovered by means of a heat 

recovery system installed as an integrated solution by the manufacturer of the dryer. The integrated heat 

recovery system recovers the excess heat of the drying air by means of air to water-glycol heat 

exchangers, that is heated up to a temperature between 45 and 55 ºC.  
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Figure 1: proposed HTHP based heat upgrade system using exhausted air from the paper dryer hood 

 

The water-glycol circuit of the heat recovery system is normally used for heating in the hall system of 

the paper factory whenever is demanded, but the temperature of the water-glycol circuit is often much 

higher than the temperature required by the hall heating system. The amount of hours with an excess 

heat that can be used as a heat source for a heat pump and thus for the generation of upgraded  must still 

be determined precisely, but it is estimated to be over 5000 h per year.   

The available temperature of the water-glycol circuit heat pump varies throughout the year between 45 

and 55ºC, but its average value can be estimated to 50ºC. With an average estimated volume flow of 

65 m³∙h-1 and assuming that the brine is cool down to around 40 ºC (a temperature still usable for 

heating), the potential waste heat to be recovered is around 660 kW.  The first feasibility calculations 

based on a 3-compressor system working with R1336mzz-E estimates that a COP of around 3.3 could 

be achieved with the heat being upgraded up to 122ºC.  In the proposed configuration, 480 kW of the 

upgraded heat will be delivered as low-pressure steam in the condenser of the heat pump, whereas 

468 kW will be used to preheat the feed water to the boilers of the energy central from 80 to 90ºC.   

 

3.2 Upgrading cogeneration waste heat streams in the paper industry 

The second possible application identified in another paper factory uses the exhaust waste heat from 

cogeneration units. The heat that will be recovered is the heat of the cooling water system of the biomass 

powered cogeneration plant, that is currently unused. The hot cooling water stream with around 100 

ton/h and 90ºC will pass through the evaporator of the heat pump recovering the heat. For an efficient 

operation of the biomass cogeneration system and to prevent thermal shock to the body of the engine, 

the temperature of the cooling water system returning to the cogeneration unit should be around 72ºC. 

Cooling down 100 ton/h of the cooling water of the cogeneration unit from 90 to 72ºC, around 2100 kW 

of heat can be transferred at the evaporator of the heat pump.  In the condenser, hot water will enter with 

105ºC the condenser and subcooler of the heat pump, leaving as a steam with 3.7 and 1.8 bara 

respectively that can be integrated in the steam network of the plant, that operates at these two different 

pressure levels. 
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Figure 2: proposed HTHP based heat upgrade system  

 

The total expected amount of upgraded heat by the HTHP is 2792 kW, with an estimated COP of the 

compression heat pump around 3.7. The calculations are made for a HTHP with a 2-stage 

turbocompressor using R1233zd(E).   

3.3 Upgrading cogeneration exhaust gas and process waste heat streams in the dairy industry 

The third selected plant for which a more detailed analysis was made belongs to the dairy sector. After 

analysing all streams of the productive process, two possible applications, recovering heat from two 

different sources, have been identified: 
 

1. Excess heat from CHP unit that is not used from the driving heat circuit for an absorption chiller. 

The heat exchanger heating water up to 100-110 ºC is currently oversized, and around 40 % of the 

heat transferred in not being used by the absorption chiller. With up to 50 m3/h of unused hot water 

available at times, the studied system is presented for the recovery of 800 kW. For an HTHP with 

R1233zd(E) assuming a compressor with an isentropic efficiency of 0.7, the COP could achieve 4.7. 
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Figure 3: proposed HTHP based heat upgrade 

2. Waste heat from two VTIS (Vacuum Thermal Instant Sterilizer) units. In these units, steam with 

low pressure (<2 bar abs) is used for sterilizing the milk in a vacuum chamber. The temperature of 

the hot water leaving these units (“cow water”) for the two studied cases is 65 and 78 ºC, with flow 

rates of 14.8 and 9 m3/h respectively. For the largest of the two units, an HTHP with R1233zd(E) 

assuming a compressor with an isentropic efficiency of 0.7, the COP would be around 3.4. 

 

Figure 4: proposed HTHP based heat upgrade 

The low-pressure steam produced with the HTHPs can be used in the VTIS units or for heating up the 

brine used for the Clean In Place (CIP) units used at different points in the dairy plant.  

The main problem for the heat recovery of the VTIS and the heat upgrade to the CIP is the discontinuous 

operation of this processes and the small number of operation hours per years. Due to the smaller size 

of each of the sterilizing modules of the plant and its discontinuous operation, the use of the unused heat 

from cogeneration seems economically much feasible. However, it requires that a cogeneration system 

(biogas or hydrogen in future scenarios) covers the baseline of the vapour steam needs of the factory. 

3.3 Technoeconomic analysis 

With the number of operation hours still pendent to be confirmed, the financial feasibility of such 

systems has been preliminary estimated, assuming constant sCOP, investment cost, and gas and 

electricity prices as presented in the table for Germany, Italy and Spain.  

 
Table 1: Technoeconomic analysis 

Aplication Exhaust Heat 

Dryer Hood 

(Paper Factory) 

Cogeneration  

Unit cooling 

water Heat  

(Paper Factory) 

Cogeneration  

Unit exhaust gas 

unused eat  

(Dairy Plant) 

Waste Heat from 

sterilization 

process  

(Dairy Plant) 

Yearly operating 

hors 

6000 6000 6000 2000 
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sCOP 3.3 3.7 4.7 3.4 

Heat Produced 

(MWh/year) 

5688 16656 5778 714 

Electricity Use 

(MWh/year) 

1710 4614 1229 210 

PE savings1 

(MWh/year) 

4283 11578 4740 472 

Investment cost 

(€/kW) 

600 400 400 600 

Payback period,  

Spain prices* 

5.16 3.09 2,48 15,33 

Payback period, 

Germany prices* 

3.59 2.26 1,99 10,61 

Payback period, 

Italy prices* 

5.30 3.09 2,36 15,04 

1PEnre=1.1 for gas and PErte=1.8 for electricity, 

*Payback periods assuming baseline with natural gas consumption, and a boiler efficiency of 85%, 52 €/ton CO2, 

CO2factorNG=0.24 tonCO2/MWh, CO2factorEL = 0.424/0.658/0.343 tonCO2/MWh, (Germany/Italy/Spain) 

and Eurostat values for energy prices (2020):  

Natural gas prices for non-household-consumers: , Spain:27.7 €/MWh, Germany 29.2 €/MWh, Italy: 32.7 €/MWh. 

 Electricity prices for non-household-consumers: , Spain:85.4 €/MWh , Germany: 65.1 €/MWh, Italy: 106.7 €/MWh.  

 

3.3 Using upgraded heat to store renewable energy by means of a Power-to-Heat-to-Power system 

 

Figure 5: CHESTER concept 

The recovered and upgraded industrial waste heat could be integrated in a of a Power-to-Heat-to-Power 

system, in factories with no suitable heat sinks. A HTHP  with delivery temperatures between 120 and 

150ºC has been  designed and manufactured in the European CHESTER project. (www.chester-

project.eu) in a join effort by Tecnalia, UPV Valencia and Ulster University.,  This HTHP has been 
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integrated within the CHESTER 

system, condensing temperature at a 

temperature that matches the melting 

point of the Phase Change Material 

(PCM) storage. This first 

demonstrator of a CHEST system is 

currently being thoroughly measured 

in combination with a PCM storage 

and an ORC cycle for electricity 

production at the laboratories of DLR 

in Stuttgart.   The compressor of the 

HTHP is a single piston reciprocating 

type, model HBC511 manufactured 

by Viking Heat Engines. It is 

specially designed to operate under 

high temperature conditions. The  

expansion device used is a valve 

from SIEMENS  with model 

MVL661. The evaporator, condenser 

and subcoler are Brazed Plate Heat 

Exchangers. The lubricant used in 

the compressor is is a synthetic 

poliol-ester (POE) manufactured 

specifically for high miscibility with refrigerants and compatibility with materials used in refrigeration 

cycles. 

 

 

 

 Figure 7: configuration of the CHESTER HTHP (left) and preliminary test results (right) 

Figure 6: CHESTER HTHP in the TECNALIA laboratory 
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In an already finished stage of the project, the operation of the HTHP has been characterized in the 

laboratories of Tecnalia. As it is presented in figure 6, the COPnet of the HTHP measured in the 

laboratory lies in the range between 7 and 3.5 when upgrading heat with 80ºC to temperatures up to 100-

130ºC in the subcooler and between 100 and 142ºC in the condenser. As it is explained in previous 

works [1] the temperature levels for the subcooler are selected in order to optimize the COPnet. The 

results presented in this work are just a small extract of an extended measurement campaign that will be 

published soon. 

 

4. Discussion 

From the analysis of waste heat sources, it seems that the most suitable solutions are when the waste 

heat can be extracted from a water or glycol water stream. From the plants analyzed in the dairy and 

paper production, the temperatures of these streams lie generally between 40 and 70 ªC. Higher 

temperature levels, in the range of 90-110ºC can be obtained from cogeneration units. The main 

integration challenges are to substitute steam-based heating system designed for high pressure level and 

to find application for which low pressure steam can be used. 

This work shows that for certain boundary conditions (prices from 2021) payback periods smaller than 

3-4 years are possible and realistic for estimated 6000 operation hours per year, and COPs higher than 

3, achievable making use of the subcooling heat. These results have been calculated for HTHPs with 

R1233zd(E) and R1336mzz-E, using either piston or turbocompressor. The measurement of a HTHP  

R1233zd(E) prototype designed for Power-to-Heat to-Power application with a capacity of 40 kW in 

the laboratory of TECNALIA  show that  the expected COP and Carnot Efficiencies for the targeted 

applications are feasible, if the system and the HTHP units are properly designed. 
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The search for HTHP  large industrial applications

• In which of the known sectors is possible to install (large) HTHPs in 2022 ?

• Our experiences:

• Petrochemical: high security standards, ATEX requirements, difficult to 

install demo cases in real  applications

• Biorefineries: similar to petrochemical. Distillation columns are integral 

solutions, and better not to be touched. Operation hours?

• Drying processes (automobile painting, tile production): heat 

sink=hot air, usually T>160ºC, complex integration

• Paper and food industry: Suitable heat sink => Low Pressure Steam

➢ Process waste heat avaiable at 40-60ºC

➢ Often available heat source from cogeneration units

4

HTHP application combined with cogeneration units (I):
Exhaust gas heat from gas turbines (Dairy plant) 

Preliminary technoeconomic assesment*

Value

Yearly operating 

hours

6000

Heat Produced 

(MWh/year)

5778

PES (MWh/year) 4740

Investment cost

(€/kW)

400

Payback period

Spain (years)

2,48

Payback period

Germany (years)

1,99

Payback period

Italy (years)

2,36
*Energy costs assumed: Natural Gas: Spain:27.7 €/MWh ,Germany 29.2 €/MWh, Italy: 32.7 €/MWh

Electricity: Spain:85.4 €/MWh , Germany: 65.1 €/MWh, Italy: 106.7 €/MWh
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HTHP application combined with cogeneration units (II):
cooling system of biodiesel ICE (Paper factory) 

Preliminary technoeconomic assesment*

Value

Yearly operating 

hours

6000

Heat Produced 

(MWh/year)

16656

PES (MWh/year) 11578

Investment cost

(€/kW)

400

Payback period

Spain (years)

3,09

Payback period

Germany (years)

2,26

Payback period

Italy (years)

3,09

*Energy costs assumed: Natural Gas: Spain:27.7 €/MWh ,Germany 29.2 €/MWh, Italy: 32.7 €/MWh

Electricity: Spain:85.4 €/MWh , Germany: 65.1 €/MWh, Italy: 106.7 €/MWh

6

Potential HTHP integration in a paper factory

Preliminary technoeconomic assesment*

Value

Yearly operating 

hours

6000

Heat Produced 

(MWh/year)

5688

PES (MWh/year) 4283

Investment cost

(€/kW)

600

Payback period

Spain (years)

5,16

Payback period

Germany (years)

3,59

Payback period

Italy (years)

5,30

*Energy costs assumed: Natural Gas: Spain:27.7 €/MWh ,Germany 29.2 €/MWh, Italy: 32.7 €/MWh

Electricity: Spain:85.4 €/MWh , Germany: 65.1 €/MWh, Italy: 106.7 €/MWh
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Potential HTHP integration in a dairy plant

Preliminary technoeconomic assesment*

Value

Yearly operating 

hours

2000

Heat Produced 

(MWh/year)

714

PES (MWh/year) 472

Investment cost

(€/kW)

600

Payback period

Spain (years)

15,33

Payback period

Germany (years)

10,61

Payback period

Italy (years)

15,04

*Energy costs assumed: Natural Gas: Spain:27.7 €/MWh ,Germany 29.2 €/MWh, Italy: 32.7 €/MWh

Electricity: Spain:85.4 €/MWh , Germany: 65.1 €/MWh, Italy: 106.7 €/MWh

8

Integrating HTHP and RES in practice: 
the  HTHP in CHESTER concept (I)
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Integrating HTHP and RES in practice: 
the  HTHP in CHESTER concept (II)

• HTHP measured in the laboratory 

for delivery temperaturas between 

100 and 147ºC (source 70-92ºC)

• Refrigerant R1233zd(E)

• Pistón compressor

(variable rpm:500…1500)

• BPHE for Evaporator, Condenser 

and subcooler

• Adapted Siemens valve with new 

developed control algorithm use as 

Electronic eXpansion Valve

• Together with HTHP control, 

delivered and currently tested in 

the CHESTER system in Stuttgart
Developed together by Tecnalia-UPV Valencia- Ulster University

10

Conclussions

• Using cogeneration (waste) heat for the generation of LP steam with HTHPs in 

the paper and food industry with large heat pumps posible. Expected payback 

periods below 3 years (with energy prices of 2020).

• For good COP in the range 3 to 5, subcooling heat must be recovered

• Currents of water and glycol-water with temperatures 40-60 ºC can be 

upgraded to produce LP Steam efficiently but..

… number of yearly operation hours  critical for economic feasibiliy

• Laboratory measurements of an HTHP working with R1233zd(E) designed for 

Power-to-Heat-to-Power applications demonstrates technical maturity of this 

technology for heat upgrade up to 147ºC.
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Introduction 

In order to facilitate the uptake of high-temperature heat pumps for electrifying and decarbonizing 

industrial process heat supply a project consortium of 16 partners from Denmark, Germany, UK, and 

Sweden have initiated the project "SuPrHeat - Sustainable process heating with high-temperature heat 

pumps using natural refrigerants" which is an interdisciplinary and cross-cutting research, development, 

and demonstration project [1]. 

This paper presents the status of the development and design of one of the pilot demonstration systems 

which is a hydrocarbon cascade heat pump with butane (R-600) and isopentane (R-601a) as working 

fluids in the bottom and top cycle, respectively. 

Methods 

In total three different technologies for high-temperature heat pumps (HTHP) will be developed and 

demonstrated in the SuPrHeat project. The different technologies use steam, CO2, and hydrocarbons as 

working fluids. The technologies considered in the project were selected in order to cover a wide range 

of temperature glides, in order to demonstrate high-performance HTHP solutions suitable for or a wide 

range of applications, as shown in Figure 1.  

 
Figure 1: Matching between HTHP technologies and applications. 

One of the pilot plants to be developed and tested in the SuPrHeat project is a 500 kW HTHP based on 

hydrocarbons as working fluids. Hydrocarbons are organic compounds which consist only of carbon 

and hydrogen atoms. Hydrocarbons are nontoxic, they have no ozone depletion potential, and a very 

low global warming potential. However, hydrocarbons are typically flammable which require the 

implementation of certain safety measures. The group of hydrocarbons comprises suitable working 

fluids for a wide range of applications with the potential for high performances in applications with 

moderate temperature glide. For the range up to 120 °C, butane or its isomers show promising solutions, 

while pentane or its isomers is competitive at approximately up to 160 °C in saturation temperature. The 
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group of hydrocarbons is most promising for applications with a limited temperature glide, such as 

autoclave processes or hot water production on utility level.  

 

Detailed calculations for the relevant application area were made for the hydrocarbon HTHP system in 

order for the project partners to develop and design the cycle layout and the various system components 

to high-temperature applications in the given design conditions.  

Results 

Figure 2 shows the main cycle layout for the hydrocarbon HTHP cascade system with R-600 in the 

bottom cycle, and R-601a in the top cycle. Piston compressors and internal heat exchangers will be used 

in the design of the system. The internal heat exchanger is needed to ensure the working fluid is in the 

gas phase throughout the compression process.  

 
Figure 2: High level cycle layout for hydrocarbon HTHP. 

Figure 3 shows the 𝑇-�̇� diagram for an exemplary operating condition, where the colour of the lines 

corresponds to the same colour in Figure 2 for the process in the source, bottom cycle, top cycle, and 

sink, respectively. The temperature decrease on the source side in this calculation example was from 

55 °C to 45 °C, and the temperature increase on the sink side was from 100 °C to 130 °C. The pressure 

ratio in both the bottom cycle and top cycle was around 2.9, and the condensation temperature in the 

bottom cycle was 85 °C, which resulted in a COP for the cycle of 2.9. 

 

Figure 3: T-Q̇ diagram for calculation example. 

The BOCK compressor types chosen for the demonstration system were HG88e/3225-4 S HC in the 

bottom cycle and HG66e/2070-4 S HC in the top cycle. Figure 4 (right) shows one of the prototype 

compressors. The components in the compressors were modified and optimized for use with 

hydrocarbons in HTHP applications and have a maximum permissible pressure of 29 bar(a). This was 

achieved by an optimization of the drive-gear, motor, and sealing materials. In order to connect the 

compressor prototype to the test system the connections were adapted. In the final installation additional 

Source

Compressor 

bottom cycle

Cascade 

HEX

Condenser

Subcooler

Internal

HEX

Sink

Sink

R-601a

R-600

Source

Internal

HEX

Compressor 

top cycle
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temperature and pressure sensors will be installed to be able to extensively monitor the performance and 

operation of the compressor during the test program. The test program will be built up step by step in 

order to find the maximum possible operating conditions, where the first target is temperatures up to 

160 °C, which however is dependent on critical oil viscosities and measured temperature limits.  

    
Figure 4: Left - compressor cross section [2], and right - the prototype compressors before installation. 

Figure 4 (left) shows an exemplary cross section of the piston compressor and its components. The 

current in the electric motor in the HTHP application will have a heat loss, and as there are requirements 

on the maximum suction gas temperature (first target 100 °C), the compressor inlet temperature needs 

to be controlled by regulating the internal heat exchange. 

Suitable oils were developed for the compressors, which have certain requirements for the kinematic 

viscosity of the oil to be maintained, also at high temperatures. Besides the viscosity, the developed oil 

also needs to accommodate the design and maximum operating points regarding pressure, temperature, 

suitability for refrigerants, lifetime, and materials compatibility. The selected oils for the system were: 

• Bottom cycle with R-600: Reniso R&D Syn 100 (Daniel plots shows estimated kinematic 

viscosity 13 mm2/s at nominal conditions).  

• Top cycle: Reniso R&D Syn 320 (Daniel plots shows estimated kinematic viscosity around 

22 mm2/s at nominal conditions). 

In order to accommodate these requirements, tests and evaluations of the oil types were conducted at 

the R&D facilities at FUCHS. Figure 5 shows an ageing test of the oil where it is possible to test with 

temperatures up to 250 °C and pressures at max. 100 bar in autoclaves in order to evaluate the 

combability of the oil and working fluids with samples of metals, elastomers, and plastics. The results 

from the completed tests showed no ageing for both the bottom and top cycle. The miscibility of the oil 

was also tested. Figure 6 shows the results from this test in the top cycle, where complete miscibility for 

temperatures down to -40 °C is shown. It is planned to analyse further oil samples during the prototype 

test program.  

 

 

 

 

 

 

Figure 5: Ageing test of oil [3]. 
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Figure 6: Results from miscibility test of R-601a/oil mixture. 

Project status 

The next steps for the building the hydrocarbon demonstration system is to finalize the detailed design 

and in order to assemble the already delivered components (heat exchangers, compressors, expansion 

valves, etc.) in an enclosure with an Atex approved environment. Afterwards a prototype test program 

will be caried out in the HTHP laboratory facilities at DTI, before a final demonstration will be made at 

an end-user.  
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Development of a hydrocarbon cascade heat pump for 
high temperature applications

High-Temperature Heat Pump Symposium, Copenhagen
30.03.2022

J. Poulsen & B. Zühlsdorf, DTI
M. Fröschle, BOCK Gmbh
P. Laulund & C. Gade, Soft & Teknik
L. Vigild & D. Ebert, FUCHS LUBRICANTS

Agenda

• Project outline: SuPrHeat - Sustainable process heating with high-
temperature heat pumps using natural refrigerants

• High-temperature heat pumps based on hydrocarbons as working fluids 

• Design of the pilot hydrocarbon cascade heat pump system 
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SuPrHeat at a glance
Motivation

Focus on electrification of industry | Increasing competitiveness of HPs
Large heat demand between 100 °C and 200 °C 

Objective
Facilitating the electrification of industrial process heat supply at up to   

200 °C by development and demonstration of HTHPs (3 x 500 kW)

Scope
Technologies: Steam compression, Hydrocarbons, CO2

Integration and demonstration in dairy, slaughterhouse, brewery and others

Project facts
09/2020 – 08/2024| Budget: 61.3 mio. DKK | EUDP Project 

16 Partners: R&D institutes, system supplier, OEMs, end-users, consultants

www.SuPrHeat.dk

Project outline

• Demonstration  at three sites
• Applications:

• Dairy
• Ingredients
• Slaughterhouses
• (Brewery)

• Long-term testing
• Increasing trust in technology

• Best practice solutions
• Existing facilities
• New process equipment
• Transition strategies for existing 

sites

Concept 
development

Technology 
development

Demonstration
Process 

integration

• 3 supplementary technologies
• R718 | Hydrocarbons | R744
• Modular and combinable 

technologies

• Component development
• System design and optimization
• Testing function and 

performance 
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Suggested concept:

HTHP Concept

Low temperature glide
• Steam production
• Evaporators
• …

Moderate temperature glide
• Hot water production
• Autoclaves
• …

Large temperature glide
• Spray dryer
• …

Steam compression Hydrocarbons CO2

Applications

Technologies

Promising match

Possible match

Matching

Development of a concept that covers the majority of 
processes at highest performances

Application 
potential

Technical 
solutions

Targeted
operating range

HTHP Demo-Plants 
(3 x 500 kW)

210 °C

200 °C

190 °C

180 °C

170 °C

160 °C

150 °C

140 °C

130 °C

120 °C

110 °C

100 °C

90 °C

80 °C

70 °C

60 °C

50 °C

Water
(Spindle-

compressor)

Butane

Pentane

CO2

(incl. mixtures)

Demonstration 1:
Steam compression

Demonstration 2:
Hydrocarbons
(incl. mixtures)

Demonstration 3:
CO2

(incl. mixtures)

State of the art, 
NH3 = 95 °C

Water
(Two-stage 

turbo-
compressor)
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High-temperature heat pumps based on hydrocarbons as working fluids 

• Natural refrigerants (no ozone depletion 
potential and a very low global warming 
potential).

• Butane (R-600) preferred up to 120-130 °C, 
and iso-Pentane (R-601a) up to 160 °C.

• Internal heat exchanger needed.

• Atex considerations about choise of 
components and enclosure, due to 
hydrocarbons being flammable

Working

fluid

Critical

pressure

Critical

temperature

Autoignition

temperature

R600 38,0 bar 152 °C 365 °C
R600a 36,4 bar 134 °C 460 °C
R601 33,6 bar 197 °C 260 °C
R601a 33,7 bar 187 °C 420 °C

Cycle layout

Calculation example:

• PR = 2.9 for bottom and top cycle

• Source side: 55 °C → 45 °C

• Sink side: 100 °C → 130 °C

• Bottom cycle cond. temp.: 85 °C

• COPcycle ≈ 2.9

TQ diagram

Source

Compressor 

bottom cycle

Cascade 

HEX

Condenser

Subcooler

Internal

HEX

Sink

Sink

R-601a

R-600

Source

Internal

HEX

Compressor 

top cycle
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BOCK prototype compressor - specifications and modifications

• Component check/modifications (checked across BOCK heat pump 
expert team, including cross checks with component suppliers):

o Optimization of compressor and drive-gear

o Motor

o Sealing materials

• Evaluation of optimized oil, requirements for viscosity

• Prototype design for tests:

o General adaption of compressor connections to test system

o Additional direct sensors (temperature, pressure) on the 
compressors

• Max permissible pressure                                                                        
29 bar(a)

R-600 R-601a

Sat. temp., 1 bar(a) -0.9 °C 27.5°C

Sat. temp., 29 bar(a) 135.7 °C 177.4 °C

Autoignition temperature 365 °C 420 °C

Temperature influence on compressor

• Requirements on compressor
components for both suction
gas and discharge gas

• Expects extra heat from 
motor due to high current

• Control of both inlet and 
outlet temperaure, e.g. 
amount of internal heat 
exchange
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Test of compressor and evaulation
of operating conditions

• Tests under real test conditions necessary for 
further validation                                                           
→ build up test program (step by step) to find max. 
possible operating conditions (temperatures)

• Regular compressor investigation during system 
prototype tests.

• Actual compressor and operating conditions related 
to critical oil viscosities and measured temperature 
limits, adaptions depend on test results.

Development of lubricants

• Evaluation of suitable oil for specific conditions (working group 
– FUCHS, BOCK, DTI)

• Needs to accomodate design and maximum operating points 
regarding pressure, temperature, kinematic viscosity, 
suitability for refrigerants, lifetime, and materials compatibility

• Test and evaluations done in Mannheim in FUCHS R&D test 
facilites. 

• Two types of oil developed by for bottom and top cycle, 
respectively:

• Bottom cycle:                                                                             
Reniso PAG VG 100 (Daniel plots shows estimated kinematic
viscosity 13 mm2/s at nominel conditions).

• Top cycle:                                                                                    
Reniso VG PAG 320 (Daniel plots shows estimated kinematic
viscosity around 22 mm2/s at nominel conditions).

• Continuous oil samples and analysis to be made during test 
programme. 

Define application 
area and 

requirements

Develop new 
oil and make 

R&D tests

Continuous oil
samples in 

prototype test
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Tests - FUCHS R&D
Ageing test:

• Temperature up to 250 °C, 
pressure max. 100 bar in 
autoclave.

• Media: Lubricants+working fluids.

• Samples: Metals, elastomers, 
plastics

• Result: 
• Bottom cycle: TAN, Viscosities, Density, 

Metals no change                                                                                              
→ no ageing

• Top cycle: TAN, Density, Metals no 
change, slight viscosity decrease (reason 
remaining refrigerant                                 
→ no ageing, slight viscosity decrease

Miscibility:

• Very good for both bottom and 
top cycle.

Next steps…
• Assembly of delivered components:            

Heat exchangers, compressors, expansion 
valves, etc. in Atex enclosure.

• Detailed design ongoing.

• Prototype test programme in laboratory 
facilities at DTI (possibility for test up to 180 
°C and 2 MW (dependent on current, max. 
1400 A)

• Integration studies for end-user 
demonstration site ongoing.

High-Temperature Heat Pump Symposium 2022 257



The project ”SuPrHeat - Sustainable process heating with 
high-temperature heat pumps using natural refrigerants” 
is funded by EUDP – The Energy Technology Development 
and Demonstration Programme
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cooling and heating 
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Abstract  

High temperature heat pumps are considered a key technology for decarbonisation of industrial sectors. 

The application of natural working fluids allows a sustainable and future proof application. 

In this work the performance of an industrial scale cascade high temperature heat pump is presented. 

The heat pump is integrated in a dairy, see Figure 1. 

 
Figure 1 Dairy thermal energy system 

HTHP-is connected in series with existing chillers, transcritical CO2-heat pump and boilers to provide 

100% back-up and to evaluate if the HTHP can withstand the dynamics of the industrial operation, i.e. 

source and sink temperature and load variations etc.. The SkaleUP cascade HTHP operates with natural 

refrigerants. It is developed for a) simultaneous ice- and process hot water production or b) utilization 

and upgrade of low temperature waste heat, i.e. from dry-cooler circuits. The HTHP is placed in a 10 

feet shipping container serving as a machinery room, having ventilation and gas detection. 

The HTHP has a new developed semi-hermetic compressor, able to operate at high temperatures. The 

HTHP is installed in a Norwegian dairy and is able to lift from ice water at 0.5 °C to process hot water 

at 115 °C. Temperature glides are 4 K and 15 K at source and sink, respectively. Combined heating and 

cooling COP is 3.0 to 4.0 with a mean at 3.4, see Figure 1.  
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Figure 2 Comparison of heat pump COP over temperature lift 

For these conditions a temperature lift between heat sink and source was 88 K to 108 K. The highest 

temperature lift recorded between evaporation and condensation was 125 K. Condenser and evaporator 

capacities are within a range of 80 kW to 282 kW and 35 kW bis 134 kW, respectively. Figure 2 sets 

also the performance of other heat pump technologies applied in the dairy in perspective. It can be seen 

that all heat pumps are well signed and reach a Carnot-efficiency in the range of 0.55 to 0.65, which is 

in the upper range of classical vapor compression heat pumps and chillers. 

To summarize, the presented HTHP enables to utilizes the waste heat effectively to generate hot process 

water up to 115°C with small glides at the heat source and sink side. The HTHP is suited for a both 

retrofit and new installations enabling reduction of primary energy consumption reduction by up to 64% 

and reduction of CO2-emissions by up to 95%. Thus, this technology proves to be key for 

decarbonisation in industry.  
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INDUSTRIAL HIGH TEMPERATURE 
HEAT PUMP FOR SIMULTANEOUS 
PROCESS COOLING AND HEATING

Christian Schlemminger, Michael Bantle, Sigmund Jenssen

Email: christian.schlemminger@sintef.no           
3ed High Temperature Heat Pumps Symposium (HTHP), Copenhagen, Denmark, 30.03.2022

SINTEF Energy - Strategic focus
• Energy efficiency
• Carbon capture and storage - CCS
• Hydropower
• Offshore wind
• Bioenergy

• Transmission
• Smart grids
• Hydrogen
• Offshore energy systems
• Zero-emission transport
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Outline

1. Motivation and Background 

2. Implementation of HTHP - Pilot

3. HTHP System
a) Principle layout and working fluid

b) Dairy thermal demand and supply characteristics

c) Performance

d) Energy and CO2-saving potential of HTHP application

4. Summary

3

Schlemminger et al. - 3ed High Temperature Heat Pump Symposium, Copenhagen, Denmark,  28.03.2022

Challenges are opportunities –
Low-emission concepts combined with energy-efficient 
solutions will strengthen the industry

4

• Industrial process sectors heavily relies on fossil fuel 
• Climate targets are not reached due to lack of market ready technology 
• Long return of investment for climate-friendly energy supply 
• Low temperature excess heat is not utilized 
• Awareness of HTHP-technologies is gaining momentum 
• Demand for natural refrigerants as consequence concepts of the regulation 

1st generation - Natural
(1830-1930)

Work

2nd generation - HF
(1930-1990)

Safety

3rd generation - HFC
(1990-2010)

Ozone protection

4th generation - HFO
(2010-?)

Global warming

Natural 
refrigerants
• CO2
• NH3
• H2O 
• HCs
• ++

Focus

Schlemminger et al. - 3ed High Temperature Heat Pump Symposium, Copenhagen, Denmark,  28.03.2022
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Motivation – HTHP enables industry to increase 
energy efficiency and reduce GHG-emissions 

5

Electricity (GWh); 199

Electricity heat (GWh); 114
Oil (GWh); 17

Gas (GWh); 116

Districkt heating solde 
(GWh); -37

Districkt heating (GWh); 
95

TINE 2014 • TINE aims to produce all diary products with 
renewable energy in 2025

• Situation for dairy production in 2014
• Total energy consumption 503 GWh

• Heating 305 GWh

• Large demand for heating in temperature range of 90°C to 
180°C

 HTHPs and HPs can help TINE to achieve this goal

Schlemminger et al. - 3ed High Temperature Heat Pump Symposium, Copenhagen, Denmark,  28.03.2022

• Annual production: 75 mio. liter milk

• Cold supply:
• 4 NH3-condensing units (2700 kWth, -1,5 °C / 33 °C)

• Process heat supply:
• Hot water transcritical CO2-Heat pump 

160 kWth, 0 °C / 10 °C bis 75 °C

• Process electrical heat 3000 kWth 95 °C/115 °C

• District heating and oil burner as 100% Backup

• Product storage cold supply:
• 3 NH3-condensing units 

• Building heat supply:
• District heating 85°C / 60 °C or 

• Form process heat 115°C  85°C / 60 °C
6

HTHP pilot installation at 
TINE dairy Trondheim (Norway)

Sources: https://www.tine.no

Schlemminger et al. - 3ed High Temperature Heat Pump Symposium, Copenhagen, Denmark,  28.03.2022
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Implementation – HTHP for combined cold and 
heat supply

8

Aim:
• Utilisation of available waste heat
• Reduction of energy consumption 
• Reduction of CO2 Emissions

HTHP-is connected in series with existing chillers and boilers  100% Backup
Simplified process diagram – Process ice water and process hot water

HEAT

Heat utilized

COLD

LOSSES

Schlemminger et al. - 3ed High Temperature Heat Pump Symposium, Copenhagen, Denmark,  28.03.2022

HTHP with natural fluid: 
Propane-Butane cascade HTHP

9

• HT circuit with R600 (Butane)
LT circuit with R290 (Propane),

• Sink temperatures up to 115 °C  
achievable with moderate pressures  
about 20 bar

• Source temperatures (-15°C) 0 to 30°C
• High temperature lift (70…120 K)

• HTHP is mounted in 10 feet shipping 
container build after EN-NS-378

Pilot installed available and flexible 
system (high TRL-level) 

Schlemminger et al. - 3ed High Temperature Heat Pump Symposium, Copenhagen, Denmark,  28.03.2022
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10

Process cold and heat demand (excluding storage and building)

Characteristics

• Large variation in heat consumption

• Large variation in cold consumption

• Low consumption at the weekend

Energy demand

• Process heat 117 MWh

• Hot water 10,7 MWh

• Process cold 77 MWh

• Primary energy (electricity) 126 MWh

• HTHP-Cascade 80 kW to 282 kW @ 90°C to 107°C

Weekend

Schlemminger et al. - 3ed High Temperature Heat Pump Symposium, Copenhagen, Denmark,  28.03.2022

Operation characteristics R290/R600-cHTHP

11

Temperature lift

• 88 K to 105 K

Combined COP 
(ice and hot water production)

• 2.6 to 4.1

• Carnot-efficiency 0.54

Heating COP 
(hot water production)

• Ice water as source 1.8 to 2.9

• Dry cooler as source 2.8 bis 3.8
(extrapolation)

• Carnot-efficiency 0.65

High saving potential 

Schlemminger et al. - 3ed High Temperature Heat Pump Symposium, Copenhagen, Denmark,  28.03.2022
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as heat source

Ice water 
as heat source
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Comparison of refrigeration HP and HTHP systems

12

Analysis covers

• NH3-Chillers (this study and Ahrens et al.) 

• NH3-Heat pumps (source: Ahrens et al.)

• Transcritical CO2-HP for ice water 0.5°C to 4°C
and HW (10°C to 75°C) (this study)

• R290/R600-Cascade HTHP (this study)

 Variation in Temperature lift and COP

 Comparable Carnot-efficiencies 

 Simulations utilisation of evaporator and 
condenser/gas cooler side is important for 
high temperature lifts

Schlemminger et al. - 3ed High Temperature Heat Pump Symposium, Copenhagen, Denmark,  28.03.2022

Results and conclusions – Energy- and CO2-Saving 
potential
• Reference system

• Hot-water production as for HTHP
95 °C  115 °C

• Gas boiler efficiency 0.9

• Ice-water production COPWQ=4.5

• Boundary conditions
• CO2-Emissions gas 180 gCO2/kWhth

• CO2-Emissions electricity 22 g CO2/kWhel

(Norwegian Energy-mix)

• R290/R600 HTHP reduces energy consumption by 62% and 
CO2-Emissions by up to 94%

• For dairy in Trondheim a energy reduction potential is
from 126MWh to 58MWh

HTHP solution Current solution with 
Natural Gas

Heating capacity [kW] 1 1
Cooling Capacity [kW] 0.53 0.53
Power consumption [kW] 0.47 0.12
Oil/gas burners or district 
heating [kW] - 1.11

Total energy consumption [kW] 0.47 1.23
Energy saving HTHP [kW] 0.76
Energy saving HTHP [%] 62 %
CO2 g/kWh 6.7 132
CO2 reduction 94%

Schlemminger et al. - 3ed High Temperature Heat Pump Symposium, Copenhagen, Denmark,  28.03.2022
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Summary and conclusions

14

• Presentation of industrial cascade HTHP with natural refrigerants

• Simultaneous utilisation of evaporator and condenser/gas cooler is key for high 
temperature lifts 
 optimal for retrofit of boilers and production extension 

• Potential of full HTHP implementation in dairy:
• High Temperature lift (70 to 120K) Cascade required --> high flexibility

• Industrial pilot R290/R600, 280kWth @ 110°C  integrated and in full dairy operation  

• Primary energy saving potential 62%, CO2-Reduction potential 94%

• Primary energy saving potential Trondheim site 54% 126MWh/week auf 58MWh/week

 Pilot installed and tested 4500h available and flexible system (7…8 TRL-level) 

 Chillers, HP und HTHP with natural working fluids are the only sustainable solution for energy 
efficient food production

Schlemminger et al. - 3ed High Temperature Heat Pump Symposium, Copenhagen, Denmark,  28.03.2022

Sustainable and efficient heat pump development for combined process heat and cool

Thank you for your attention 
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TransCrit: R600 high-temperature heat pump in sub- and trans-

critical operation 
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Introduction: 

High-temperature heat pumps (HTHPs) enable the utilization of waste heat for process heat supply. In 

the light of international regulations such as the F-gas regulation implementing the Kigali amendment 

to the Montreal protocol, the refrigerants used in HTHPs are in focus with regard to their global warming 

potential (GWP). Natural substances such as R600 (n-Butane) are characterised by a low GWP and are 

not problematic regarding decomposition products when released to the atmosphere. 

A lab-scale HTHP prototype using R600 in both sub- and trans-critical operation, enabling heat supply 

temperatures of up to 160°C, was developed in the project “TransCrit” (Rieberer et al., 2021). The HTHP 

utilizes a suction-gas-cooled reciprocating compressor in a one-stage cycle with a low-pressure 

accumulator and electric expansion valve for high-pressure control. An internal heat exchanger (IHX) 

provides suction gas superheat. 

Methods: 

Experimental and model-based analysis of the HTHP prototype was carried out to study the influence 

of the operating parameters on the COP and heating capacity. The simulation model was set up in 

Dymola using Modelica and components from the TIL Suite (TLK-Thermo, 2021) including 

modifications e.g to account for the asymmetric plate spacing in the condenser or heat transfer and 

pressure drop correlations. The analysis covered heat source (SO) inlet/outlet temperatures between 

40/35°C and 60/55°C and heat sink (SI) temperatures between 80/110°C and 80/160°C. The operating 

parameters were classified into internal and external parameters with external parameters being 

determined by the application using the HTHP and internal parameters being (to some extent) 

independent of the external parameters. The cycle design allows for variations of the internal parameters 

high pressure and suction gas superheat. The aim of the investigations was to optimize the internal 

parameters at operating conditions given by external parameters. 

Results and Discussion: 

The analysis showed a strong influence of the high pressure with an optimum pressure level leading to 

the highest COP depending on the operating parameters. An increase of the suction gas superheat in the 

IHX lowers this optimum high-pressure level and increases the heating capacity and COP. Regarding 

the control of the high pressure, the temperature difference between the refrigerant outlet and the heat 

sink inlet at the condenser was used as the control variable to operate close to the optimum high-pressure 

level. A set value of 0.3 K was used in sub-critical operation and 0.5 K in trans-critical operation. The 

suction gas superheat was set to 35 K for heat source inlet temperature 40°C, 25 K for 50°C and 15 K 

for 60°C. Using this control strategy the COP (= Q̇SI / Pel,comp) and heating capacity Q̇SI of the HTHP 

were evaluated as depicted in Figure 1. 
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Figure 1: Experimental data (Index E) for the COP (left) and heating capacity Q̇SI (right) of the HTHP at 

the nominal inverter frequency of 50 Hz 

The achieved COPs range from 2.7 at the operating point SO40/35, SI80/140 as well as SO50/45, 

SI80/160 and 4.4 at the operating point SO60/55, SI80/110. The heating capacity ranges from 14.6 kW 

at SO40/35, SI80/140 to 30.7 kW at SO60/55, SI80/110. Since the compressor is supplied by a frequency 

inverter and the heating capacity was measured at the nominal frequency of 50 Hz, the operating 

envelope can be further expanded by utilizing the operating range of the compressor from 35 Hz to 

75 Hz. 

Conclusion: 

The knowledge regarding the operating behaviour of HTHPs, in particular about the influence of the 

operating parameters on the COP and heating capacity, is essential for an efficient operation. Depending 

on the cycle design, certain operating parameters can be adjusted. The developed R600-HTHP allows a 

variation of the high pressure and suction gas superheat in the IHX. The control strategy to use the 

temperature difference between refrigerant outlet and heat sink inlet at the condenser for high-pressure 

control was successfully tested. At increased suction gas superheat and optimum high pressure, a COP 

of 4.4 was reached at heat source temperature 60/55°C and heat sink temperature 80/110°C in sub-

critical operation. In trans-critical operation, a heat sink outlet temperature of 160°C at a COP of 3.0 

was possible at the same heat source temperature. 
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Project TransCrit

Development of a HTHP for industrial waste heat recovery

 Development of a lab-scale prototype

 Experimental investigation on a test rig

 Model-based investigation

 Possible use cases and economical evaluation

Supply temperatures > 150 °C  Extending the operating range of HTHPs

Natural refrigerant

R600 (n-Butane)

 GWP: 3 

 No problematic decomposition products 

 Higher flammability (A3)

Trans-critical cycle  Application of R600 (pcrit=38 bar, tcrit=152°C) @ t > tcrit

Contact: manuel.verdnik@tugraz.at, www.iwt.tugraz.at
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Institute of 
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Design of the prototype

HTHP Prototype

Criteria for refrigerant pre-selection via property databases

• Natural refrigerant (ODP = 0; GWP <<)

• Saturation pressure @ 20°C > 1 bar 

• Non-toxic, no health hazards, 

no environmental hazards 

• Maximum high pressure ca. 40 bar

Requirements for the cycle design

• R600: “overhanging” two-phase region

• High-pressure control 

(de-coupled from suction gas superheating)

• Highest possible evaporating temperatures

• Cycle as simple as possible

  One-stage cycle with low-pressure accumulator and IHX

High-pressure control via EXV

Suction gas superheating via variable flow through IHX

Isobutane (R600a)

n-Butane (R600)

Butene

Isobutene

Trans-2-Butene

Cis-2-Butene

Propane (R290)

EES (2020)

272 High-Temperature Heat Pump Symposium 2022



Contact: manuel.verdnik@tugraz.at, www.iwt.tugraz.at

High-Temperature Heat Pump Symposium, Copenhagen, 30.3.2022

Institute of 

Thermal Engineering

5

HTHP Prototype

 Use of market-available components (except compressor)

 Hydraulic circuits (source & sink): 

water @ 10 bar (boiling point 180 °C)

 Ventilated casing

 Gas detection and explosion proof ventilation
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Operating parameters

Analysis of the HTHP prototype

internal

external

High pressure php

Suction gas superheat ΔTsup,1

Heat source temperature tSO

Heat sink temperature tSI,out

Compressor speed fFI

External parameters: Determined by the application

Internal parameters: To some extent adjustable

 Optimisation of internal parameters for given operating conditions

 Experimental investigation

 Model-based analysis

𝐶𝑂𝑃 =
𝑄 𝑆𝐼
𝑃𝑒𝑙

=
𝑉 𝑆𝐼 ,𝑖𝑛 ⋅ 𝜌𝑆𝐼,𝑖𝑛 ⋅  ℎ𝑆𝐼 ,𝑜𝑢𝑡 − ℎ𝑆𝐼 ,𝑖𝑛  

𝑊𝑒𝑙/ 𝜏
 

currently under revision:

Verdnik M., Rieberer R., Influence of operating parameters on the COP of an R600 

high-temperature heat pump. Submitted to: International Journal of Refrigeration

High-Temperature Heat Pump Symposium 2022 273



Contact: manuel.verdnik@tugraz.at, www.iwt.tugraz.at

High-Temperature Heat Pump Symposium, Copenhagen, 30.3.2022

Institute of 

Thermal Engineering

7

Experiment

Analysis of the HTHP prototype

 Measurement duration: 10 min steady state

 Operating conditions

 Measurement equipment

Simulation model

 Dymola / Modelica: TIL Suite (TLK-Thermo, 2021) with

adaptions

 Heat exchangers (finite volume): 

• Condenser: 20 cells, adjusted for asymmetrical plates

• Evaporator and IHX: 10 cells

• Heat transfer at p > pcrit: Forooghi and Hooman (2014)

• Pressure drop in evaporator and low pressure side of IHX: 

Longo and Gasparella (2007)

 Compressor: 

• Efficiency based

• Consideration of suction gas superheat and compressor

speed

Rieberer et al. (2021)

𝜂𝑖𝑠,𝑖 =
ℎ2𝑠 − ℎ1
ℎ2 − ℎ1

𝜂𝑖𝑠,𝑜𝑣 =
 𝑚𝑟𝑒𝑓 ⋅ (ℎ2𝑠 − ℎ1)

𝑃𝑒𝑙
𝜆𝑣𝑜𝑙 =

 𝑚𝑟𝑒𝑓

𝜌1 ⋅ 𝑉𝑑𝑖𝑠𝑝 ⋅ 𝑛
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Optimum high pressure (1/2)

Analysis of the HTHP prototype

Sub-critical

SO 40/35°C

SI 80/110°C

Trans-critical

SO 60/55°C

SI 80/160°C

Rieberer et al. (2021)
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Optimum high pressure (2/2)

Analysis of the HTHP prototype

 Strong decline of COP through drop of heating capacity at too low high pressure levels

 Rise of ∆Tro at too low high pressure levels

 Almost no influence of the heat source temperature on the optimum high pressure level

Rieberer et al. (2021)
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Influence of other operating parameters

Analysis of the HTHP prototype

Suction gas superheat (increase): 

 Lowers optimum high pressure

 Increases heating capacity and COP 

 As high as possible (component limits!)

Heat source temperature: 

 No significant influence on opt. high pressure

 Strong influence on heating capacity

Heat sink temperature:

 Higher inlet temperature: sligthly higher opt. high pressure

 Higher outlet temperature: strong increase in opt. high pressure

Compressor speed:

 No significant influence on opt. high pressure

 Linear influence on heating capacity

Rieberer et al. (2021)
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∆Tro at condenser as control variable

High pressure control strategy

ΔTro = tref,4 − tSI,in

 Control variable for high pressure control

 High-pressure control reacts on conditions in the condenser instead of adjusting the high pressure set value

Control strategy:

 ∆Tro set to operate close to optimum high pressure

 ∆Tsup as high as possible
SOin 40°C 50°C 60°C

∆Tsup,1,set 35 K 25 K 15 K

sub-critical trans-critical trans-critical, fFI=35Hz

∆Tro,set 0.3 K 0.5 K 2.2 K
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Results

High pressure control strategy

 Successfull implementation of the control strategy

 COP between 4.4 (A) and 2.7 (B,C)

 Heating capacity between 30.7 kW (A) and 14.6 kW (B)

4.4
A

B C
2.7

30.7
A

14.6
B
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Conclusions

 HTHP utilizing R600 in sub- and trans-critical operation developed and investigated

 Trans-critical operation enables supply temperatures of 160°C, at a COP of 3.1 (SO60/55, SI80/160)

 COP between 2.7 (SO50/45, SI80/160), (SO40/35, SI80/140) and 4.4 (SO60/55, SI80/110)

 Influence of operating parameters on COP and heating capacity investigated (experiment and simulation)

• Optimum high pressure depending on operating conditions, indicated by temperature differences at the condenser

• Increased suction gas superheat increases heating capacity and COP

 Control strategy for the high pressure successfully tested
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Outlook

 Simulation of the dynamic behaviour:

• EXV position vs. high pressure control

• Ramp-up times, load / temperature changes

 System simulation

• Simulation of relevant applications

• Possible simplifications of the simulation model to enable system simulations with reduced computational

effort

 Communication of the simulation model with the plant

• First steps towards a digital twin
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Projects and objectives 

The presentation describes the development of two types of steam compressors, a spindle compressor, 

and a direct driven turbo compressor in two separate projects. The compressors can be operated 

individually or in combination, depending on the application in question, the heat supply capacity is in 

the range of 150 kW to 200 kW.  

The spindle compressor has been developed for a supply temperature of 230 °C at 105 °C inlet 

conditions. The compressor is accordingly characterized by high pressure ratios and high absolute 

temperatures, which are enabled by a sophisticated compressor design and liquid injection. The 

compressor is equipped with water injection to seal the two spindles and ensure a reduced discharge 

temperature of the compressed steam. 

The turbo compressor is directly driven and designed for supply of heat at 110 °C with an evaporation 

temperature of 80 °C, corresponding to temperature lifts of 30 K. The first prototype is designed for 

maximum pressure ratio, where the peak stress level due to centrifugal forces sets the upper limit. It is 

the intention to establish a program of centrifugal steam compressors based on the same basic setup.  

Project status 

Concerning the spindle compressor (see Figure 1), the manufacturing of the complicated geometry of 

the spindles has been a major challenge, but have been solved, and the compressor has been assembled 

for mechanical tests. There are still some issues pending concerning adjustment of tolerances, but the 

first prototype test will take place in approximately two months at the latest. 

 

 

 

 

 

 

 

Figure 1: Rotors for spindle compressor. 

High-Temperature Heat Pump Symposium 2022 279



 

  2 

The first version of the turbo compressor (see Figure 2) was equipped with journal bearings that showed 

some issues with the oil handling, sealing etc., and has been replaced with roller bearings. The prototype 

has so far been mechanically and electrically tested up to 97 % of design speed and the performance test 

will take place within the next three months. 

  

 

 

 

 

 

Applications 

High-temperature heat pumps are considered as a key technology for decarbonizing industrial process 

heat demands, with various ongoing technological developments. In this context, steam-based heat 

pumps constitute a promising technology with high acceptance at end-users but are facing challenges 

associated with the compression equipment.  

Steam has some obvious advantages as the media for high temperature heat pumps based on the 

traditional Carnot process. It is environmental harmless, cheap, and readily available. Furthermore, 

several components such as heat exchanger, steam trap, pressure reductions etc. already exist from 

traditional steam supply systems, but there is a need for compressors to realize the heat pump. 

The first prototypes have been designed with the tunnel oven and spray drying application in mind, 

where heat sources are in the range 60 °C to 140 °C and the supply temperatures in the range 150 °C to 

250 °C. A heat pump for these specifications require a combination of the compressor types as shown 

in Figure 3, where the temperatures in excess of 230 °C is covered by direct electrical heating.   

 

Figure 3: Combination of the compressor types for supply of temperatures over 230 °C. 

In addition, both compressor types can find individually applications on their own. An immediate 

application for the turbo compressor is the MVR processes at lower capacities where the compressor 

will offer improved efficiency compared to the present level. The turbo compressor can also operate in 

cascade with a traditional NH3 high temperature industrial heat pump with steam supply at the 110 °C 

level. 

The spindle compressor can be applied for any application that require a high temperature lift in the 

order of 100 K or more and a supply temperature in the order of 150 °C to 250 °C. An example could 

be the traditional drying at laundries, or industrial drying with superheated steam, where the compressor 

could introduce a new business area of highly efficient drying processes at relative low capacities. 

Figure 2: Turbo compressor with dummy impeller. 

280 High-Temperature Heat Pump Symposium 2022



Development and experimental analysis of 
two new types of steam compressors 

Hans Madsbøll - hm@teknologisk.dk, +45 7220 1263

Motivation -
process industry supply 150 – 250°C range   (appr 600 TWh/year)
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Motivation -
process equipment in 150 – 250°C range - spray dryer and tunnel oven

sveba

Senius

Sanovo

Motivation -
Supply temperature 150 – 250°C range – does it make sense with HP ?

Supply temperature 210

Heat source temperature 10

COP estimate 1.3

    –     C     –     C
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Motivation -
Supply temperature 150 – 250°C range – does it make sense with HP ?

Supply temperature 210 150 180

Heat source temperature 10 80 60

COP estimate 1.3 3.3 2.1

    –     C     –     C

HP

   –    C

Motivation -
Supply temperature 150 – 250°C range – does it make sense with HP ?

Supply temperature 210 150 180 200 230

Heat source temperature 10 80 60 90 105

COP estimate 1.3 3.3 2.1 2.4 2.2

    –     C     –     C

HP HP

   –    C

   –     C
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Refrigerant -
Supply temperature 150 – 250°C range – candidates

HFO 

No candidates at 
200+ °C

Break-down 
products

CO2

Limit 120°C 
supply

Low COP

Hydrocarbon

Flash-gas loss

ATEX

Water vapor
(steam)

Compressor
development

Refrigerant -
Steam for supply temperature 150 – 250°C range

Steam is well-known by industry as energy supply system for processes 

(steam distribution systems with gas fired boilers ) 

Steam infrastructure with well-known, matured components (Spirax-Sarco, TLV, …..)

- Heat exchangers

- Valves

- Vessels

- Instruments

- Steam traps

- Condensate handling, …..
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Compressor cascade -
Supply temperature 150 – 250°C range (150 kW)

50°C 80°C 110°C 230°C 250°C

Heat source Heat supply

3:1 3:1 20:1Pressure ratio

Spindle compressor
Direct drive turbo compressor

Spindle compressor -
Supply temperature 150 – 250°C range – inspiration

SiHi vacuum pump

KRAL water pump

uHeater spindle
Water vapor compressor

N = 8000 rpm
V = 210 m3/h
Q = 130 kW
COP est ≈ 2.2 – 2.5
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Spindle compressor -
Supply temperature 150 – 250°C range
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Liquid (injection 1)

Liquid (injection 2)

Gas

Water injection at 
two locations

‘wet compressioin’
to reduce discharge temperature, 
seal the spindles and 
Improve efficiency

• N = 8000 rpm

• V = 210 m3/h

• Vin/Vout = 12

• 6 windings

• PR = 20

• Water injection

• 130 kW heating

• 52 kW motor

Spindle compressor -
Supply temperature 150 – 250°C range – status
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Spindle compressor -
Supply temperature 150 – 250°C range – status

Hamburg Vacuum
CS Techcom

Turbo compressor -
30°C temperature lift turbo compressor design

Design software from Concepts NREC at DTI, 
1D for overall design and performance prediction, 
3D for detailed geometry design and optimization
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Turbo compressor -
30°C temperature lift turbo compressor design

Tip speed limited by centrifugal forces and fatigue (peak stress level)
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Undamped Critical Speed Map

From Dr. Dara Child's book Turbomachinery Rotordynamics, pg 125

Undamped C.S. Mode Shape Plot
Danish Tek, Steam Compressor
Rotor Concept 01, Model Rev AA

f=23754.3 cpm
K=10000000 N/m

forward
backward

Undamped C.S. Mode Shape Plot
Danish Tek, Steam Compressor
Rotor Concept 01, Model Rev AA

f=35871.3 cpm
K=10000000 N/m

forward
backward

Turbo compressor -
30°C temperature lift turbo compressor design
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Turbo compressor -
30°C temperature lift turbo compressor status

Capacity – 200 kW

Supply temperature - 110°C

Source temperature - 80°C

N = 95 krpm

PR ≈ 3.0

Motor ≈ 22 kW

COP ≈ 8 to 9

CS Techcom

Potential operating range for 
two-stage turbo compressor
plus the single stage spindle 
compressors with water
injection vs suction
temperature
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Compressor train -
Combined potential operating range – heat source and supply temperature
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Turbo compressor -
Steam compressors for 200+ °C heat pump applications

Thank you
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Abstract 

Introduction 

In recent years, industrial heat pumps have succeeded in being recognised as an attractive measure for 

increasing energy efficiency and decarbonisation through electrification. Interested end users can be 

found in the energy-intensive industry, which is particularly challenged to reduce fossil energy demand. 

As can be seen on rare realisations of industrial heat pumps (Wilk, Arnitz, and Rieberer 2019), further 

efforts are necessary to increase process knowledge on the part of heat pump manufacturers and 

technology understanding on the part of the users. 

Steam is a valuable energy carrier in industrial plants. The further development of heat pumps for steam 

generation (Helminger 2021) and a revival of mechanical vapour recompression systems are showing 

that circumstance. The various systems and solutions are promising, but for potential users the specific 

system configurations are unclear. For this reason, it is advisable to consider different possibilities with 

their respective advantages and disadvantages already in the early design phases. In these activities, 

similar issues are often addressed, but it can be observed that usable waste heat temperatures are often 

lower than initially thought, that the industrial processes must not be changed and that the temperature 

lift (required utilisation temperature minus available waste heat temperature) turns out to be high. 

Furthermore, a relatively small share of the overall available waste heat and the utilization heat is taken 

into account for pilot concepts, in order to be able to implement initial test plants and to carry out plant 

expansions at later points in time. Concepts with different ways of steam generation with heat pumps 

and different capacity ranges have to be outlined in consulting services in a short time. The cost estimates 

required for this must be able to be compiled quickly and should be as accurate as possible. 

This paper presents a summary of cost analysis for different heat pump systems for steam generation, 

which helps planners to decide which implementation concepts are cost-efficient both in the short and 

long run. 

 

Methods 

This paper is focusing on systems with a heating capacity of 1 MWth. Systems with lower thermal 

capacities than 500 kWth are rare and costs are more difficult to estimate. The cost analysis described 

here covers output sizes up to about 2 MWth. The analysis is based on the authors' experience in plant 

construction and the most essential statements are presented. Components of plants that are very 

individual, have been omitted. This is often the case with the integration measures belonging to heat 

pump systems, which, according to the authors' experience, are very different in each individual case. 
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A simplified estimation is not possible for these system components; they must be analysed separately 

in the respective application. 

The heat pump systems considered include closed loop types (CL, Figure 1), mechanical vapour 

(re)compression systems (referred to as open loop – OL) and combinations thereof (Figure 2). For the 

combination, different vapour compressor types (centrifugal compressors - CC and displacement 

compressors - DC) and vapour conditions at intermediate stage were analysed. 

 
Figure 1: Scheme for closed loop (CL) heat pumps 

 
Figure 2: Scheme for combination of CL and OL 

Figure 3 shows the analysed ways of implementation for a low waste heat temperature of 50 °C and the 

three selected saturated steam pressures of 2, 5 and 10 bara, which correspond to temperatures of around 
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120, 152 and 180 °C. Figure 4 shows the possible ways of implementation for a waste heat temperature 

of 90 °C for the same steam parameters. When selecting the possible ways, it was taken into account 

that OL systems with CC can also be operated at pressures below ambient on the suction side. From the 

authors’ experience and recherche it is known, that from a suction pressure of about 2 bara upwards, DC 

can also be used with OL systems. 

 

 
Figure 3: Ways of steam generation from waste heat at 50 °C 

 
Figure 4: Ways of steam generation from waste heat at 90 °C 

In this section the system costs, which are categorised into investment costs (capital expenditure, CapEx) 

and operating costs (operational expenditure, OpEx), are analysed and presented. The CapEx for CL 

systems was mainly determined from design and development projects at AIT. Due to varying 

integration situations, the CapEx for integration measures is very individual and cannot be transferred 

into simple proper cost estimates. The CapEx for OL systems were developed in recent years in AIT 

projects on heat supply in industrial processes and are continuously refined and supplemented by new 

projects. 
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The CapEx of the different steam-generating heat pump systems were calculated as a function of the 

outlet temperature to the heat sink, the temperature lift (temperature difference between heat sink and 

heat source) and the utilisable thermal heat capacity. If an OL system was combined with a CL system, 

the heating capacity of the CL system was calculated depending on the thermophysical and technical 

implementation characteristics of this OL system, in order to obtain a heating capacity of 1 MWth for 

the entire system. The total COPs for the calculation of the OpEx were also derived from this calculation. 

For only CL or only OL systems, the mentioned heating capacity of 1 MWth was directly assumed.  

The CapEx of CL systems were calculated with an estimator based on a machine learning model. This 

estimator is a regression model which was fitted using Elastic-Net (Zou and Hastie 2005) and several 

hundred operating points of steam-generating heat pumps (CL) from simulations as training data. As 

mentioned above, the input parameters for the model were the heat sink outlet temperature ranging from 

90 to 150 °C, the temperature lift between 30 and 80 K and the heating capacity. The estimation model 

gives as output the specific costs of the CL system relative to the heating capacity. In order to determine 

the CapEx for the overall systems, but also for the systems having only OL, the technical requirements 

of the particular OL system were analysed and the CapEx for the respective OL systems were estimated 

using available information from current and former projects.  

The OpEx represent the energy costs for the operation of the entire system at 5.000 operating hours per 

year and were analysed on the basis of calculated COPs. Ongoing costs for maintenance, etc. are not 

included, but can be factored in proportionally. In order to consider the range of electricity prices in the 

EU and the currently uncertain energy market, an average value of 150 € per MWhel with a range of 

±100 € per MWhel was assumed. 

 

Results and discussion 

In this section the main results are discussed, considering the CapEx and OpEx for each implementation 

way. Figure 5 shows the cumulated total costs (CapEx+OpEx) for an operating period of 20 years in the 

range of EU electricity prices described above. In general, it can be seen, that higher CapEx for 

combined systems (CL+OL) lead to lower OpEx. Therefore, on the long run, it can be advantageous to 

make a larger investment in order to save costs during the operating period. The higher the electricity 

price, the sooner the breakeven is reached for combined systems (cmp. the two upmost lines). However, 

it is also possible that a low electricity price will not result in a breakeven within 20 years (cmp. the two 

lowest lines). 
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Figure 5: Costs of ways for 50 °C waste heat to generate 2 bara steam 

Total costs for systems providing saturated steam at 5 bara are shown in Figure 6 for a waste heat 

temperature of about 50 °C, and in Figure 7 for waste heat at about 90 °C. Both diagrams show the 

results only for electricity costs of 150 €/MWhel. Figure 6 shows that a breakeven occurs after about 

7 years if higher CapEx for an intermediate stage at 90 °C are accepted. For the other ways of 

implementation, there is no intersection in the total costs shown. The result shown in Figure 7 (for 

150 €/MWhel) indicates that the CL variant has the lowest total costs, closely followed by the OL(CC) 

with higher CapEx but lower OpEx. Combined systems are not beneficial for these conditions. 

 

 
Figure 6: Costs of ways for 50 °C waste heat to generate 

5 bara steam 

 
Figure 7: Costs of ways for 90 °C waste heat to generate 

5 bara steam 

Since electric heaters are seen as a supposedly low-cost alternative by some industrial users, the total 

costs of these are analyzed in the following. In Figure 8 and Figure 9, the example mentioned at the 
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beginning for generating saturated steam at 2 bara (Figure 5) is used and compared with the total costs 

of an electric heater (assumed efficiency of 100%). Figure 9 shows in detail (first 5 years of operation) 

that due to the significantly higher operating costs of the electric heater, the purchase and operation of 

a heat pump leads to significantly lower total costs. At low electricity costs (lower pink line) the break-

even occurs at 3 to 5 years; at average or high electricity costs, below two years or even below one year. 

 

 
Figure 8: Costs of steam generation compared to electrical 
boiler (50 °C waste heat, 2 bara steam, 20 years operation) 

 
Figure 9: Costs of steam generation compared to electrical 
boiler (50 °C waste heat, 2 bara steam, 5 years operation) 

In the course of the work, approximate steam production costs were calculated, which result for the 

average electricity price of 150 €/MWhel, a heating capacity of 1 MWth and the cost-optimal 

implementation ways for a horizon of 20 years. For the resulting steam pressures of 2, 5 and 10 bara 

with a heat source at a temperature of 50 °C, these costs amount to about 29, 38 and 46 €/tonne of steam, 

and for a heat source at 90 °C, they amount to about 11, 26 and 36 €/tonne. 

 

Conclusions 

In this paper, different ways of steam generation for industrial applications were considered 

technologically and on the aspect of CapEx and OpEx. The calculations made for this purpose are based 

on the authors' experience and data from development projects of steam-generating heat pumps at AIT. 

In these projects, consulting services were provided by industry partners in the early planning phases. 

The paper summarises the calculations for a heating capacity of 1 MWth and shows the different ways 

of implementation for three selected saturated steam pressures of 2, 5 and 10 bara from two heat source 

temperature levels – 50 and 90 °C. The principles of each way of steam generation are described and the 

resulting CapEx are derived. The COPs are calculated for each variation and are included in the 

calculation of the OpEx. For electricity costs, the article covers a wide area, with a mean value of 

150 €/MWhel and a range of ±100 €/MWhel and shows the main results in simplified form for individual 

variants. 

In many cases, the heat pump is the significantly cheaper alternative to accommodate customer requests 

for electrification. The supposedly cheaper alternative of the electric boiler is at a clear disadvantage 

due to the very high OpEx, even at low electricity costs. The best implementation way for a steam-
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generating heat pump system in an individual case can be assessed quickly with the help of the described 

ways and such an analysis will serve the further spread of steam-generating heat pump systems. 
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MOTIVATION
INDUSTRIAL HEAT DEMAND IN THE EU

429.04.2022

EU 28:

~ 1950 TWh of process heating in industry

Heat roadmap Europe – 2018 executive summary; https://heatroadmap.eu/wp-content/uploads/2019/03/Brochure_Heating-and-Cooling_web.pdf

~ 30% of process heat at up to 200°C
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MOTIVATION
ADVICE ON THE USE OF HEAT PUMPS

529.04.2022

• Energy-intensive industry very interested in heat pump technology for steam 

generation, but lack of know how

• Largest share of industrial energy demand up to 200°C is provided by steam

• In early design phases different possibilities need to be considered quickly

• Similar issues

• Waste heat temperatures lower than expected

• Industrial processes must not be changed

• Temperature lifts high

• Start with small heat pumps to get experience

https://www.linkedin.com/in/franz-helminger/

• MOTIVATION

• WAYS ANALYZED

• COMPARISON OF VARIATIONS

• CONCLUSION

6

300 High-Temperature Heat Pump Symposium 2022



https://www.linkedin.com/in/franz-helminger/

WAYS ANALYZED

729.04.2022

Closed loop heat pump (CL)
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WAYS ANALYZED
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Combination of CL and mechanical vapor

compression (open loop, OL)

OL with displacement compressors (DC) or

centrifugal compressors (CC)
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Heat source about 50°C Heat source about 90°C
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CL:

WAYS ANALYZED 

ESTIMATION OF CAPEX

1029/04/2022

OL:

Data from simulations and projects

was used to calculate specific costs

Elastic-Net 

regression model

was trained

CapEx estimations can be made

through parameters

Data and information

from previous and 

ongoing projects
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1129/04/2022

Heating Capacity

(1 MWth)

Implementation 

concept (‘way‘)

COP OpEx (€/a)

Electricity price
(150 ± 100 €/MWhel)

Operating hours
(5000 h/a)
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COMPARISON OF VARIATIONS

CL case for 50°C to generate 2bara steam

Electrical energy costs 150 ±100 €/MWhel

5000 h of operation per year
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COMPARISON OF VARIATIONS

Cases for 50°C to generate 5bara steam
Electrical energy costs 150 €/MWhel

5000 h of operation per year
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COMPARISON OF VARIATIONS

Cases for 90°C to generate 5bara steam
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1629.04.2022

COMPARISON OF VARIATIONS

Case for 50°C to generate 2bara steam compared to “cheap” electrical boiler
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CONCLUSIONS

1829.04.2022

• High interest in steam generating heat pumps on the side of the energy-

intensive industry

• In early design phases different possibilities need to be considered quickly

• Different operating conditions result in different ways of implementation allow 

the cheaper alternatives

• Electrical boiler is not a “cheap” alternative

Heat pump steam production

Costs (for 150 €/MWhel):

Heat source 2 bara 5 bara 10 bara

50°C 29 €/to 38 €/to 46 €/to

90°C 11 €/to 26 €/to 36 €/to
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Introduction  

The industrial sector consumes nearly 32% of the World’s final energy. A further breakdown reveals 

that 26% of the energy is consumed as electricity and 74% as heat, generated mainly from fossil fuels. 

Therefore, several technologies focus on providing low carbon heating for industrial processes. For 

example, a relatively new technology for steam generation is electrically-driven high-temperature heat 

pumps (HTHP). In addition, solar thermal heating has a decade-long implementation history in industrial 

energy systems. 

 

Method and boundaries 

This study conducts a techno-economic analysis to optimize a hybrid system using solar thermal (solar 

parabolic trough collectors, PTC) and HTHPs. An actual case study of a brewery located in Madrid 

(Spain) sets up the techno-economic boundary conditions for process heating. Simulations in MATLAB 

for individual technologies and TRNSYS for the hybrid system are performed. The current energy 

system of the brewery consists of a natural gas boiler to generate steam at 120 °C. The steam is fed to 

various processes and then condensed and collected in a tank at 90 °C. Finally, the condensate is sent 

back to the gas boiler for further reheating via a de-aerator.  The modeling of the gas boiler only serves 

as a reference system. The boiler network is modeled and simulated using TRNSYS and later calibrated 

with existing plant data. The levelized cost of heat (LCOH) is calculated using Microsoft Excel. The 

steam generating HTHP is modeled in TRNSYS using a performance map based on commercial 

products, which considers the effect of part-load conditions, heat source, and sink temperature on the 

coefficient of performance (COP). A capacity optimization is performed using the HTHP model, and 

the resulting HTHP capacity is further used with the boiler model to simulate the system output. A 

commercial PTC is used for solar thermal simulations. TRNSYS and MATLAB are used sequentially 

for component and system performance for the solar thermal system.  

 

The variation of LCOH and the solar fraction defines the optimal solar collector area and storage tank 

volume as input in the hybrid system. Finally, the hybrid system is simulated using the optimal PTC 

collector area, storage tank volume, HTHP capacity, and boiler. The output from this model is used to 

find the LCOH of the hybrid system and perform a comparative analysis. 

 

Results 

The simulation results show that the total heat load of the system is 6860 MWh.  Figure 1 shows the 

annual heat load variation attributed to the seasonality of various processes in the facility. The peak 

heating rate is 2.5 MW. The facility operates for 5500 hours/year, with no operation during the weekend 

and public holidays. The LCOH for 15 years operation is at 62 EUR/MWh with and without CO2 tax 

respectively. The base price used for Natural gas is 31 EUR/MWh, with annual inflation of 2%. The 

Carbon tax is assumed at 50 EUR/tonn of CO2
. 
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Table 1 shows the input parameters used for PTC and HTHP simulations. The optimal solar fraction for 

the PTC collectors is 21 % using a pressurized tank volume of 88 m3. The rated COP of the modeled 

HTHP is 3.5 specified at source and sink temperatures of 65 °C and 120 °C, respectively. The heat pump 

has variable speed capacity, and the COP at the part-load operation of the HTHP is also accounted for 

in the performance map. The optimization suggests a system with a combination of optmised PTC, 

HTHP capacity, and a boiler backup results in the best economic gains, as shown in Figure 2. In the 

optimized system, PTC fulfills 21%, and HTHP fulfills 47 % of the annual heat demand. Rest 31% is 

still met by the boiler. 
 

 
Figure 1: Variation of annual heat load 

 

Table 1: Inputs parameters for HTHP and PTC collector 

High-temperature heat pump (HTHP) Solar thermal collector 

Parameter Value Parameter Value 

Type Water source heat 

pump 

Optical efficiency 76.60% 

Output steam temperature 120 °C a1 [W/m2K] 0.368 

Inlet source temperature 30 °C a2 [W/m2K2] 0.00322 

Delta T across evaporator 5 °C Kd [-] 0.12 

Electricity cost 102 Euro·MWh-1 Tilt [°] Single-axis tracking 

E-W 

Operation and maintenance cost per year 5.50% Azimuth [°] 0 

Electricity price inflation per year 2% Collector cost 350 Euros/m2 

Initial investment 600 Euro·kWth-1 Storage tank cost 1000 Euros/m3 

Residual value 25 % of capital 

investment 

O&M cost per year 0.80% 
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Figure 2: LCOH comparison of an individual and optimized hybrid system 

The main conclusion is that a hybrid system of optimized solar thermal collectors with a small tank 

volume and HTHP can produce process heat at lower LCOH compared to the technologies used 

individually. Such technology combination is imperative to reach clean and economical industrial heat 

ambitions. 
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2022-04-28 4

INDUSTRIAL ENERGY DEMAND 

2022-04-28 5

HEAT

Total final energy consumption 2018: 382 EJ. Source: IEA / IRENA. 

Solar thermal can generate cost 

efficiently

The industrial sector accounts 

for about 31% of the world’s 

total energy consumption and 

70% of the industry’s energy 

demand is heat for industrial 

processes.

STEAM
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FUTURE SCENARIO

6

• Study done by European Climate

foundation in Year 2022.

• Figure shows Total cost of owning

and running different heating

technology (in €/kWh heat

delivered) over the period 2030-

2040 (Mixed scenario with

hydrogen produced domestically)

SISTER TECHNOLOGIES 

High CAPEX

:need of financial 

innovation

Complex process 

integration: Need 

for BoP

standarisation

Lack of 

awareness 

among industries 

Technology collaboration is important for a Zero CO2 industry
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COMBINATION OF SOLAR THERMAL AND HEAT PUMPS
System dynamics 

• Solar heat pump system is classic solution for residential heating applications 

(series/parallel arrangement etc.)

• For industrial system, both solar thermal, and high temperature heat pumps can 

work together to produce steam for industries.

• Both technologies can supplement each other (instead of competiting), providing 

a solution to displace more CO2 from existing heating networks. HOW ??

SYSTEM DYNAMICS

04/28/2022Absolicon Solar Collector9

The mismatch in solar production and 

customer’s load demand brings TES in 

energy equation. However, the temporal 

variation in supply, and  demand, bring the 

necessity to optimize the storage volume

For higher solar fraction, usually 2 

possibilities exist:

- Have a very high storage capacity with 

low storage utilization factor 

- Either to Spill some energy to optimize 

the storage volume

This increase the LCOH at high solar 

fraction
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SYSTEM CONCEPT

04/28/202210

Combining all components in an optimal way

Aim is to evaluate the techno-economic feasibility of concept for a 

brewery in Madrid.

2020-11-19

Methodology 

• Reference case 
• Natural gas boiler
• Madrid, Spain
• LCOH as KPI

• Tools: 
• TRNSYS
• Microsoft Excel
• Octave/MATLAB
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REFERENCE SYSTEM
Typical representation

Reference case and loads
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Day number

Daily heat load MWh

• Annual heating load: 6860 MWh

• Steam temperature: 120 oC

• Condensate: 90 oC

• Peak heating load: 2500 kW

• Nominal efficiency boiler : 80 %

• Fuel: Natural gas 

• NG cost: 31 EUR/MWh (year 1)

• Inflation per year: 2 %

• Discount rate: 4 %

• CO2 tax: 50 EUR/tonnes

• LCOH: 62 EUR/MWh
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Solar thermal collector

14
2022-04-28Absolicon Solar Collector AB 

OPERATING TEMPERATURE

40-160°C (100-320°F)

MAX STEAM PRESSURE

up to 8 bar (115 PSI)

PRESSURE RATING

16 bar (232 PSI)

COLLECTOR SIZE (LXWXH)

5,514 x 1,095 x 347 mm

WEIGHT

148 kg 

DYNAMIC LOAD

90 kg/m2

OPTICAL EFFICIENCY

76.4% 

EXPECTED LIFETIME

25 years

PEAK ENERGY GENERATION

700 W/m2 aperture area 
under optimum conditions

Solar thermal integration

• Collector integrated to generate 

steam with retrofitting in 

existing boiler network.

• CAPEX number used from 

Absolicon (350 EUR/m2, O&M 

0.8 %)

• Steam generation in solar 

collectors using  flash 

evaporator.
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High temperature heat pump

• Type: Water source heat pump

• Performance map based model

• Temperature lift: 80 oC

• Rated COP: 3.5 (at temperature life of 55 oC)

• Electricity cost: 102 EUR/MWh (with 2% 

inflation per year)

• CAPEX: 600 EUR/kW (O&M: 5.5 %)

Source: Report “Strengthning heat pump 

innovation”, 2020

System with HTHP + boiler 

• The LCOH of HP increases with higher 

capacities due to lower PLH (investment is 

not proportional  to heat demand met)

• HP capacity: 1400  kW

• Heat load met: 95%

• LCOHHP: 58 EUR/MWh

• LCOHglobal: 59 EUR/MWh

• HP can produce heating at lower LCOH 

compare to boiler with CO2 tax.

• This LCOH can be further pushed down by 

bringing in cheap solar heat 
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Optmised solar field

• Solar fraction: 21 %

• Collector area: 1368 m2

• Tank volume: 88 m3

• LCOHsolar : 40 EUR/MWh

• LCOHglobal : 57 EUR/MWh

Solar fraction can be increased significantly 

with innovations in steam storage system.

Hybrid system 

• Solar field of 21 % SF chosen for hybrid

system.

• HP capacity optimized with reduced

heating load due to solar thermal, and

another iteration for optimal LCOH is

chosen.

• The finalized configuration results are

shown
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Hybrid system results 

• Solar thermal has the lowest LCOH (40

EUR/MWh at 21 % SF), and thus add

value in the final hybrid system.

• HTHP with boiler can lower the LCOH by 3

EUR/MWh

• A combined solution of HTHP and solar

thermal results in lowest LCOH and

maximum savings.
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CONCLUSIONS

04/28/202221

• Solar thermal is the CHEAPEST way to prodcue heating in most of the 

locations across the World.

• For high solar fraction systems, Hybrid configuration could be effective to 

reduce the LCOH and CO2 emissions

• A holistic approach is required for design with changing boundary 

conditions. Solar thermal would be the ch

• Both technologies can support each other.

• Future work required for senstivity analysis, and CO2 savings evaluation.
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Extended Abstract  

 

Energy-intensive industrial processes are known to contribute significantly to the world’s greenhouse 

gas emissions. The major share of the energy is required to provide process heat. Energy-related 

emissions therefore account for roughly 70% of all industrial emissions. In order to replace fossil fuels 

and reduce the carbon emissions, electrification of industrial process heat is inevitable. Consequently, 

industrial power-to-heat systems will be vital for low-carbon industrial processes. One promising 

approach is to combine high temperature heat pumps and thermal energy storages powered by renewable 

energies. Industrial-scale high temperature heat pumps are still under development, but their potential 

to use waste heat to provide process heat presents a key technology for the electrification of process 

utilities.  

However, for such a system one challenge is the operational scheme: as the heat demand of an industrial 

process is constant, whereas the energy supply from renewable energy sources, like wind turbines, is 

fluctuating. Therefore, the control system has to take a multitude of different constraints into account, 

i. e. current wind power generation, state of charge of the energy storage, reduced efficiencies of part 

load operation and penalties for purchasing additional grid electricity.  

This study develops a methodology to estimate not only a cost- or emission-optimal operation. The 

proposed system consists of a wind turbine powering a high temperature heat pump, which heats an 

intermediate thermo oil loop. The intermediate loop connects the heat pump to a thermal energy storage 

and a steam generator to provide an industrial process with superheated steam at 215 °C. Due to the high 

flexibility of the system, component models, which simulate part load behaviour, have to be applied. 

The high temperature heat pump is modelled in a process simulation software with operating maps for 

the turbomachinery and constant designs for the heat exchangers. Based on the secondary streams and 

the compressor map, an operating range is defined. For 4 factors and 5 factors levels, 625 operating 

points are calculated. Consequently, the HTHP is expressed by three nonlinear algebraic surrogate 

models. The sensible thermal energy storage is represented by a novel lumped capacitance approach, 

which is based on the effectiveness of heat transfer. The model was validated with a two dimensionally 

discretized simulation. 

The algebraic modelling language GAMS is used to formulate the nonlinear system model under 

consideration of data for wind power output, electricity prices and grid emissions. A case study 

considering one reference week serves as an example to demonstrate the high potential to reduce the 
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operational costs as well as emissions of future industrial energy systems. The optimization problem 

was solved with a multi-start approach to the interior point optimizer (IPOPT). Despite the high grid 

emission factor, the optimally operated system emits 36% less carbon dioxide per year than a 

conventional natural gas boiler. Additionally, we investigated, how the system would perform without 

a thermal energy storage in comparison to the system with a thermal energy. It was found, that a TES 

decreases the CO2 emissions by 9.6%. 

The results indicate, that a nonlinear offline optimization including part load behaviour of the 

components can be formulated and solved for one week. Furthermore, the developed methodology 

serves as basis for a large variety of future research topics. 
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and wind power 
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Optimal operation of a conceptional industrial energy system
Introduction

• Currently process heat is provided by combustion based

technologies

• Future industrial plants are likely to have onsite renewable

energy sources

I. What could an electrified industrial energy system look like?

II. How to model nonlinear component part load performance

efficiently?

III. How to optimally operate the system with fluctuating input

parameters to minimize CO2 emissions?

> HTHP Symposium > Jasper Walden  • Optimal operation of a conceptional industrial energy systemDLR.de  •  Chart 2

Rissman, J., et al.: „Technologies and policies to decarbonize global 

industry: Review and assessment of mitigation drivers through 2070”.

Applied Energy, p. 15, 2020

Distribution of energy end-uses in the U.S. 

manufacturing sector in 2014.
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Optimal operation of a conceptional industrial energy system
I. What could an electrified industrial energy system look like?

> HTHP Symposium > Jasper Walden  • Optimal operation of a conceptional industrial energy systemDLR.de  •  Chart 3

• Constant steam demand (215 °C, 4.5 𝑀𝑊𝑡ℎ) of an industrial application

Optimal operation of a conceptional industrial energy system
I. What could an electrified industrial energy system look like?

> HTHP Symposium > Jasper Walden  • Optimal operation of a conceptional industrial energy systemDLR.de  •  Chart 4

• Constant steam demand (215 °C, 4.5 𝑀𝑊𝑡ℎ) of an industrial application

• System is powered by wind turbine & grid electricity
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Optimal operation of a conceptional industrial energy system
I. What could an electrified industrial energy system look like?

> HTHP Symposium > Jasper Walden  • Optimal operation of a conceptional industrial energy systemDLR.de  •  Chart 5

• Constant steam demand (215 °C, 4.5 𝑀𝑊𝑡ℎ) of an industrial application

• System is powered by wind turbine & grid electricity

• TES integrated with thermooil loop to control charging and discharging operation

• 75 °C air as heat source for the HTHP

Optimal operation of a conceptional industrial energy system
II. How to model nonlinear component part load performance efficiently?

> HTHP Symposium > Jasper Walden  • Optimal operation of a conceptional industrial energy systemDLR.de  •  Chart 6

• Recuperated, reverse Brayton Cycle HTHP with air as working medium

• Modelled in process simulation software Ebsilon

• Compressor part load performance by compressor map

• Heat Exchanger with constant area & heat transfer coefficient

Design-
parameters

Value

COP [-] 1.45

Pel [MW] 3.2

Pressure
ratio [-]

3.5

𝜂𝐻𝑃 [%] 56.8
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Optimal operation of a conceptional industrial energy system
II. How to model nonlinear component part load performance efficiently?

> HTHP Symposium > Jasper Walden  • Optimal operation of a conceptional industrial energy systemDLR.de  •  Chart 7

• Map HTHP operating behaviour into nonlinear algebraic surrogate model

by parameter variation

𝑃𝑒𝑙 = 𝐹𝐻𝑇𝑊𝑃 𝑇𝐼 , ሶ𝑚𝐼 , 𝑇𝐼𝐼𝐼 , 𝑁

𝑇𝐼𝐼 = 𝐹𝐻𝑇𝐻𝑋 𝑇𝐼 , ሶ𝑚𝐼 , 𝑇𝐼𝐼𝐼 , 𝑁

𝑇𝐼𝑉 = 𝐹𝐿𝑇𝐻𝑋 𝑇𝐼 , ሶ𝑚𝐼 , 𝑇𝐼𝐼𝐼 , 𝑁

Optimal operation of a conceptional industrial energy system
II. How to model nonlinear component part load performance efficiently?

> HTHP Symposium > Jasper Walden  • Optimal operation of a conceptional industrial energy systemDLR.de  •  Chart 8

• Sensible Thermal Energy Storage based on EnergyNest Concrete Storage

• Simple TES model based on the effectiveness of heat transfer

• Uniform storage temperature
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Optimal operation of a conceptional industrial energy system
II. How to model nonlinear component part load performance efficiently?

> HTHP Symposium > Jasper Walden  • Optimal operation of a conceptional industrial energy systemDLR.de  •  Chart 9

• Hourly historical data for:

• Wind speeds

• Electricity price

• Grid emission factor

Wind power

Grid data

Optimal operation of a conceptional industrial energy system
III. How to optimally operate the system with fluctuating input parameters to minimize CO2 

emissions?

> HTHP Symposium > Jasper Walden  • Optimal operation of a conceptional industrial energy systemDLR.de  •  Chart 10

Wind power

Grid data

• Optimization for 168 hour

time frame

• Data from Week 31, 2020
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Optimal operation of a conceptional industrial energy system
III. How to optimally operate the system with fluctuating input parameters to minimize CO2 

emissions?

> HTHP Symposium > Jasper Walden  • Optimal operation of a conceptional industrial energy systemDLR.de  •  Chart 11

Optimal operation of a conceptional industrial energy system
Conclusions

• A conceptual industrial energy system based on a hybrid electricity source was introduced

• Nonlinear HTHP part load behavior can be mapped into algebraic surrogate models

• Optimal operation and TES show a high potential to reduce the CO2 emissions

• Basis for many future research topics: e.g. online optimization, design optimization, process integration

> HTHP Symposium > Jasper Walden  • Optimal operation of a conceptional industrial energy systemDLR.de  •  Chart 12
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Abstract  

 

Introduction 

As one of modern society's most critical challenges, climate change demands significant improvements 

in the energy efficiency of industrial processes. Industrial heat pumps are an important tool to utilise 

available waste heat at low temperature levels and provide useful heat at process-relevant temperature 

levels, which consequently reduces the use of primary energy. Food processing plants such as dairies, 

offer great potential for the use of heat pumps due to the simultaneous need for cooling and heating. 

In this study, the possibilities for integration of high temperature heat pumps (HTHPs) into industrial 

processes are examined using a case study for a newly built and fully integrated dairy. In this system, 

the entire thermal process demands are supplied by heat pumps, and thermal energy storages are used 

to decouple the heat sources and sinks to buffer occurring demand peaks. A combination of NH3 chillers 

(3 units, 2400 kWth, -1.5 °C/40 °C), NH3 heat pumps (2 units, 1577 kWth, 20 °C/67 °C) and an NH3-

H2O hybrid heat pump (1 unit, 940 kWth, 60 °C/95 °C) is used. The NH3-H2O hybrid heat pump 

combines the functional principles of an absorption and compression heat pump and uses a mixture of 

NH3 and H2O as refrigerant. In the dairy, this acts as a high temperature heat pump and supplies 

consumers with process hot water at 95 °C. 

The production processes in the dairy are divided among several consumers with different temperature 

levels. The fully integrated energy system uses the available waste heat from the cooling processes as a 

heat source and upgrades it to provide usable process heat for heating requirements. This enables the 

provision of process heat at temperature levels of 40 °C, 67 °C and 95 °C, as well as cooling at -1.5 °C, 

0.5 °C and 20 °C. There is one thermal storage tank for each of these temperature levels. In the 

20 °C/40 °C circuit, a dry cooler can assist in heat dissipation if the heating demand is too small. If 

additional heating is needed, the system can be supported by district heating and an electric heater for 

the 67 °C and 95 °C tanks, respectively. 
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Methods 

Two full weeks were analysed for the case study, one from February 2020 and one from June 2021. 

When recording measurement data, a value at a specific point in time is only logged by the measurement 

system if it differs from the value of the previous time step by a defined amount. A linear interpolation 

was therefore performed between known values, before the recorded data was resampled and the average 

values were calculated on a minute basis. The Python programming language was used for data 

acquisition and processing, while Microsoft Excel was used for the measurement data analysis and 

calculation of energy balances. 

The coefficient of performance (COP) for the heat pumps and chillers are calculated using Eq. (1) and 

(2), respectively. The combined relative measurement uncertainty of the various system parameters was 

determined using the root sum of squares method, based on the uncertainties for the measurement 

sensors and meters used [1]. 

𝐶𝑂𝑃ℎ𝑒𝑎𝑡𝑖𝑛𝑔 =
∑|�̇�ℎ𝑒𝑎𝑡𝑖𝑛𝑔|

∑ �̇�𝑒𝑙

 ± 3.6% Eq. (1) 

𝐶𝑂𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 =
∑|�̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔|

∑ �̇�𝑒𝑙

 ± 3.6% Eq. (2) 

where �̇�ℎ𝑒𝑎𝑡𝑖𝑛𝑔 is the amount of heat supplied to a system and �̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔 is the heat extracted from a 

system, both in W. �̇�𝑒𝑙 is the required input power in W. Eq. (3) and (4) were used to determine the 

Carnot COP, i.e. the theoretical maximum COP, for heating and cooling, respectively. 

𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡, ℎ𝑒𝑎𝑡𝑖𝑛𝑔 =
𝑇𝑠𝑖𝑛𝑘

𝑇𝑠𝑖𝑛𝑘 − 𝑇𝑠𝑜𝑢𝑟𝑐𝑒
 

Eq. (3) 

𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡, 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 =
𝑇𝑠𝑜𝑢𝑟𝑐𝑒

𝑇𝑠𝑖𝑛𝑘 − 𝑇𝑠𝑜𝑢𝑟𝑐𝑒
 Eq. (4) 

where Tsource and Tsink are the heat exchanger outlet temperatures in K for the heat source and sink, 

respectively. Further, the Carnot efficiency in Eq. (5) can be used to evaluate the COP of the system. 

 𝜂𝐶𝑎𝑟𝑛𝑜𝑡 =
𝐶𝑂𝑃

𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡
 Eq. (5) 

When considering the performance of the whole energy system, it can be useful to calculate an overall 

COP for the provision of heating and cooling according to Eq. (6). This is the ratio between the useful 

heating and cooling delivered by the system and the required energy input from electricity. 

 𝐶𝑂𝑃𝑠𝑦𝑠𝑡𝑒𝑚 =
∑|�̇�ℎ𝑒𝑎𝑡𝑖𝑛𝑔| + ∑|�̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔|

∑ �̇�𝑒𝑙

 ± 8.7% Eq. (6) 

Results and Discussion 

For the examined week in February 2020, the total energy demand of the various process consumers for 

the entire dairy was 325.8 MWh. The largest process consumers were hot water at 95 °C with 22.3%, 

and warm water at 67 °C for provision of building heat, with 17.3%. For the week in June 2021, the 

total energy demand for the dairy was 300.2 MWh, representing a 7.8% decrease compared to the winter 

week. Now, the largest process consumers were hot water at 95 °C and building cooling at -1.5 °C, with 

23.4 % and 21.6%, respectively. This change from a large building heating demand to a large building 
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cooling demand as the second biggest consumer was expected due to the higher ambient temperatures 

in June compared to February. 

The Sankey diagram in Figure 1 illustrates the energy flows (in MWh) in the dairy for the winter week. 

The energy flows from left to right, with heat sources on the left and heat sinks on the right. The 

utilization rate of available waste heat from cooling is over 95% for the production process, with a small 

amount of heat leaving the system through the dry cooler. The Sankey diagram shows that the energy 

system is well designed for the process demands of the dairy, with most of the heating demands being 

covered through the recovery of available waste heat from the cooling processes. District heating as an 

external energy source and the auxiliary systems such as the dry cooler and electric heater are used to a 

very small extent compared to the main consumer energy flows. 

 

 
Figure 1: Sankey diagram showing the energy flows in the dairy in MWh for the winter week [1]. 

 

Figure 2 shows the Sankey diagram for the summer week. Again, almost all heating demands were 

covered by recovered heat from the cooling processes. Compared to the utilisation rate achieved in 

February, the heat recovery rate was almost halved. This was caused by a larger building cooling demand 

in the summer leading to a larger amount of recovered heat. Due to a much lower building heating 

demand in the summer months, much of this heat was not utilised and simply released to the ambient 

through the dry cooler. Due to the low heating demands, there was no need for external heat in the form 

of district heating. The dependency on the power grid was also reduced, with 18.2% of the electricity 

demand being covered by PV panels on the roof. 
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Figure 2: Sankey diagram showing the energy flows in the dairy in MWh for the summer week. 

 

The energy flows in the plant during the summer demonstrates the capacity reserves of the energy 

system. The core process from process cooling to process heating is similar to the winter operation. 

Despite the large increase in the required cooling load and decrease in building heat demand, the energy 

system can handle this through the NH3 chillers and dry cooler. The use of several chiller and heat pump 

units allows more precise reactions to changing load conditions while maintaining high efficiency of the 

heat pump system, as individual units can be shut down when necessary. 

In addition to the energy flows for the entire week, the temporal variations in demand and supply, and 

use of the auxiliary systems were investigated. Figure 3 illustrates the hourly thermal load profiles for 

the process consumers and suppliers throughout the winter week. The illustration shows that heat 

demand and supply match well most of the time. Surpluses and deficits, represented by the deviation 

between the stacked area and the solid line, are mostly bridged without using the auxiliary systems. This 

suggests that the thermal storage systems provide adequate compensation for the imbalance between the 

process heat required and the heat supplied by the heat pump systems. 

Figure 4 shows the hourly thermal load profiles for the process consumers and suppliers throughout the 

summer week. When comparing the demand patterns to the winter week in Figure 3, the previously 

discussed changes between winter and summer operations become visible. The demand for process heat 

at 95 °C is similar, whereas the areas for 67 °C and 40 °C decrease significantly in summer. Furthermore, 

in summer the supply is almost always significantly higher than the demand, which leads to large 

amounts of dry cooling throughout the week. Use of the electric heater is significantly reduced and might 

be eliminated entirely by adjusting the control system. 
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Figure 3: Thermal hourly load profiles of process consumers and suppliers, February 2020 [1]. 

 

 

Figure 4: Thermal hourly load profiles of process consumers and suppliers, June 2021. 

 

For the analysis of the heat pump systems, the determined performance parameters were evaluated. 

Table 1 shows the COPs of the heat pump systems and resulting Carnot efficiency for the winter and 

summer weeks, as well as the achieved temperature lifts based on the average measurement values. 

 

High-Temperature Heat Pump Symposium 2022 337



 

  6 

Table 1: COPs, Carnot efficiencies and temperature lifts for the chillers and heat pumps in the investigated 

weeks. 

 February June 

 COP    

x 

[-] 

Carnot 

efficiency 

[-] 

Temperature 

lift 

[K] 

COP        

x 

[-] 

Carnot 

efficiency 

[-] 

Temperature 

lift 

[K] 

NH3 chillers 4.2 0.55 35.5 4.2 0.59 38.3 

NH3 HPs 5.3 0.65 42.1 5.4 0.64 40.9 

NH3-H2O HP 5.9 0.53 33.4 5.7 0.51 33.5 

 

Overall, the performance parameters were very similar in the winter and summer. The COP of the NH3-

H2O hybrid heat pump was slightly lower in the summer, which could be caused by part load operation 

due to a somewhat lower process heating demand.  For the NH3 heat pumps, the achieved COP was 

slightly higher, even though the delivered heat was significantly lower. This can be explained by the 

multiple NH3 heat pump units leading to easier adjustments at part load operation. 

The overall COPs were calculated for the dairy process considering the total thermal energy delivered 

in the form of heating and cooling in relation to the electricity consumed. This resulted in overall COPs 

of 4.1 for both the winter and the summer week. It is important to note that due to the definition of the 

calculation method (see Eq. (6)), the small share of district heating used in the winter operation was not 

considered. In summer operation, however, the reduced heating demand eliminated the need for district 

heating. The reduced dependency on the power and heat grids can be considered positive in terms of 

independent system operation. 

Conclusion 

In this study, the energy system of an existing dairy was investigated during the operation of one winter 

week and one summer week. The results showed that an energy system based exclusively on heat pump 

systems and thermal energy storage tanks can be successfully implemented. The system adjusts to 

varying demands and can provide the required cooling and heating for both winter and summer 

operation. With changing demands in winter and summer, the achieved COPs remain almost constant 

in a range from 4.2 to 5.9 with Carnot efficiencies between 51% and 65%. It can therefore be concluded 

that the heat pumps are properly designed for the varying demands. It can further be argued that this 

type of energy system is suitable for sites with different environmental conditions and demands than the 

current location in Norway. 
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HTHPs and thermal energy storages

Technology for a better society

Performance analysis for a dairy

August Brækken, SINTEF Energi

Marcel Ahrens, NTNU

Michael Bantle, SINTEF Energi

TINE Bergen

• Newly built dairy, 
operation from 2019

• First dairy where heat 
demand is covered by heat 
pumps (100%) 

• 20,000 m2 dairy

• 43.4 million litres/year

• 6000 m2 PV panels

• Initial analyses show a 40% 
energy saving potential

Technology for a better society
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• Hybrid heat pump:         
940 kW, 67/60 °C, 73/95 °C

• Ammonia heat pumps (2 units): 
1577 kW, 40/20 °C, 60/67 °C

• Chillers (3 units): 
2400 kW, 4/-1.5 °C, 20/40 °C

Thermal energy storage tanks:

• 95 °C: 130 m3

• 67 °C: 130 m3

• 40 °C: 130 m3

• 20 °C: 130 m3

• -1.5 °C: 60 m3

• +0.5 °C: 60 m3

Technical Details 

• Two weeks: February 2020 and June 2021

• Volume flows, power consumption, supply 
and return temperatures

• Python with pandas and CoolProp libraries

• Excel with REFPROP library

• Uncertainties found using root sum of 
squares

Technology for a better society

Method
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Heating 95 °C Heating 67 °C Heating 40 °C Cooling 20 °C

Cooling 0.5 °C Cooling -1.5 °C Other

Heating 95 °C Heating 67 °C Heating 40 °C Cooling 20 °C

Cooling 0.5 °C Cooling -1.5 °C Other

Technology for a better society

System Analysis

326 MWh 300 MWh

Winter Summer

34%
22%

30%
23%

12% 22%

17%
8%

10%
12%

Winter Summer

Total energy flows in MWh

System Analysis

M. U. Ahrens et al., "Integrated high temperature heat pumps and thermal 
storage tanks for combined heating and cooling in the industry," 2021
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Winter Summer

M. U. Ahrens et al., "Integrated high temperature heat pumps and thermal 
storage tanks for combined heating and cooling in the industry," 2021

Process Integration

February June

COP [-]
± 3.6%

Carnot
efficiency [-]

Temp lift [K] COP [-]
± 3.6%

Carnot
efficiency [-]

Temp lift [K]

NH3 chillers 4.2 0.55 35.5 4.2 0.59 38.3

NH3 HPs 5.3 0.65 42.1 5.4 0.64 40.9

NH3-H2O HP 5.9 0.53 33.4 5.7 0.51 33.5

Technology for a better society

Total COP 4.1 ± 8.7% 4.1 ± 8.7 %

Performance Analysis
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Conclusion

• Successful implementation

• System adjusts to varying demands in winter and summer

• In winter, TES bridges surpluses and deficits

• High and almost constant COPs

→ properly designed HP system

• Suitable for other climatic conditions

Technology for a better society
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Abstract  
 

The climate goals and actions around the globe forces the industry to reduce their CO2 emissions in 
the next decades by renewable alternatives. Heat pumps are named also by the EU-Taxonomy as one 
possible solution to achieve such a transition, however further developments of high temperature heat 
pump is needed in order to match heat sinks to the required industrial supply temperatures.  
 
Heat pumps which can supply process steam between 5 barA and 10 barA have a high market 
potential since they can compete with conventional steam supply conditions from oil, gas as well as 
electric boilers. The pulp and paper industry in Europe requires around 200 TWh per year of such 
process steam, distributed across approximately 500 factories. In comparison the food and beverage 
sectors require 120 TWh and the chemical sector around 110 TWh.  
 
The main energy requirement in the pulp and paper production is related to the drying process in 
which also a significant amount of waste heat in the form of moist air is provided. This waste heat is a 
well-suited heat source for steam producing heat pumps. However, the heat recovery temperature is 
relatively low and the necessary temperature lift of a steam producing heat pump will limit the 
efficiency.  
 
The feasibility to electrify the pulp and paper sector with steam producing heat pump will be discussed 
and possible technical pathways to reach heat sink temperatures between 150°C and 180°C are 
outlined.  
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What can the heat pump do in 
an electrified future? 

https://www.sintef.no/globalassets/sintef-energi/industrial-
heat-pump-whitepaper/2020-07-10-whitepaper-ihp-a4.pdf

Michael Bantle (PhD), SINTEF Energy Research, 30.03.2022

Energy requirement in the 
pulp and paper industry 

• 900 pulp and paper mills in EU-28 alone 
• 230 TWh/year thermal energy (in the form of process 

steam) 
 255 GWh in average per factory 
 50 MW heat pump per factory (could be sub-systems)
 <20 heat pumps installed as per today ? 
 By 2030: need to install at least 900 heat pumps 
Around 10 heat pumps per month with 50 MW total 

capacity 
Maybe only 10%-20% of the potential can be utilized 

Source: https://www.cepi.org/wp-
content/uploads/2022/02/Cepi_Preliminary-_2021_Report.pdf

https://www.statista.com/statistics/99502
6/paper-pulp-mills-europe/Michael Bantle (PhD), SINTEF Energy Research, 30.03.2022
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What is the Technological 
Readiness Level of HTHP ? 

50-60°C 

80-90°C 

100-150°C 

150-250°C 

https://www.sciencedirect.com/science/article/abs/pii/S1359431118376087?via%3Dihub

Michael Bantle (PhD), SINTEF Energy Research, 30.03.2022

The paper making process 

Source: 
https://www.howitw
orksdaily.com/mode
rn-paper-mill-how-
is-paper-made/

Approximately 
70-80% of the energy 
demand is related to 
drying 

Michael Bantle (PhD), SINTEF Energy Research, 30.03.2022
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What is the heat source for high temperature 
(steam producing ) heat pumps?

 Industrial Waste heat 
 Ambient Air 
 Renewable energy Sources 
 Geothermal 
 Simultaneous cooling demand 
…

• How can we integrated this heat 
source with the steam demand?

• What is the recovery temperature? 

Michael Bantle (PhD), SINTEF Energy Research, 30.03.2022

Cofficient of Performance of HTHP

"Ruled" by thermodynamic! 
High temperature lift
Low COP 
High CAPEX 
High system complexity
Where is the techno-
economic sweet-spot? 

Michael Bantle (PhD), SINTEF Energy Research, 30.03.2022
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How could such a steam producing heat 
pump for pulp and paper industry look like? 

• Combination of different 
heat pump cycles

• Bottom cycle lifts close to 
100°C 

• Top cycle operates with 
steam compression (R718)

Source: 
https://www.sciencedirect.com/science/article/pii/S2590
174519300091?via%3Dihub

Michael Bantle (PhD), SINTEF Energy Research, 30.03.2022

Efficiency of paper mills (drying)

Specific Energy Consumption (SEC)

 how much energy is needed to evaporate 1 
ton of water in an industrial system 

 Latent heat of evaporation ≈ 2250 kJ/kg ≈ 630 
MWh/ton (ideal) 

 Energy Recovery Potential: 𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠

 Should be >75% 

𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑎𝑎𝑑𝑑𝑑𝑑𝑎𝑎 = 750 − 1600
𝑀𝑀𝑀𝑀𝑀
𝑡𝑡𝑡𝑡𝑡𝑡

Paper Drying 1 SEC 

Efficient base case 800 MWh/ton  

HTHP (COP=2) 400 MWh/ton

HTHP (COP=3) 266 MWh/ton

Paper Drying 2 SEC 

Less-efficient base case 1200 MWh/ton  

HTHP (COP=2) 600 MWh/ton

HTHP (COP=3) 400 MWh/ton
Michael Bantle (PhD), SINTEF Energy Research, 30.03.2022
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Bottleneck: temperature of 
heat recovery

Temperature Relative 
Humidty

Absolute 
humidty

Dew point 

80°C 30 % 100 g/kg 52.3 °C

80°C 40% 140 g/kg 59.0°C

60°C 30% 39 g/kg 36.1 °C

60°C 40% 54 g/kg 41.5 °C

• Temperature of the exhaust air is not the temperature of the 
energy recovery of the excess heat 

• Energy to be recovered is the latent heat of the water in the 
form of the air humidity  

• High humidity indicates
 Efficient air drying system 
Needs less air to remove a water 
Gives higher dew points 

most dryers are not developed as 
high humidity dryers / with respect to 
energy recovery 

Michael Bantle (PhD), SINTEF Energy Research, 30.03.2022

Bottleneck: temperature of heat 
recovery 

Michael Bantle (PhD), SINTEF Energy Research, 30.03.2022
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Energy recovery air (60°C, 30%RH) 
to water 

 The dew point generates a pinch point in the HX

Combination between sensible and laten heat recovery 

 required to cool lower than the dew point in order to recovery latent heat 

Michael Bantle (PhD), SINTEF Energy Research, 30.03.2022

Energy recovery air 60°C, 40%RH vs 
80 °C, 30% RH to water 

Michael Bantle (PhD), SINTEF Energy Research, 30.03.2022
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Energy recovery air 80°C, 40%RH to 
water (best case scenario) 

Michael Bantle (PhD), SINTEF Energy Research, 30.03.2022

38 t/h 26 t/h
T water inn 
[°C]

Heat 
[kW]

T water out
[°C]

m-water 
[kg/s]

Heat 
[kW]

T water 
out [°C]

m-
water[kg/s]

30 670 40.8 15 400 40.5 9
40 250 46.3 10 160 45.8 6
50 110 55.3 5 65 54.9 3

Michael Bantle (PhD), SINTEF Energy Research, 30.03.2022

Energy recovery air (60°C, 40%RH) 
to water 

The lower the energy recovery temperature the more energy can be 
recovered 
 Not a good situation to integrate a HTHP 

Heat exchanger will require additional energy consumers like fans, 
pumps, etc.
 Not included in most COP calculations 

Heat exchanger needs to be designed as a condensation unit  
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Summary and Discussion: Can we integrate 
HTHP in the pulp and paper industry? 

Yes, …. but 
 Realistic expectation about the achievable COP
 COP between 2-3 
 SEC of the drier must be evaluated 

 Realistic expectation about the TRL  technical risk  
 MVR-technology available for large capacities (>5 MW)
 Integration with the onsite excess heat source is challenging  high temperature lift 
 Do we really need 10 barA process steam? 
 What is a realistic paper temperture? 
 Is it possible to develop "low-temperature" paper mills? 
 Is it possible to have high humidity paper drying? 

Michael Bantle (PhD), SINTEF Energy Research, 30.03.2022

Steam producing air source heat 
pump (Research Centre HighEFF)  

Michael Bantle (PhD), SINTEF Energy Research, 30.03.2022
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Abstract  

 

Introduction 

In Austria, 57% of industrial process heat was generated with fossil fuels in 2020 [1]. To achieve 

decarbonization targets, this share must be significantly reduced. Waste heat valorization and thus 

efficiency increase with heat pumps pose a promising opportunity. In an IEA roadmap [2], it is stated 

that to achieve the net zero emission target by 2050, about 500 MWth of heat pumps should be installed 

every month for 30 years. Steam generating heat pumps in particular can make an important 

contribution, as steam is an often used process or heat transfer medium in the energy intensive industry.  

 

Industrial processes often require not only steam but also hot water at various temperature levels. This 

contribution analyses different cases of heat pump integration into an industrial process. Not only steam, 

but also the simultaneous heating of water at a lower temperature level by means of a subcooler 

integrated into the refrigeration cycle is considered. Moreover, a heat pump integration case is being 

investigated that generates alternately steam and hot water at a higher temperature level than in the 

subcooler. This can be achieved, for example, by including an additional condenser e.g. arranged in 

parallel to the condenser for steam generation. This concept allows the operating hours of the heat pump 

to be increased if the two process media (steam and hot water) are not required simultaneously. For the 

comparison, cases of hot water generation only are also considered in this contribution. 

 

Method 

For the investigations of different cases, a heat pump model in IPSEpro [3] was used. A classical heat 

pump cycle with compressor, evaporator, condenser and expansion valve was modelled. In addition, a 

subcooler was included in the refrigerant cycle. As refrigerant R1233zd(E) was selected, and water was 

used as medium of the waste heat source. 

 

For the different component in the refrigerant cycle existing models from a library were used. An 

electrical efficiency of 98% and an isentropic efficiency of 55% were assumed in the compressor model. 

The heat transfer surface in the condenser and evaporator was determined by assuming a temperature 

difference of 3K between the phase change temperature and the water outlet temperature. After the 

evaporator a superheating of 5K and in the condenser complete condensation without subcooling were 

specified. For steam generation, it was considered that this takes place directly in the condenser. 

Various heat pump integration cases were evaluated based on energy and CO2 savings compared to a 

reference case without heat pump. For this purpose, an emission factor of 268 g/kWh for natural gas and 

219 g/kWh for electricity was used [4].  
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Results and Discussion 

A process with three different demands was considered for the investigations. Firstly, steam and 

secondly, water at two different temperature levels are required. The specifications are shown in Table 1. 

The steam and water demand at the high temperature level each occur for only about half a year and are 

assumed to exist only alternately. For the reference case, it was assumed that all three demands are 

covered by natural gas combustion with an efficiency of 95%. The results in terms of gas consumption 

and CO2 emissions per year for every demand in the reference case are also shown in Table 1. In total, 

the reference case requires 6.46 GWh of natural gas per year and emits 1732 tons of CO2. 

 
Table 1: Specification of demand and results for the reference case 

Media Steam Water Water 

Target temperature °C 120°C (2 bara) 90 60 

Inlet temperature °C 90 70 40 

Mass flow t/h 1 15 10 

Operating hours per year 4212 4212 8424 

Heating capacity kW 647 350 232 

Gas amount per year GWh 2.86 1.55 2.05 

CO2 emissions tons  767 414 550 

 

Six different heat pump integration cases were considered to reduce natural gas consumption. Energy 

and CO2 emission savings were used to compare the different cases. In addition, the Seasonal Coefficient 

of Performance (SCOP) was calculated for all cases, which describes the performance of the heat pump 

over one year. Only the capacity at the condenser is considered as a utility when calculating the SCOP. 

For the source, an inlet temperature of 55°C and a cooling of 5K was set, assuming that sufficient mass 

flow is available.  

 

In the first case, the heat pump covers only the steam demand, achieving a SCOP of 2.25. In this case 

the heat pump is in operation only for 4212 hours per year. Energy saving of 26% and a reduction in 

CO2 emissions of 29% were obtained. A significant increase in energy savings to 51% can be achieved 

by simultanous heating water from 40°C to 60°C by integrating a subcooler. For the simulations the 

subcooling of the refrigerant was limited to 20K. A SCOP of 2.71 has been obtained for this case. The 

subcooler produces about 5.8 t/h of hot water at 60°C when the heat pump for steam generation is in 

operation.  

 

If the heat pump is used to cover the hot water demand at high temperature level (heating from 70°C to 

90°C, limited to 4214 operating hours per year) with and without subcooler, the SCOP increases to 3.89 

and 4.52, respectively. The energy savings in these two cases are significantly lower (max. 38%) since 

the heating capacity to cover the hot water demand is much lower compared to the total demand. 

 

In the process considered, steam and hot water at 90°C are needed alternately. In a combined 

configuration, as shown in Figure 1, both demands can be met with this adapted heat pump cycle. This 

also doubles the operating hours of the heat pump (see Table 1).  
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Figure 1 Heat pump configuration for steam and hot water generation with subcooler 

For these configurations the evaporator and the subcooler were designed based on the steam generation 

mode. This determined their heat transfer area for the water heating mode. This results in ca. 7 K 

superheating after the evaporator and 24 K subcooling. If no subcooler is used in the heat pump provides 

a SCOP of 2.64. This results in an energy saving of 44% for this case. Correspondingly, a CO2 reduction 

of 48% is achieved. If a subcooler is included a SCOP of 3.17 is reached. This results in an energy 

saving of 69% and a CO2 emission reduction of 73%.  

 

Significantly higher SCOPs were achieved in all cases with subcooler. Figure 2 summarizes the CO2 

emissions for all heat pump integration cases and the reference case. The number above the bar indicates 

the CO2 emission reduction compared to the reference case. The highest savings of 73% can be achieved 

with the combined configuration including a subcooler. The heat pump configuration for hot water 

production without subcooler achieves the lowest CO2 emission reduction of 19% for the investigated 

example due to the limited heating capacity and operating hours. 

 

 
Figure 2: CO2 emissions for all configurations and CO2 emission reduction compared to the reference case above the bars 
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Conclusion 

Simulation results for the different heat pump integration cases are compared in terms of SCOP, energy 

and CO2 emission savings per year. The contribution highlights that significant improvements in SCOP 

can be achieved by tailoring the heat pump system to the process requirements. This is of great 

importance for the integration of steam generating heat pumps into industrial processes. 
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LEAP-LOW PRESSURE STEAM HEAT PUMP

MAIN GOALS

• Integration of one steam generating heat pump each at 

Lenzing AG and Austrotherm GmbH

• Demonstrating an efficient technology for waste heat 

recovery 

• Reduction of CO2 emissions up to 66%

• Future-proof process heat supply with energy cost 

reduction

• Concept for full scale heat pump systems at Lenzing AG 

and Austrotherm GmbH

• Contribution to the diffusion of industrial heat pumps and 

create new business models

KEY FACTS

Duration: 2/21 – 1/24

Project Volume: € 2,037,457€
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INTRODUCTION

• Austria: 57% fossil fuels for process

heat demand

• 51% natural gas for process heat <

200°C in industrial sector

• Heat demand not the same all year

round, e.g. hot water for hall heating

• Heat pump concepts to cover

different heating demands

Statistics Austria (2021), Useful energy analysis for Austria 1993-2020, 

https://www.statistik.at/web_de/statistiken/energie_umwelt_innovation_mobilitaet/energie_und_umwelt/energie/nutzenergieanalyse/index.html, accessed on 

20.12.2021

50.96%

36.45%

Process heat < 200°C
Hard coal

Petrol coke

Fuel oil

Gas oil

LPG

Natural gas

Electricity

District heat

Fuel wood

Biofuels

Waste

4

METHOD

2Umweltbundesamt (Federal Environment Agency), Berechnung von Treibhausgas (THG)-Emissionen verschiedener Energieträger (Calculation of 

greenhouse gas (GHG) emissions from various energy sources), updated November 2021, https://secure.umweltbundesamt.at/co2mon/co2mon.html, 

accessed on 15.03 2021.

• Refrigerant R1233zd(E)

• Compressor: 98% electrical and 

55% isentropic efficiency 

• Evaporator: 5K Superheating

• Condenser: complete 

condensation without subcooling

• Direct steam generation in 

condenser

• CO2 emission factors2: electricity 

219 g/kWh, natural gas 268 g/kWh
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REFERENCE CASE

Three demands that are currently provided by natural gas 
combustion (efficiency 95%)

Media Steam Water Water

Target temperature °C 120°C (2 bara) 90 60

Initial temperature °C 90 70 40

Mass flow t/h 1 15 10

Operating hours per year 4212 4212 8424

Heating capacity kW 647 350 232

Gas amount per year GWh 2.86 1.55 2.05

CO2 emissions tons 767 414 550

6

STEAM GENERATION CASE

• SCOP: 2.25

• Electrical energy amount per 
year: 1.21 GWh

• Energy savings: 26%
• CO2 emission reduction: 29%
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STEAM GENERATION CASE

WITH SUBCOOLER

• 20 K subcooling 

• SCOP: 2.71

• Electrical energy amount per 
year: 1.21 GWh

• Energy savings: 51%
• CO2 emission reduction: 54%

8

WATER HEATING CASE

• SCOP: 3.89

• Electrical energy amount per 
year: 0.38 GWh

• Energy savings: 18%
• CO2 emission reduction: 19%
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WATER HEATING CASE

WITH SUBCOOLER

• 20 K subcooling 

• SCOP: 4.52

• Electrical energy amount per 
year: 0.38 GWh

• Energy savings: 38%
• CO2 emission reduction: 40%

10

COMBINED STEAM AND HOT WATER 

PRODUCTION CASE

• SCOP: 2.64

• Electrical energy amount per 
year: 1.59 GWh

• Energy savings: 44%
• CO2 emission reduction: 48%
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COMBINED STEAM AND HOT WATER 

PRODUCTION CASE WITH SUBCOOLER

• SCOP: 3.17

• Electrical energy amount per 
year: 1.59 GWh

• Energy savings: 69%
• CO2 emission reduction: 73%

12

SUMMARY

• SCOP increase up to 20% with 
subcooler

• Up to 69% Energy savings

• Up to 73% CO2 emission 
reduction

• Significant efficiency increase 
by adapting the heat pump 
cycle to the process 
requirement's

29%
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40%
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Extended Abstract  
 

Decarbonization of industrial process heat requires more energy-efficient and environmentally friendly 
technologies such as electrically driven high-temperature heat pumps (HTHPs). However, HTHPs are 
not yet widely used in industry and are just beginning to penetrate the market. One approach is to use 
case studies to show that HTHPs are commercially attractive. 
In this study, the technical and economic feasibility of HTHP integration is investigated based on case 
studies of distillation processes with heat source temperatures from 20 to 45 °C, providing low-pressure 
steam at about 110 to 120 °C, and about 0.5 to 2.5 MW heating capacity.  
Different concepts for integrating steam-generating heat pumps (SGHPs) into an open cycle with water, 
a combined two-stage process with mechanical vapor recompression, a two-stage cascade, and a flash 
tank are presented (Figure 1). In addition, a cost model calculating the payback period was developed 
to evaluate the economic feasibility based on investment cost and annual cost savings considering annual 
fuel cost savings, electricity cost, maintenance cost, and CO2 tax compensation. 

 

Figure 1: Concepts of steam-generating heat pumps (SGHPs) as an open cycle with water (left), a 
combined two-stage process with mechanical vapor recompression (MVR) (middle), and a two-stage 

cascade with flash tank (right). 

The analysis shows that SGHP integration is technically feasible and economical, as commercial SGHP 
technologies and vapor compressors are increasingly available on the market (Table 1).  
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Table 1: Overview of some HTHP suppliers (not an exhaustive list) showing technical feasibility of 
SGHP case studies. 

 

 
 
Case study examples show significant annual energy savings of 60% to 70% and CO2 emission 
reductions of up to 95% using renewable electricity (see presentation slides). In addition, payback 
periods of 3 to 5 years are achieved, which is cost-effective under current assumptions.  
A sensitivity analysis shows that the payback period is shortened mainly by higher fuel prices, annual 
operating time, fuel CO2 emission factor, CO2 tax, and heating capacity (economies of scale) (Figure 2). 
As expected, a low ratio between electricity and gas prices is beneficial for SGHP integration.  
 

 

Figure 2: Sensitivity analysis of the payback period for a reference case (Ref) at 45 °C/115 °C heat 
source/sink with COP of 2.53, 1’000 kW heating capacity, specific investment costs 341 EUR/kW, 

and CO2 emission factor of electricity 0.128 kg CO2/kWh (see other values in black column). 

Temperature lifts below 70 K seem to be profitable. In addition, the techno-economic analysis can be 
applied to other case studies to get a first feasibility check and cost estimation. 

HTHP supplier Compressor type
Working fluid
(Refrigerant)

Max.
capacity
[MW]

Max. 
supply
temp [°C]

TRL

Spilling (DE) Piston R718 15 280 9
Enerin (NO) Piston R704 10 250 6
Piller (DE) Turbo R718 70 212 8 to 9
Olvondo (NO) Piston (double acting) R704 5 200 9
Turboden (IT) Turbo Application specific 30 200 7 to 9
ToCircle (NO) Rotary vane R717+R718 5 188 6 to 7
Kobelco (JP) Twin-screw R245fa/R134a + R718 0.4 175 9
SRM (SE) Screw R718 3 165 5
SPH (DE) Piston HFOs 5 165 7 to 8
Heaten (NO) Reciprocating HFOs 6 165 7 to 9
Weel & Sandvig (DK) Turbo R718 5 160 4 to 9
Siemens Energy (DE) Turbo R1233zd(E)/R1234ze(E) 70 160 9
ECOP (AT) Rotational heat pump ecop fluid 1 0.7 150 6 to 7
Rank (ES) Screw R245fa, R1336mzz(Z), R1233zd(E) 2 150 7
Epcon (NO) Centrifugal fans, blowers R718 30 150 9
MAN Energy Solutions (CH) Turbo with expander R744 50 150 7 to 8
Mitsubishi Heavy Industries Two-stage centrifugal R134a 0.6 130 9
Fuji Electric (JP) Reciprocating R245fa 0.03 120 9
Emerson (US) Scroll and EVI scroll R245fa, R410a, R718 0.03 120 6
Mayekawa (JP) Reciprocating R744 0.1 120 8 to 9
Fenagy (DK) Reciprocating R744 1.8 120 5 to 6
Johnson Controls (DK) Reciprocating R717+R600 (cascade) 5 120 7 to 8
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3

Introduction

Motivation
Decarbonization of industrial 
process heat requires more energy-
efficient and environmentally friendly 
technologies such as electrically 
driven high-temperature heat 
pumps (HTHPs). 

However, HTHPs are not yet 
widely used in industry and are 
just beginning to penetrate the 
market. One approach is to use 
case studies to show that 
HTHPs are commercially attractive.

4

Introduction

Objective

In this study, the technical and 
economic feasibility of HTHP 
integration is investigated based 

on case studies of distillation 
processes

Photo: https://thermalkinetics.net/distillation-equipment

Heat source temperatures 
from 20 to 45 °C, providing 
low-pressure steam at 
about 110 to 120 °C, and 
about 0.5 to 2.5 MW 
heating capacity

3 case studies
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5

Introduction

Concepts

Different concepts for integrating steam-generating heat 
pumps (SGHPs) into an open cycle with water, a combined two-stage 
process with mechanical vapor recompression (MVR), and a two-stage 
cascade with flash tank are presented. 

R1233zd

R1234ze

22 °C 27 °C

115 °C105 °C

45 °C 40 °C

Water

115 °C

Steam

<1 atm 2-stage SGHP 
with water
and MVR

R600a
or R601

40 °C 45 °C

Water 115 °C

Steam

2-stage SGHP 
with closed-cycle 

and MVR

6

Case study A
Distillation process for an organic solvent of a Swiss biopharma company 
(SGHP proposal: 2-stage cascade with R1234ze/R1233zd)

2-stage cascade 
with HFOs

Cooling
loop

(glycol)
Gas boiler
(backup)

Steam

Gas

Feed
A

Feed
B

Cooling
tower

HP

115 °C

115 °C

105 °C

22 °C

27 °C

Electric
power

Steam
R1233zd

R1234ze

22 °C 27 °C

115 °C105 °C
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Case study B
Distillation process of an organic solvent in a Swiss chemical company producing 
vitamins (2-stage SGHP with water as refrigerant or closed-cycle HP with MVR)

Gas boiler
(central supply)

Distillation 
column

Steam

Feed
(organic solvent 

mixture)

115 °C
Gas

6 bar,
160 °C

45 °C

Distillate
condenser

Steam
115 °C

Steam
115 °C

River water 
cooler (25 °C)

Steam

115 °C

40 °C

Thin film 
evaporator

M

Purified
solvent

HP

Electric
power

45 °C 40 °C

Water

115 °C

Steam

<1 atm 2-stage SGHP 
with water
and MVR

R600a
or R601

40 °C 45 °C

Water 115 °C

Steam

2-stage SGHP 
with closed-cycle 

and MVR

8

Case study C
Distillation process for bioethanol production at the Japanese 
manufacturer Hokkaido Bioethanol Co. using 5x SGH120 units 
(adapted from Kaida, 2019)

110 °C

65°C

Flash 
Tank

HP
Heavy oil 

fired boiler

Distillation 
tower

1 bar

Steam

Fermentation liquid 
ethanol/water

(10/90)

Steam
110 °C

Gas
ethanol/water 

(95/5)

55°C

100 °C

80 °C

Electric
power

120 °C

Liquid
water (100)

Heavy 
oil

Liquid
ethanol/water 

(95/5)

Distillate
cooler

Steam generating heat pump

5 units SGH120
Kobelco

(in parallel)
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Case study A Case study B Case study C
Swiss

Biopharma
company

Swiss
Chemical
company

Japanese 
Bioethanol

manufacturer
Heat pump conditions Symbol Unit Distillation of

organic solvent
Distillation of 

organic solvent
Distillation of

bioethanol
Heat sink outlet temperature 𝑇𝑇ℎ,𝑜𝑜𝑜𝑜𝑜𝑜 °C 115 (steam) 115 (steam) 120 (2 bar) (steam)

Heat source inlet temperature 𝑇𝑇𝑐𝑐,𝑖𝑖𝑖𝑖 °C 27 (water) 45 (water) 65 (water loop)
Temperature lift ∆𝑇𝑇𝑙𝑙𝑖𝑖𝑙𝑙𝑜𝑜 K 88 70 55
Heating capacity �̇�𝑄ℎ kW 950 (2 lines) 2’500 1’850

(5 SGHP120 units)

9

Input parameters of the case studies

Fuel prices, CO2 tax, CO2 emissions
Fuel (gas, oil) price 𝑐𝑐𝑙𝑙𝑜𝑜𝑓𝑓𝑙𝑙 EUR/kWh 0.057 0.042 0.071

Electricity price 𝑐𝑐𝑓𝑓𝑙𝑙 EUR/kWh 0.100 0.107 0.131
CO2 tax 𝑐𝑐𝐶𝐶𝐶𝐶𝐶 𝑜𝑜𝑡𝑡𝑡𝑡 EUR/tCO2 92.5 92.5 3.0

CO2 emissions factor electricity 𝑓𝑓𝐶𝐶𝐶𝐶𝐶 𝑓𝑓𝑙𝑙 kgCO2/kWh 0.0157 0.031 0.681
CO2 emissions factor fuel 𝑓𝑓𝐶𝐶𝐶𝐶𝐶 𝑙𝑙𝑜𝑜𝑓𝑓𝑙𝑙 kgCO2/kWh 0.201 0.201 0.250
CO2 emissions ratio el/fuel 𝑒𝑒𝐶𝐶𝐶𝐶𝐶,𝑓𝑓𝑙𝑙/𝑙𝑙𝑜𝑜𝑓𝑓𝑙𝑙 - 0.08 0.15 2.73
Electricity-to-fuel price ratio 𝑝𝑝𝑓𝑓𝑙𝑙/𝑙𝑙𝑜𝑜𝑓𝑓𝑙𝑙 - 1.75 2.55 1.85

10

Heat pump model

COP fit curves for industrial HTHPs

𝑪𝑪𝑪𝑪𝑪𝑪 = 𝟓𝟓𝟓𝟓.𝟗𝟗𝟗𝟗 � ∆𝑻𝑻𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍−𝟎𝟎.𝟕𝟕𝟕𝟕𝟕𝟕
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Cost model

Specific investment costs for industrial HTHPs (excl. planning and integration)

𝒄𝒄𝒍𝒍𝒊𝒊𝒊𝒊,𝑯𝑯𝑪𝑪 = 𝟑𝟑𝟑𝟕𝟕𝟓𝟓𝟕𝟕 � �̇�𝑸𝒉𝒉
−𝟎𝟎.𝟑𝟑𝟓𝟓𝟓𝟓

12

Cost model

Literature review of fixed values as input parameters 
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Cost model

Input and output parameters

�̇�𝑄ℎ Heating capacity kW
∆𝑇𝑇𝑙𝑙𝑖𝑖𝑙𝑙𝑜𝑜 Temperature lift K
𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖,𝐻𝐻𝐻𝐻 Specific investment costs of HP EUR/kW
𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖,𝐻𝐻𝐻𝐻 Cost factor for planning & HP integration -
𝑡𝑡 Annual operating time h/a

𝑓𝑓𝑚𝑚𝑡𝑡𝑖𝑖𝑖𝑖𝑜𝑜𝑡𝑡𝑖𝑖𝑖𝑖 Maintenance factor (on capital costs) -
𝜂𝜂𝑙𝑙𝑜𝑜𝑓𝑓𝑙𝑙 Efficiency of gas boiler -
𝑖𝑖 Interest rate (discount rate) -

𝑐𝑐𝑙𝑙𝑜𝑜𝑓𝑓𝑙𝑙 Fuel price (gas, oil) EUR/kWh
𝑐𝑐𝑓𝑓𝑙𝑙 Electricity price EUR/kWh

𝑐𝑐𝐶𝐶𝐶𝐶𝐶 𝑜𝑜𝑡𝑡𝑡𝑡 CO2 tax EUR/tCO2
𝑓𝑓𝐶𝐶𝐶𝐶𝐶,𝑓𝑓𝑙𝑙 CO2 emissions factor electricity kgCO2/kWh
𝑓𝑓𝐶𝐶𝐶𝐶𝐶,𝑙𝑙𝑜𝑜𝑓𝑓𝑙𝑙 CO2 emissions factor fuel kgCO2/kWh

𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖,𝐻𝐻𝐻𝐻 Investment costs of HP EUR
�̇�𝑚𝐶𝐶𝐶𝐶𝐶,𝑟𝑟𝑓𝑓𝑟𝑟𝑜𝑜𝑐𝑐𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖 Annual CO2 emissions reduction tCO2/a
𝐸𝐸𝑠𝑠𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠 Annual energy savings kWh/a
𝐶𝐶𝑙𝑙𝑜𝑜𝑓𝑓𝑙𝑙 Annual fuel cost savings EUR/a
𝐶𝐶𝑓𝑓𝑙𝑙 Annual electricity costs EUR/a

𝐶𝐶𝑚𝑚𝑡𝑡𝑖𝑖𝑖𝑖𝑜𝑜𝑡𝑡𝑖𝑖𝑖𝑖 Annual HP maintenance costs EUR/a
𝐶𝐶𝐶𝐶𝐶𝐶𝐶 Annual CO2 tax compensation EUR/a

𝐶𝐶𝑠𝑠𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠 Annual cost savings EUR/a
𝑃𝑃𝑃𝑃 Payback period a
𝐷𝐷𝑃𝑃𝑃𝑃 Discounted payback period a

Inputs Outputs

14

𝐶𝐶𝑠𝑠𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐶𝐶𝑙𝑙𝑜𝑜𝑓𝑓𝑙𝑙 − 𝐶𝐶𝑓𝑓𝑙𝑙 − 𝐶𝐶𝑚𝑚𝑡𝑡𝑖𝑖𝑖𝑖𝑜𝑜𝑡𝑡𝑖𝑖𝑖𝑖

𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖,𝐻𝐻𝐻𝐻 = 𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖,𝐻𝐻𝐻𝐻 � �̇�𝑄ℎ � 𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖,𝐻𝐻𝐻𝐻

𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖,𝐻𝐻𝐻𝐻 = 3𝟑157 � �̇�𝑄ℎ
−0.3𝐶𝐶

𝑃𝑃𝑃𝑃 = ⁄𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 𝐶𝐶𝑠𝑠𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠

𝐶𝐶𝑙𝑙𝑜𝑜𝑓𝑓𝑙𝑙 = ��̇�𝑄ℎ � 𝑡𝑡 � 𝑐𝑐𝑙𝑙𝑜𝑜𝑓𝑓𝑙𝑙 𝜂𝜂𝑙𝑙𝑜𝑜𝑓𝑓𝑙𝑙

𝐶𝐶𝑚𝑚𝑡𝑡𝑖𝑖𝑖𝑖𝑜𝑜𝑡𝑡𝑖𝑖𝑖𝑖 = 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖,𝐻𝐻𝐻𝐻 � 𝑓𝑓𝑚𝑚𝑡𝑡𝑖𝑖𝑖𝑖𝑜𝑜𝑡𝑡𝑖𝑖𝑖𝑖

𝐶𝐶𝑓𝑓𝑙𝑙 = ⁄�̇�𝑄ℎ � 𝑡𝑡 � 𝑐𝑐𝑓𝑓𝑙𝑙 𝐶𝐶 𝑂𝑂𝑃𝑃

𝐶𝐶𝑂𝑂𝑃𝑃 = 52.94 � ∆𝑇𝑇𝑙𝑙𝑖𝑖𝑙𝑙𝑜𝑜−0.716

𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = �̇�𝑚𝐶𝐶𝐶𝐶𝐶,𝑟𝑟𝑓𝑓𝑟𝑟𝑜𝑜𝑐𝑐𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖 � 𝑐𝑐𝐶𝐶𝐶𝐶𝐶 𝑜𝑜𝑡𝑡𝑡𝑡

�̇�𝑚𝐶𝐶𝐶𝐶𝐶,𝑟𝑟𝑓𝑓𝑟𝑟𝑜𝑜𝑐𝑐𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖 = �̇�𝑄ℎ � 𝑡𝑡 �
𝑓𝑓𝐶𝐶𝐶𝐶𝐶,𝑙𝑙𝑜𝑜𝑓𝑓𝑙𝑙

𝜂𝜂𝑙𝑙𝑜𝑜𝑓𝑓𝑙𝑙
−
𝑓𝑓𝐶𝐶𝐶𝐶𝐶,𝑓𝑓𝑙𝑙

𝐶𝐶𝑂𝑂𝑃𝑃

𝐷𝐷𝑃𝑃𝑃𝑃 = �−𝑙𝑙𝑙𝑙 1 − 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 � ⁄𝑖𝑖 𝐶𝐶𝑠𝑠𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠 𝑙𝑙𝑙𝑙 1 + 𝑖𝑖𝑖𝑖

Economic calculation
Cost model

Discounted payback period assuming all cash inflows are equal and discrete (Bhandari, 2009)
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Results: Payback period, energy savings, CO2 emissions reduction

16

Sensitivity analysis
Payback period for a reference case 

at 45 °C/115 °C (heat source/sink) and 1 MW heating capacity
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Sensitivity analysis

3.2 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15
30 1.8 1.8 1.9 1.9 1.9 1.9 2.0 2.0 2.0 2.1 2.1
40 2.0 2.0 2.1 2.1 2.1 2.2 2.2 2.3 2.3 2.3 2.4
50 2.3 2.3 2.3 2.4 2.4 2.5 2.5 2.5 2.6 2.6 2.7
60 2.5 2.6 2.6 2.7 2.7 2.8 2.8 2.9 3.0 3.0 3.1
70 2.9 3.0 3.0 3.1 3.1 3.2 3.3 3.4 3.4 3.5 3.6
80 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4.0 4.1 4.2 4.3
90 3.9 4.0 4.1 4.2 4.4 4.5 4.6 4.8 4.9 5.1 5.3
100 4.7 4.9 5.0 5.2 5.4 5.6 5.8 6.0 6.3 6.5 6.9

Discounted Payback Period (DPP)

Te
m

pe
ra

tu
re

 li
ft 

(K
)

Discount rate (-)Low risk High riskDiscount Rate (-)
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Overview of some HTHP suppliers (not an exhaustive list)
showing technical feasibility of SGHP case studies

HTHP supplier Compressor type
Working fluid
(Refrigerant)

Max.
capacity
[MW]

Max. 
supply
temp [°C]

TRL

Spilling (DE) Piston R718 15 280 9
Enerin (NO) Piston R704 10 250 6
Piller (DE) Turbo R718 70 212 8 to 9
Olvondo (NO) Piston (double acting) R704 5 200 9
Turboden (IT) Turbo Application specific 30 200 7 to 9
ToCircle (NO) Rotary vane R717+R718 5 188 6 to 7
Kobelco (JP) Twin-screw R245fa/R134a + R718 0.4 175 9
SRM (SE) Screw R718 3 165 5
SPH (DE) Piston HFOs 5 165 7 to 8
Heaten (NO) Reciprocating HFOs 6 165 7 to 9
Weel & Sandvig (DK) Turbo R718 5 160 4 to 9
Siemens Energy (DE) Turbo R1233zd(E)/R1234ze(E) 70 160 9
ECOP (AT) Rotational heat pump ecop fluid 1 0.7 150 6 to 7
Rank (ES) Screw R245fa, R1336mzz(Z), R1233zd(E) 2 150 7
Epcon (NO) Centrifugal fans, blowers R718 30 150 9
MAN Energy Solutions (CH) Turbo with expander R744 50 150 7 to 8
Mitsubishi Heavy Industries Two-stage centrifugal R134a 0.6 130 9
Fuji Electric (JP) Reciprocating R245fa 0.03 120 9
Emerson (US) Scroll and EVI scroll R245fa, R410a, R718 0.03 120 6
Mayekawa (JP) Reciprocating R744 0.1 120 8 to 9
Fenagy (DK) Reciprocating R744 1.8 120 5 to 6
Johnson Controls (DK) Reciprocating R717+R600 (cascade) 5 120 7 to 8
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Conclusions – Techno-Economic Analysis of Steam-Generating 
Heat Pumps (SGHP) in Distillation Processes 

A cost model was developed to evaluate the economic feasibility of 
SGHPs (can be applied to other case studies as a first feasibility check)
Significant annual energy savings of 60% to 70% are possible
CO2 emission reductions of up to 95% using renewable electricity
Payback periods of 3 to 5 years are feasible (depending on assumptions)
Sensitivity analysis shows that PP is shortened mainly by higher fuel 
prices, annual operating time, fuel CO2 emission factor, CO2 tax, and 
heating capacity (economies of scale) 
Temperature lifts below 70 K seem to be profitable
SGHP integration is technically feasible
Commercial SGHP technologies and vapor compressors are 
increasingly available on the market

20
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Backup slides

22

Electricity prices of Swiss industrial companies

Source: Statista (2021), https://de.statista.com/statistik/daten/studie/330392/umfrage/industriestrompreis-in-der-schweiz/

Large industrial companies, >20 GWh/a

Industrial companies (C6), 1.5 GWh/a

Small and average commercial enterprises
(C1 to C4), 8 to 500 MWh/a
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Electricity prices with regional differences in Switzerland

Source: https://www.strompreis.elcom.admin.ch/

for a large industrial company (250 GWh, C7 profile) 

Tariff comparison in Rp./kWh

24

Gas prices with regional differences in Switzerland

Source: https://gaspreise.preisueberwacher.ch/

Large industrial company, 250 GWh
(Type X) 

Average 8.42 Rp./kWh (March 2022) 
Customer categories 2019 2022

(March)
Type VI Large commerical enterprise, 500‘000 kWh 7.38 9.39
Type VII Large commercial enterprise, 1‘163‘000 kWh 7.10 8.74
Type VIII Industrial company, 11‘630‘000 kWh 6.56 8.24
Type IX Large industrial company, 116‘300‘000 kWh 6.35 8.63
Type X Large industrial company, 250‘000‘000 kWh 6.37 8.42

Average gas price in Rp./kWh

30% gas price
increase

(2019 to 2022)

Gas pipelines
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Price ratio electricity/gas for Swiss single-family houses

Data from SFOE (2020), https://www.bfe.admin.ch/bfe/en/home/supply/statistics-and-geodata/energy-statistics/overall-energy-statistics.html

26 Source: EHPA (2021): Energy Taxation in Heating, September 2021 
https://www.ehpa.org/fileadmin/red/03._Media/03.02_Studies_and_reports/Energy_Taxation_Report_web.pdf

European countries with CO2 tax

Source: https://www.bafu.admin.ch/bafu/en/home/topics/climate/info-
specialists/reduction-measures/co2-levy.html

CO2 tax
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How climate-friendly is the Swiss electricity supply? 

Source: https://www.bafu.admin.ch/dam/bafu/de/dokumente/klima/fachinfo-daten/Umweltbilanz-
Strommix-Schweiz-2018-v2.01.pdf.download.pdf/Umweltbilanz-Strommix-Schweiz-2018-v2.01.pdf

Source: https://klimawahl.ch/fakten/der-schweizer-strommix

Production electricity mix 
(60% hydro power)

Production
electricity mix
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electricity mix

Renewable
electricity mix

G
re

en
ho

us
e

ga
s 

em
is

si
on

s
(g

 C
O

2e
q/

kW
h)

28

How climate-friendly is the Swiss electricity supply? 

Source: https://www.bafu.admin.ch/dam/bafu/de/dokumente/klima/fachinfo-daten/Umweltbilanz-Strommix-Schweiz-2018-
v2.01.pdf.download.pdf/Umweltbilanz-Strommix-Schweiz-2018-v2.01.pdf

Average consumer mix: 128 g CO2eq/kWh (in 2018)

Source: https://www.bafu.admin.ch/bafu/en/home/topics/climate/questions-answers.html

due to fossil fuels import
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Extended abstract  
 

Water or steam (R718) is one of the most abundant and safest working medias on the globe and is used 
for thermal processes as energy carrier in a manifold of processes. Mechanical Vapour Recompression 
(MVR) is an open loop heat pump in which the process supplies the low-pressure excess steam directly 
to the MVR-system and the energy is given back in the form of high-pressure process steam.  
 
The temperature lift of MVR compression technology is commonly limited to around 10°C per 
compressions stage, while today also MVR machines for 15-20°C temperature lift per stage is available 
in MVR-HP water circuit. The capacity range of MVR-HP is from 200kW to >100MW. The COP of 
MVR-system is generally higher than in conventional heat pump systems.  
 
MVR-HP can be used either by integration into existing boiling processes or lifting waste heat- and 
district heating energy to a more applicable temperature level for industrial processes in a wide range of 
applications. EPCON background and competence facilitate efficient process integration. 
 
With water as working medium, in combination with potentially open or partly open HP-circuit and 
multi-stage MVR-compression, it is possible to achieve a very efficient MVR-HP design with high 
COPs in addition to an outstanding environmental- and safety profile. The multi-stage allows for several 
energy sources and/or heat sinks at different temperature levels, and by this several processes at same 
site could use the same central MVR-HP system.  
 
The designs allow for either direct process steam supply by an open loop heat pump concept or a more 
conventional closed loop heat pump setup. The MVR-HP are based on well proven and robust MVR 
machinery suitable for multi-stage set-up. The MVR-HP can also be combined with a low temperature 
bottom circuit conventional HP, normally applied if energy source temperature <50°C, and the 
conventional HP typically supply water steam at 75-90°C (sat.) to MVR-HP.   
 
Different system designs for MVR-HP with heat sources as low as 50°C and heat sinks of up to 150°C, 
will be presented. The cases and references presented has capacity range <1MW to 15MW, temperature 
lift of 15 to 80°C, and overall COPs between 3 and 13.   
 
MVR-HP are in most cases tailer-designed to site specific processes and boundary conditions. For 
efficient and suitable integration, EPCON focus is to have a close cooperation with the end-user, both  
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to secure sufficient knowledge of client main process for safe implementation of MVR-HP as well as 
identify if existing main process / process equipment is ready for efficient integration of MVR-HP or if 
modifications, for instance in terms of increased HXs surface area to lower the overall temperature lift 
of MVR-HP hence increased COP, should be implemented as part of the project.  
 
EPCON is close to ongoing development work, which will widen up the applications & MVR-HP 
operating range further in the future. 
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Heat Pump Development based on Mechanical Vapor Recompression Technology 

HTHP Symposium, Copenhagen, 29-30th of March 2022

AGENDA

o Short about EPCON
o MVR-HP characteristics
o Case studies
o References
o Summary 
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Who is EPCON

• Specialist in energy efficient MVR thermal
separation / evaporation with more than 150
plants delivered since 1986.

• Since 2010, developed the standalone MVR-HP
technology, for rebuilt or greenfield projects, with
focus on efficient reliable process integration.

• Supplies turnkey plants, either standardized or
tailor made.

KEY FACTS

18
Employees

Trondheim, Norway

MVR-HP

Heat output
200 kW to >100 MW

• Energy sources temperature: >50°C
• Energy supply: 60°C to 150°C

• Multi-stage HP give flexibility in terms of
 number of heat sources and –sinks
 temp. levels of heat sources & -sinks
 i.e. optimized COP, typical 4-20

Characteristics & configurations

• Open circuit with water, 
alcohols or other solvents

• Closed circuit with water as 
working medium.

• Energy sources: 
 Process vapour (water, 

alcohols, other) 
 Hot liquids
 Hot humid air/gasses
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MVR Machinery in EPCON MVR-HP
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APPLICATIONS

Evaporators

District HeatingReactorsWaste Heat

Multiple Effect Evaporators

Distillation Process 

Dryers
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CASE STUDY 1 5-stage MVR-HP with water in closed loop, utilzing
latent heat in top vapor of two distillation columns.

Main data:
• Medium: Water vapor 
• Temp. Inlet MVR1:  103°C
• Temp. Outlet MVR2:  123°C
• Temp. outlet MVR5:  148°C
• dT, total: 45°C

Energi supply
8600 kW

COP 8.2

Energy cons. 
(Pel) 1050 kW 

60% kW

B

B

A

A

40% kW

CASE STUDY 2 MVR-HP system, utilizing the several stage compression to optimized process
integration, and water steam supplied to distillation- and boiler processes. 

130 °C

70°C

100°C

70 °C

80 °C

90 °C
5 MW

5 MW

5 MW
150 °C

110 °C

Source: 
- Hot water or District heating
- Flashed (avoid dT in HX)
- 100 to 70°C (*)
- 12.5MW

Energi supply
15 MW

COP 6

Energy cons. 
(Pel) 2.5 MW 

392 High-Temperature Heat Pump Symposium 2022



CASE STUDY 3 Traditional-HP bottom cycle with LP water steam supply, combined with
MVR-HP top cycle supplying HP steam directly to client processes.

Energi supply
2000  kW COP 3.1Energy cons. 

(Pel) 650 kW 

NH3 HP MVR HP

El.400 kW

45°C

MVR-HP: El.250 kW

1000 kW
(Latent Heat)

1450 kW

EVAP 40°C

NH3
HP

Humid Air

120 °C

85°C

110 °C

1000 kW
(Latent Heat)

Feed water, 85°C

Reference (2014)
Closed MVR-HP circuit

MVR-HP in distillation process - top vapor
latent heat recovered and supplied as 
water vapor to reboiler. 

Main data:
- Temp. source (Q1):  80°C
- Water evaporation: 75°C
- Supply steam (sat.): 89°C 
- Energi supply (Q2): 650 kW 
- Energy cons. (Pel): 50 kW 
- COP: 13
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Reference (2022)
OPEN MVR-HP circuit

• Process: Concentrator (Black Liquor)

• Steam source temperature: 98oC

• Steam supply temperature: 125oC

• Energy supply: 7800kW

• Energy consumption: 940kW

• COP: 8.3

Summary Covers a wide range of applications within number 
of industries. EPCON background and competence 
facilitate efficient process integration. 

Multi-stage HP give flexibility in terms of number of heat 
sources and –sinks, temperature levels of heat sources 
& -sinks and consequently an optimized COP

MVR machinery used is robust & well proven technology 
from European leading suppliers which EPCON has used 
since 1986 in more than 100 MVR projects.

EPCON also work with combined / cascade heat 
pump where suitable, having the more traditional HP 
as bottom cycle and MVR-HP as top-cycle. 

EPCON is close to ongoing development work, which 
will widen up the applications & MVR-HP operating 
range further.

MVR-HEAT PUMP

Water as working medium 
has many advantages, 
among others:

 Environmentally friendly  
 Water based heat source could be directly used as working medium
 Recovered energy can be supplied as direct water steam to energy sinks
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Development perspectives for HTHPs by Johnson Controls – 
Theoretical considerations, technical perspectives and project 

examples 
Alexander Cohr Pachai, FinstR,  

Senior Product Specialist, Johnson Controls Denmark 
Arianna Passamonti 

Fraunhofer IEG 
 

Abstract 

Given the political ambitions of phasing out fossil energy sources following the commitments in the Kigali 

amendment was already in discussions. The political will and eagerness have increased dramatically after 

February 24th, 2022 when Russia attacked and invaded Ukraine. The IEA Net Zero by 2050 report says that it 

will require installation of 500MW heating capacity per month until 2050 if we are to achieve the goal when 

it comes to space heating. To this has to be added the heat needed heat used in the industry which in some 

papers and reports is as high as space heating and in others even higher. 

Traditionally district heating has been provided by heat pumps based on NH3 or alternatively some 

fluorinated hydrocarbons such as R-134a and R-1234ze(E). The latter two fluids are under scrutiny for 

causing formation of TFA and other long-lived break down products. GWP is a problem for other 

fluorinated hydrocarbons.  

REFPROP contains a long list of hydrocarbon fluids. Some of them, however, are best suited for low 

temperature applications and not for heat pumps. Some 30 different fluids were found interesting in this 

project and they were all calculated with a temperature lift of 60K and superheat of 15K and a subcooling 

of 10K in a one stage system with an internal heat exchanger with an efficiency of 0.40. This can naturally 

be optimised and staged, that is clear, but that will be the case for all fluids. The 60K lift was found to be 

the highest lift that would give a COP over 3 for a range of fluids. If we lower the lift the picture shown in 

the slides will increase the efficiency and shorten the payback time of the investment. 

The project has so far not included any cost considerations. In an earlier paper an attempt to show the cost 

as a function of the swept volume was abandoned here due to the complexity. 

Before starting to develop high temperature heat pumps you need to screen the options available. One 

way is to screen all the working fluids found in REFPROP and calculate them in CYCLE_D to get a first 

impression of which refrigerants are realistic. Once the fluids identified as the most promising a system can 

be designed and built for real test. One test has already been decided and will go to a project in Germany 

with the partner being Fraunhofer IEG in Bochum. Here a mine will be used for storage of heat produced by 

solar panels and an ammonia heat pump in the summer. Another heat pump based on R-600 (n-butane) 

will supply heat at 80C when the ambient temperature is 0C and above and increasing to 120C as ambient 

temperatures decrease down to -10C. 

There have been many considerations during the projects. Because the mine will be emptied for warm 

water relatively quickly at high heat demands an additional heat absorber is included in the project. The 

two heat pumps are built into a special machine room which can be moved around if needed. This also 

reduces the building requirements which is another high cost. 
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One of the main outstanding challenges is lubrication. The current lubricants used start to produce soot at 

about 180C+/-20K and coke in the discharge at about 200C +/-20K. Of other challenges is sensors and 

valves that need a further temperature evaluation. Most valves delivered from current suppliers are 

designed for about 150C max. In transmitters and sensors, we find PCB that might be temperature 

sensitive. Also, isolation material needs to be validated. Many of the problems have already been solved by 

boiler manufacturers, so it is believed that it can be a matter of identifying new suppliers for the high 

temperature heat pumps. 
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Development perspectives for HTHPs by 

Johnson Controls –

Theoretical considerations, technical 

perspectives and project examples

Alexander Cohr Pachai

Johnson Controls Denmark ApS

Arianna Passamonti

Fraunhofer IEG

2

BOCHUM PILOT PLANT, HEAT SOURCE

DGE-Rollout Webinar Series 08.02.22

Unutilized flooded coal mine galleries at Fraunhofer IEG in Bochum

*coal density: 1,35 g/cm³

Assumption:
70% of the total volume is flooded, 
considering: water level, shafts, drifts

Mine galleries data

Mine depth [m b.g.l.] 75

Groundwater level [m b.g.l.] 23

Unheated water T [°C] 12

Years of production 1954 - 1957

Coal extracted [t] 37.043

Coal extracted  [m³] * 27.439

Hard coal mine used as HT-MTES for the HTHP. Source: delta h Ingenieurgesellschaft

Cold source volume (Vc) [m³] 19.207

Source: Hahn et al. 
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DGE-ROLLOUT – BOCHUM PILOT PLANT, HEAT SINK

DGE-Rollout Webinar Series 08.02.22

After testing phases, the HP will be connected to the existing Bochum South district heating grid

Characteristics of the DH grid

Supply T [°C] 80 – 120 

Return T [°C] 60 – 65 

Tot capacity [MW] 115

40
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DH required T's

Source: Stadtwerke Bochum

District heating connection, „Medienkanal“

Source: Ruhr University Bochum
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Project example

Development of a test site for high temperature heat pumps 
coupled with seasonal high temperature mine thermal energy storage as geothermal heat source at Fraunhofer IEG, Bochum

District heating Bochum South/RUB 

Flooded coal mine at Fh-IEG

CSP at Fh-IEG High temperature HP at Fh-IEG

System concept & temperatures

Summer operation

100 – 200°C

80 – 100°C

Heating season operation

From 60°C

From 55°C

80 – 120°C

60 – 65°C 

Sources:
Stadtwerke Bochum, Johnson Controls, E.ON   

Buildings for HTHP and CSP, Bochum
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Introduction
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Selection of refrigerant
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Results of 
first research
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COP of hydrocarbons and water

Heating COP

100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380

R-600 (n-Butane) 3,69 3,72 3,72 3,70 3,64

R-600a (iso-Butane) 3,57 3,57 3,52 3,44

R-601 (n-Pentane) 3,85 3,91 3,97 4,02 4,05 4,07 4,07 4,05 3,99

R-601a (iso-Pentane) 3,82 3,88 3,92 3,96 3,98 3,98 3,96 3,90 3,80

R-603 (Heptane) 3,93 4,01 4,09 4,17 4,24 4,31 4,37 4,43 4,48 4,52 4,55 4,56 4,56 4,54 4,49 4,40 4,27

Benzene 3,95 4,05 4,15 4,24 4,33 4,41 4,50 4,57 4,64 4,70 4,76 4,81 4,84 4,86 4,87 4,85 4,80 4,72 4,60

Methanol 3,66 3,77 3,88 3,98 4,07 4,16 4,23 4,30 4,36 4,40 4,43 4,45 4,43 4,37

Water 3,30 3,44 3,57 3,70 3,83 3,95 4,07 4,19 4,31 4,42 4,53 4,63 4,73 4,83 4,92 5,01 5,09 5,16 5,22 5,28 5,32 5,35 5,37 5,37 5,35 5,30 5,21 5,08

Ethanol 3,81 3,92 4,02 4,11 4,20 4,27 4,34 4,41 4,46 4,50 4,52 4,53 4,51 4,45

Hexane 3,90 3,98 4,06 4,12 4,19 4,24 4,28 4,32 4,34 4,34 4,32 4,28 4,19 4,03

Toluene 3,97 4,07 4,17 4,26 4,35 4,44 4,53 4,61 4,68 4,76 4,82 4,88 4,94 4,99 5,02 5,05 5,06 5,05 5,02 4,96 4,87 4,73

p-Xylene 3,98 4,08 4,18 4,27 4,37 4,46 4,54 4,63 4,71 4,79 4,86 4,93 5,00 5,06 5,11 5,16 5,20 5,22 5,24 5,23 5,21 5,16 5,07 4,94

m-Xylene 3,98 4,08 4,18 4,28 4,37 4,46 4,55 4,63 4,72 4,79 4,87 4,94 5,00 5,06 5,12 5,16 5,20 5,23 5,24 5,23 5,21 5,16 5,07 4,94 3,52

trans-Butnene (trans-2-Butene) 3,71 3,74 3,75 3,74 3,70 3,61

Octane 3,92 4,01 4,09 4,17 4,25 4,32 4,39 4,46 4,52 4,57 4,62 4,66 4,69 4,71 4,71 4,70 4,66 4,59 4,49 4,33

iso-Octane 3,88 3,96 4,03 4,10 4,17 4,23 4,29 4,33 4,38 4,41 4,43 4,44 4,43 4,40 4,35 4,26 4,14

Nonane 3,93 4,02 4,10 4,18 4,26 4,34 4,41 4,48 4,55 4,62 4,67 4,73 4,77 4,81 4,84 4,86 4,87 4,86 4,83 4,77 4,68 4,54

Dodecane 4,80 4,87 4,93 4,99 5,04 5,09 5,13 5,16 5,19 5,20 5,20 5,19 5,16 5,10 5,02 4,90 4,73 4,51

Decane 4,50 4,57 4,64 4,71 4,77 4,82 4,87 4,92 4,96 4,98 5,00 5,00 4,99 4,96 4,90 4,80 4,67 3,18

Diethyl ether 3,82 3,89 3,94 3,99 4,02 4,04 4,04 4,01 3,94 3,83

Cyclohexane 3,95 4,04 4,12 4,21 4,29 4,36 4,43 4,49 4,55 4,60 4,63 4,34 4,68 4,67 4,65 4,60 4,52 4,39

1-Butene 3,65 3,66 3,66 3,62 3,54

cis-2-Butene 3,73 3,77 3,80 3,80 3,78 3,72 2,73

iso-Butene 3,64 3,65 3,64 3,59 3,51

iso-Hexane 3,87 3,94 4,01 4,07 4,12 4,16 4,20 4,21 4,22 4,20 4,15

Neopentane (2,2-dimethylpropane) 3,68 3,71 3,72 3,71 3,67 3,59

Propannone (Acetone) 3,88 3,97 4,06 4,22 4,29 4,29 4,35 4,40 4,44 4,46 4,46 4,43 4,37 4,27

Dimethy ether (Metoxymethane) 3,49 3,47 3,40

3-Methylpentane 3,88 3,95 4,02 4,08 4,14 4,19 4,23 4,25 4,27 4,26 4,23 4,17 4,06 3,90

Cyclopentane 3,91 4,00 4,08 4,15 4,22 4,28 4,33 4,37 4,40 4,42 4,41 4,38 4,31 4,20

Ethylbezene (Phenylethane) C8H10 3,98 4,08 4,17 4,27 4,36 4,45 4,54 4,62 4,70 4,78 4,85 4,92 4,99 5,05 5,10 5,14 5,18 5,21 5,22 5,22 5,21 5,16 5,08 4,96 4,78

Saturation temperature on warm side (ᶛC)
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Evaporator temperature 40 50 60 70 80 90 100 110 120 130 140

Swept volume (m3/h) / Condensing temp 100 110 120 130 140 150 160 170 180 190 200

R-600 (n-Butane) 1710 1385 1147 971,2 842,4

R-600a (iso-Butane) 1365 1136 970,6 852,3

R-601 (n-Pentane) 4476 3410 2658 2116 1719 1423 1200 1032 905,5

R-601a (iso-Pentane) 3632 28,15 2230 1804 1489 1253 1075 941,5 844,1
R-603 (Heptane) 31090 21190 14890 10760 7972 6044 4679 3992 2966 2422 2009

Benzene 16080 11260 8106 5987 4524 3490 2743 2192 1780 1467 1225

Methanol 9513 6271 4264 2982 2140 1573 1182 906,1 708,2 563,6 456,5

Water 40580 24890 15830 10390 7025 4878 3469 2522 1871 1414 1087

Ethanol 17390 10970 7171 4842 3368 2408 1766 1326 1018 797,9 637,9

Hexane 11790 8495 6285 4764 3691 2918 2351 1927 1607 1362 1175

Toluene 44600 29750 20480 14500 10530 7828 5942 4598 3620 2897 2352

p-Xylene 120400 76320 50100 33950 23670 16930 12400 9283 7084 5503 4346

m-Xylene 125100 79010 51690 34900 24260 17310 12640 9435 7182 5567 4387

trans-Butnene (trans-2-Butene) 1709 1375 1130 949,2 815,5 718,2

Octane 82800 53340 35600 24530 17390 12650 9429 7178 5574 4408 3545

iso-Octane 31320 21690 15480 11340 8508 6525 5106 4069 3299 2719 2275

Nonane 219600 133600 84590 55510 37630 26260 18830 13830 10380 7955 6210

Dodecane

Decane 26690 19380 14390 10900

Diethyl ether 4151 3139 2432 1926 1558 1285 1081 927,2 813,3 730,4

Cyclohexane 16590 11740 8542 6369 4855 3777 2993 2413 1975 1641 1382

1-Butene 1462 1194 998,3 854,1 749,5

cis-2-Butene 1795 1434 1170 975,5 830,4 722,9 973,5

iso-Butene 1439 1178 986,2 846 745

iso-Hexane 9214 6762 5090 3922 3086 2477 2025 1685 1426 1229 1079

Neopentane (2,2-dimethylpropane) 2397 1931 1590 1339 1154 1020

Propannone (Acetone) 7437 5347 3945 2980 2299 1809 1448 1179 975,7 819,5 698,6

Dimethy ether (Metoxymethane) 813,6 680,8 585,2

3-Methylpentane 10060 7357 5520 4239 3325 2659 2165 1793 1510 1293 1126

Cyclopentane 6266 4657 3543 2754 2182 1760 1442 1201 1014 869 755,2

Ethylbezene (Phenylethane) C8H10 112000 71190 46870 31840 22260 15970 11730 8805 6737 5248 4156
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Interesting observations
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Evaporator temperature 40 50 60 70 80 90 100 110 120 130 140

Cylinder outlet / Condensing temperature 100 110 120 130 140 150 160 170 180 190 200

R-600 (n-butane) 135 143 151,5 160,5 169,9

R-600a (iso-Butane) 133,4 141,9 150,8 160,1

R-601 (n-Pentane) 130,2 137,7 145,6 153,8 162,4 171,3 180,5 190,1 200,1

R-601a (iso-Pentane) 128,1 135,8 143,8 152,3 161,1 170,3 179,8 189,7 200

R-603 (Heptane) 125,7 132,7 140,1 147,8 155,7 164 172,4 181,1 190,1 199,3 208,7

Benzene 164 168,3 173,2 178,7 184,7 191,2 198 205,2 212,8 220,7 228,9

Methanol 300,1 296,2 293,4 291,6 290,7 290,6 291,3 292,6 294,5 297 299,9

Water 559,7 538,7 521 506 493,5 483,1 474,4 467,3 461,5 456,9 453,4

Ethanol 231,7 232,4 233,9 236,1 239,1 242,7 246,8 251,5 256,7 262,3 268,4

Hexane 127,1 134,2 141,8 149,6 157,8 166,3 175 184 193,3 202,9 212,8

Toluene 151,7 156,9 162,5 168,6 175,2 182 189,3 196,8 204,6 212,7 221

p-Xylene 145,9 151,4 157,4 163,7 170,5 177,5 184,9 192,5 200,3 208,4 216,7

m-Xylene 146,2 151,7 157,6 163,9 170,6 177,6 185 192,6 200,4 208,5 216,8

trans-Butnene (trans-2-Butene) 140,8 148,6 156,9 165,6 174,8 184,5

Octane 122,6 129,7 137,1 144,7 152,6 160,8 169,2 177,8 186,6 195,5 204,7

iso-Octane 116,1 123,6 131,5 139,6 147,9 156,4 165,2 174,2 183,3 192,6 202,2

Nonane 122,1 129 136,3 143,8 151,6 159,7 167,9 176,4 185 193,8 202,8

Dodecane

Decane 175,5 184,1 192,8 201,7

Diethyl ether 131,5 139,1 147,2 155,6 164,4 173,5 183 192,8 203 213,5

Cyclohexane 138,4 144,3 150,7 157,5 164,7 172,2 180 188,1 196,4 205 213,9

1-Butene 140 148 156,4 165,4 174,8

cis-2-Butene 145,1 152,4 160,2 168,4 177,1 186,2 195,8

iso-Butene 138 146,2 154,8 163,9 173,5

iso-Hexane 122,9 130,5 138,4 146,6 155,1 163,9 173 182,4 192,1 202,1 212,4

Neopentane (2,2-dimethylpropane) 122,1 130,6 139,5 148,8 158,5 168,6

Propannone (Acetone) 172,7 177,4 182,7 188,6 195 201,8 209,1 216,8 224,8 233,2 242

Dimethy ether (Metoxymethane) 157,2 164,8 173,1

3-Methylpentane 123,5 130,9 138,6 146,6 155 163,6 172,6 181,8 191,4 201,2 211,4

Cyclopentane 146,6 152,4 158,6 165,4 172,5 180,1 188 196,3 204,9 213,9 223,2

Ethylbezene (Phenylethane) C8H10 144,4 150 156 162,3 169,1 176,2 183,6 191,2 199,1 207,2 215,6

Oils start to form

Soot@180˚C

Coke@200˚C
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Molar 

mass

Triple pt. 

Temp

Normal 

boiling pt.
Temperature Pressure Density

Triple pt. 

Temp

Normal 

boiling pt.

Critical 

Temp

Critical 

Temp

Fluid name kg/kmol K K K Mpa kg/m3 ˚C ˚C ˚C ˚C

R-600 (n-Butane) CH3-2(CH2)-CH3 58,122 134,9 272,66 425,13 3.796 228 -138,25 -0,49 151,98 151,98

R-600a (iso-Butane) CH(CH3)3 58,122 113,73 261,4 407,81 3,629 225,5 -159,42 -11,75 134,66 134,66

R-601 (n-Pentane) CH3-3(CH2)-CH3 72,149 143,47 309,21 469,7 3,37 232 -129,68 36,06 196,55 196,55

R-601a (iso-Pentane) (CH3)2CHch2CH3 72,149 112,65 300,98 460,35 3,378 236 -160,5 27,83 187,2 187,2

R-603 (Heptane) CH3-5(CH2)-CH3 100,2 182,55 371,53 540,13 2,736 232 -90,6 98,38 266,98 266,98

Benzene C6H6 78,112 278,67 353,22 562,02 4,9073 304,71 5,52 80,07 288,87 288,87

Methanol CH3OH 32,042 175,61 337,63 512,6 8,1035 275,56 -97,54 64,48 239,45 239,45

Water H2O 18,015 273,16 373,12 647,1 22,064 322 0,01 99,97 373,95 373,95

Ethanol (ethyl alcohol) C2H6O 46,068 159 351,57 514,71 6,268 273,19 -114,15 78,42 241,56 241,56

Hexane CH3-4(CH2)-CH3 86,175 177,83 341,86 507,82 3,034 233,18 -95,32 68,71 234,67 234,67

Toluene (methylbenzene) CH3-C6H5 92,138 178 383,75 591,75 4,1263 291,99 -95,15 110,6 318,6 318,6

p-Xylene (1,4-dimethylbenzene) C8H10 106,17 286,4 411,47 616,17 3,5315 286 13,25 138,32 343,02 343,02

m-Xylene (1,3-dimethylbenzene)  C8H10 106,17 225,3 412,21 616,89 3,5346 282,93 -47,85 139,06 343,74 343,74

trans-Butnene (trans-2-Butene) CH3-CH=CH-CH3 56,106 167,6 274,03 428,61 4,0273 236,38 -105,55 0,88 155,46 155,46

Octane CH3-6(CH2)-CH3 114,23 216,37 398,77 569,32 2,497 234,9 -56,78 125,62 296,17 296,17

iso-Octane (2,2,4-trimethylpentane) (CH3)2CHCH2C(CH3)3 114,23 165,77 372,36 544 2,572 242,16 -107,38 99,21 270,85 270,85

Nonane CH3-7(CH2)-CH3 128,26 219,7 423,91 594,55 2,281 232,14 -53,45 150,76 321,4 321,4

Dodecane CH3-10(CH2)-CH3 170,33 263,6 489,3 658,1 1,817 226,55 -9,55 216,15 384,95 384,95

Decane CH3-8(CH2)-CH3 142,28 243,5 447,27 617,7 2,103 233,34 -29,65 174,12 344,55 344,55

Diethyl ether C4H10O 74,122 156,92 307,6 466,7 3,644 264 -116,23 34,45 193,55 193,55

Cyclohexane cyclo-C6H12 84,159 279,47 353,87 553,6 4,0805 271,33 6,32 80,72 280,45 280,45

1-Butene CH3-CH2-CH-CH2 56,106 87,8 266,84 419,29 4,0051 237,89 -185,35 -6,31 146,14 146,14

cis-2-Butene CH3-CH=CH-CH3 56,106 134,3 276,87 435,75 4,2255 238,12 -138,85 3,72 162,6 162,6

iso-Butene (2-methyl-1-propene) CH2=C(CH3)2 56,106 132,4 266,15 418,09 4,0098 233,96 -140,75 -7 144,94 144,94

iso-Hexane (2-methylpentane) (CH3)2CH(CH2)2CH3 86,175 119,6 333,36 497,7 3,04 233,97 -153,55 60,21 224,55 224,55

Neopentane (2,2-dimethylpropane) C(CH3)4 72,149 256,6 282,65 433,74 3,196 235,93 -16,55 9,5 160,59 160,59

Propannone (Acetone) (CH3)2CO 58,079 178,5 329,22 508,1 4,7 272,97 -94,65 56,07 234,95 234,95

Dimethy ether (Metoxymethane) (CH3)2O 46,068 131,66 248,37 400,38 5,3368 273,65 -141,49 -24,78 127,23 127,23

3-Methylpentane (CH3CH2)2CHCH3 86,18 336,38 506 3,1845 239,57 -273,15 63,23 232,85 232,85

Cyclopentane cyclo-C5H10 70,133 179,7 322,41 511,72 4,5712 267,91 -93,45 49,26 238,57 238,57

Ethylbezene (Phenylethane) C8H10 106,17 178,2 409,31 617,31 3,6224 291 -94,95 136,16 344,16 344,16

Critical Point
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Conclusion

◼ One of the main problems/challenges is the lubricant

◼ Most used lubricants produce soot at 180˚C

◼ Most used lubricants produce coke at 200˚C

◼ For medium sized turbo compressor heat pumps you can use magnetic bearings and oil free system

◼ Pressures are not a problem, especially not with the hydrocarbons (water up to 220bar)

◼ The most obvious solution would be to use oil free compressors

◼ The molecules of many hydrocarbon working fluids is relatively low; others higher

◼ Many valves have limits about 150˚C; it is more about sourcing – new suppliers/more competition

◼ Shaft seals and O-rings are at risk of leaking at the high temperatures

◼ We have gained a lot of experience over the years

◼ We are pretty confident that heat pumps up to about 250 – or higher – are feasible

◼ BUT ….

20
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Looking forward

◼ Johnson Controls Denmark are in the process installing of 500kW research heat pump.

◼ When the ambient reaches -10˚C the system has to deliver 120˚C district heating water

◼ When the product is tested and all values measured, we can proceed to the final factory qualification.

◼ When the product will market ready is up to the Product Manager (PM) to decide/answer

◼ Johnson Controls Denmark is together with a client testing a compressor at 180˚C with a fluorinated 

refrigerant.

◼ The results have been positive until now but the number of hours are not where we would like to be yet.

◼ What we have seen is that neither the refrigerant nor the lubricant has shown to break down

◼ Time to market depends of the market push/pull and the PM
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Finally

Thank you for your attention
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Extended Abstract  
 

Introduction 
 
Approximately 20% of greenhouse gas emissions in Germany are generated in the industrial sector for 
the generation of heat at temperatures between 100-500 °C (1). One approach to avoid these emissions 
is to use high-temperature heat pumps. At the DLR institute of Low-Carbon Industrial Processes, two 
heat pumps pilot plants are currently being built in Cottbus and Zittau. The focus is on the heat pump 
under construction in Cottbus based on the reverse Brayton cycle. This system can generate heat at 
temperatures of approx. 350°C and represents, according to the state of the art, the first system with such 
a high heat sink temperature.    
 
Methodical design of the pilot plant - Main concept  
 
The basic concept of a reverse Brayton process contains a compressor, a turbine and 2 heat exchanger. 
Characteristic are compressor and turbine on a shaft. The compressor increases the pressure and 
following the temperature increases simultaneously. After the compressor a heat exchanger is placed. 
The thermal energy at high temperature is transferred on the secondary side of a heat exchanger to the 
customer process. On the primary side, the temperature decreases in the system but the pressure remains 
almost constant. After the heat exchanger a turbine is installed and releases the pressure. Due to the 
turbine and compressor on the same shaft the driving power of compressor is reduced. By expansion in 
the turbine, the medium cools significantly. This generated cold can be used in a second process. During 
this process, heat is transferred from the secondary side of the low temperature heat exchanger to its 
primary side, thus heating up the working medium. 
At the beginning of the design process for the pilot plant the specifications of the process were defined. 
The pressure ratio (appr. 6) and capacity of the plant (200 kWth) were chosen based on an existing 
compressor design. The basic concept was modified. The turbomachines were not coupled 
mechanically. This allows for the separate control of the rotating speed for each turbomachine, thus 
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giving the pilot plant a large operational flexibility, especially at part load-operation. A recuperator has 
been added to the design of the reverse Brayton cycle to increase the overall COP and integrate another 
operational degree of freedom to the system (2). The final addition to the basic cycle architecture is a 
heater installed upstream of the compressor, which allows a variation of the compressor inlet 
temperature and experimentally models an additional heat source for the system. Current simulations of 
the process predict heat sink temperatures of up to 350°C using dry air. Compared to current systems 
available on the market this heat pump is the first of its kind (3). 
 
Results of the design phase 
 
Shell and tube exchangers were used due to their low cost and very low pressure losses. The 
compressor consists of 2 axial stages and a diagonal stage, has a nominal pressure ratio of 6,5 and a 
maximum rotational speed of 110.000 rpm. The turbine has 2 axial stages and its maximum rotational 
speed is 65.000 rpm. Since the turbine and the compressor were set up separately, a generator harvests 
the mechanical energy generated by the turbine. The generated current is fed to a DC power circuit at 
the frequency converter, which drives the heat pump. 
Both electrical machines cannot rotate at the same speeds as the turbo components. As a result, 
gearboxes are installed between the electric machines and the turbomachines, which are lubricated by 
a main oil system as the turbine, while a separate oil system is installed for the compressor.  
As can be seen in the process parameters, the working medium after the turbine has a temperature 
significantly below 0 ° C. As a result, the working medium must be conditioned (dried) to avoid icing 
in the turbine blades.  
 
After selecting the components, a concept for the complete system was developed. The task was to 
ensure the transport of the system for the cases it should be move to another location. Therefore, a 
base frame with the dimensions of a standard container was selected. Hereinafter, the components 
have been positioned on the frame and their configuration has been optimized to minimize the 
necessary surface. Because the air drying facility takes significant space, it was placed next to the 
plant and not on the same frame as the rest of the components. Hereinafter the calculation of the pipe 
static and the thermal expansion of the pipes was made. In particular, thermal expansion can result in 
additional forces on the turbo components and have negative consequences for their operation (4).  
The result of these calculations are the pipe wall thicknesses, the position and the type of pipe bearings 
and the form and the position of the U-compensators for thermal expansion. 
 
Parallel to the design of the entire plant, a HAZOP analysis was started at the beginning of the design. 
The developed detection measures and fault avoidance strategies were successively implemented in 
the plant during the design process. Emergency stop circuits, a safety PLC and SIL sensors as well as 
an operation monitoring at the bearing points of the turbo components were integrated. By means of 
this overall safety system, the plant is shut down in emergencies. To ensure a long service life, an 
uninterruptible power supply was integrated, which supply continuously the important components 
such as the measurement and control technology, the oil system and the frequency converter. Thus, the 
plant can be shut down safely. 
 
Discussion and conclusions 
 
The pilot plant is a test facility, which should allow us to start the experimental research after a 
relatively short construction period (2 to 2,5 years). Currently it has high investment costs, requires a 
large amount of space, has many auxiliary units as well as an extensive measurement equipment. For 
an industrial application a new design will be required focused on the need of the process heat needs 
of the customer. E. q. the large shell-and-tube heat exchangers will be replaced with compact plate 
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heat exchangers. This shortens the tubes and simplifies a compensation of heat-expansion. Another 
approach is to optimize the compressor design and especially the speed in combination with using 
high-speed motors. This may avoid the need for gearboxes on the engine and generator, which also 
reduces the size of the auxiliary oil system and oil cooling equipment.  As a third step, the 
requirements for the process air drying can be reduced by improving the tightness, because with a high 
tightness not so much dry air has to be supplied or with the use of other gases the leakage loss is low. 
 
Summary and outlook 
 
A test facility based on the standard reversed Brayton-process allows a high degree of flexibility in the 
operation and variation of the boundary conditions as well as the diverse circuit variants and load 
conditions.  
In the design of the plant, an operational monitoring of the turbocomponents, the consideration of 
vibration damping, and in particular the thermal-expansion-related design of the piping is essential for 
the longevity of the turbocomponents. By operating monitoring, additionally a discovery of long-term 
wear and rapid state changes is detected at the bearings of the rotor system and especially the high-
speed shafts.  
Current simulations of the process predict heat sink temperatures of up to 350°C using dry air. This 
makes the installed system to the first of its kind. 
Full commissioning should be completed in the second half of the year. The concepts already created 
for the system control (in particular the start-up processes, the change of operation and shutdown 
processes) are then optimized. The test results will help to design high-temperature heat pumps for an 
industrial process optimized for the customer needs. 
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Agenda

• Main Concept Reversed Brayton Cycle 

• First calculations

• Main components 

• Mechanical design

• Piping engineering

• Vibration-damped frame
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Objectives of the pilot plant

• Design for different working media (air, argon)

• Customly designed turbo machinery

• Supply of heating and cooling

• Construction and comissioning in 2022

• Detailed instrumentation of the complete process

• Studies on part load and transients operation
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Main concept

• Turbomachines in individual shafts with 
dedicated E-Machines for maximum 
flexibility

• Recuperator to investigate the influence 
on the efficiency and operational 
flexibility

• An additional heater upstream of the 
compressor models alternative heat 
source coupling
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Reversed

Initial Design
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• Compressor with 2 axial and 1 diagonal 
stages pressure ratio at 6.5 

• Maximum speed 110.000 rpm

• Turbine with 2 axial stages and maximum 
speed of 65.000 rpm

• The provision of cooling makes the 
conditioning of the working medium 
necessary  Air is dried to a dew point of 
-80°C to avoid icing in the turbine

• Shell and tube heat exchangers were 
chosen as a first low cost solution

P=55kW
T= - 40°C

P=200 kW
T=380°C

P=60 kW
T= - 65°C

P=200 kW
T=350°C
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• First step arrangement of the components on a 

frame

• First mechanical piping design

• Calculation of pipe static and thermal expansion

• Integration of U-compensation and lateral 

compensation lead to the finished piping design

Detailed engineering – mechanical design of piping

Replacement
Model for
heat exchangers

Replacement
model compressor

100%

0%

50%

Utilization level [%] 
of the yield point

Replacement
model turbine

Calculation of the dynamic behaviour lead to 20 
bearing points of the frame

Detailed engineering – Frame design
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Vibration damper

The natural frequencies are at lower Hertz 
problems not expected
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Detailed engineering – finished CAD-Model
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pump
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Currently we are on the last works and plan the commissioning in July.
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Thank you for your attention 

Leander Schleuss

German Aerospace Center, Institute of Low-Carbon 
Industrial Processes, Cottbus-Zittau, Germany,

leander.schleuss@dlr.de
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Abstract  

 

This work presents the ongoing research related to the absorption-compression heat pump (ACHP) for 

the utilization at high temperature operation.  

 

Growing energy demands and associated greenhouse gas emissions for the provision of process heat 

across a variety of industrial processes are strengthening the need for environmentally friendly and 

energy efficient solutions (Schlosser et al., 2020). The ACHP with ammonia-water mixture as working 

fluid can be described as vapor recompression cycle with additional solution circuit and provides a 

promising approach for a wide range of industrial high-temperature applications. The ACHP allows high 

sink outlet temperatures at non-isothermal heat transfer with large temperature lifts from heat source to 

heat sink at comparatively low-pressure levels (Jensen et al., 2015). Nordtvedt et al. (2011) have proven 

that with standard refrigeration components up to 25 bar system pressure, it is already possible to achieve 

sink outlet temperatures of up to 120°C. These characteristics make the system suitable for use in various 

industrial applications, such as dairies (Ahrens et al., 2021a). 

 

To further develop the system in terms of achievable parameters, such as sink outlet temperature and 

efficiency, existing challenges were identified and analysed by Ahrens et al. (2021). The compressor 

was identified as the biggest constraint, as the discharge temperatures occurring during compression can 

lead to various challenges, such as the decomposition of used lubrication oil. Furthermore, strong 

superheating of the refrigerant as well as oil-associated separation and deposits in the heat exchangers 

lead to a reduction in system efficiency. Designing the absorber and desorber efficiently is an important 

factor for improving the performance of the system. Therefore, an advanced understanding of the heat 

transfer phenomena involved is essential. This is especially valid for the absorber at high temperature 

and high-pressure operation. The implementation of the liquid-vapor mixing, and distribution process is 

also important in this context, depending on the design and mode of operation of the heat exchangers. 

Cavitation is a major challenge for the solution pump in the additional solution circuit in ACHP cycles 

as saturated liquid leaves the liquid-vapor separator. Changing low pressure conditions associated with 

rapid changes in compressor operation and operating parameters can cause cavitation to occur. Thus, 

measures must be implemented to protect the solution pump. 

 

Based on these findings, a test facility with a heat capacity of up to 200 kW and a maximum system 

pressure of 40 bar was designed, which will be installed in the NTNU laboratory and used to develop 

and evaluate possible solutions to overcome existing challenges. These include for example the oil-free 

operation of the system or liquid injection in the applied compressor to reduce the limiting compressor  
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discharge temperature. Figure 1 shows a schematic representation of an ACHP cycle and a 3D model of 

the developed test facility including the highlighted research focus areas (points 1 to 4). 

 

 
Figure 1: (a) Schematic representation of an ACHP cycle and (b) 3D model of the developed test facility 

indicating research focus areas (points 1 to 4) 

 

Figure 1a shows the schematic representation of an ACHP cycle containing the main components. At 

various points in the cycle, the composition of the ammonia-water mixture used differs. The rich solution 

describes a high and the lean solution a comparatively low ammonia mass fraction of the solution 

present. The vapor is mainly composed of ammonia and, depending on the operating condition, can 

reach almost pure ammonia. Figure 1b shows the 3D model of the developed test facility with the 

indicated research focus areas (points 1 to 4) for the experimental investigation of potential solutions to 

the identified challenges. The points (1) and (2) will be used to investigate different absorber 

configurations as well as possibilities of liquid-vapor mixing procedures at the inlet to the absorber. At 

point (3), a possible subcooling of the lean solution before entering the solution pump to protect against 

cavitation will be investigated. At point (4), the injection of liquid (Option 1 – Injection of Lean Solution 

and Option 2 – injection of Rich Solution) into a screw compressor will be investigated with the aim to 

achieve a reduction of the occurring discharge temperature as well as a possible oil-free operation of the 

system. For this purpose, an existing compressor is to be modified to allow injection at various points 

even during the compression process. The injection of the liquid with different ammonia mass fractions 

leads to the expectation that varying results can be achieved due to the resulting differences in 

thermodynamic properties. The possibility of experimental investigation will help to evaluate 

preliminary theoretical and numerical investigations. 

 

In conclusion, the development of the test facility for conducting experiments presents a promising 

opportunity for the further development of the ACHP system and specific components to overcome 

existing challenges. This also includes the testing and optimization of operating parameters and control 

strategies for various industrial applications as well as the verification and further development of 

numerical models. 

 

 

422 High-Temperature Heat Pump Symposium 2022



 

  3 

 

 

References 

 

Ahrens, M.U., Foslie, S.S., Moen, O.M., Bantle, M., Eikevik, T.M., 2021a. Integrated high 

temperature heat pumps and thermal storage tanks for combined heating and cooling in the 

industry. Appl. Therm. Eng. 189, 10. https://doi.org/10.1016/j.applthermaleng.2021.116731 

 

Ahrens, M.U., Loth, M., Tolstorebrov, I., Hafner, A., Kabelac, S., Wang, R., Eikevik, T.M., 2021b. 

Identification of Existing Challenges and Future Trends for the Utilization of Ammonia-Water  

Absorption-Compression Heat Pumps at High Temperature Operation. Appl. Sci. 11, 4635. 

https://doi.org/10.3390/app11104635 

 

Jensen, J.K., Markussen, W.B., Reinholdt, L., Elmegaard, B., 2015. On the development of high 

temperature ammonia-water hybrid absorption-compression heat pumps. Int. J. Refrig. 58, 79–

89. https://doi.org/10.1016/j.ijrefrig.2015.06.006 

 

Nordtvedt, S.R., Horntvedt, B.R., Eikefjord, J., Johansen, J., 2011. Hybrid Heat Pump for Waste Heat 

Recovery in Norwegian Food Industry, in: 10th International Heat Pump Conference. pp. 1–5. 

 

Schlosser, F., Jesper, M., Vogelsang, J., Walmsley, T.G., Arpagaus, C., Hesselbach, J., 2020. Large-

scale heat pumps: Applications, performance, economic feasibility and industrial integration. 

Renew. Sustain. Energy Rev. 133. https://doi.org/10.1016/j.rser.2020.110219 

 

High-Temperature Heat Pump Symposium 2022 423



Ongoing research for the utilization of NH3-H2O absorption-
compression heat pumps at high temperature operation

High-Temperature Heat Pump Symposium 2022

Marcel Ulrich Ahrens, Khalid Hamid, Ignat Tolstorebrov, 

Armin Hafner, Trygve Magne Eikevik, NTNU

Content

424 High-Temperature Heat Pump Symposium 2022



Motivation & Objectives

▪ Increasing energy demands and associated CO2 emissions in various industrial processes

▪ Large amounts of available waste heat with high potential for utilization to increase system efficiency

▪ The functionality of the absorption-compression heat pump (ACHP) system has already been proven 
in the industrial sector using available standard components -> up to 120°C

Current Situation

Objectives

➢ Highlight the ACHP as a promising system for many applications with temperatures above 100°C (up 
to 150°C or more?) with large temperature lifts (source below 100°C) and gliding temperature levels

➢ Identify existing challenges to further improve the application range and system efficiency

➢ Demonstrate ongoing research and serve as a starting point for future trends by combining 
theoretical approaches, possible solutions and experimental results

The Absorption-Compression Heat Pump

Description and Advantages of the ACHP single-stage system

➢ VCHP cycle with solution circuit

➢ NH3-H2O as refrigerant (zeotropic mixture)

➢ Additional degrees of freedom

➢ Capacity from 500 kW up to 10 MW

✓ High achievable temperature lift (>60 K)

✓ Gliding temperature levels (>30 K)

✓ Lower pressure level required (25 bar)

✓ High flexibility (and complexity)

80 to 120°C (150°C) | up to 25 bar (40 bar)

40 to 80°C | > 4 bar

Source: www.hybridenergy.no 

𝑥𝑁𝐻3 ~0.6 𝑥𝑁𝐻3 ~0.3 𝑥𝑁𝐻3 > 0.97
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Existing Solutions & Identified Challenges

Summary of existing and tested solutions for the design of ACHP systems[1] M.U. Ahrens, M. Loth, I. 
Tolstorebrov, A. Hafner, S. 
Kabelac, R. Wang, T.M. Eikevik, 
Identification of Existing 
Challenges and Future Trends for 
the Utilization of Ammonia-
Water Absorption-Compression 
Heat Pumps at High Temperature 
Operation, Appl. Sci. 11 (2021) 
4635. https://doi.org/10.3390/ 
app11104635.

• Efficient liquid-vapor mixing and distribution process

• Cavitation protection of the solution pump

• Reduction of compressor discharge temperature

• Selection of suitable compressor lubrication

• Realization of oil-free system operation

Existing Solutions & Identified Challenges

• Efficient and cost-effective absorber and desorber design

The following challenges were identified to further improve the application 
range and system efficiency:

1

2

3

3

3

4

1

2

3

4
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Ongoing Research and Future Trends 

3D model of the designed test facility for the NTNU lab in Trondheim

State-of-the-art test facility

➢ Up to 40 bar system pressure

➢ Up to 200 kW heating capacity

➢ Up to 180°C operation temperature

for investigating potential solutions 
for various research focus areas:

1. Absorber/Desorber

2. Mixing

3. Compressor

4. Solution Pump

1

2

3

4

Ongoing Research and Future Trends 

Presentation of possible solutions for the various research focus areas:

Absorber Design  &        Mixing

➢ Different options for the operation of the HEXs:

21

✓ High absorption & heat transfer rate

➢ Distribution of total plate width

➢Different options for the operation of the HEXs:

✓ Low pressure drop & high heat transfer coefficient

➢ Solvent flow instabilities
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Ongoing Research and Future Trends 

Presentation of possible solutions for the various research focus areas:

Liquid-injected Screw Compressor

➢ Injection of lean or rich solution at various positions

➢ Lubrication and sealing by working fluid -> oil-free system

3

Solution Pump

➢ Utilization of static height

➢ Application of external Cooling

4

Conclusions

• Growing interest in ACHP systems, supported by successful commercial 
installations

• Promising solution for a wide range of high-temperature and waste heat 
recovery applications

• Existing solutions were presented and challenges for extending the application 
range and improving the efficiency were identified

• Ongoing research in the various focus areas was presented using a developed 
test facility

• This test facility allows the investigation of a wide range of options and solutions
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Abstract  

 

TNO, the Netherlands (independent) organization for applied scientific research, is developing a very 

high temperature thermoacoustic heat pump capable to deliver process heat up to 250 C. The 

electrically driven thermoacoustic heat pump has been under development for over 10 years at TNO 

(formerly ECN) with contribution of industrial and academic partners. Over the years the heat has been 

scale-up from a very small laboratory test set-up utilizing a compressor with linear motor as driver and 

with a thermal output power below 0.5 kW to a compact reciprocating compressor driven 

thermoacoustic heat pump with capacity over 5 kW. The heat delivery temperature has increased up to 

180 C in the present COMTA test set-up with steam production by means of evaporation of feed water 

inside the heat pump heat exchanger without intermediate thermal circuit. 

 

This paper will give a introduction of the working principle of this type of heat pump and associated 

technical characteristics. An outline will be given of past development steps and test set-ups of the 

thermoacoustic heat pump as well as foreseen future development steps towards the industrial scale very 

high temperature thermoacoustic heat pump.  

 

The thermo acoustic heat pump (TAHP) is a very flexible electrically driven high temperature heat pump 

utilizing helium as working fluid. The working principle of a thermoacoustic system is based on a 

Stirling cycle. High pressure helium (typically 50 bars) is contained in a pressure vessel which is 

connected to a piston compressor. The reciprocating piston is compressing and expanding the working 

fluid in the pressure vessel resulting in a high intensity acoustic wave with pressure amplitude up to 5 

bars. The acoustic wave, characterized by compression/expansion steps and back and forth displacement 

steps, enables the thermodynamic Stirling cycle and pumps heat from waste heat to process heat 

exchangers. Both heat exchangers are placed adjacent to a regenerator which temporary buffers and 

releases heat. The work that is needed for this cycle is delivered by a the electrical driven piston 

compressor. In a thermoacoustic heat pump no displacer is required in contrast to the traditional Stirling 

cycle. Therefore, a robust system with lower number of moving parts and lower costs is obtained. 

Common materials can be used for construction (mainly steel), while construction does not require high 

tolerances. This translates into low investment costs. Flexibility of the cycle enables development of a 

standardized unit for a wide range of applications and temperature conditions further lowering costs. 

Linear scalability in power from MW to multi-MW thermal output can be realized by increasing the 

numbers of pistons and TAHP units. 
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There are a significant number of advantages of thermoacoustic heat pumps compared to other heat 

pumps concepts: 

• This technology is not limited in source and sink temperatures by its working medium (Helium). 

This technology is demonstrated to produce process heat up temperatures of 200°C; 

• The temperature lift (temperature difference between source and sink) is free to choose, and 

may be up till 100°C in a single unit and a single stage; 

• Large temperature glides in source and sink streams are possible without any penalty on COP 

(this heat pump follows Lorentz efficiency); 

• The working medium helium is environmentally friendly. It has no Ozone Depletion Potential 

(ODP) nor Global Warming Potential (GWP) nor is it flammable or toxic; 

• There are no moving parts at high-temperature which will improve reliability and will translate 

into low maintenance costs and high durability; 

 

The COMTA heat pump is electrically driven by means of an adapted piston compressor (P123 

compressor from Howden). The  thermoacoustic heat pump is mounted on the compressor skid and 

installed in the Carnot facility at TNO in Petten.  

The COMTA heat pump set-up is commissioned at TNO Petten in the Carnot laboratory and first 

successful tests series have been executed including tests with saturated steam delivery at 180 C. The 

saturated steam is pumped from source heat delivered by an oil circuit at 94 C. The compressor ran at 

1055 rpm and a dynamic pressure amplitude of almost 2.9 bars is obtained with a static pressure of 29 

bars.  The internal COP in the thermoacoustic core amounts to 41% of the Carnot efficiency. This 

number however excludes a high temperature loss in the heat exchangers and mechanical losses in the 

compressor. These first COMTA test results are worldwide unique and demonstrate the working 

principle of the compact design with a piston compressor as driver.  

Future develop steps at TNO involve improvement of the efficiency of het pump, further increase of the 

heat delivery temperature, and scale-up of the capacity of the thermoacoustic heat pump.     
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THERMOACOUSTIC HEAT PUMPS FOR HIGH 
TEMPERATURE AND INDUSTRIAL APPLICATIONS
J.A. LYCKLAMA A NIJEHOLT, HASSAN TIJANI, SIMON SPOELSTRA & 

ANSHUMAN PANDEY

INTRODUCTION TNO & INDUSTRIAL HEAT

THERMOACOUSTIC HEAT PUMP

COMTA SET-UP

R&D OUTLOOK

SUMMARY

OUTLINE

2
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Technology development

Heat pumps (Vapor compression)

Heat pumps (thermoacoustic)

Heat storage (PCM)

Sorption heat pumps and processes

Multi fuel burners

Membrane separation

Testing facilities (Carnot Lab)

Dedicated laboratory facilities for the characterizing and testing of 

equipment + development of technology

TECHNOLOGY DEVELOPMENT
THERMAL SYSTEMS AND INDUSTRIAL HEAT

Extensive lab/testings Facilities and infrastructure in Petten 

New Carnot laboratory since 2020 for industrial and small scale testing

6

CARNOT LAB
RESEARCH INFRASTRUCTURE INDUSTRIAL HEAT
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Thermoacoustic R&D at ECN/TNO since 2002

Very extensive track record in:

Thermoacoustic system design, realization and testing: heat engines, heat 

pumps, heat transformer, cooler

Component optimization: heat exchangers, regenerator, resonator

Design software code and validation

Computational fluid dynamics CFD (fundamentals heat transfer, mixing, flow 

optimization)

Extensive IP & Know-how 

Focus on heat pump industrial (2010) and domestic heat pump (2016)  

7

THERMOACOUSTIC R&D AT TNO
TRANSITION FROM FUNDAMENTALS TO APPLICATION

TA effect: thermal interaction between wave and porous 

material 

Pump heat from low temperature to high temperature using high energy-

density acoustic wave

Produce acoustic power from imposed temperature difference

Typical properties acoustic wave

Helium

Frequency: ~20 Hz

System pressure: ~50 Bars

Pressure oscillation 2.5-5 bars

Thermo-dynamically identical to Stirling cycle but without the 

displacer piston 8

THERMOACOUSTICS

Porous screens

Procesheat

out

Waste heat 

in

U

P

Time

Travelling wave
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9

COMTA HEAT PUMP
COMPACT THERMOACOUSTIC HEAT PUMP

Crank side 

compression 

dummy space

Piston
Process heat 

(Steam)Waste heat HEX 

Crank

High temperature lift (up to 100C) and high heat delivery temperature (> 250C)

Very flexible temperature conditions

Gas cycle: no phase change involved

Environmentally friendly helium as working fluid

Zero GWP & ODP, non-toxid and non-flammable

Compression working at low temperature

Relative simple components and materials

One standardized module: good economics

10

BENEFITS THERMOACOUSTIC HEAT PUMP
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Acoustic wave: oscillating pressure and 

movement of gas parcel

1→2 Expansion (isothermal heat take-up from 

cold HE)

2→3 Displacement (heating by regenerator) 

3→4 Compression (isothermal heat rejection 

to hot HE)

4→1 Displacement (cooling, heat stored in 

regenerator)

Heat is pumped from cold to hot heat 

exchangers in case of so-called traveling wave 

conditions
11

THERMODYNAMIC STIRLING CYCLE
WORKING PRINCIPLE
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THERMODYNAMIC STIRLING CYCLE
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Thermo acoustic heat pump: no displacer → less moving 

parts

Geometry functions as acoustic network imposing 

favourable Stirling conditions (traveling wave) in hex/reg 

(1)

Mainly standing wave in remaining of part volume (2)

13

GETTING OPTIMAL CONDITIONS IN CORE
WORKING PRINCIPLE

U

P

Time

Travelling wave

U
P

Time

Standing wave 

2 1

2

1

Equivalent electrical network

Piston delivers mechanical PV power to gas

Circulation of acoustic PV power in loop

Heat is pumped in opposite direction by 

utilization part of circulating acoustic power

14

INPUT AND CIRCULATION OF ACOUSTIC POWER
WORKING PRINCIPLE
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TOWARDS A MORE COMPACT SYSTEM
SYSTEM CONCEPTS 

Compact system without resonator

• Small pressure vessel

• Larger bore 

Resonator 

• Small bore piston

• Large dimension

• Expensive pressure 

vessel

16

TOWARDS A MORE COMPACT SYSTEM
WITH AND WITHOUT RESONATOR
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Linear motor driven pistons for small systems 

Large turn-down ratio (variable stroke)

Well balanced (no vibrations)

Piston compressor

Industrial available system

Large capacities

Multiple pistons (scalable)

Double acting

17

TOWARDS HIGH CAPACITY DRIVERS
ELECTRICAL DRIVER

COMTA heat pump

Howden piston compressor

Cylinder and piston adapted 

Pressure vessel and finned tubes Bronswerk

heat transfer

High lift up to 100C

Direct steam production up to 180C

18

TOWARDS HIGH LIFT AND TEMPERATURES
COMTA SET-UP IN CARNOT LABORATORY IN PETTEN

Drive unit
Compressor

control unit

PLC-data acquissition system
Compressor

Heat pump
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High lift up to 100C

Steam production at 180C

COP (internal) = 4

Very fast response only limited by external 

source and sink

Heat exchangers: limits COP (external)

19

COMTA SET-UP
FIRST RESULTS WITH STEAM PRODUCTION

Heat exchangers

Oscillating & compressible flow 

Very compact

Large effect on COP

Internal heat losses

From hot heat exchanger

Pumped heat partially leaks into colder 

parts of heat pump

Upscaling & cost reductions 

Double acting

Modular design

20

R&D OUTLOOK
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Very high temperature lift (up to 100C) and high heat delivery temperature (> 250C)

Very flexible temperature conditions (sink and source)

Gas cycle: no phase change involved

Environmentally friendly helium as working fluid

Zero GWP & ODP, non-toxid and non-flammable

Scalable concept

Compact design without resonator

Piston compressor as driver

R&D is now focusing on further improvement of COP

Heat exchangers

Lowering of internal heat loses

21

SUMMARY 
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Introduction 

Despite continued high interest in global warming, global greenhouse gas (GHG) emission has been 

increasing steadily [1]. The industrial sector shares 34.8% of global GHG emissions after reallocating 

the energy sector to final energy consuming (FEC) sectors and it is becoming increasingly important 

that the CO2 reduction from industrial processes [2]. The overall energy consumption in the industrial 

sector was 120944 PJ in 2019 and fossil fuel shared over 58% [3]. Thermal energy is the dominant 

energy carrier in the industrial sector, 73% of FEC in 2015, and most industrial sectors require all 

temperature ranges from below 0 °C to above 1000 °C [4]. Many studies have been undertaken into the 

electrification of industrial process heat instead of fossil boilers by introducing high temperature heat 

pump (HTHP) as means to supply high temperature process heat directly [5]. 

This study proposed three different two-stage water vapor (R-718) reversed Rankine cycles that can 

supply process heat above 200 °C. To define the potential of HTHP cycles, characterization of 

thermodynamic performance has been evaluated under various working conditions by using 0-D steady 

state cycle simulation tool (EBSILON Professional 15).  

Methods 

Two-stage water vapor cycles with different intercooling strategies were proposed for high temperature 

heat pumps. First working fluid is compressed to the intermediate pressure then it is cooled close to its 

condensation temperature. After that, the cooled working fluid is re-compressed to condensation 

pressure through the second compression stage. As intercooling strategies in this study, two intercooler 

heat exchanger (IC) cycles and one spray injection (Spray inj.) cycle have been handled. In particular, 

the IC cycles can be divided into IC-in and IC-out cycles according to the direction of heat sink flow. 

As boundary conditions for the simulation, the total power consumption of two compressors was fixed 

to 120 kW and 10 K was set for the degree of superheat and subcooling. To characterize the proposed 

heat pump cycles, the simulations were carried out under different evaporation and condensation 

temperatures; the evaporation temperature varied from 60 °C to 110 °C with condensation temperature 

changing from 150 °C to 250 °C. 
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Results and discussion 

To compare the performance of the three different cycles, a parametric study on the capacity, COP, and 

supply temperatures, Tsink, was conducted under various conditions. Fig. 1 shows the COP and Tsink of 

the heat pump cycles by changing the pressure ratio (PR) between 1st, π12, and 2nd, π34, compressors. 

Each symbol represents a different cycle configuration; the filled rectangle is IC-in, the blank rectangle 

is IC-out, and the blank triangle represents Spray Inj.  

The variation of the COP values under different 

operating conditions is shown in Fig. 1(a). The COP 

values decreased with the increasing temperature 

difference between the heat source and sink, ∆T. The 

IC-in and IC-out cycles showed the same results but 

the Spray Inj. cycle showed lower COP than IC cycles, 

due to its lower mass flow rate of the heat sink, msink. 

The overall COP values increase rapidly when 1st 

stage has a low-pressure ratio, π12/π34 < 0.5, and the 

maximum COP values are confirmed in the case that 

both compressors have the same pressure ratio, π12/π34 

= 1.0. The overall supply temperature, Tsink, values 

increased with increasing ∆T, Fig. 1(b). Because IC-in 

and Spray Inj. cycles have the same temperature 

constraints for heat sink, they showed the same results 

for Tsink. However, since Tsink values for the IC-out 

cycle are directly related to the intermediate pressure, 

the values increased with increasing PR. 

In order to compare the overall thermodynamic 

performances and quality of proposed HTHP cycles, 

the COP and exergy efficiency, ηexergy, at optimized PR, 

π12/π34 = 1.0, were evaluated. Fig. 2 shows the COP and 

ηexergy as a function of evaporation and condensation temperature at optimized PR. With increasing ∆T, 

the COP values decreased to around 2.7 from 8.5, Fig. 2(a). Both IC cycles show the same COP values 

and those values are 2-9% higher than that of the Spray Inj. cycle. Because IC cycles can utilize two 

heat exchangers, condenser and intercooler, they have higher mass flow rates for heat sinks, msink, to 

satisfy the cycle constraints and higher msink induced higher COP. The general result of exergy analysis 

also shows a similar tendency to COP result, Fig. 2(b); the ηexergy decreased with increasing ∆T. IC and 

Spray Inj. cycles show similar highest efficiency value, ≈0.94, when the cycles have low ∆T but the 

difference of ηexergy increases as increasing ∆T. Although the Spray Inj. cycle has 1-7% higher QCond. 

values, the IC cycles eventually show higher ηexergy after considering QIC.  

  

Fig. 2 Simulation results of (a) COP and (b) ηexergy at PR =1 

(a) (b)

 

 

  
Fig. 1 Comparison between IC and Spray inj. cycles 

according to pressure ratio (a) COP and (b) Tsink. 

100-200 (∆T = 100 C)

60-200 (∆T = 140oC)

80-200 (∆T = 120oC)

(a) IC-outIC-In Spray Inj.

Max COP

(b)

Max COP

100-200 (∆T = 100 C)

60-200 (∆T = 140oC)

80-200 (∆T = 120oC)
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Conclusions 

Three different multistage water vapor compression cycles that can supply over 200 °C were proposed 

and thermal performances were estimated under various conditions. As the increasing temperature lifts, 

∆T, the overall COP has decreased, on the contrary, the supply temperatures, Tsink, have increased. In 

particular, all cycles show the highest COP value when the 1st and 2nd compressors have the same 

pressure ratio. The thermodynamic performance of HTHP cycles at the optimized pressure ratio, π12/π34 

= 1.0, was also investigated. The COP and exergy efficiency, ηexergy, values increased with decreasing 

∆T. IC-in and IC-out cycles showed the same COP and ηexergy results, and those values are slightly higher 

than that of the Spray Inj. cycle because IC cycles utilize two heat exchangers, condenser and intercooler. 

In conclusion, the proposed high-temperature heat pump cycles showed a high potential to reduce the 

CO2 emission from industrial processes by electrification of industrial process heat instead of fossil 

boilers. 
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RESULTS

- COP increases with decreasing temperature difference between

evaporator and condenser, ∆T.

- Max COP values are confirmed when 1st & 2nd compressors have

the same pressure ratio (PR).

- Overall Tsink increases as temperature difference increases.

- IC-in & IC-out cycles show different Tsink trends.

- When PR = 1, the IC-in cycle has higher COP and Tsink values.

- IC cycles show higher COP and exergy efficiency, ηexergy, 

than Spray inj. cycle.

→ Even though Spray inj. has higher Qcond. IC cycles 

showed higher ηexergy after considering QIC.

- As decreasing ∆T & Tcond., COP is increasing but Tsink is decreasing.

→ IC-out cycle shows clearly lower Tsink values.

- Considering practical mechanical limitation (PR < 3.5), Tsink of IC-in 

& Spray inj. cycles are estimated to be over 250 °C with COP ≈4.5.

Multi-Stage Water Vapor Reversed Rankine Cycle for Industrial High Temperature Heat Pump

Seon Tae Kim, Robert Hegner, Göksel Özuylasi, Panagiotis Stathopoulos, Eberhard Nicke

Institute of Low-Carbon Industrial Processes , German Aerospace Center (DLR), Zittau, Germany

(a)

Fig. 3 Simulation results of (a) COP and (b) ηexergy at PR = 1. 

INTRODUCTION

- Development of industrial high tempearture heat pump (HTHP) that can supply process heat above 200 °C.

- Investigation into thermodynamic performance of two-stage water vapor reversed Rankine cycles.

→ Comparison of different intercooling strategies and qualitative analysis of the cycles performance.

METHODS

- IC cycles are divided into IC-in and IC-out 

according to the direction of heat sink flow.

- EBSILON Professional 15 was used for

evaluation of cycle performance.

→ Total power consumption of two

compressors is 120 kW.

Fig. 2 Comparison between IC and Spray inj. cycles according to pressure ratio (a) COP and (b) Tsink. 

Fig. 1 Schematic diagram of heat pump cycles: IC-in, IC-out, Spray injection. 

CONCLUSION

- All cycles showed highest COP when both compressors have the same pressure ratio, PR = 1 (Optimized PR).

→ IC-in cycle shows higher heat supply temperature, Tsink, and thermal energy amount, COP.

- At the optimized PR, IC cycles showed higher COP and exergy efficiency than spray inj. cycle.

- The proposed high-temperature heat pump cycles have a high potential for decarbonizing industrial processes.

Fig. 4 Simulation results of (a) COP and (b) Tsink at PR =1. 

(a) (b)

(a) (b)

(b)

448 High-Temperature Heat Pump Symposium 2022



 

  1 

 

Upheat-INES: Upgraded High-Temperature Heat Integration in 

Energy-Intensive Sectors  

 

Chiara Magni1, Toon Demeester2, Hamed Abedini1, Elias Vieren2, Wim Beyne2, Michel De Paepe2, 

Sylvain Quoilin1, Steven Lecompte2, Alessia Arteconi1  

1 KU Leuven, Department of Mechanical Engineering, Leuven, Belgium, 

chiara.magni@kuleuven.be  
2 Ghent University, Department of Electromechanical, Systems and Metal 

Engineering, Ghent, Belgium, toon.demeester@ugent.be 

 

Keywords: 

High temperature heat pump, Petrochemical industry, Water-ammonia, Temperature glide, Zeotropic 

mixture  

 

Abstract  

Introduction 

The industrial heat demand in Belgium is above average compared to the other EU countries [1]. The 

country’s most energy-intensive sectors are the chemical and petrochemical industries, which are 

responsible for around 40% of the overall final energy consumption. A significant share of the 

(petro)chemical thermal demand is related to the heat demand of processes operating at temperatures 

between 100°C and 200°C, which is estimated to be around 2.3 TWh/y [1]. On the other hand, this sector 

has around 1 TWh/y waste heat available, of which about a third can be considered to be in the 

temperature range below 100°C [2]. This shows a high potential for high-temperature heat pump 

integration in the Belgian chemical industry.    

The project Upheat-INES (Upgraded high-temperature heat integration in energy-intensive sectors) 

aims to develop very high temperature heat pump (VHTHP) technology to upgrade waste heat (60-

100°C) to useful process heat (160-200°C), with a targeted maximum temperature lift of 100°C and a 

coefficient of performance (COP) higher than 2. The process heat could be employed in (petro)chemical 

processes or in other energy-intensive sectors, such as food or paper. 

Methods 

In a first stage of the project, a large database was built to characterize heat demand and waste heat 

temperature distributions for different processes. Distillation, steam production and drying processes 

were identified as having the largest potential for VHTHP integration in the Belgian (petro)chemical 

industry. For that reason, they were selected as case studies for the following stages of the project. 

Bilateral meetings with several industrial partners allowed us to better define the operational constraints 

and the most suitable configuration for the integration of heat pumps in manufacturing sites. These 

meetings also made it clear that the use of intermediate energy carriers (steam, thermal oil) is preferred, 

due to stringent reliability requirements. 
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In a second stage, a thermodynamic optimization framework was built to identify the optimal 

configuration and working fluid of the VHTHP for a given case, i.e. heat source and heat sink 

temperatures. The optimization maximizes the COP, while technical and environmental constraints are 

taken into account only in a post-processing step. There are a large number of optimization variables: 

the evaporator and condenser pressure levels, superheat and subcooling, the presence of an internal heat 

exchanger (IHX) or not, and most importantly, a large number of working fluids. Next to 147 pure fluids, 

we also tested more than a 1000 different binary mixtures. For the discrete variables, we simply looped 

over the possibilities (IHX, working fluid), while the continuous variables were optimized using a robust 

global optimization strategy. For mixtures, the molar fraction was also treated as continuous variable 

and optimized. To improve the COP, we specifically looked at transcritical cycles and zeotropic 

mixtures, as a means to create temperature glides in the heat exchangers and hence get a better match.   

Results and discussion 

The optimization was run for a large number of cases. First of all, the three selected cases for the 

(petro)chemical industry were investigated. This clearly confirmed the usefulness of zeotropic mixtures 

and transcritical cycles: if there is a temperature glide in both sink and source, zeotropic mixtures give 

a considerable gain in COP; if there is only a temperature glide in the sink, transcritical cycles perform 

the best. Next, our analysis showed that adding an IHX leads to higher COPs, lower pressure ratios and 

lower condenser pressures for most working fluids. Furthermore, by adding an IHX, more conventional 

(non-flammable) refrigerants appeared among the best-performing.  

Based on thermodynamic performance, environmental considerations, technical constraints (pressures, 

temperatures, safety), and adoption potential in the targeted industries, we have selected water-ammonia 

as working fluid for our prototype. With this mixture, our model predicts COPs around 2.5 for a sink 

output temperature of 200°C and a lift of 100°C, which is higher than what we found for modern 

HFOs/HCFOs. Water-ammonia has several advantages: it is cheap, abundantly available, 

environmentally friendly (zero ODP and GWP) and much less flammable than the investigated 

hydrocarbons. Perhaps the most interesting property of water-ammonia, is that by varying the mixture 

fraction, a wide range of temperature glides is possible: zero for pure water, and larger if the ammonia 

fraction is increased. As a consequence, a single technology can efficiently fit a large range of heat 

sources and sinks. It should be noted that large ammonia fractions (or pure ammonia) are not considered, 

as those lead to too high condenser pressures. With the choice of water-ammonia, several challenges 

arise, most importantly the high compressor outlet temperatures and material compatibility. This will 

require careful compressor design.  

Conclusion 

Based on thermodynamic, environmental, technical and practical considerations, water-ammonia was 

selected as the most promising working fluid for VHTHPs in the Belgian (petro)chemical industry. We 

are currently designing a 200 kWth prototype, for which construction will start before the end of this 

year. The biggest challenge is the compressor design, for which we will use a multistage volumetric 

machine with intercooling.  
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Upheat-INES: Upgraded High-Temperature Heat 
Integration in Energy-Intensive Sectors

The Upheat-INES project aims to develop industrial Very High-Temperature Heat Pumps (VHTHP)
based on vapor-compression technology to upgrade residual heat to temperatures in the range of 

160°C-200°C, with up to 100°C temperature lift.

1. Application potential in Belgium

The Belgian chemical industry has a heat demand of 2.2 TWh/y 
between 100°C and 200°C and a waste heat availability of 1 TWh/y.

Distillation, steam production and drying are the processes with the 
highest HTHP deployment potential.

Industrial sectors final energy consumption in Belgium (Eurostat, 2019)

2. Thermodynamic model and optimizer

Large scale optimizations were performed to find the optimal heat 
pump cycle parameters and working fluid for a large range of 
boundary conditions. 

Fast and robust global optimizer on supercomputer:

• Investigate zeotropic mixtures & transcritical cycles

• Maximize COP 

• Post-processing: environmental & technical constraints

• Optimization variables:

Large number of cases:

• Focus on distillation, steam production, drying

• Lookup table: 200+ BCs (latent/sensible sink/source)
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3. Selected refrigerant: water-ammonia

Water-ammonia is selected as most-promising refrigerant for 
targeted industries, when taking technical and legislative constraints 
into account next to thermodynamic performance.

4. Prototype

A water-ammonia prototype will be constructed and tested over the 
next years. We are currently working on the detailed design and are 
in contact with suppliers. 

Spring 2022

Sizing & selection of 
components for 
proof of concept

Winter 2022

Construction of 
the VHT-HP proof 

of concept

Autumn 2023

Testing
campaign
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Advantages Challenges

Zero ODP, zero GWP Material compatibility

Low flammability Toxicity

High availabitily High compressor outlet T

Simple configuration (no IHX)

High flexibility

superheat

pressure levels
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147 pure fluids
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Abstract  

 

Food systems are globally responsible for around 21-37% of total greenhouse gas (GHG) emissions. 

The ENOUGH project, funded by the EU Green Deal initiative project aims to contribute to the climate-

neutral food business by mitigating climate change, reducing energy use, and increasing energy 

efficiency in processing, distribution, conservation, and food preparation. There is a large amount of 

waste heat available in the food supply processes and a particular focus of NTNU within the ENOUGH 

project is to integrate the thermal processes in the food supply chain to utilize the waste heat and 

maximize the energy efficiency in the cooling, heating, and freezing processes. 

The high-temperature heat pumps (HTHPs) which can combine both heating and cooling processes have 

been applied in many industrial processes for waste heat recovery and heat supply. In the food supply 

chain, a large amount of fossil fuels is consumed for hot water and steam generation, which gives rise 

to both economic and environmental concerns. Previous studies showed that heat sink temperatures up 

to 100°C-150°C are realizable with industrial HTHPs (Arpagaus et al., 2018; Jensen et al., 2015) so that 

the HTHPs are deemed as a promising replacement to the steam boilers owing to their high energy 

efficiency and sustainability.  

The HTHPs using natural refrigerants as working fluid such as ammonia and water has gained particular 

interest from researchers in recent years due to their low global warming potential (GWP) and known 

environmental impacts (Ahrens, Loth, et al., 2021; Jensen et al., 2015; Mateu-Royo et al., 2021). The 

ammonia-water absorption-compression high-temperature heat pump (ACHP) in NTNU is designed 

based on the Osenbrück cycle aiming to achieve high-temperature lifts and do have gliding heat rejection 

temperatures, as shown in Figure 1. It combines the technologies of an absorption and vapor 

compression heat pump with a mixture of ammonia and water as the working fluid. Heat is extracted 

and released at non-constant temperature glides and the necessary compression ratio is lower compared 

to conventional vapor compression heat pumps. High heat sink temperatures up to 150°C can be 

achieved with comparatively high COPs. In addition, the capacity can be controlled by changing the 

overall composition of the working fluid mixture, which ensures high system flexibility and adaptability. 
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These properties make the ACHP system interesting for the use in various sectors with high temperature 

heat demands in the food supply chain, such as meat processing, fish processing as well as in dairies. 

 

 

Figure 1: Simplified representation of a combined absorption-compression heat pump cycle 

 

In meat processing, refrigeration systems are utilized to cool down refrigerated chambers for meat 

storage, rapid cooling tunnels and building rooms (Iten et al., 2021), while the steam boilers which are 

accountable for the most intensive thermal energy consumption, are applied to the hot processes such as 

scalding, smoking, cooking, sterilization and pasteurization. The heat required in these hot processes are 

all in the range of 60°C-160°C which is within the working domains of the ACHPs (Jensen et al., 2015). 

Bergamini et al. (2019) evaluated the performance of three HTHP cycles with four different natural 

refrigerants for boiler substitution. Compared with natural gas boilers, the HTHPs exhibit good 

performance in delivering heat up to 180°C, especially for the cycles with R717 (ammonia) and R718 

(water) as refrigerants. In dairy production, the processes such as drying, pasteurization, sterilization, 

UHT treatment and cleaning in place (CIP) are the major consumers of hot water and steam (Ramirez 

et al., 2006). The fully integrated dairy energy system with ACHPs is capable of providing all 

temperature levels of heating and cooling demands and obtaining significant energy savings compared 

to conventional dairy systems. The achievable waste heat recovery rate is up to 95% and the achievable 

GHG emissions reduction is up to 23.2%-91.7% by employing ACHPs with natural refrigerants 

(Ahrens, Foslie, et al., 2021). An integrated energy system combining the cold processes and hot 

processes with the ACHPs can recover the waste heat from the refrigeration systems ae well as the 

medium temperature processes and provide high temperature heat supply for the hot water and steam 

consumers in the food plant, such as smoking, scalding, drying, pasteurization, sterilization, cleaning, 

steaming & cooking and ultra-high temperature (UHT) treatment, as shown in Figure 2.  

The ACHP test rig in NTNU can provide a flexible experimental system for the investigation and 

optimization of the operating parameters, conditions and components for the ACHP applications in 

different food processes. It serves as a starting point for further research by combining theoretical 

approaches, possible solutions, and experimental results.  

454 High-Temperature Heat Pump Symposium 2022



 

  3 

In the frame of ENOUGH, the applicability of the ACHP to the food supply chain will be investigated 

and its performance will be optimized. The system modelling and experimental validations will be 

conducted at NTNU. The integration of the ACHP between sectors of the food chain will be analyzed 

and the replicable approach will be discussed. The feasibility, reliability, and performance of the ACHP 

in the applied field will be demonstrated to various stakeholders. 

 

 

Figure 2: Possible applications of ACHP in food processes 

 

 

References 

 

Ahrens, M. U., Foslie, S. S., Moen, O. M., Bantle, M., & Eikevik, T. M. (2021). Integrated high 
temperature heat pumps and thermal storage tanks for combined heating and cooling in the 
industry. Applied Thermal Engineering, 189, 116731.  

Ahrens, M. U., Loth, M., Tolstorebrov, I., Hafner, A., Kabelac, S., Wang, R., & Eikevik, T. M. (2021). 
Identification of Existing Challenges and Future Trends for the Utilization of Ammonia-Water 
Absorption–Compression Heat Pumps at High Temperature Operation. Applied Sciences, 
11(10), 4635.  

Arpagaus, C., Bless, F., Uhlmann, M., Schiffmann, J., & Bertsch, S. S. (2018). High temperature heat 
pumps: Market overview, state of the art, research status, refrigerants, and application 
potentials. Energy, 152, 985-1010.  

Bergamini, R., Jensen, J. K., & Elmegaard, B. (2019). Thermodynamic competitiveness of high 
temperature vapor compression heat pumps for boiler substitution. Energy, 182, 110-121.  

Iten, M., Fernandes, U., & Oliveira, M. C. (2021). Framework to assess eco-efficiency improvement: 
Case study of a meat production industry. Energy Reports, 7, 7134-7148.  

Jensen, J. K., Ommen, T., Markussen, W. B., Reinholdt, L., & Elmegaard, B. (2015). Technical and 
economic working domains of industrial heat pumps: Part 2–Ammonia-water hybrid 
absorption-compression heat pumps. International Journal of Refrigeration, 55, 183-200.  

High-Temperature Heat Pump Symposium 2022 455



 

  4 

Mateu-Royo, C., Arpagaus, C., Mota-Babiloni, A., Navarro-Esbrí, J., & Bertsch, S. S. (2021). Advanced 
high temperature heat pump configurations using low GWP refrigerants for industrial waste 
heat recovery: A comprehensive study. Energy Conversion and Management, 229, 113752.  

Ramirez, C., Patel, M., & Blok, K. (2006). From fluid milk to milk powder: Energy use and energy 
efficiency in the European dairy industry. Energy, 31(12), 1984-2004.  

 

 

456 High-Temperature Heat Pump Symposium 2022



❑ Construction and commissioning of the experimental system

❑ System modellings and experimental validations.

❑ Modifications and optimization of the main components and system

❑ Analysis of the integration of the ACHP between sectors of the food chain

and the replicable approaches.

❑ Demonstration of the feasibility, reliability, and performance of the ACHP in

the applied fields to various stakeholders.
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Figure 1: Simplified 

representation of a 

combined absorption-

compression heat pump 

cycle

Food systems are globally responsible for around 21-37% of total greenhouse gas (GHG) emissions. The ENOUGH project, funded by the EU Green Deal initiative project aims

to contribute to the climate-neutral food business by mitigating climate change, reducing energy use, and increasing energy efficiency in processing, distribution,

conservation, and food preparation. There is a large amount of waste heat available in the food supply processes and a particular focus of NTNU within the ENOUGH project

is to integrate the thermal processes in the food supply chain to utilize the waste heat and maximize the energy efficiency in the cooling, heating, and freezing processes.

The high-temperature heat pumps which can combine both heating and cooling processes have been applied in many industrial processes and are deemed as a potential

replacement to the fossil fuel boilers. The ammonia-water absorption-compression high-temperature heat pumps (ACHP) are designed based on the Osenbrück cycle aiming

to achieve high-temperature lifts and do have gliding heat rejection temperatures. The ACHP can be applied to various sectors in the food industry, such as meat processing,

fish processing as well as in dairies. In the frame of ENOUGH, the applicability of the ACHP to the food supply chain will be investigated and its performance will be

optimized. The system modelling and experimental validations will be conducted at NTNU. The integration of the ACHP between sectors of the food chain will be analyzed

and the replicable approach will be discussed. The feasibility, reliability, and performance of the ACHP in the applied field will be demonstrated to various stakeholders.
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Abstract

Possible Applications of ACHP in Food Industry

Future work
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The ammonia-water absorption-compression heat pump (ACHP) cycle combines 

the technologies of an absorption and vapor compression heat pump with a 

mixture of ammonia and water as the natural working fluid, as shown in Figure 1. 

Heat is extracted and released at non-constant temperature glides and the 

necessary compression ratio is lower compared to conventional vapour

compression heat pumps. The ACHP can combine both cooling and heating 

processes and achieve high heat sink temperature up to 150°C, which is suitable 

for replacement of fossil fuel boilers. These properties make the ACHP a 

promising system for high-temperature applications in the food supply chain, 

such as meat processing, fish processing, and dairies. 

Advantages of ACHP

❑ High heat sink temperatures up to 150°C with lower discharge vapor

pressure and reduced pressure ratios.

❑ High flexibility and adaptability, capacity control by changing the overall

composition of the working fluid mixture.

❑ Large temperature spans with comparatively high COPs.

Figure 2: Possible 

applications of ACHP in 

food processes

In the food supply chain, a large amount of fossil fuels is consumed for hot 

water and steam generation, which gives rise to both economic and 

environmental concerns. The ACHP system is deemed as a promising 

replacement to the steam boilers owing to its high energy efficiency and 

sustainability. An integrated energy system combining the cold processes and 

hot processes with the ACHPs can recover the waste heat from the 

refrigeration systems ae well as the medium temperature processes and 

provide high-temperature heat supply for the hot water and steam consumers 

in the food plant, as shown in Figure 2.

The project will provide technologies, tools and methods to contribute to the

EU Farm to Fork strategy to achieve climate neutral food businesses.

❑ Reduce GHG emissions by 50% by 2050 (1990 level)

❑ Identify how to achieve climate neutrality for food businesses

❑ Improve integrated sustainability and meet societal goals

❑ Increase awareness

The Applications of Ammonia-Water 
Absorption-Compression High-Temperature 
Heat Pumps in European Food Industry
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Abstract  
 

Industrial process heat in the range of 90 to 160 °C accounts for around 300 TWh/a or 15% of the total 
process heat demand of European industry, which is of particular interest for electrically driven high-
temperature heat pumps (HTHP) as an energy-efficient technology for heat upgrading and waste heat 
recovery. However, HTHP systems are not yet considered a mature technology, as there are few 
manufacturers and demonstrations. 
In this paper, the potential impact of HTHPs on target industries, applications, unit sales, market volume, 
energy savings, and CO2 emissions reduction in the European market is broadly estimated, based on 
market research and experience from industrial case studies. 
The market study shows that the target industries are pulp and paper, food and beverage, sugar, rubber 
and plastics, chemicals, and non-metallic minerals, especially energy-intensive production processes 
such as drying, pasteurization, sterilization, evaporation, and distillation.  
HTHP technology with waste heat recovery (about 40 to 100 °C) can be well combined with existing 
gas boilers for peak load coverage and thermal storage to provide the required process heat on demand 
and time. The main challenges are short payback periods of 3 to 4 years, the thermal and electrical 
integration of these systems in the industry, and the relatively low prices for fossil fuels compared to 
electricity. Therefore, the most attractive European markets are, for example, France, Finland, Sweden, 
or Switzerland, with a price ratio of electricity to gas below 2.5. 
Based on EHPA sales statistics (1.6 million units in 21 European countries in 2021, +7.4% growth), unit 
sales for industrial heat pumps can be roughly estimated. Assuming that about 0.5 % are industrial heat 
pumps (>100 kW), this corresponds to about 8,000 units per year for Europe. Other estimates from the 
literature range from 3,000 to 10,000 units and depend on assumptions and future scenarios. Around 
80% of these are for heating capacities between 100 and 350 kW.  
Assuming a cumulative process heat demand of 15 GW/a between 90 and 160 °C (6'000 h/a operating 
hours, 30% of 300 TWh/a technically exploitable by HTHPs) and specific investment costs of 250 to 
500 EUR/kW (excl. planning and integration), this results in an annual technical market potential of 4 
to 8 billion EUR for industrial HTHPs in Europe. The market potential could be even greater with 
improved process integration.  
To sum up, HTHP can save around 40% to 60% primary energy and avoid 50% to 70% CO2 emissions, 
depending on assumptions of primary energy factors and CO2 emission factors for gas and electricity, 
gas boiler efficiency, and COP of HTHP. In addition, carbon taxes on fossil fuels create further 
incentives for energy savings and further reduction of CO2 emissions, increasing the attractiveness of 
HTHP applications. 
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Market attractiveness

Country EU-28
Space heating 297          16%
Hot water 25            1%
PH <60 °C 55            3%
PH 60 to 80 °C 53            3%
PH 80 to 100 °C 89            5%
PH 100 to 150 °C 192          11%
PH 150 to 200 °C 80            4%
PH 200 to 500 °C 151          8%
PH 500 to 1’000 °C 376          21%
PH >1’000 °C 504          28%
Total Heat Consumption
(TWh/year)

1’821      100%

Total Process Heat <60 °C 
to >1'000 °C (TWh/year)

1’499      

Total Process Heat 90 °C
to 160 °C (TWh/year)

237          16%
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Kosmadakis (2019)

Cost parity to gas boiler

CO2 emissions avoidance
(decarbonizing industrial heat)

Industrial end-users: 
2 GWh/a to 20 GWh/a electricity
3 GWh/a to 28 GWh/a gas

 Food and beverages: hot water 
and steam for sterilization, process 
heat for concentration and 
pasteurization

 Bottles and wine tanks: hot water 
and steam for washing and 
sterilizing during bottling processes

 Slaughterhouses: steam and hot 
water for cleaning

 Cheese factories: process heat for 
pasteurization and hot water

 Brick drying: Air preheating to 
120°C with moist exhaust air (70°C, 
50% r.h.)

 Starch drying: Air preheating for 
steam generation 160°C

 Drying of animal fodder: Low 
pressure steam for chamber dryer

 Milk powder production: Air 
preheating to 120 to 150°C for spray 
drying

 Wood drying: Air heating to 120°C 
to 150°C with moist exhaust air

 Paper drying: Low-pressure steam 
130°C using cooling water (60 °C) or 
humid exhaust air (76°C, 56 % r.h.) 
as heat source

 District heating networks: Hot 
water production up to 120°C

 Hospitals: Steam 125°C for 
autoclaves, sterilization and laundry 
drying

 PET bottle industry: Process heat 
between 100°C and 150°C for 
injection molding of plastic preforms

 Sugar industry: Process heat 
between 80 and 150°C for the 
processing of sugar beets, steam 
generation at 138°C for the 
production of 90°C feed water

 Breweries: Process heat of around 
100°C for the brewing process (e.g. 
mashing, lautering, wort boiling)

 Milk processing: Pasteurization 
(HT 100°C to 120°C), sterilization 
(115°C to 135°C) and UHT (135°C to 
150°C)

 Chemical industry: Steam 120°C 
for alcohol distillation using the 
waste heat of the cooling tower or 
the condensation heat of the 
distillation column (65°C)

 Wellness sauna: CO2 heat pumps 
for different temperature levels up to 
120°C

Investment costs

HTHP manufacturers

Price ratio 
electricity to gas

Process heat consumption and waste heat

www.ost.ch/ies

INSTITUTE FOR 
ENERGY SYSTEMS

𝑪𝑪𝑪𝑪𝑪𝑪𝑯𝑯 = 𝟔𝟔𝟔𝟔.𝟒𝟒𝟒𝟒𝟒𝟒 � ∆𝑻𝑻𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳−𝟎𝟎.𝟕𝟕𝟔𝟔

De Boer et al. (2020)

COP fit-curve
(45% 2nd Law 

efficiency)

IWWDSS 630 R6R4ab
(500 kW)

SGH120 (370 kW)
SGH165 (624 kW)

(no sales and after-service 
in Europe)

Prices from European 
HP suppliers. 

The actual prices 
depend on the sales 

channels.

Payback
periods

Marina et al. (2021)

HTHP supplier Compressor type
Working fluid
(Refrigerant)

Max.
capacity
[MW]

Max. 
supply
temp [°C]

TRL

Spilling (DE) Piston R718 15 280 9
Enerin (NO) Piston R704 10 250 6
Piller (DE) Turbo R718 70 212 8 to 9
Olvondo (NO) Piston (double acting) R704 5 200 9
Turboden (IT) Turbo Application specific 30 200 7 to 9
ToCircle (NO) Rotary vane R717+R718 5 188 6 to 7
Kobelco (JP) Twin-screw R245fa/R134a + R718 0.4 175 9
SRM (SE) Screw R718 3 165 5
SPH (DE) Piston HFOs 5 165 7 to 8
Heaten (NO) Reciprocating HFOs 6 165 7 to 9
Weel & Sandvig (DK) Turbo R718 5 160 4 to 9
Siemens Energy (DE) Turbo R1233zd(E)/R1234ze(E) 70 160 9
ECOP (AT) Rotational heat pump ecop fluid 1 0.7 150 6 to 7
Rank (ES) Screw R245fa, R1336mzz(Z), R1233zd(E) 2 150 7
Epcon (NO) Centrifugal fans, blowers R718 30 150 9
MAN Energy Solutions (CH) Turbo with expander R744 50 150 7 to 8
Mitsubishi Heavy Industries Two-stage centrifugal R134a 0.6 130 9
Fuji Electric (JP) Reciprocating R245fa 0.03 120 9
Emerson (US) Scroll and EVI scroll R245fa, R410a, R718 0.03 120 6
Mayekawa (JP) Reciprocating R744 0.1 120 8 to 9
Fenagy (DK) Reciprocating R744 1.8 120 5 to 6
Johnson Controls (DK) Reciprocating R717+R600 (cascade) 5 120 7 to 8

Efficiency (COP) - 90% 300% 400%
Fuel price (gas, electricity)
(Eurostat, 2020, excl. taxes and levies) EUR/kWh 0.0237 0.0822 0.0822
OPEX (energy only) EUR/kWh 0.0263 100% 0.027 104% 0.021 78%
CO2 emission factors (gas, electricity)
(EEA, 2017, EU-28) kg CO2/kWh 0.202 0.296 0.296
CO2 emissions Mt CO2/a 67 100% 29.4 44% 22 33%
CO2 emissions costs Mio EUR/a 3’344        100% 1’469     44% 1’102     33%

CO2 tax EUR/t CO2 50 Avoided CO2 emissions 45           Mt CO2/a
Annual process heat demand
between 90 and 160 °C in EU TWh/a 298

Relative
to gas 
boiler

State-of-the-Art
Gas Boiler

Relative
to gas 
boiler

State-of-the-Art
Heat Pump

Assumptions:

Kosmadakis et al. (2020)

𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻 =
�̇�𝑄𝐻𝐻
𝑃𝑃𝑒𝑒𝑒𝑒

Marina et al. (2021)
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Process Heat Temperature (°C)

Waste Heat Temperature (°C)

EU average energy prices
Electricity: 0.07 EUR/kWh
Gas: 0.036 EUR/kWh
Price ratio: 1.94
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Extended abstract, poster session 

 

This poster session provides information about the project “Demonstrating high-temperature heat pumps 

at different integration levels”, EUDP 64021-7018. 

 

In the project, 2 high temperature heat pump concepts will be designed, built and tested both under lab 

conditions and in real life in the industry. The aim of the project is to demonstrate high temperature heat 

pumps for industrial process heat at different integration levels to explore the benefits / drawbacks of 

these levels. 

 

One heat pump system will be integrated directly in the production process of an industrial heat user, in 

this case BioMar, a fish food producer. The heat pump will use waste heat from the fish food production, 

upgrade the waste heat in a heat pump and return the energy into the production process. 

The heat energy is used in a drying process, where the fish food pellets are dried using hot air and heat 

transfer surfaces inside the dryer. Depending on operating conditions, the heat pump will supply 

temperatures from 80 – 150°C to the drying process, and the warm, humid air exhausted by the dryer 

will be used as source for the heat pump.  

This case is an example of using heat pumps on “Unit level”, meaning that the basic drying process 

remains unchanged, but the drying unit is converted to using a heat pump to supply the heat instead of 

a natural gas burner / steam system. 

 

   
Schematic of the drying process. Wet pellets enter at the 

top. Hot air is added from left, and additional heat is 

supplied   at bottom. Warm , humid air exits at top right. 

Finished, dries pellets exit at bottom right

 

 
Energy  balance showing the  power used for hot air and 

additional heat (shown in red). The energy content in the 

moist air source  is shown in black. The potential energy 

output of a heat pump using pentane as medium is shown 

in blue.
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The other heat pump will be installed at a Danish district heat utility (Din Forsyning, Esbjerg). The heat 

pump will provide high temperature energy in the form of hot water and/or steam to industrial customers, 

using the district heating (water)system as source. Din Forsyning sees a potential market for supplying 

energy services (other than district heating) to industries in the district heating area. This could be in the 

form of hot water (>100°C) or steam up to 160°C. The energy services could also include cooling and 

taking up waste heat at moderate temperatures to be upgraded in heat pumps and reused as high(er) 

temperature heat. 

This case is an example of using heat pumps on “Sector level”, since the heat supplier is now the local 

utility company, and not the industrial consumers own equipment. 

 

 
Illustration of utility company (left) supplying a variety of energy services: District heating for residential and industrial 

customers (red & blue), steam and cooling for industrial customers (orange and light blue). The system may also include 

collection of waste heat from industrial consumers (not shown). 

 

In principle, other integration levels are possible. For example, it may be decided to convert the energy 

consuming process to another to incorporate the heat pump. Instead of using an air-dryer, it would be 

possible to change to a drying process using superheated steam with an MVR compressor. This would 

be called integration at “Process level” 

Likewise, it could be possible to integrate a number of different machines at the same industry, where 

some of these may be able to use waste heat from other machines. This would be called integration at 

“Utility level” since it’s the industry’s utility function that operates and integrates the heat pump.  

 

Integration levels: 

Process level Unit level Utility level  Sector level 

Modifying / changing 

the energy consuming 

process to fit a heat 

pump. 

Modifying an existing 

machine to use a heat 

pump instead of other 

energy sources. 

Connect the heat pump 

to several machines in 

the same company.  

Can also include heat 

exchange between 

machines / processes 

Having an external 

supplier deliver energy 

services to an industry. 
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Apart from demonstrating the high temperature heat pumps, the project also aims at illuminating the 

advantages or disadvantages of using heat pumps at different integration levels: 

 

- When integrating heat pumps directly into an industrial production, it’s probably possible to 

optimize the whole process more, since all production parameters are known. The heat pump 

type can be chosen to match the temperature profiles needed in the production, and in some 

cases, heat can be regained by simple heat exchange inside the process. A system that’s 

heavily optimized for one production may, however, not be very flexible. 

In addition, all heat pumps need a low temperature heat source. During the start-up of an 

industrial production, such a source may not be available. Alternative solutions must be found 

to overcome this, to make the heat pump practical. 

 

- Using heat pumps to supply energy from a district heating utility, the system must be flexible 

to adapt to various customer’s needs. Since a heat pump needs a “low” temperature source, the 

district heating system has an advantage in using the buffer capacity of the hot water circuit as 

source. On the other hand, the district heating supplier does not have control of the processes in 

the customer’s production and cannot sub-optimize based on that. This means that the utility 

heat pump may have a lower efficiency than its industrial counterpart. On the other hand, 

utilities often operate on a much longer time scale, meaning that the heat pump investment can 

be returned over a period of maybe 10 – 20 years, where the industry typically expects a payback 

in 3-6 years. 

 

The expected outcome(s) of the project are:  

 

- Successful long-term demonstration of high temperature heat pumps for industrial process 

heat up to 160°C. 

 

- Economical models to predict the business case for industrial heat pumps 

 

- Creating awareness of the potential of industrial high temperature heat pumps and speeding up 

their market penetration.  
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Objectives

• Development, manufacturing and testing of 2 
HTHP concepts under lab conditions and in real 
life in the industry. 

• Demonstrate heat pumps at different integration 
levels to explore the benefits of these levels.

Case I: Pellet Dryer at BioMar

BioMar produces fish food pellets from various biological materials. The 
materials are mixed including some water, then heated and extruded into 
pellet form. The pellets must be dried to remove excess water. 
Today, the drying process uses natural gas for the drying process. Warm, 
moist air is discarded to an ambient filter unit.
In future, the heat for drying can be produced by a heat pump, using the 
warm, moist air as heat source. COP expected to be 3 - 4, depending on 
operating conditions.

Integration levels

Frascold compressors using
hydrocarbons as media to obtain
drying temperatures up to 150°C.

2 stage heat pump using butane on 
the low side and pentane on the 
high side

Demonstrating high-temperature heat 
pumps at different integration levels

Tage Petersen, Benjamin Zühlsdorf

tagp@teknologisk.dk, Danish Technological Institute

Case II: Upgrading DH at DIN Forsyning

DIN Forsyning supplies residential district heat to Esbjerg and Varde.  In 
the future, DIN Forsyning may also supply process heat (steam, hot 
water) to various industries in the area, using high temperature heat 
pumps with the district heating system as heat source.
In the final setup, the district heating water system could be used as 
“energy-backbone”, supplying district heating, cooling and process heat, 
at the same time receiving low temperature waste heat to be upgraded 
by heat pumps, effectively using the same heat energy many times.

• Process integration

• Level of integration

• Heat recovery

• Integration of District 
Heating

Process & Sector Integration

• Concept development

• System Design

• Modification of existing 
component technologies

• Function testing

• Performance testing 

• Modifications and 
iterations

• 2 demonstrations on process 
and sector level

• Operating environment

• Long-term testing

• Business model demonstration

• Dissemination

• Workshops

• Education

Creating awarenessDemonstrationTestingTechnology Development

SRM screw compressors using
hydrocarbon and water as media to 
produce steam up to 160°C.

2 stage heat pump using butane on 
the low side and water (steam) on 
the high side

”Local” utility
for process

heat /cooling

Process level Unit level Utility level Sector level

Highest 
efficiencies Process 

modifications

Process dependency
Low required PBT

Buffering and load balancing
Larger capacities

Economy of scale
Longer (economic) 
planning horizons 

Heat recovery
Limited process modifications

Various application requirements
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Abstract  

Background 
Drying processes are widely used in industry and commerce (food industry, paper industry, chemical 

industry, ceramics industry, laundries etc.) as well as in household applications (white goods, tumble 

dryers, dishwashers) in various forms and contribute significantly to energy consumption. (10-25% of 

industrial energy consumption is used for drying processes)1. To this day drying is still one of the 

dominating industrial preservation processes for innumerable products. Industrialization helped to 

optimize drying processes, which are conducted under varying, but controlled conditions. The 

Handbook of Industrial Drying2  gives at least 15 different dryer types and identifies more than 20 

different industrial drying sectors, which makes it rather difficult to generalize drying technologies.  

Depending on the type of heat input, a distinction is made between convective drying by a hot gas 

stream, contact drying by hot surfaces and radiation drying, in which the energy is supplied by 

electromagnetic waves. However, the basic principle of drying is the same as it used to be thousands 

of years ago, and the most common dryer type is based on convective drying. Industrial convective 

drying plants are mainly operated by burning fossil energy sources and product waste. A 

comprehensive dryer comparison can be found here3. The moisture (e.g. water) extracted from the 

material to be dried is in most cases released into the environment in pure gaseous form or with a 

drying medium (e.g. air, steam).  

This exhaust air contains high amounts of energy, which is currently only partially used by heat 

recovery. Modern industrial drying processes are either an open loop system using heated ambient 

air or closed loop system with recirculation of the drying air. Heat pumps are characterized by the 

possibility to utilize a heat source at low temperatures (at the evaporator) and supply a heat sink at a 

higher temperature (condenser). For the case of closed loop drying this combined heat and cool load 

is used for the recovery of drying energy (basically the latent heat of water evaporation) and deliver 

this energy back into the drying process in the form of de-humidified and re-heated drying air (as 

illustrated in Figure 1).  

 
1 Eurostat. Consumption of Energy. Available online: https://ec.europa.eu/eurostat/statistics-

explained/index.php?title=Archive:Consumption_of_energy (accessed on 12 April 2021) 
2 Mujumdar, A. S. et al, Handbook of Industrial Drying, 3rd ed., Taylor & Francis, 2006 
3 [online]: Portal für industrielle Trocknungsanlagen (http://www.drying.de/ ) 
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Figure 1: Conventional open loop drying (left) vs. heat pump assisted drying for convective air drying in 

closed loop (right). 

 

Heat pumps can make a significant contribution to heat recovery by lowering the temperature level 

below the dew point to recover the latent energy of water vapor. By integrating heat pumps, energy 

savings of up to 80% can be achieved in the drying process. Heat pumps can either bring heat back 

into the process or make it available for further use (heating, hot water etc.). As many of the processes 

have to run at certain temperature levels, the use of high temperature heat pumps (up to 200°C) in 

industrial environments is of great interest.  

From the literature4, various concepts for drying with heat pumps are already known and are 

compared with other drying methods. The main advantages of the compression heat pump technology 

for drying are summarized as follows: 

• Higher efficiency: Recovery and utilization of the energy of the water vapour by condensation, 
when leaving the air from the drying plant and thus increased efficiency. The resulting lower 
water load in the air also increases the drying rate. 

• Better controllability: The air volume flow, temperature and moisture can be precisely 
controlled with compression heat pumps in drying plants. 

• Product quality: Lower drying temperatures lead to higher product quality. In addition, the 
preservation of flavourings can be improved by using an inert atmosphere in recirculation 
mode. 

 

Drying with heat pumps can achieve a specific electrical energy input in the range of 0.12 to 0.3 

kWh/kg condensate, the exact figure depending strongly on the operating point and the inclusion of 

 
4 Evangelos Tsotsas, Arun S. Mujumdar, Modern Drying Technology, Wiley-VCH Verlag GmbH & Co. KGaA, 

Germany, 2012 
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auxiliary electrical drives such as fans and circulators. In the case of convective exhaust air drying, 

which is now very widespread and is based on fossil fuels such as natural gas, the specific energy input 

is in the range of 1 to 2 kWh/kg condensate5. 

Objectives and scope 

The overall objective of the Annex is to evaluate potentials on energy savings in drying processes in 

several applications that can be unlocked with the use of heat pumps.  

1. Collate relevant data of state of the art of drying processes equipped with heat pumps 
2. Analyse drying process on a theoretical level to find optima in process design (e.g. lowering 

temperatures), in process operation (drying time) as well as in heat pump design and 
integration 

3. Gather experience of demonstration projects by monitoring and simulation of the entire 
drying system  

4. Recommendations for design of heat pump drying systems regarding performance, cost, etc. 
and compare with conventional dryers 

5. Recommendations for concepts of dryers regarding heat pump integration and operations 
which are favourable for heat pump operation 

 
5 Colak N. and Hepbasli, A., A review of heat pump drying: Part 1 – Systems, models and studies,  

Energy Conversion and Management 50, 2180-2186 (2009) 
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IEA HTP ANNEX 59 - HEAT PUMPS FOR DRYING

INTRODUCTION

Drying is generally understood to be the removal of liquid from a dry material or product. This can be done either mechanically or

thermally by using energy. If possible, mechanical drying should be used, as these processes only require about 10% of the energy input

of thermal processes. Drying processes are widely used in industry and commerce (food industry, paper industry, chemical industry,

ceramics industry, laundries etc) as well as in household applications (white goods, tumble dryers, dishwashers) in various forms and

contribute significantly to energy consumption. (10-25% of industrial energy consumption is used for drying processes).

The overall objective of the Annex is to evaluate potentials on energy savings in

drying processes in several applications that can be unlocked with the use of heat

pumps.

▪Evaluate the state of the art of drying processes equipped with heat pumps
▪Analyse drying process on a theoretical level to find optima in process design (e.g.

lowering temperatures), in process operation (drying time) as well as in heat pump
design and integration

▪Gather experience of demonstration projects by monitoring and simulation of the
entire drying system

▪Evaluate the design of heat pump drying systems regarding performance, cost, etc
and compare with conventional dryers

▪Derive recommendations for concepts of dryers regarding heat pump integration
and operations which are favourable for heat pump operation

▪Dissemination of information and results on the Annex by a website, publications,
workshops and reports.

Michael LAUERMANN, Veronika WILK, Thomas FLECKL

michael.lauermann@ait.ac.at 
AIT Austrian Institute of Technology GmbH, Center for Energy, Sustainable Thermal Energy Systems, Giefinggasse 4, 1210 Vienna, Austria. 

14 474 TWh = 

49% used

Ref: Forman et al. Estimating the global waste heat potential, 

Renewable and Sustainable Energy Reviews 57 (2016) 1568-1579

29 539 TWh 

consumed in industry

worldwide (2012)

CONVENTIONAL VS. HEAT PUMP DRYING

Industrial heat sources: 

• Waste heat from chillers: approx. 30°C

• Waste heat from process cooling: 

approx. 50°C

• Waste water: 20 – 40°C, also 

contaminated

• Off gas: 60 – 80°C, humidity, 

contaminated 

Industrial heat demand:

• Process water: 50 – 80°C

• Hot air

• District heat: 60 – 120°C

Heat pumps are characterized by the

possibility to utilize a heat source at low

temperatures (at the evaporator) and

supply a heat sink at a higher

temperature (condenser). For the case

of closed loop drying this combined

heat and cool load is used for the

recovery of drying energy (basically the

latent heat of water evaporation) and

deliver this energy back into the drying

process in the form of de-humidified

and re-heated drying air

OBJECTIVES

15 065 TWh  = 51% losses

approx. 60% = waste heat in waste water and off gases

approx. 40% = radiation, friction, resistance, etc.

The main advantages of the

compression heat pump technology for

drying are summarized as follows:

• Higher efficiency: Recovery and

utilization of the energy of the water

vapour by condensation, when

leaving the air from the drying plant

and thus increased efficiency. The

resulting lower water load in the air

also increases the drying rate.

• Better controllability: The air

volume flow, temperature and

moisture can be precisely controlled

with compression heat pumps in

drying plants.

• Product quality: Lower drying

temperatures lead to higher product

quality. In addition, the preservation

of flavourings can be improved by

using an inert atmosphere in

recirculation mode.
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Sustainable Thermal Energy Systems
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AIT Austrian Institute of Technology GmbH

Giefinggasse 2 | 1210 Vienna | Austria

T +43 50550-6414 | M +43 664 88390714
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Abstract  

 

This article summarizes the steps the department of energy technology at KTH has taken to build a High-

Temperature Heat Pump (HTHP) and to test various HFCs and HFOs replacing other refrigerants, 

mainly R-134a and R-245fa. Design simulations were conducted to evaluate and select the right 

components for the current HTHP. To assess the feasibility of using low GWP refrigerants, a variety of 

EXV devices were installed with different, parallel plate heat exchangers as heat sinks and heat sources 

in order to accommodate for the variable thermal loads. 

 

Introduction. 

 

The heat pump technology is a device that can recycle or extract wasted heat from a heat source and 

produce a useful energy. This cycle has the potential of decreasing the amount of energy dissipated to 

the environment and consequently reducing the emissions of Greenhouse Gases (GHGs) affecting our 

existence. The thirst for energy around the world is growing exponentially especially in China the 

fastest-growing economy. The U.S. Energy Information Administration (EIA) estimates that world 

energy usage will increase by 50% between 2018 and 2050 [1], which will drive the levels of GHGs 

such as carbon dioxide and different air pollution to higher values. With the current emission rates of 

GHGs, the earth’s temperature will rise above (2℃) by 2036 and it is by UNIPCC standards harmful, 

devastating, and life threatening. The IPCC reports are code red for humanity where global heating is 

affecting every region on Earth with many of the changes becoming irreversible. In Early 2021, the 

European Commission [2] proposed another increase to raise the target from 40% to at least 55% for 

sectors covered under the existing EU Emissions Trading System. To achieve this reduction, a phase-

out of HCFC and HFC with GWP100 values over 500 is necessary along with moving to the 

electrification of heat by implementing advanced technologies such as (HTHP), Organic Rankine Cycle 

(ORC), and other sustainable and efficient technologies. A HTHP can be an attractive solution for 

industries with high waste heat potentials annually such as the iron and steel industry in Sweden where 

the total annual waste heat output potential is 5 TWh per year [3]. 

 

Refrigerants’ Dilemma. 

 

The choice for a suitable refrigerant to be used in HTHP is a complex and debatable issue. Every 

manufacturer is promoting the right refrigerant as if it is the one to be implemented in HVAC and 

refrigeration systems. Synthetic and natural refrigerants or their mixtures are under investigation in 

many institutions, universities, and industries to see which will take the lion's share in the market. 

Several issues have to be indicated and evaluated here in the selection of the right refrigerant such as its 

chemical structure, its GWP values, the side effect of decomposition, and other preferred parameters. 
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Chemical and Thermal Properties. 

 

Selecting a synthetic refrigerant depends on its chemical and thermal properties. Thermal factors affect 

the coefficient of performance (COP) and volumetric efficiency of the system, while chemical properties 

have important effects on the environment and living creatures. Based on the triangle of elements for 

refrigerants, Hydrogen, Chlorine, and Fluorine shown in Fig. (1), adding chlorine atoms to the chemical 

structure of the refrigerant would increase the Ozone Depletion Potential (ODP) values, increasing 

hydrogen atoms would elevate the flammability rates, and more fluorine atoms would raise the Global 

Warming Potentials (GWPs) index. 

 

 
Figure (1): Synthetic refrigerants formation from Propene gas. 

 

As an example, the new isomer refrigerants R-1234ze(Z), R-1234ze(E), and R-1234yf with the chemical 

formula (C3H2F4) and low GWP values, can be synthesized from the highly flammable Propene gas, 

also known as Propylene gas, by replacing four hydrogen atoms with fluorine atoms. Fig. (1) indicates 

how we can make R-1234, not its isomers, from Propene gas R-1270. It is clear from the figure that 

from Propene gas we can manufacture many advertised refrigerants in the market such as R-1243zf, 

R1233zd(E), R-1234ze(E), R1234ze(Z), R1234yf, R1224yd(Z), and R-1225e(Z). Most of these gases 

are in the safe area of low flammability, no toxicity, and low GWP values. It is worth mentioning here 

that R-1336 isomers R-1336mzz(Z) and R-1336mzz(E), with the chemical formula (C4H2F6), are 

produced from Butene gas R-1390 with the chemical formula (C4H8). Fig. (2) indicates the location of 

R-1336 in the safe area where many refrigerants are not explored and/or created. 

 

Global Warning Potential (GWP) values. 

 

The choice of time horizon has a strong effect on the GWP values and it could be a tricky one. The 

GWP100 value for some synthetic refrigerants (CFC, HCFC, HFC, HFO) and natural refrigerants was 

adopted as a metric to implement the multi-gas approach embedded in the United Nations Framework 

Convention on Climate Change (UNFCCC) and made operational in the 1997 Kyoto Protocol. Given 

that climate change signs have been observed and measured all over the world, policies based on GWP20 

figures could accelerate the process of reaching the targets faster and would influence the order of how 

the control steps are executed. 
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Figure (2): R-1336 formation from Butene gas. 

 

 
Figure (3): GWP100 against GWP20. 

 

Fig. (3) compares the values of the two indexes. One of the reasons GWP20 values can be adopted is that 

the lifetime of HFCs ranges from 1.4 to 52 years where the average lifetime is 21.7 years [4]. Not all 

agree with the move to the new index because the presented data over 20 years could be misleading to 

the public as well as policymakers in terms of which refrigerants are truly climate-friendly and 

sustainable. The GWP20 values would emphasize the removal of certain HFCs, such as R134a, and short-

lived GHGs, such as methane, but would allow for a larger amount of carbon dioxide (century) and 

long-lived GHGs to not be reduced. This consequently will raise the earth’s temperature for hundreds 

of years to come. It is also important to evaluate other indexes such as the Total Equivalent Warming 

Impact (TEWI) and Life Cycle Climate Performance (LCCP). The TEWI index assesses simultaneously 

the GHG emissions caused by the accidental refrigerant leakages (Direct Effects, DE) and those caused 

by electricity consumption during the system operation (Indirect Effects, IE). The LCCP index takes 

into account other CO2-equivalent emissions not included in the TEWI analysis [5]. 
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Decomposition of synthetic refrigerants. 

 

Another issue that affects the selection of a suitable synthetic refrigerant is Per- and PolyFluoroAlkyl 

Substances (PFAS) and its sub-groups. Many PFAS dissolve in drinking water, can be dangerous if they 

are consumed in large quantities, and breakdown slowly in time. The Organization for Economic Co-

operation and Development (OECD) [6] identified over 4700 substances as PFAS in their risk 

management report published in 2018. In the same report, they identify new groups that fulfill the 

common definition of PFASs, which include hydrofluorocarbons (HFCs) and hydrofluoroolefins 

(HFOs) refrigerants. In the atmosphere, some of these refrigerants breakdown because their chemical 

formula contains double bonds, which makes their molecules less stable. The result of the decomposition 

is a TriFluoroacetic Acid (TFA), which is yet another sub-group of PFAS. We should not be alarmed 

by PFAS or TFA for now because they already exist in small amounts in food packaged; commercial 

household products such as water-repellent fabrics, nonstick products (e.g., Teflon), and so forth [7]. 

Nevertheless, we should consider the breakdown of fluorocarbons mentioned before and their increased 

dosages in the environment. EU REACH Regulation from the European Chemical Agency (ECHA) 

stated that “Without taking action, [PFAS’] concentrations will continue to increase, and their toxic and 

polluting effects will be difficult to reverse.” 

 

HTHP Components Setup. 

 

To validate the pure synthetic refrigerants’ performance and their ability as a drop-in replacement for 

other refrigerants, a HTHP test rig has been constructed at the department of energy technology at KTH 

to test various HFCs and HFOs with low GWP values replacing R-134a and R-245fa refrigerants with 

high GWP values. Based on the critical temperature parameter only, R-134a could be replaced by the 

following refrigerants R-1234ze(E), R-1225ye(Z), R-1234yf, and R-1243zf which we call Group I. R-

245fa can be replaced by the selected refrigerants R-1336mzz(Z), R-1233zd(E), R-1224yd(Z), and 

1234ze(Z) which we call Group II. Please note that Group II can be used as a replacement also for R-

134a due to its high critical temperature. Other thermal properties, such as volumetric flow rate, 

compressor power consumptions, gas and liquid specific heat, Coefficient of Performance (COP), and 

other parameters, will be evaluated and reported. In addition, we will assess the compatibility of 

compressor oils and refrigerants at high temperatures. Simulations have been performed using EES 

software based on 40, 60, and 80℃ temperature lift to evaluate the thermal loads on the sink side 

(condenser) and the source side (evaporator). All simulations were run on the volumetric flow rate of 

Bitzer’s reciprocating compressor model 4FEH-35Y with VariPack inverter FHU73. The compressor 

has a maximum power input of 35kW. Fig. (4), for example, illustrates the simulation that we have run 

for a temperature lift of 40℃ for Group I only with and without internal heat exchanger (IHX). To 

accommodate for the variable loads because of testing different refrigerants, two condensers, two 

evaporators, and two EXVs have been selected. SWEP offered its engineering expertise and solutions 

with top-of-the-line BPHE designed especially for this rig. Danfoss also recommended its best EXV 

valves to tolerate high-temperature working fluid after the condensers. The aim of this research is to 

reach a temperature of 150℃ with some modifications on the Bitzer’s compressor. Fig. (5) depicts the 

schematic layout of the test rig we are currently constructing. 

 

Conclusion. 

 

Through this test rig, we will validate which refrigerant should be investigated more and to what extent. 

The R-134a replacements’ refrigerants can reach an output temperature of 80℃ whereas the R-245fa 

replacements will be pushed to reach a temperature of 150℃. The small footprint of the test rig is 

appealing for applying this technology in remote buildings where no DHC network is available. It was 

not possible to test natural refrigerants here because of their flammability and/or toxicity issues and their 
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incompatibility with the current setup. The industry is technically ready for new pure and mixture 

synthetic refrigerants but has to deals with issues such as compressor oil and performance 

characteristics. 

 

 

Figure (4): Simulation for severla refrigerants for Group I replacing R-134a. 

 

Figure (5): HTHP test rig schematic layout. 
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Summary. 
• Simulations conducted to evaluate and select the right 

components for the current HTHP for low GWP, pure, 
synthetic refrigerants. 

• Parallel Plate HEX to accommodate variable thermal 

loads. 

• Construction of HTHP. 

 

Refrigerants’ Dilemma. 
1. Chemical and Thermal Properties. Triangle of 

Elements (H, F, Cl) 
 

 
 

 
 

2. GWP, TEWI, & LCCP Indexes. 
 

 
 

➢ GWP Values: The GWP20 values would emphasize the 

removal of certain HFCs, such as R134a, and short-lived 

GHGs, such as methane, but would allow for a larger amount 

of carbon dioxide (century) and long-lived GHGs to not be 

reduced. 
 

➢ Total Equivalent Warming Impact (TEWI): assesses Direct 

and Indirect Effects. 

 
➢ Life Cycle Climate Performance (LCCP). 

 

3. Decomposition of synthetic refrigerants. 
 

EU REACH  

Regulation from the European Chemical Agency (ECHA) stated 

that  

“Without taking action, [PFAS’] concentrations will continue to 

increase, and their toxic and polluting effects will be difficult to 

reverse.” 

 
 

 

Simulations. 
 

 
 

 
 

HTHP Rig Construction. 
 

 
 

➢ Bitzer 4FE-35Y reciprocating compressor with VariPack 

Inverter FUH73. 
➢ SWEP HEXs Series P250AS and B250AS in Parallel. 

➢ Danfoss control and parallel Electronic Expansion Values 

(EXV) Series KVS 2C and KVS 3C. 
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1.    Introduction
JomaTech in collaboration with Teknologisk Institut (TI) and DTU, devised an experimental setup.
The purpose was to test a new cycle that includes injection of refrigerant into the compressor at a
certain temperature.  The new compressor design would allow for a cycle closer to the Lorenz cycle
than conventional cycles, thereby attaining a better COP. The experimental setup was borrowed by the
authors, with the purpose of demonstrating the original results as well as expanding on them as part of
an ongoing bachelor course. Since the project is ongoing the following will both provide an overview
of what has and what is intended to be done.

2.    Methods
The cycle will briefly be explained in the following and relates to the figure below. In the compression
chamber (2), a piston driven by hydraulics (1) compresses the gas. At certain setpoints refrigerant
from the condenser/subcooler is injected (4). This causes the gas in the compressor to cool down and
condens. Liquid refrigerant leaves the compressor and is subcooled (3). The cooled refrigerant leaves
the subcooler, part of it is led back to the compression chamber (4) while the rest of the refrigerant is
expanded and evaporates in the evaporator (5).

The project contains three parts, first the experimental setup has to be connected to DTU’s internal
cooling system. Secondly a dynamical model of the compression process will be developed and lastly
data acquisition and analysis. The dynamic model will be built in  EES and should simulate a single
compression stroke with refrigerant injection. Injecting refrigerant causes droplets to be formed and
their thermal interface and heat transfer within the compressor will be in focus to provide guidance in
optimising the process. The modelling takes inspiration and is an extension of previous work, see
Arjomand Kermani et al. (2018).

The experimental work will provide data to investigate the increase in COP with refrigerant injection,
as well as to validate the EES-model.
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Figure 1. Illustration of the experimental cycle

3.    Results and discussion
The project is still at its starting fase and therefore the results are limited. The system seems functional
and still airtight after 3 years of no use. The modelling process is on its way and requires further
research of applicable droplet models to be able to predict the heat transfer behaviour between the two
fluid phases.

The current experimental setup is not commercially viable as the price-capacity ratio is not affordable.
Other compressor technologies such as  conventional reciprocating compressors would not allow wet
compression due to current valve plate technology. Reciprocating compressors will experience a
"liquid hammer" which will destroy high pressure/outlet valves within a short time. Compressor
technologies that are most likely to work are screw compressors. Although they have challenges with
large amounts of liquid, which can give a lubricating effect that can also in the short term give the
compressor failure.

4.    Conclusion
As stated, the project is ongoing and no final conclusions have been drawn. Early testing has shown
that the system is somewhat functioning and airtight, although it is yet to be connected to DTU’s
internal cooling system. It has been possible to log the dataoutput from the previously installed
sensors on the system.
The dynamic model in EES is still under construction, so there is still no indication of a theoretical
improvement of COP by using wet compression.

5.    References

Arjomand Kermani, Nasrin; Terpollari Madsen, John ; Heerup, Christian; Elmegaard, Brian.
Performance Enhancement of Vapor Compression Heat Pumps by a Cooled Compression Cycle. 13th
IIR-Gustav Lorentzen Conf. Nat. Refrig., 2018.
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Experimental wet compression using hydraulics
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Introduction
JomaTech in collaboration with Teknologisk Institut (TI) and DTU, devised
an experimental setup. The purpose is to test a new cycle that includes
injection of refrigerant into the compressor at a certain pressure. The new
compressor design would allow for a cycle closer to the Lorenz cycle than
conventional cycles, thereby attaining a better COP. The experimental setup
was borrowed by the authors, with the purpose of demonstrating the original
results as well as expanding on them. Since the project is ongoing the
following will both provide an overview of what has and what is intended
to be done.

Figure 1: Picture of the current state of the experimental test rig

Principle
The cycle is briefly explained in the following and presented in the figure
2. In the compression chamber (2), a piston driven by hydraulics (1) com-
presses the gas. At certain setpoints refrigerant from the condenser/sub-
cooler is injected (4). This causes the gas in the compressor to cool down
and condens. Liquid refrigerant leaves the compressor and is subcooled (3).
The cooled refrigerant leaves the subcooler, part of it is led back to the
compression chamber (4) while the rest of the refrigerant is expanded and
evaporates in the evaporator (5).

Figure 2: System design

With reference to figure 3, refrigerant gas from the evaporator is sucked into
the compression chamber on the pistons backstroke (1).

During the compression stroke, liquid refrigerant is injected through a nozzle
(2). Depending on the pressure and temperature the injected droplets either
evaporate or the gas condensates. When all the gas is condensated a non-
return valve lets the refrigerant escape into subcooler (3).

Figure 3: Injection cycle. The colours represent: blue: gas refrigerant, red: compressed gas
refrigerant, green: liquid refrigerant

Going forward
The plan is to create a baseline with no refrigerant injection during the
compression. During this test the main goal is to measure a reference COP.
Thereafter the optimal time and mass flow of injected refrigerant and the
attained COP will be determined experimentally. This will allow compari-
son of the performance for the two conditions. Furthermore, the plan is to
investigate the heat transfer between the fluid phases during the compres-
sion in order to explore how to minimize the time of each cycle.
To aid in the before mentioned experiment a dashboard has been developed
in python using matplotlib. Data is collected with a MODBUS TCP/IP
interface with the controller. An early version of this dashbord can be seen
below in figure 4.

Figure 4: Dashboard for data collection or visualization

A dynamic EES model for analysing the heat transfer between the fluid
phases will be developed and validated by the result from test of the system.
By this, the model can be used in an optimisation process, to see how certain
areas of the system (the amount of refrigerant injected in the compressor,
the type of refrigerant etc.) affect the COP.
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1.    Introduction
As part of the  “Simulation thermal energy systems” course at DTU, the possibility of using the
surplus heat from a CO2 chiller by connecting it to the central heating system at the campus was
investigated. This entailed developing a model to simulate the system in its current configuration as
well as in the desired heat pump configuration.

2.    Methods
The model was built as a steady-state model for the full operating range of the plant and written in
Engineering Equation Solver (EES). Plate heat exchangers were simulated by discretization into
control volumes related to the needed heat transfer and the model then solved for the required heat
exchanger area. A number of different heat transfer correlations were used, see Schröder (2014), Khan
(2010), Davidson (1943), Sundén (2017) and Ayub (2019).

Validation was accomplished comparing model predictions with the operation data from the chiller.
Specifically the gas cooler/condenser pressure, hot gas temperature, compressor frequency and power
consumption were compared.

3.    Results and discussion
Through comparison of the model predictions and operation data, it was concluded that the system
was operating with an unexpectedly low  COP of 0.5. The model further predicted that the system
could perform with a COP of 2.4 or 1.9 as a chiller or as a heat pump respectively. An economic
model was developed based on the estimated COP’s. The conclusion was that if run as a heat pump
the configuration would save an estimated 50,000 DKK per year compared to the optimised chiller
configuration, with an payback period of around 3 years. Compared to the actual operation the heat
pump configuration would save 350,000 DKK per year.

An EES interface was developed, see figure 1. It is possible to set the desired temperature in and out
of the gas cooler on the water side and the temperature out of the gas cooler on the CO2 side. The gas
cooler pressure may be fixed, or EES may optimise it. This makes it possible to quickly calculate the
desired operating points.
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Figure 1. Model UI

The current hypothesis for the poor COP is suboptimal control of the system. The problem arises from
controlling gas cooler/condenser pressure close to the critical pressure. A measurement error in the
temperature sensor at the outlet of the gas cooler/condenser resulted in a too high pressure and too low
utilisation of the gas cooler accordingly.

4.    Conclusion
By simulating our model for transcritical operation, we found that it would be possible to achieve a
COP 1.9 for heat pump configuration or 2.4 for subcritical chiller operation. A simple payback period
calculation showed that the investment in a new pump would be advantageous. This leads to a general
conclusion that the utilisation of surplus heat from refrigeration plants can be economically
advantageous.

The modelling has been particularly laborious, in relation to the heat exchangers, both because it has
been difficult to obtain geometric data and correlations that give results to a satisfactory degree. In
addition, we found that detailed understanding of expansion valve operation  may be advantageous to
use for troubleshooting purposes.
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Introduction
As part of the “Simulation thermal energy systems” course at DTU, the
possibility of using the surplus heat from a CO2 chiller by connecting it to
the central heating system at the campus was investigated. This entailed
developing a model to simulate the system in its current configuration as
well as in the desired heat pump configuration.

Figure 1: Overview of the cycle (simple supercritical one stage CO2)

Results and discussion
Through comparison of the model predictions and operation data, it was
concluded that the system was operating with an unexpectedly low COP of
0.5. The model further predicted that the system could perform with a COP
of 2.4 or 1.9 as a chiller or as a heat pump respectively. An economic model
was developed based on the estimated COP’s. The conclusion was that if
run as a heat pump the configuration would save an estimated 50,000 DKK
per year compared to the optimised chiller configuration, with an payback
period of around 3 years. Compared to the actual operation the heat pump
configuration would save approximately 350,000 DKK per year.

Figure 2: Actual cycle under operation Figure 3: Optimised cycle (Heat pump)

Figure 4: T-Q Actual cycle under
operation (Gas cooler)

Figure 5: T-Q Optimised cycle (Gas cooler)

An EES interface was developed, see figure 6. It is possible to set the
desired temperature in and out of the gas cooler on the water side and the
temperature out of the gas cooler on the CO2 side. The gas cooler pressure
may be fixed, or EES may optimise it. This makes it possible to quickly
calculate the desired operating points.

Figure 6: User interface

As can be seen in the plot below, precise regulation of high pressure in
relation to gas cooler outlet temperature is necessary for optimal COP. At
low outlet temperatures, COP changes drastically for small changes in high
pressure.

Figure 7: COP in relation to gas cooler pressure, at different temperatures out of the gas
cooler

Conclusion
By simulating our model for transcritical operation, we found that it would
be possible to achieve a COP 1.9 for heat pump configuration or 2.4 for
subcritical chiller operation. A simple payback period calculation showed
that the investment in a new pump would be advantageous. This leads to
a general conclusion that the utilisation of surplus heat from refrigeration
plants can be economically advantageous.
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