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Preface

This project was carried out within the Technology Collaboration Programme on Heat Pumping
Technologies (HPT TCP), which is a Technology Collaboration Programme within the International
Energy Agency, IEA.

The IEA

The IEA was established in 1974 within the framework of the Organization for Economic Cooperation
and Development (OECD) to implement an International Energy Programme. A basic aim of the IEA is
to foster cooperation among the IEA participating countries to increase energy security through energy
conservation, development of alternative energy sources, new energy technology and research and
development (R&D). This is achieved, in part, through a programme of energy technology and R&D
collaboration, currently within the framework of nearly 40 Technology Collaboration Programmes.

The Technology Collaboration Programme on Heat Pumping Technologies (HPT TCP)

The Technology Collaboration Programme on Heat Pumping Technologies (HPT TCP) forms the legal
basis for the implementing agreement for a programme of research, development, demonstration and
promotion of heat pumping technologies. Signatories of the TCP are either governments or
organizations designated by their respective governments to conduct programmes in the field of energy
conservation.

Under the TCP, collaborative tasks, o r fi A n, nretiedisldof heat pumps are undertaken. These
tasks are conducted on a cost-sharing and/or task-sharing basis by the participating countries. An Annex
is in general coordinated by one country which acts as the Operating Agent (manager). Annexes have
specific topics and work plans and operate for a specified period, usually several years. The objectives
vary from information exchange to the development and implementation of technology. This report
presents the results of one Annex.

The Programme is governed by an Executive Committee, which monitors existing projects and identifies
new areas where collaborative effort may be beneficial.

Disclaimer

The HPT TCP is part of a network of autonomous collaborative partnerships focused on a wide range
of energy technologies known as Technology Collaboration Programmes or TCPs. The TCPs are
organised under the auspices of the International Energy Agency (IEA), but the TCPs are functionally
and legally autonomous. Views, findings and publications of the HPT TCP do not necessarily represent
the views or policies of the IEA Secretariat or its individual member countries.

This report has been produced within HPT Annex 58. Views and findings in this report do not necessarily
represent the views or policies of the HPT TCP and its individual member countries.

The Heat Pump Centre
A central role within the HPT TCP is played by the Heat Pump Centre (HPC).

Consistent with the overall objective of the HPT TCP, the HPC seeks to accelerate the implementation
of heat pump technologies and thereby optimise the use of energy resources for the benefit of the
environment. This is achieved by offering a worldwide information service to support all those who can
play a part in the implementation of heat pumping technology including researchers, engineers,
manufacturers, installers, equipment users, and energy policy makers in utilities, government offices
and other organisations. Activities of the HPC include the production of a Magazine with an additional
newsletter 3 times per year, the HPT TCP webpage, the organization of workshops, an inquiry service
and a promotion programme. The HPC also publishes selected results from other Annexes, and this
publication is one result of this activity.

For further information about the Technology Collaboration Programme on Heat Pumping Technologies
(HPT TCP) and for inquiries on heat pump issues in general contact the Heat Pump Centre at the
following address:

Heat Pump Centre

c/o RISE - Research Institutes of Sweden

Box 857, SE-501 15 BORAS, Sweden

Phone: +46 10 516 53 42

Website: https://heatpumpingtechnologies.org
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Operating Agent
Annex 58 about High-Temperature Heat Pumps is coordinated by the Operating Agent:

Benjamin Zihlsdorf, PhD, bez@dti.dk
Danish Technological Institute, Energy and Climate

The Annex is being operated from 01/2020 to 12/2023. The main information can be found at the Annex
58 homepage: https://heatpumpingtechnologies.org/annex58/

Participating countries of Annex 58

There is a high number of countries participating in Annex 58, while each country is represented by a
national team consisting of a number of organizations. The following countries are formally participating
in Annex:

Austria

Belgium

Canada

China

Denmark

Finland

France

Germany

Japan

Netherlands

Norway

South Korea

Switzerland

USA

A presentation of all national teams can be found on the Annex 58 homepage.
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Foreword

This report has been compiled as part of the IEA HPT Annex 58 about High-Temperature Heat Pumps
(HTHP). The Annex is structured into the following 5 tasks:
1 Task 1: Technologiesi State of the art and ongoing developments for systems and components
1 Task 2: Integration Concepts i Development of best practice integration concepts for promising
application cases
1 Task 3: Applications and Transition i Strategies for the conversion to HTHP-based process
heat supply
1 Task 4: Definition and testing of HP specifications i Recommendations for defining and testing
of specifications for high-temperature heat pumps in commercial projects
1 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
technol ogyés potenti al among various stakeubess] der s,
consultants, energy 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 will be achieved by the following sub-objectives:

1 Provide an overview of the technology, including the most relevant systems and components
that are commercially available and under development (Task 1).

1 Identify technological bottlenecks and clarify the need for technical developments regarding
components, working fluids, and system design (Task 1).

1 Present best practice system solutions for a range of applications to underline the potential of

HTHPs (Task 2).

Present strategies for the transition to heat-pump-based process heat supply (Task 3).

Enhance the information basis about industrial heat pumps, potential applications, and potential

contribution to the decarbonization of the industry (Task 1, 2 & 3).

9 Develop guidelines for handling industrial heat pump projects with a focus on the HP
specifications and the testing of these specifications (Task 4).

1 Disseminate the findings to various stakeholders and add to the knowledge base for energy
planners and policy makers (Task 5).

= =

Annex 58 focuses on HTHPs, which are heat pumps that supply a relevant share of their main product
at temperatures above 100 °C. In this context, the focus is on developing, summarizing, and
communicating information about the most relevant technologies and applications rather than covering
all technologies. The relevance was mainly determined by the various participants and indirectly given
by the technologiesdé application potenti al and mar ke
focused on applications for industrial heat supply but will not specifically be limited to these applications.

This report documents the work of Task 1 i Technologies. Chapter 1 provides an introduction to the
topic of high-temperature heat pumps, basic definitions and principles, and an overview of promising
applications. Chapter 2 provides an overview of HTHP technologies that are commercially available or
under development and expected to be demonstrated in industry within the next years. The technology
review is based on and supplemented by various information schemes that technology suppliers
provided. In Chapter 3, the participating countries summarized the national HTHP markets and
technology perspectives. Finally, this information was condensed to an overall outlook of the technology
development perspectives in Chapter 5.



Executive Summary

Industries are using a considerable share of their final energy consumption on process heating, which
is often based on fossil fuels and accordingly accounting for a large share of their greenhouse gas
emissions. Decarbonizing the process heating by electrification and energy efficiency is a top priority for
industries with respect to reaching their climate ambitions towards 2030 and beyond. Industrial heat
pumps can provide industrial process heating, based on potentially emission free electricity and at
highest efficiencies, which is making them a key technology for decarbonizing industrial process heating.
For heat supply temperatures below 100 °C, they are already a well proven technology and being
implemented in industries. With fuel prices and carbon taxes that are becoming more beneficial for
industrial heat pumps, their range of application as the preferred technology is emerging to temperatures
well above 100 °C. For the large share of process heat requirements above 100 °C, there is currently a
limited number of technologies available, while various technologies are under development.

Enabling a large variety of industries to convert their process heat supply to high-temperature heat
pumps with supply temperatures above 100 °C requires a common understanding of the technology, its
potentials and its perspectives for a variety of stakeholders. This report aims at supporting the overall
development of high-temperature heat pumps by providing an overview of the current state of the art
and future perspectives towards 2030 on a global level.

The first section provides an overview of the terminology and the basic working principles of high-
temperature heat pumps. Subsequently, an overview of high-temperature heat pump technologies with
supply temperatures above 100 °C is presented, considering market ready technologies as well as
technologies under development. The comprehensive overview is based on a systematic description of
34 technologies, including information about the technology such as the general layout, the development
status and perspectives, expected performances for various application examples, compressor type,
working fluid, capacity and temperature range, investment cost, footprint and weight. The reviewed
solutions covered technologies with a technology readiness level between 4 to 9, specific investment
cost between 2000/ kKW to 1500 0/ kW, 3Cld\pta t0i MW amd makireum veepplyn
temperature between 100 °C and 280 °C. It must be noted that the development status for a given
temperature and capacity is not only depending on the technology readiness level, but also on
achievable efficiencies, the cost of the technology and the geographical availability of a sales, service
and maintenance network.

The review of supplier technologies has been complemented with a review of realized demonstration
cases and 18 realized HTHP applications could be realized and systematically described. Each
demonstration case description included information about the sector, application, process integration,
technology type and manufacturer, operating experiences and more. The identified demonstrations were
installed in various sectors, including food and beverage, refinery, electronics, chemicals and were
mainly based on closed vapor compression cycles, steam compression and heat transformers.

Finally, an overview is given of the HTHP industries, the markets and application potentials, the
development perspectives of the technologies and selected R&D projects. The overview is given on a
national basis for 13 countries, before the main development perspectives are condensed into a holistic
overview of the global development perspectives of HTHPs. The national reviews indicate a generally
large technical application potential, with different market potentials and motivations on a national and
local level. For the European market, both electrification and energy efficiency are driving factors, while
energy efficiency is the dominating factor for markets such as North America. Europe and Japan are the
forerunners with respect to technology development, with well-established industries for industrial heat
pumps, which is being extended to high-temperature heat pumps.

From the overall review, it can be concluded that there are some solutions which are already
commercially offered and implemented, but also that there is still a considerable effort needed to develop
and demonstrate the required variety of solutions at the scale needed for reaching the required
implementation targets for decarbonizing industries. For the coming years, there will be a strong focus
on bringing technologies into application, demonstrating them in industrial applications and establishing
supply chains as well as increasing the variety of solutions and extending the range of applications. In
parallel, industrial end-users will work on optimizing their production to be able to convert to heat pump-
based process heat supply. It is expected that various high-temperature heat pump technologies will
become commercially available and implemented during 2024 to 2025 for supply at up to 120 °C, during
2025 to 2026 for temperatures up to 160 °C, and during 2026 to 2027 for even higher temperatures.



This development is however strongly driven by innovative technology development initiatives, first
movers among industrial end-users as well as the regulatory frameworks and economic boundary
conditions. Changing any of these factors has the potential to accelerate the development even more,
and thereby the transition towards decarbonized industrial process heating.
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Nomenclature

Abbreviations

CCHP  Closed Compression Heat Pump
COP Coefficient of Performance
GHG Green House Gas

HC Hydrocarbon

HCFO  Hydrochlorofluoroolefin

HFC Hydroflourocarbon

HFO Hydrofluorooefin

HTHP  High Temperature Heat Pump
Symbols

COP Coefficient of Performance, -
3 The change of a variable, -

- Efficiency, -

h Specific enthalpy, kJ/kg

p Pressure, bar

Subscripts and superscripts?

H
L
M

High
Low
Medium

Mean value, example: "Y

IHX
MVR
MvC
ORC
RES
TDHP
TRL
VCHP

s - » ca

Internal Heat Exchanger
Mechanical Vapor Recompression
Mechanical Vapor Compression
Organic Rankine Cycle
Renewable Energy System
Thermally Driven Heat Pumps
Technology Readiness Level

Vapor Compression Heat Pump

Heat rate, kW

Specific entropy, kJ/(kg K)
Temperature, °C or K
Power, kW

1 Self-explaining subscripts and superscripts are excluded from the nomenclature.

11



Table of Content

L (=7 =T = PSPPI 5
@11 = 1] o Yo =T o | SO OO P PP PPPPPN 6
Participating countrieS Of ANNEX 58 ......coiuiiiii et 6
Authors of the report and contribULOrs 10 TASK L......cooiiiiiiiiiiiiie e 7
o] 11T o] {0 F PO PP PR OPPPPROPP 8
EXECULIVE SUMIMAIY ....ceiiiiiiiiei ittt ettt e e skttt e sk et e e s bbbt e e s kb et e e e aab b e e e e aabe e e e e anbbe e e s anneeeas 9
NOMENCIALTUIE ...ttt et e ek et e e e s bt e e e a b et e e eanb et e e e nbe e e e anbneeeennne 11
TADIE OF CONIENT ....eeiei ittt e et e e st e e e e st b e e e e st b e e e e abb e e e e sbbeeeeabreeeeans 12
1. Introduction to High-Temperature Heat PUMPS..........ooooiiiii i, 15
L L GlOS ANy it —————— 15
1.2.  Principles and teChNOIOGIES ........ccoooe i 16
1.2.1. Electrically driven high-temperature heat pump Systems ..........ccccee e, 17
1.2.2. Thermally driven high-temperature heat pump SYStEMS...........uuvvivivivirininirinieininin, 27
1.2.38. Ideal cycles and performance benchmarks ...........cccooe e, 35

1.3, APPICALIONS ... ———————— 37
1.3.1. INAUSTITAl PrOCESSES ..ottt 37
1.3.2. Other QPPIICALIONS ......eeiiiiiiie ettt 42

2. Overview Of TECHNNOIOGIES .....ccoiuiiiiiiiie e e 43
2.1.  Overview of collected INFOrMALION. ........ccuuiiiiiiiiii e 43
2.2.  Description of Supplier HTHP TeChNOIOgY ........cooiiiiiiiiiiiic e 45
2.2.1. Compressors from the Process INAUSETY .......ooiiieeiiiiieeee e 46
2.2.2. Modified refrigeration COMPIESSOIS ......ciiuuiii ittt 49
2.2.3. Novel and adapted compressor teChNOIOGIES ..........uuvveiiiiiiiiiiee e 56

2.3.  Overall trends between Key parametersS.........ccccvveieiiiiiiiiieeeeeeeeeeeeeee e 61

3. DEMONSIIALION CASES ....eeeiiriieeiiitieee ettt e e ettt e ettt e e et e e et bt e e e sa bt e e e e bt e e e s s be e e e e anbe e e e e anbn e e e s annreeeennee 66
3.1, Summary Of dEMONSLIAtION CASES ......ueiiiiiiiiiititii et e e e e e 66
3.2, PromisSing APPIICALIONS .......ueeiiiiiiiiiiite ettt e e e e e e e e e 68
3.2.1. 3] Y/ oo [ R PETPTRO 68
3.2.2. SEEAM GENEIATION ...ttt e e ettt e e e e e e s bbb e e e e e e e e e anbbbeeeeaaeeeaana 69
3.2.3. Key Learnings and SUCCESS CrteITa ........uuuiiiieiiiiiiiei et 70

4. National HTHP market and PerSPECLIVES .........cooiiiiiiiiiiaae et 71
T U 1 1 - U PRSP 71
4.1.1. Overview of national HTHP INAUSEIY .....ooiuiiiiiiiieee e 71
4.1.2. Overview of national HTHP market and application potential...........c..cccoecvvvvereeennnnns 71
4.1.3. Development perspectives for HTHP technologies ..........coocvvvieiiieeiiiiiiiieeee e 72
4.1.4. Selected RDED PrOJECES ...ovieiiiiieiiieiiee e e e ieeiiee e e e e e e s st e e e e e e s s st aeeee e e e e s s annsennreeeeeeeaanns 73

o = T~ (o1 U o o SRR 78

12



13

4.2.1. Overview of national HTHP INQUSTIY .......ocuviiiiiiiieee e 78

4.2.2. Overview of national HTHP market and application potential.............c.ccoccoeeeiriieeennn 78
4.2.3. Development perspectives for HTHP technologies ...........cccociviiiiiiniiccciee e 79
4.2.4, Selected RDE&D PIrOJECES .....ccciiiiiieiiiiiee ettt ettt e st e e e e 79
e B OF = o - To - L O PP U P PP PPPRP 80
4.3.1. Overview of national HTHP INQUSTIY .......ocuviiiiiiiieic e 80
4.3.2. Overview of national HTHP market and application potential.............ccccocccveeiriieeennne 81
4.3.3. Development perspectives for HTHP technologies .........ccooccvvveviveeiiiiiiiiieeee e 82
4.3.4. Selected RDED PrOJECES ..oviieeiiiiiiiieiee e e e sttt ee e e e e e s et r e e e s e s st tre e e e e e e s s sntanaeeeaeeaeaanns 82
N O 11| o = PP PP 83
44.1. Overview of national HTHP indUSEIY ..., 83
4.4.2. Overview of national HTHP market and application potential...........c.ccccccevvvvvvvinnnnnn. 84
4.4.3. Development perspectives for HTHP technologies ..o, 84
4.5, DENMATIK ... 84
45.1. Overview of national HTHP indUSEIY ..., 84
4.5.2. Overview of national HTHP market and application potential.............ccccocoeeeiriieeennnn 85
45.3. Development perspectives for HTHP technologies ..........oooccvieiiiieiiiiiiiiiieee e 86
454, Selected RDE&D PIrOJECES .....ccoiiiiiieiiiiie ettt ettt et e e abee e e e 87
A6, FINIANG ottt e e 90
4.6.1. Overview of national HTHP INAUSEIY ......oocuiiiiiiiii e 90
4.6.2. Overview of national HTHP market and application potential.............ccccocoeeeiiiieeennn 91
4.6.3. Development perspectives for HTHP technologies ..........oooccviieiiieeiiiiciiieeee e 92
4.6.4. Selected RD&D ProJECES ....cooveieiiieeeeee e 92
R £ 1 (o PP PPPTTTRT 94
4.7.1. Overview of national HTHP indUSEIY ..., 94
4.7.2. Overview of national HTHP market and application potential..............cccoooiuiiieiiiinnnns 95
4.7.3. Development perspectives for HTHP technologies ... 96
4.7.4. Selected RDED PrOJECLS ...ccioiiiiiiiieiiie ettt e e e e e e ab e e ee e e e e e aaes 97
N N 11 11 1 F= 11 | TP P PP P TP PR PR PRPRTRPRPRPN 99
4.8.1. Overview of national HTHP iNAUSEIY ..ot 99
4.8.2. Overview of national HTHP market and application potential..............cccoceeeiiiiienenne 102
4.8.3. Development perspectives for HTHP technologies ..........occcvvvviiee i 103
4.8.4. Selected RDE&D PIrOJECES .....cciiiiiiieiiiiiee ittt e et et e e et e e et eeesnbbeeeeans 103
T - T o 110
4.9.1. Overview of national HTHP iNAUSEIY .......ceuviiiiiie e 110
4.9.2. Overview of national HTHP market and application potential...............ccccccvvvveeennnnns 110
4.9.3. Development perspectives for HTHP technologies .........coccvveeevieeiiiiciiieeee e 112
4.9.4. Selected RDED PrOJECLS ...ocooiiiiiiiiieie ettt e e e e e e e b eee e e e e e aaes 112



6.

14

O R 1< 1 g V=T 5 F= T (o £ 118

4.10.1. Overview of national HTHP INAUSTIY .......ocuuiiiiiiiiiee et 118
4.10.2. Overview of national HTHP market and application potential..............ccccccveeeiiiieeenns 118
4.10.3. Development perspectives for HTHP technologies ..........cccocvveeiiiiiiiiiieee e 120
4.10.4. Selected RDE&D PIrOJECES .....ccciiuiiiiiiiiieeeiiiee ettt ettt et e e et e e sbre e e e snbneeaeans 121
1T, INOIWAY ...eveteiiiee ettt e e e ettt et e s s sttt e e e s et E e ettt e e e s e s b e e et et e e e s e e e R e e e e e e e e e e r e e e e e e neaaa 130
4.11.1. Overview of national HTHP INAUSTIY .......ocuuiiiiiiiiiee e 130
4.11.2. Overview of national HTHP market and application potential................cccccvvveeeennnns 134
4.11.3. Development perspectives for HTHP technologies ...........cccovvvveeiiiiiiiiieeee e, 137
4.11.4. Selected RD&D PrOJECES ...cooeviee i 138
4.12.  SOULN KOTB@......ceiiiiiiiie ettt e et e et e e et e e s e e e s anre e e e nnes 140
4.12.1. Overview of national HTHP indUSEIY ..., 140
4.12.2. Overview of national HTHP market and application potential.............ccccccevvvvvennnnnn. 142
4.12.3. Development perspectives for HTHP technologies ..........ccccoeeeie e, 144
4.12.4. Selected RD&D PrOJECLS ...coocveeiieee e, 144
413, SWILZEITANG ...t 147
4.13.1. Overview of the National HTHP INAUSEIY .......cocuiiiiiiiiiiiie e 147
4.13.2. Realized HTHP applications examples in Switzerland ............ccccoooviiiiiiiiiniiee e 148
4.13.3. Overview of the Swiss national HTHP market and application potential ................... 151
4.13.4. Funding programs for industrial heat pumps in Switzerland...............ccocccceeiniieeenen 154
4.13.5. Research programs for HTHPS in Switzerland ... 156
4.13.6.  Selected R&D projects for HTHPS in Switzerland..........cccoooveiiiiiiiiiiniiciee e, 157
4.13.7. Development perspectives for HTHP technologies in Switzerland............................ 160
Technology development and deployment PersSpectives .......ccoooeeeeeie e, 162
5.1. Technology development perspectives of high-temperature heat pumps ..........ccccceeveeeee. 162
5.2. Factors that are impacting the development perspectives towards market
(o [=T o077 4= 0 | AP TPU PR 164
RETEIENCES ...ttt e st e e st e e s e e e 166



1. Introduction to High-Temperature Heat Pumps

High-temperature heat pumps are advanced thermal systems that provide heat at temperatures
exceeding 100 °C, making them suitable for a wide range of applications in industry. These heat pumps
operate on the same principles as conventional heat pumps but employ modified components and
potentially new working fluids that enable them to achieve high efficiency and performance at elevated
temperatures. This chapter will provide an overview of high-temperature heat pumps, including a
glossary of key terms and important definitions. Working principles, important technologies, working
fluids, components, and promising applications are presented to understand their characteristics and
advantages. Further, it will be outlined how these systems can help to reduce energy consumption,
lower greenhouse gas emissions, and enhance the sustainability of various sectors.

1.1. Glossary
This section introduces the main terminology to be used within the Annex 58.

1 Carnot cycle:
A Carnot cycle is a thermodynamic, ideal cycle transferring heat from a hot reservoir to a colder
reservoir while extracting work in the process. The working fluid in the cycle undergoes four
successive processes namely, isothermal heat absorption, isentropic compression, isothermal
heat rejection, and isentropic expansion.
A heat pump may be an example of a reverse Carnot cycle where work is added to transfer heat
from a cold reservoir to a hotter reservoir.

1 Coefficient of performance (COP):
The coefficient of performance is a measure of the efficiency of a heat pump. It is a measure of
how much heating or cooling is produced per unit of energy input. and is defined as the ratio of
the amount of heat transferred to a hot reservoir compared to the amount of work input required
to transfer that heat. For a heating application, the COP is given by:

0
#1 0 —
[

where 0 is the amount of heat transferred to a high-temperature reservoir, and @ is the
amount of power input required to transfer that heat.

1 Crossing temperature profiles:
Crossing temperature profiles is here defined as the case where a part of the sink side has a
lower temperature than a part of the source side temperature glide. In this case, a part of the
temperature increase could be made with direct heat exchange by heat recovery from the
source side, and it is not meaningful to calculate a COPLorenz.

1 Entropic average temperature:
The entropic average temperature is used for calculating an average temperature of a medium
changing temperature between state 1 and 2. The entropic average temperature is defined as
the ratio of the difference in specific enthalpy h, over the difference in specific entropy s.

Wi oohokGAGA T
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This definition can be applied to all streams, including the case of steam supply with a
combination of condensation at constant temperature and subcooling at varying temperature.
For streams with a constant capacity, the entropic mean temperature can be approximated by
the logarithmic mean temperature.

1 Heat source and sink:

The heat source describes the reservoir from which heat is being recovered and upgraded.
Examples of heat sources are excess heat from industrial processes, ambient heat, solar
collectors, or district heating. The heat sink describes accordingly the reservoir to which the heat
is being supplied. Examples of heat sinks include the supply of process heat, charging of thermal
energy storages, or district heating supply.

A heat pumping system can work between multiple heat sources and sinks at various
temperature levels.
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1 High-temperature heat pumps (HTHP):
A heat pump is a device that recovers heat from a specific temperature and upgrades it to a
higher temperature by means of high-quality energy, such as electricity or heat from even higher
temperatures.
High-temperature heat pumps are characterized by supplying a part of their main product at
supply temperatures above 100 °C.
A device that recovers heat from a certain heat source for heating water from 80 °C to 120 °C
can accordingly be defined as a HTHP.
High-temperature heat pumps are mainly applied in commercial and industrial applications with
heating capacities larger than 100 kW. However, no minimum heating capacity has been
defined for HTHPs in the context of Annex 58.

1 Lorenzcycle:

A Lorenz cycle is an ideal thermodynamic cycle, transferring heat from a cold reservoir to a
hotter reservoir. The heat transfer occurs at the thermodynamic average temperature of the
heat source and the hear sink, which may have a temperature glide. The compression and
expansion processes are isentropic. The Lorenz COP describes the maximum achievable
performance for a heat pump device working between two temperature reservoirs. The Lorenz
cycle equals the Carnot cycle, for applications in which no temperature glide occurs in the heat
source and the heat sink.

1 Lorenz efficiency:
The Lorenz efficiency is a measure used to evaluate the performance of a heat pump compared
to the maximum achievable performance, described by the Lorenz cycle. The Lorenz efficiency
may be defined as the ratio of the actual heat pump COP and the Lorenz COP for a specific
heat source and heat sink. The Lorenz efficiency approaches the Carnot efficiency in case of
no temperature glide in both the heat source and the heat sink.

1 Mean temperature lift:
The performance for a heat pump is strongly dependent on the temperature lift. The mean
temperature lift is here calculated by the difference between the entropic mean temperatures of
the heat sink and heat source:
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1 Mechanical Vapor Recompression and Steam Compression:

Mechanical vapor recompression refers to a thermal process, in which the vapor from an
evaporator is reused for heating the same evaporation step, after being upgraded to slightly
higher pressure and temperature. The upgrading can be realized by thermal or mechanical
compression, while the latter process is referred to as mechanical vapor recompression.
Mechanical vapor recompression is a process with a variety of proven technologies, including
steam compressors. These steam compressors may be utilized in other steam compression
applications, such as heat pumping applications.

1 Temperature glide:
The temperature glide describes the difference in inlet and outlet temperature of a stream that
is either heated or cooled. Water heated from 80 °C to 120 °C will have a temperature glide of
40 K.

1 Working fluid:
The working fluid is the substance circulating within the closed cycle of the heat pump. The
choice of working fluid greatly influences the performance of the heat pump and is often referred
to as the refrigerant.

1.2. Principles and technologies

A heat pump is a device that utilizes electricity or heat to transfer heat from a lower temperature to a
higher temperature. In doing so, it recovers heat that would otherwise be wasted and makes it available
for practical purposes such as process heating or other applications. This principle is presented in Figure
1-1.
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Heat sink
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Heat source

Figure 1-1: The fundamental principle of a heat pump

Heat pumps work by exploiting the natural thermodynamic properties of working fluids by manipulating
pressure and temperature. This section will explain the technologies commonly used in heat pumps,
including their working principles, types, components, and applications. The characteristics of the
various technologies are explained with a focus on the most promising applications.

1.2.1. Electrically driven high-temperature heat pump systems

Electrically driven high-temperature heat pumps (HTHPS) are heat pumps where the main driver of the
thermodynamic cycle is electricity. The vapor-compression heat pump is the main example of this. Here,
the cycle is primarily driven by the power for the compressor, which usually is delivered by an electric
drive.

1.2.1.1. System types

In this section, the most common and promising system layouts of electrically driven heat pumps are
presented. The presented cycles change the thermodynamic in distinct ways, resulting in higher
thermodynamic performance depending on the deployed refrigerant.

Single-stage cycle (with/without IHX)

The simplest system is a single-stage cycle. Depending on the properties of the refrigerant, an internal
heat exchanger (IHX) can be used to increase cycle performance as depicted in Figure 1-2. The IHX is
most beneficial for refrigerants with a saturated vapor curve with a positive slope (dT/ds > 0) that
requires substantial superheating to avoid wet compression. More information on those refrigerants can
be found in [1]. The compression in standard cycles or IHX cycles can be realized in a single-stage
compression or as a multi-stage compression with or without interstage cooling.

—————1 Condenser

Internal heat Compressor

exchanger

Expansion t .

valve

%

Figure 1-2: Single-stage cycle with IHX (Source: AIT).
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Economizer cycle

In an economizer cycle (see Figure 1-3), a slip stream of the refrigerant is expanded after the condenser
in an expansion valve to an intermediate pressure. Thereby, the temperature of this slip stream
decreases and is partially evaporated. Therefore, heat is exchanged from the liquid refrigerant (high
pressure) to the partially evaporated (intermediate pressure) refrigerant. The refrigerant (intermediate
pressure) is now completely evaporated in the economizer heat exchanger. The evaporated slip stream
is then fed into the compressor. The remaining liquid refrigerant is expanded and flows through the
evaporator. In this configuration, a higher refrigerant mass flow occurs in the condenser than in the
evaporator. Part of the refrigerant mass flow must be compressed from low pressure (evaporator) to
high pressure (condenser). The remaining part is compressed only from medium pressure to high
pressure, so the power consumption is lower for the same heating capacity.

ondense

W
gx Expansion
I

valve
Economizer

ZB) Compressor

Expansion

Figure 1-3: Economizer cycle (Source: AlT).

Twin cycle / Multi cycle
This cycle type, shown in Figure 1-4, consists of two (twin) or more (multi) refrigeration cycles. In this
arrangement, the sources or sinks can be connected either in parallel or in series. A serial connection
is used to overcome a high temperature difference between inlet and outlet. In general, different COPs
per cycle occur in this configuration because the operating temperatures per cycle differ from each other.
The cycle that must overcome a lower temperature lift operates at a higher COP.
The multi or twin cycle configuration provides advantages at operating conditions with higher
temperature differences (between source inlet and outlet or between sink inlet and outlet), as not only
one refrigerant cycle or compressor must provide the entire heating capacity or temperature lift.

large temperature difference

large temperature difference large temperature difference

at heat source and sink 1 at heat sink 1 at heat source
| | h .

T heat sink l 1 T heat sink l | % st sink l

| | I
| |
1 1
heat heat 1 heat heat 1 heat heat
pump 1 pump2 || pump pump 2 1| pump 1 pump 2
1 1
1 1
heat source I I heat source
heat source

Figure 1-4: Twin cycle / Multi cycle [2]

Cascade cycle

The cascade cycle (Figure 1-5) consists of two refrigeration cycles (low- and high-temperature
refrigeration cycle), which are connected by a heat exchanger (so-called evaporator-condenser). In this
heat exchanger, the refrigerant of the low-temperature cycle condenses, and the refrigerant of the high-
temperature cycle evaporates simultaneously. In this configuration, each individual refrigeration cycle
has to overcome a lower pressure ratio than in the single-stage configuration, which results in an
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increase in efficiency, especially at high temperature lifts. However, as one cycle is the heat source for
the other cycle, the heat output of this configuration is lower compared to twin cycle type.

%

Expansion

Compressor
valve
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Evaporator
Condenser
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S

= EVapOrator jr——s

Figure 1-5: Cascade cycle (Source: AIT).

Condenser outlet split (COS) ejectors cycle

The use of an ejector is a method of increasing efficiency and reducing losses (Figure 1-6). The basic
idea is to use the expansion of the high-pressure refrigerant to compress the entrained low-pressure
refrigerant. After mixing and leaving the ejector, the refrigerant is at an intermediate pressure level
ensuring that the compressor has not to overcome the whole pressure difference between condenser
and evaporator as would be the case in a single-stage cycle. The ejector consists of a nozzle, a mixing
zone and a diffusor. The high-pressure refrigerant is accelerating in the nozzle. Afterwards the low-
pressure refrigerant is injected in the mixing zone, where it entrains into the high-pressure refrigerant.
In the diffusor a simultaneous reduction of the velocity results in the establishment of an intermediate
pressure level. Further information on ejectors can be found in chapter 1.2.1.4.

mss———— CONGENSEr J———————-

Compressor

Expansion DX |

valve

h Ejector

R

sl EvapOrator pss{ EvVaporator jes

Figure 1-6: Cycle with condenser outlet split (COS) ejectors (Source: AlT)

Transcritical cycle

While in the previously described cycles, condensation of the refrigerant occurs during the heat release
(subcritical cycle), in transcritical cycles, heat is released at gliding temperature. In transcritical cycles,
heat absorption also takes place in the subcritical range under evaporation of the refrigerant. The stages
of both ideal cycles are described in the following and shown in Figure 1-7.

The isentropic compression from state 1 to state 2 (higher temperature and pressure).
Isobaric heat transfer to the heat sink from 2 to 3.

Isenthalpic expansion from state 3 to 4.

Isobaric heat uptake from the heat source from state 4 tol.
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Figure 1-7: p-h diagram of (a) subcritical and (b) transcritical heat pump cycle (Source: AIT)

Most commonly, CO: is used as a refrigerant in transcritical processes (e.g., suitable for hot water
generation). The critical pressure is at 73.8 bar, and the critical temperature is 31 °C.

Joule cycle

The Joule cycle (also known as reversed Brayton cycle) differs from the other cycles already described
in that there is no phase change in the entire cycle. Due to the circumstance that the medium is gaseous
throughout the whole process, only sensible heat exchange occurs. Therefore, it is well suited for heat
sources and sinks with large temperature differences.

In the following, the stages of the ideal Joule cycle are described as depicted in Figure 1-8.

1. The isentropic compression from state 1 to state 2 (higher temperature and pressure).
2. Isobaric heat transfer to the heat sink from 2 to 3.
3. Isentropic expansion from state 3 to 4.
4 Isobaric heat uptake from the heat source from state 4 tol.
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Figure 1-8: T-s diagram of the Joule cycle (Source: AIT)

Stirling cycle

The ideal Stirling process is also a gas compression process which is most commonly used in
refrigeration applications at low temperatures. It is also called Philips process, as the company was the
first to reach 20 K with this process. The process consists of two isochoric and two isothermal changes
of state and is realized in a machine with two chambers that are connected by two pistons. The two
chambers are connected by a regenerator, which has a high heat conductivity and a large specific
surface to be heated and cooled rapidly. The charge pressure and configuration will define the maximum
pressure and amplitude and can be used to regulate the load of the heat pump. The process can adapt
to any external temperature regardless of gas pressures, and any restriction on the temperatures is
caused by the mechanical implementation of the process. It is especially useful for high temperature
lifts.

In the following, the stages of the ideal Stirling process are described as depicted in Figure 1-9.

1. Isothermal compression from 2 to 3 in the first chamber, volume change work is done to the
gas at a constant temperature, heat is released to the heat sink.
2. Gas is transferred to the second chamber at a constant volume from 3 to 4, the regenerator

is heated, the gas is cooled. For constant volume, the movement of the two pistons is
synchronized mechanically.

3. Isothermal expansion from 41 1, volume change work is released, the piston is moved, the
gas heated by the heat source to keep the temperature constant.
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4. Gas is transferred back to first chamber at constant volume from 1 7 2, the gas is heated
by the regenerator.

A
T

s
Figure 1-9: T-s diagram of the Sterling process (Source: AIT)

Mechanical vapor recompression (MVR)

MVR systems have two main configurations, open and semi-open. In open MVR systems, vapor from
an industrial process is compressed to a higher pressure and thus a higher temperature and condensed
in the same process providing heat. In semi-open systems, heat from the recompressed vapor is
transferred to the process indirectly via a heat exchanger.

MVR systems are usually designed for R-718 (water) as refrigerant, although other process vapors are
also used, notably in the (petro-) chemical industry.

Because one or two heat exchangers are eliminated (evaporator and/or condenser) and the temperature
lift is generally small, the performance of MVR systems is high (COPs higher than 10 are possible for
some applications [3]).

In principle, all common compressor types are suitable for MVR recompression. The respective high
temperature application with its operating conditions determines which compressor type is the most
suitable.

Steam compression systems

Steam compression systems can be constructed as closed and open systems. The closed configuration
corresponds to a conventional heat pump cycle, working with water (R-718) as working fluid.

In open systems, the steam is directly utilized and distributed in steam networks, providing heat to
various processes. As in conventional combustion-based steam networks, the steam can be condensed
in a heat exchanger to transfer heat to processes or injected directly into process streams.

The compressors being considered for steam compression include equipment from MVR technologies
and equipment from process gas compression, as well as novel developments based on compression
equipment from other heat pump applications.

1.2.1.2. Working fluids

Overview of working fluids

Table 1-1 gives an overview of the properties of present and future working fluids used in electrically
driven HTHP applications (excluding noble gases like helium or argon applied in Stirling and Brayton
cycles) [1]. Listed are the critical temperature and pressure, the ozone depletion potential (ODP), the
global warming potential (GWP), and the safety group classification.
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Table 1-1: Properties of present and future working fluids used in electrically-driven HTHPs (Source: [1]) (HC: Hydrocarbons,
HFO: Hydrofluoroolefins, HCFO: Hydrochlorofluoroolefins, HFC: Hydrofluorocarbons, T Critical temperature, pe: Critical
pressure, ODP: Ozone Depletion Potential relative to R-11, GWP: Global Warming Potential relative to CO, based on 100-year
time horizon, SG: Safety group classification).

Type . . - Terit Perit ODP GWP
Working fluid | Description C) | (bar) 8 ) SG
R-718 Water 373.9 | 220.6 0 0 Al
Natural | R-717 Ammonia 132.3]113.3 0 0 B2L
R-744 Carbon dioxide 31.0 | 73.8 0 1 Al
R-601 n-Pentane 196.6 | 33.7 0 5 A3
R-601a Isopentane 187.8 | 33.8 0 4 A3
HC |R-600 n-Butane 152.0 | 38.0 0 4 A3
R-600a Isobutane 134.7 | 36.3 0 3 A3
R-290 Propane 96.7 | 425 0 3 A3
R-1336mzz(2) | 1,1,1,4,4,4-Hexafluoro-2-butene 171.3 | 29.0 0 2 Al
R-1234ze(Z) | cis-1,3,3,3-Tetrafluoro-1-propene 150.1 | 35.3 0 <1 A2L
HFO |R-1336mzz(E) gﬁ{‘esr;é’1'1'4’4'4"Hexaf'“°r°'2' 130.4| 278 | 0 18 | Al
R-1234ze(E) |trans-1,3,3,3-Tetrafluoro-1-propene 109.4 | 36.4 0 <1 | A2L
R-1234yf 2,3,3,3-Tetrafluoro-1-propene 94,7 | 33.8 0 <1 A2L
HCEO R-1233zd(E) | 1-chloro-3,3,3-Trifluoro-propene 166.5| 36.2 | 0.00034 1 Al
R-1224yd(Z) | 1-chloro-2,3,3,3-Tetrafluoro-propene |155.5| 33.3 | 0.00012 | <1 Al
R-365mfc 1,1,1,3,3-Pentafluorobutane 186.9 | 32.7 0 804 A2
HFC | R-245fa 1,1,2,2,3-Pentafluoropropane 154.0 | 36.5 0 858 Bl
R-134a 1,1,1,2-Tetrafluoroethane 101.1 | 40.6 0 163] Al

The choice of working fluid depends primarily on the temperature levels of the heat pump. Therefore,
the working fluid properties optimally match the process requirements to achieve high efficiency. Figure
1-10 shows the temperature application ranges for different working fluids. The upper application limit
is drawn for subcritical cycles (with condensation) by the critical temperature. A condensation
temperature of about 15 K below the critical temperature should ensure efficient heat pump operation.
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R1234ze(2)
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o| 10| 20| 30| 40| 50| 60| 70| 80| 90]100|110|120]|130|140|150|160|170]180]190]200
Heat Source and Heat Sink Temperatures in °C

Note: The lower limit is defined by the boiling temperature at 1 bar and the upper limit is 15 K below the critical temperature for subcritical condensation.

Exceptions are R744 (transcritical up to 120 °C) and R718 (vapor recompression).

Figure 1-10: Temperature application ranges for different working fluids in HTHP applications (Source: OST-IES).

-50| -40| -30] -20] -10]

HFCs such as R-245fa or R-365mfc are commonly used as working fluids in HTHPs today. However,
their GWP is comparatively high, and in view of the prevention of global warming (F-gas regulation),
these working fluids will be restricted in the foreseeable future. Therefore, natural refrigerants and
alternative synthetic working fluids with low GWP will be applied.
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Natural refrigerants
Natural refrigerants suitable for HTHP applications are water (R-718), COz (R-744), ammonia (R-717),
and hydrocarbons (e.g., R-600, R-601).

Water

When using water (R-718) in a subcritical cycle, a major part of the heat pump cycle may be below
atmospheric pressure because of the high normal boiling point of 100 °C. In addition, the latent heat of
water is large, which makes water very attractive for temperatures above 150 °C. However, the required
swept volume and pressure ratio are very high due to the low water vapor density. Therefore, several
compression stages are required with intermediate cooling (e.g., water injection) to keep the discharge
temperature to a tolerable level. Typically, water vapor recompression (MVR) systems are operated
using large compressors or high-speed oil-free turbo compressors with high flow rates and low-pressure
ratios to compensate for the low density of the water vapor.

CO;

CO2 (R-744) has a critical temperature of 31 °C and high critical pressure of 73.6 bar. CO2 heat pumps
achieve heat sink temperatures of about 90 to 120 °C in transcritical cycles. R-744 is feasible as an
HTHP working fluid if the return temperature of the heat sink is low and not too far above the critical
temperature. The high temperature difference in the gas cooler makes R-744 particularly suitable for
hot water or air heating processes.

Ammonia

Ammonia (R-717) is widely used in refrigeration and industrial heat pumps up to about 90 °C heat sink
temperature. Beneficial is its high volumetric heating capacity (VHC) compared to other working fluids
due to its low molecular weight resulting in high vaporization latent heat. However, for higher
temperatures, existing compressor technology is limited by the high discharge pressures. With special
cast steel construction, NH3 compressors can withstand pressures of up to about 76 bar and 110 °C.
However, certain safety precautions must be implemented due to the toxicity of ammonia (B2L). For a
1 MW 2-stage heat pump, the ammonia charge is approximately 350 kg.

Hydrocarbons

The hydrocarbons n-butane (R-600) and pentane (R-601) are refrigerants without ODP and very low
GWP. They have high critical temperatures of 152 °C and 196.6 °C at 38.0 bar and 33.7 bar,
respectively. R-600 is considered a suitable medium in HTHPs with condensation temperatures up to
about 120 °C. These temperatures can be achieved in standard compressors. On the other hand,
special safety measures must be implemented due to the high flammability (A3). The EN 378-1:2016
standard specifies the criteria for calculating the permissible charge, depending on the person access
category, installation area, and type of application. For monitored commercial installations with
appropriate explosion protection, the maximum filling quantity is 2.5 kg. For industrial applications and
district heating, the refrigerant charge can be a lot higher considering suitable safety measures, and
multiple examples have been built with refrigerant charges above 1 ton and heating capacities up to
8 MW.

Alternative synthetic working fluids

HFOs

Hydrofluoroolefins (HFOs) are considered environmentally friendly (low GWP) alternatives to replace
HFCs. R-1234yf, R-1234ze(E), and R-1336mzz(E) are regarded as substitutes for R-134a. The critical
temperatures and pressures are comparable. R-1234ze(E) and R-1234yf are rated as non-toxic and low
flammable (A2L). On the other hand, one of the main atmospheric decomposition products of R-1234yf
is trifluoroacetic acid (TFA, CF3COOH) that can be harmful to aquatic organisms in concentrations
above 0.1 mg/L. The molar yield of TFA formation is 100% for R-1234yf. However, according to the
current state-of-the-art [4], the estimated TFA concentrations and its salts in the environment that result
from degradation of HCFCs, HFCs, and HFOs in the atmosphere do not present a risk to humans and
environment. Therefore, they could serve as working fluids for the first stage of a two-stage HTHP
cascade cycle. Nevertheless, a better understanding of TFA sources would help to evaluate the
environmental impact of HFO refrigerants.

R-1336mzz(Z) and R-1234ze(Z) are attractive replacements for R-245fa and R-365mfc. R-1336mzz(Z)
has a high critical temperature of 171.3 °C at a relatively low pressure of 29.0 bar, safety class Al, a
GWP of 2, zero ODP, and an atmospheric life of about 22 days. In addition, it delivers heat sink
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temperatures up to 160 °C in waste heat recovery applications and steam generation.

Its isomer R-1336mzz(E) has a GWP of 18, a critical temperature of 130.4 °C, and zero ODP. It could
be used in HTHPs to recover heat from various heat sources, as its VHC is comparable to R-245fa.
R-1234ze(Z) is another promising drop-in alternative to R-245fa in HTHP applications. However,
relatively little information is available. Its critical temperature and pressure are 150.1 °C and 35.3 bar,
allowing subcritical cycle operations at high temperatures. Although its flammability is rated with A2L,
its GWP is smaller than 1.

HCFOs

The hydrochlorofluoroolefin R-1233zd(E) has a critical temperature and pressure of 165.5 °C and 35.7
bar, and it is safety class Al. R-1224yd(Z) is non-flammable and has a GWP value under 1. Its physical
properties are close to R-245fa and R-1233zd(E). Although R-1233zd(E) and R-1224yd(Z) contain
chlorine, their ODPs are extremely small (0.00034 and 0.00012) due to the very short atmospheric
lifetime of about 40 days and 21 days. Both working fluids are used in centrifugal chillers and heat pumps
for waste heat recovery. Furthermore, they are compatible with most used metals, plastics, and
elastomers and are miscible with synthetic oils such as POEs. It should be noted that R-1233zd(E) has
a molar yield of TFA formation of only about 2%.

Working fluid aspects

The selection of the working fluid (refrigerant) is a key element in the design of HTHPs. The essential
evaluation criteria for the application in HTHPs can be categorized into thermal suitability, environmental
compatibility, safety, efficiency, availability, and other factors (Table 1-2).

Table 1-2: Selection criteria of working fluids for application in electrically driven HTHPs (Source: [1]).

Category Required properties

Thermal suitability High critical temperature (>150 °C) allowing subcritical cycles
Low critical pressure (<30 bar)

Pressure at standstill >1 atm

Low pressure ratio

Environmental No ozone depletion (ODP zero)

compatibility Low global warming (GWP < 10)

Short atmospheric lifetime (< 30 days)

Future-proof according to F-gas regulations (EU 517/2014)

Safety Non-toxicity
No or only low flammability
Efficiency High efficiency (COP) at high temperature lifts

Minimal superheat to prevent liquid compression
High volumetric heating capacity (VHC)

Availability Available on the market
Low price
Other factors Satisfactory solubility in oil

Thermal stability of the refrigerant-oil mixture
Lubricating properties at high temperatures
Material compatibility with aluminum, steel, and copper

In industry, more weight is given to environmental analysis than hazard potential since qualified
personnel can ensure maintenance. The hazard classification is based on the current standard and
weighted according to flammable (A3) to non-flammable (Al) and toxic (B) to non-toxic (A). For
environmental analysis, the ODP and GWP are critical. The F-Gas Regulation (EU 517/2014) specifies
the permits. For industrial heat pumps, the ODP must be 0, while GWP values greater than 1 are also
permitted.

1.2.1.3. Compressors

The compressor is the main component of a compression heat pump. It compresses the gaseous
refrigerant from a lower to a higher-pressure level. Therefore, the compressor highly impacts the
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efficiency of the HP system. Different compressor types are available. The main compressor types
currently used in HTHPs are piston (reciprocating), scroll, screw, and turbo compressors (including
centrifugal compressors). Typically, these compressor types are driven by an electric motor.

Piston compressor: In this type, the gaseous refrigerant at lower pressure is sucked in through a valve
when the piston moves downwards. When the piston moves upwards, the gas is compressed to a higher
pressure. The disadvantages of this type of compressor are the pulsating volume flows and the possible
occurrence of a liquid hammer.

Screw compressor: In this type of compressor, compression is accomplished by two counter-rotating
screw-shaped rotors. The advantages of screw compressors are, for example, the compact design and
the high speeds that can be realized. A disadvantage is the oil injection that is necessary for sealing.
Moreover, it requires oil management systems and oil degradation at high temperatures might be an
issue limiting the application.

Scroll compressor: In scroll compressors, the gaseous refrigerant is compressed by means of two
spirals moving into each other. The advantages of this type include low vibration, low noise level and
not sensitive to liquid hammer. However, the capacity range of the compressor type is very limited.

Turbo compressor: In contrast to the other compressors described above, the turbo compressor is a
fluid-flow machine and does not operate on the displacement principle. In this type of compressor, the
energy is transferred to the medium by means of rotating impellers. The pressure increase is achieved
by means of a diffuser. The advantage of this type is the small space requirement, the large flow rates,
the good speed control, and the low abrasion. However, the feasible pressure ratios per stage are low.
Typically, water vapor recompression systems are operated using large compressors or high-speed oil-
free turbo compressors with high flow rate and low-pressure ratio to compensate for the low density of
the water vapor.

Table 1-3 summarizes the main characteristics of the above-described compressor types.

Table 1-3: Main characteristics of compressors [5].

Compressor type Piston Scroll Screw Turbo
Driving force Displacement Displacement Displacement Flow machine
Compression Static Static Static Dynamic
Swept volume Geometrical Geometrical Geometrical Depending on the

counter pressure
Production Pulsing Continuously Continuously Continuously
Up to 1,000 3 100 to 10,000 100 to 50,000
Volume flow ma/h Up to 500 m%/h me/h mé/h
Heating capacity Up to 800 kW Up to 400 kW | 80 kW to 8 MW | 80 kW to 40 MW
Pressure ratio (single Upto 10 Upto 10 Up to above 20" Upto5
stage)
Controllable at In stages Difficult Continuously Continuously
constant speed
Speed control Possible Possible Possible Possible
Sensitivity to liquid High Low Low Low
slugging
Causes vibrations Yes No No No

*Pressure ratio of screw compressor taken from [6]

Furthermore, compressors differ not only in their functional principle, but also in the design, especially
on the case design. A general distinction is made between fully hermetic, semi-hermetic and open
compressors. In fully hermetic compressors, the compressor and motor are surrounded by a
hermetically welded housing. One advantage of these compressors is their high tightness. A
disadvantage is that it is not possible to service this type of compressor. In contrast to the fully hermetic
compressor, the motor and compressor are separated in the open compressor. Possible leaks are a
disadvantage with this type, although repair is possible. In a semi-hermetic compressor, the compressor
and motor are surrounded by a housing, but this is not welded. This type has a higher tightness than an
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open compressor and maintenance is also possible.

Rotational compression

In contrast to conventional compression heat pumps, the rotation heat pump, based on the Joule
process, uses the centrifugal potential instead of the compressors mentioned above to increase
pressure. In general, the rotation heat pump consists of two heat exchangers installed on a rotor,
including piping. A fan is used for the circulation of the gaseous heat transfer medium [7].

1.2.1.4. Other components

Ejectors as expansion recovery devices

Exergy analysis of heat pumps generally show that the expansion valve throttling is a major irreversibility
process. This is particularly true in the case of high temperature heat pumps which often necessitate
high compression ratio between the evaporator and the condenser, especially for high-lift applications.
Various expansion means may be used to recover expansion work, such as reciprocating piston, scroll
and screw devices. However, these systems present moving parts with friction and potential leakage
problems, possibly resulting in control issues in the case of a common shaft between compressor and
expander. The use of the ejector as an expansion device is one alternative that is being investigated by
several research organizations with the objective to improve the performance of heat pump cycles.
Figure 1-11 shows a typical vapor-compression cycle with an ejector to reduce throttling losses during
the expansion process. This ejector expansion cycle differs from the conventional mechanical cycle by
the replacement of the isenthalpic expansion valve with a quasi-isentropic expansion ejector and a
separator located between the ejector discharge and the compressor suction. The high-pressure
refrigerant is used as motive fluid. The recovered work is used to partially compress the vapor leaving
the evaporator and reduces the load on the compressor. Advanced ejector cycle configurations can be
obtained by adding other components such as IHX.

Gas cooler/ ‘
condenser ‘
Compressor
Ejector
S
o
-
[
» -
]
Q
@
v
Expansion
Evaporator Valve

Figure 1-11 Compression cycle with a two-phase ejector as an expander

Compared to existing well established refrigeration applications, a limited number of studies has been
carried out on the use of the ejector with HTHP. Popovac et al. [8] designed and tested a HTHP based
on butane as the refrigerant. Two cycle configurations, with and without ejector were tested. The
temperature levels considered for the tests were in the range of 50-80 °C on the low temperature side
and 100-130 °C on the high temperature side. Some instabilities in the operation were observed, which
restricted the full range measurements. However, the results at moderate temperature levels show an
improved COP of about 25% for the ejector heat pump, compared to a standard heat pump
configuration.

Luo and Zou [9] simulated Ejector-HTHP cycle using different refrigerants at a condensing temperature
of 120 °C with a temperature lift of 40 °C. The ejector cycle improved energy efficiency and heating
capacity by about 8-14% and 8-10% compared to a basic cycle respectively.

Bai et al. [10] analyzed theoretically two ejector cycles in HTHP with various low GWP refrigerants. At a
condensation temperature of 105 °C and evaporation temperature of 30 °C, the COP improvement of
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the ejector cycles may reach 14.5% compared to a basic cycle.

Mateu-Royo et al. [11] investigated numerically the performance of an ejector cycle in HTHP for low-
grade waste heat recovery (Y X T wTdd). A single-stage cycle using HFC-245fa was used as
a reference for comparison. Ejector configurations with IHX provide a COP improvement of up to 36%
for a heating temperature production of 140 °C. In addition, the volumetric heating capacity increases
around 40%. The authors recommend IHX in high temperature applications to increase the performance
efficiency and ensure dry compression of most of the alternative low GWP refrigerants.

Recently, Mateu-Royo et al. [12] theoretically conducted a comparative performance analysis of several
HTHP configurations with low GWP refrigerants for industrial waste heat recovery. The ejector cycle
among the eight proposed configurations, slightly improves the energy performance and requires more
compact compressor than the basic single-stage configuration. The cost of the different cycles was also
evaluated. The cycle with ejector was slightly more expensive than the basic one (<2%).

Ejectors in HTHP applications still faces a research gap especially in terms of experimental studies.
Ejector operation and performance need to be accurately determined so as to correspond to the
refrigerant type and the HTHP conditions. However, they are expected to play a key role in improving
high temperature heat pump performance in a near future, as they already do in CO2 refrigeration
applications.

1.2.2. Thermally driven high-temperature heat pump systems

1.2.2.1. Introduction to heat driven technologies

Thermally driven heat pumps (TDHPs) are mainly driven by thermal energy, as opposed to vapor
compression heat pumps (VCHPs), where the main driver is mechanical power for the compressor,
usually delivered by an electric drive. Thermally driven heat pumps may still require some electrical
power, e.g., for pumps, but considerably less than VCHPs. This section provides an introduction to
thermally driven heat pumps, more specifically different types of sorption machines based on absorption
or adsorption. Other types of TDHPs are not discussed, for example thermoacoustic and hybrid heat
pumps.

Considered heat-
driven technologies

v v

Thermo-acoustic
Hybrid System | | | | Sorption machines |
| y y heat pump "

\ \/

|Aﬂsnrpti0n Machines | |Ansarption macmnes|

Adsorption heat Absorption heat
transformer transformer
Adsorption heat Absorption heat
pump pump

Figure 1-12: Overview of thermally driven heat pumps.

Although VCHP systems are the most competitive heat pump technology, researchers in the field of
thermally driven heat pumps claim that VCHPs have several drawbacks that can be avoided by using
thermally driven heat pumps [13]. Cited drawbacks are: that VCHPs often use refrigerants with high
Global Warming Potentials (GWPs) and/or Ozone Depleting Potentials (ODPs); that VCHPs are typically
driven by electric motors, and that electricity currently is mostly generated by fossil-fuels; that VCHPs
have higher noise and vibration levels due to the mechanical compression; and that VCHPs are more
maintenance-intensive. However, state-of-the-art heat pumps mainly use natural refrigerants and
HFOs/HCFOs, as demonstrated by the supplier information obtained by the Annex 58. These
refrigerants have a zero ODP and a low GWP. Furthermore, the carbon intensity of electricity generation
is strongly declining; in the EU-27 it decreased from 510 g CO2eq/kWh in 1990 to 281 g COzeq/kWh in
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2018 [14]. With the increasing shift to renewables, this number will further decrease. Although these
drawbacks are partially solved for VCHPs, they can in theory be tackled easily by use of TDHPs.
However, these systems have their own drawbacks: larger and more complex installations (e.g., higher
capital costs), lower performance (COP) and a limited amount of fossil-fuel-free thermal energy drivers
[15].

The economics of these competing heat pump technologies strongly depend on local energy prices. In
case fossil fuels generate the thermal energy, TDHPs will have more favorable economics in the event
of low fossil-fuel prices compared to electricity prices, while VCHPs will have more favorable economics
in case of high fossil-fuel prices compared to electricity prices. In future scenarios, it is expected that
fuel prices will be high compared to the electricity cost, so that VCHPs promise to be more cost-effective
compared to fossil-based TDHPs. On the other hand, TDHPs that use low-temperature heat (e.g., heat
transformers, see further) can also be cost-effective if that heat is freely available (e.g., waste heat).
This section describes the most important concepts and types of TDHPs. Below, an overview is given
of the subscripts and symbols that are used to describe TDHPs.

1 subscripts:
o 0: Low temperature
o 0 : Medium temperature
o O High temperature
o0 M= heat engine
o "G = heat pump
1 variables:
o “Ytemperature
0 ): pressure
o 0:sorption capacity

1.2.2.2. Introduction to sorption machines
The general principle of sorption machines is to replace the compressor of a VCHP with a thermally
driven process that relies on sorption and desorption of the refrigerant and consequently requires much

lower mechanical (electrical) power to compress the refrigerant vapor. Sorptioni s def i ned

process by which a substance (the sorbate) is sorbed (adsorbed or absorbed) on or in another substance
(the sorbent) [@6]. Absorption is the incorporation of a sorbate in one state, into the volume of a sorbent
in another state; in this case absorption of a gaseous refrigerant in a liquid. On the other hand, adsorption
is adherence or bonding of a sorbate onto the surface of a sorbent; in this case adsorption of a gaseous
refrigerant onto a soliddés surface. For sorpti
Furthermore, they can be based on physical or chemical principles, resulting in respectively
physicosorption and chemisorption. Hence, this type of machine is sometimes also called a chemical
heat pump, in contrast to a VCHP.

The sorption capacity (or loading), 0 hexpresses the amount of sorbate (gaseous refrigerant) taken up
per unit of mass or volume of the sorbent. At a given pressure 1} and temperature “Y a given combination
of refrigerant and sorbent has an equilibrium capacity 0, i.e. the capacity that is reached if pressure and
temperature were kept constant for a sufficiently long time. Figure 1-13 shows the capacity for a typical
refrigerant-sorbent pair as a function of ) and "Y The capacity is displayed on a & ¢ fQversus pI'Y
diagram, as isosteres (lines of constant capacity 0) tend to form straight lines in that case. It can be
observed that the equilibrium capacity increases with pressure and decreases with temperature.
FollowingL e Chat el i & sodpson is aniexothermpid peocess (releases heat), while desorption
is endothermic (requires heat addition).

on

2 0O02NRAY3 G2 [ 8 /KI {Sbeledidric dpkide iopdosihy forse2INjhdlisls@héd, tezhdat is released by
the exothermic process, so that temperature rises and sorption capacity decreases. As a consequence, sorption willinainish a

equilibrium will form.
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Figure 1-13: Lines of constant equilibrium sorption capacity (isosteres) as found in sorption machines.

Figure 1-14schematically shows how the sorption principl

driven compressoro is not explained in detail

Due to the addition of sorption and desorption processes, these heat pumps work with 4 heat fluxes (2
in and 2 out), although they are typically designed to work at only 3 distinct temperature levels. After
taking up low temperature heat ("Y) in the evaporator, the gaseous refrigerant is sorbed, releasing heat
at a medium temperature (7Y, ). After the pressure has been raised (without a mechanical compressor),
the refrigerant is desorbed, requiring a high temperature “Y heat input. It is then condensed, providing
useful heat at Y, and sent to the expansion valve. This way, a certain amount of high temperature

driving heat is fAamplifiedodo into a | arger amount
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Figure 1-14: Principle of sorption heat pump.

Sorption — Tm

As there are now 4 heat fluxes in and out of the machine, the cycle is more flexible. For a heat pump,
the condenser pressure 1\ . .ig higher than the evaporator pressure 1, C.Mhence temperatures are
higher at the condenser side. However, if the expansion valve is replaced by a pump, then 1y, d)\/ﬁ/ill be

higher so that the evaporator side has the higher temperatures. The result is called a heat transformer,
as opposed to a heat pump. The principle of a heat transformer is shown in Figure 1-15. Notice that the
condenser now rejects low temperature heat, while only the sorption process provides useful high
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Figure 1-15: Principle of sorption heat transformer.

For sorption machines, the COP is defined as the amount of useful process heat supplied, divided by

the primary energy input. For heat pumps, the COP is the ratio of the useful output heat at the condenser

(™Y) to the high temperature driving heat for desorption ("Yy), which is always larger than 1. For heat
transformers, the COP is the ratio of the useful output heat from sorption ("Yy) to the input heat at both

the evaporator and for desorption (" ), and is always lower than 1. The different COP definitions, the
corresponding theoretical maximum COP and typical practical values are given in Table 1-4. In some
cases, an fdelectrical COPO is reported for TDHPs,
denominator instead of the driving heat. As electrical power use (e.g. for pumps) is typically very low,

this results in very large electrical COPs. Note that such values are in no way representative for the
thermodynamic performance of the TDHP.

wh e

Table 1-4: Definition of COP with theoretical and practical values for different technologies.

Technology COP definition | Maximum COP Typical COPs

TDHP i heat| . . 0 o Yoy 1.37 2.2[17]

pump 6uUu —= R Y

TDHP i heat| . _ 0 - YooY 0.27 0.5

transformer cou = OVY PN WY | 18] [19]

VCHP .0 560 21 5[1]
600 5 N Y

In the next sections, absorption and adsorption machines are explained in detail. Heat pump and heat
transformer cycles are discussed for both, and an overview is given of possible working pairs
(refrigerant/sorbent pairs).

1.2.2.3. Absorption machines
Absorption machines can be classified as absorption heat pumps for heat amplification and absorption
heat transformers for temperature upgrading.

Absorption heat pump

The standard configuration of an absorption heat pump is the single-effect cycle shown in Figure 1-16.
The cycle works on two pressure levels: the generator and condenser operate at high pressure, while
the evaporator and absorber work lower. In addition, a solution heat exchanger (SHX) is often added to
increase the efficiency of the cycle.

In (a), a solution rich in refrigerant is pumped to a higher pressure level (b) and preheated through the
SHX. When the rich solution reaches the generator (c), the heat input ("Y, enables the desorption of
the refrigerant from the absorbent (g). Two streams leave the generator: the concentrated absorbent
(low refrigerant fraction) and the gaseous refrigerant. The absorbent (d) passes through the solution
heat exchanger (d-e) and is expanded from high to low-pressure (e-f) before reaching the absorber
again. The gaseous refrigerant (g) is condensed, yielding useful heat “"Y). The pressure of the liquid
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(h) is then reduced through a valve (i) and the liquid is then sent to the evaporator, where it is evaporated
using ambient or waste heat ("Y). Finally, the refrigerant (I) is absorbed again, producing useful heat

("Y) [17].

Output . Input
P14 Refrigerant gas
<::| Condenser |« g Generator «
o Refrigerant liquid p Absorbent c_—
b b | SHX ]
w
7]
< e
a Refrigerant liquid a
and vapor Liquid mixture f
|
Po+ |:> Evaporator »  Absorber |:>
Refrigerant
as
Environment | g ' Output ]
! 1 | .
i ™ TH
Temperature

Figure 1-16: Thermodynamic cycle of a single-effect absorption heat pump.

Absorption heat transformer

Figure 1-17 presents the configuration of a single-effect absorption heat transformer, the standard
configuration for this type of machine. The generator, which now operates at low pressure level, absorbs
heat “Y) enabling the desorption of the refrigerant from the absorbent. The diluted mixture (h) is
pumped to a higher pressure level and is sent to the absorber after crossing the heat recovery system
(i-1). The gaseous refrigerant (a) flows to the condenser where it rejects heat (7Y), often to the ambient.
The liquid is then pumped to a higher pressure level (c), so that it can take up heat (Y, ) in the evaporator.
After evaporation, the gaseous refrigerant (d) enters the absorber, where it is absorbed, releasing useful
heat ("Y). Finally, the rich solution (e) goes through a heat recovery system (e-f) and finally is expanded
to a lower pressure level through a valve (f-g) [17].

Input Output

P14+ Evaporator >  Absorber
o) c l/' |
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o
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Environment
i } } >
TL ™ TH

Temperature
Figure 1-17: Thermodynamic cycle of a single-effect absorption heat transformer

Working pairs

The working pairs (absorbent-refrigerant) preferred for absorption machines must have a high latent

heat, high solubility, good stability at high temperatures and low corrosivity. They can be classified in

three groups:

1 Water-based working pairs: Water is an excellent refrigerant thanks to its large availability, low cost
and good thermal properties. This category includes LiBr-water, which is a popular choice. Other
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water-based working pairs include binary salt-water solutions, multi-salt water solutions, acid and
lye.

Ammonia-based working pair: largely employed in commercial and industrial applications, this
working pair can also work at temperatures below zero. Its major drawback is that the boiling
temperatures of water and ammonia are similar. This category includes water-ammonia, salt-water-
ammonia and salt-ammonia solutions.

Organic-based working pairs: These generally present good stability and low corrosivity at high
temperatures. The main two types of working pairs in this category are alcohol based and
halogenated hydrocarbon based working pairs.

1.2.2.4. Adsorption machines

Adsorption heat pump

The adsorption heat pump is described based on the single-bed adsorption heat pump cycle, as
illustrated in Figure 1-18. This cycle has four main components (evaporator, condenser, expansion valve
and adsorbent bed) and additional control valves. The cycle consists of four processes, shown in Figure
1-19 and described below.

1.

pevep o {Ccond )

Pcond || Evap i

32

(nearly) Isosteric heating (a-b): During this process the bed is isolated by use of the control valves.
Initially, the adsorbent bed is at low temperature and pressure and is rich in adsorbed refrigerant.
When heat is supplied ("Yy), the bed temperature increases, so that the adsorption capacity
decreases and some refrigerant is desorbed, implying a pressure rise. This process happens at
quasi-constant adsorbate mass in the adsorbent bed (i.e. nearly isosteric).

Isobaric desorption (b-c): After isosteric heating, the valve connecting the adsorbent bed and the
condenser opens. The driving heat source continues to deliver heat to the adsorbent bed ("Y),
allowing regeneration of the adsorbent as the bed temperature increases. Desorption of the
refrigerant from the adsorbent happens at constant pressure. The refrigerant vapor goes to the
condenser where it rejects useful process heat ("Y) during condensation. Afterwards, the liquid
refrigerant is expanded and flows to the evaporator.

(nearly) Isosteric cooling (c-d): After isobaric desorption, the adsorbent bed is isolated again. Now
the hot bed is cooled (7Y, ), so that temperature decreases, and adsorption capacity increases. Some
refrigerant is then readsorbed, causing a pressure decrease.

Isobaric adsorption (d-a): After isosteric cooling, evaporator and adsorbent bed are connected,
enabling a refrigerant flow from the evaporator to the bed. In the evaporator, low temperature heat
("Y) is supplied to evaporate the refrigerant. Next, the refrigerant vapor is adsorbed by the absorbent
bed, releasing heat (7Y ) while the bed temperature decreases.

In(p)

7 Y

isosteres

e e

T ™ Th /T

Figure 1-18: Thermodynamic cycle of an adsorption heat pump.



Isostheric heating (a-b) Isobaric desorption (b-c) Isosteric cooling (c-d) Isobaric adsorption (d-a)
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Figuﬂre 1-19: Overview of the four main processes of an adsoﬂrption heat pump cycle.

The adsorption heat pump described above has an intermittent cycle, in contrast with absorption heat
pumps. To provide useful heat in a more continuous way, two adsorbent beds can be operated in
counter-phase [20].

In order to enhance the performance and compactness of basic adsorption heat pumps, more advanced
cycles exists; multi-bed adsorption cycles, cascade cycles, thermal wave cycles, multi-stage cycles, etc.
[13], [21].

Adsorption heat transformer

The adsorption heat transformer cycle, shown in Figure 1-20 and Figure 1-21, is very similar to the

adsorption heat pump cycle, but has a pump instead of an expansion valve. The main difference with

the heat pump cycle is that adsorption and desorption are now pressure-driven isothermal processes,
instead of isobaric temperature-driven processes.

1 (nearly) Isosteric heating (a-b): In this process the adsorbent bed (low pressure, Y, ) and the
evaporator (high pressure, "Y;) are connected. In the evaporator waste heat is supplied, inducing
evaporation of the refrigerant. Due to the pressure difference, vapor flows from evaporator to
adsorbent bed, increasing its pressure. This increases the adsorption capacity, hence some vapor
is absorbed (exothermic reaction) and the adsorber temperature increases (from ™Y to "Yy).

1 Isothermal adsorption (b-c): After the desired temperature ("Yy) is reached, useful heat is
continually released to the heat sink, causing further adsorption to become isothermal. The process
ends once the pressure in the adsorbent bed equals the evaporator pressure.

1 (nearly) Isosteric cooling (c-d): During the isosteric cooling phase the adsorbent bed (high
pressure, "Yy) is connected to the condenser (low pressure, "), which releases heat to a low
temperature heat sink. Due to the pressure difference, refrigerant vapor will flow from the adsorbent
bed to the condenser, decreasing the pressure in the bed. This causes some refrigerant to desorb,
resulting in a temperature decrease of the bed to Y .

1 Isothermal desorption phase (d-a): After the desired temperature ("Y ) is reached, waste heat is
supplied to the bed, so that desorption becomes isothermal. The process ends when the bed
pressure reaches the condenser pressure. In order to restart the cycle, the condensate is returned
to the evaporator by a small pump, consuming a negligible amount of power.
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Figure 1-20: Thermodynamic cycle of an adsorption heat transformer.

Isostheric heating (a-b) Isothermal adsorption (b-c) Isosteric cooling (c-d) Isothermal desorption (d-a)
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Figure 1-21: Overview of the four main 'processes' of an adsorption heat transformer cycle, note that the adsorbent
bed is never isolated.

Again, an intermittent cycle is observed: in only one of the four processes, useful heat is released. Some
advanced cycles (e.g. continuous cycles) are discussed in [22].

Working pairs

The selection of a suitable working pair is the most crucial choice when designing an adsorption machine
and depends strongly on the application. Important thermophysical parameters and other parameters of
the working pair are listed in Table 1-5.

Table 1-5: Desired properties of the working pair [21].

Thermophysical properties

Other working pair properties

Large uptake swing High stability
High heat of vaporization of refrigerant Low cost
High density Non-toxic

High thermal conductivity

Non-flammable

Low binding energy

No global warming potential

Low bed specific capacity

No ozone depletion potential

pressure

Operating pressures marginally above ambient

Good compatibility with other materials

The stability of the refrigerant-adsorbent pair is a particularly important property, as it tends to decrease
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over time. For high temperature applications, stability of the working pair is a major issue and will impact

the heat pumpés | ifeti me. Typical refrigerants wused
methanol and ethanol. Water is by far the mostused, as hi gh COPs can be achieve
heat of vaporization, and due to the fact that it is non-toxic, non-flammable, inexpensive and has no

impact on the environment. However, the vapor density of water is low, and sub-atmospheric operation

may be required, complicating the design. In addition, it has a freezing point of 0 °C, preventing the use

of low evaporator temperatures. Typical adsorbents are: zeolites, silica gel, activated carbons, metal-

organic frameworks (MOFs), composites, etc. [13], [21].

1.2.3. Ideal cycles and performance benchmarks

This section describes the ideal, thermodynamic cycles and necessary tools for evaluating the
performance of a heat pump across various operating temperatures. These tools should be used to
understand how close a given heat pump is to thermodynamically ideal conditions.

1.2.3.1. Carnot and Lorenz cycles
The reversed Carnot cycle and the Lorenz cycle describe ideal, thermodynamic cycles that transfer heat
from a cold reservoir to a hotter reservoir. This action requires the addition of work according to the
second law of thermodynamics. In a common vapor compression cycle the work will be supplied by a
compressor. The theoretically maximal performance of such a heat pump is given by the Carnot COP,
# | 04 o7 fopoperating between two reservoirs at constant temperature:
Yei e

#1 Oaoii
Where "% e@apd "7 o $e the absolute temperature of the heat sink and heat source, respectively.
# | D4 oithen describes the heat delivered at " g sfer each unit of supplied work.
Commonly, neither the sink nor the source will be at constant temperatures but exhibit a temperature
glide.
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Figure 1-22: Example of a heat sink and heat source with a temperature glide.

Figure 1-22 shows an example of two temperature profiles where a heat pump is intended to operate
between:

9 Sink side (blue line): Heated up from 80 °C to 120 °C.
9 Source side (red line): Cooled down from 40 °C to 30 °C.
With such temperature profiles, it is more appropriate to compare it to the Lorenz cycle instead of the

Carnot cycle. The Lorenz COP, COPLorenz, Which for a reversible heat pump operating between two finite
reservoirs is defined as:

410 Y e

M OAT -
. _ %e1 261 604A _ _
It is here assumed that the heat sink and heat source have constant heat capacity, and the entropic
mean temperatures of the sink and source are further defined as:
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Which for the given example yields entropic mean temperatures of:
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And the corresponding # / 0; ¢ xgap then be calculated as:
“Bei e o Xd@+

#1 0 oai & X
oA Yei D61 0oad XM+ O mEp+
The calculated # / O »sgap be used to investigate the performance of studied HTHP systems and use

cases. If a # / Dy 4 ofef e given temperatures is stated to be to 3.5 the Lorenz efficiency is calculated
as the following ratio [23]:
#1 Oraoe1@®
TOATR T 0 oa1 B X ¢
It should be noted that the Lorenz cycle approaches the Carnot cycle when the temperature glides of
both the sink and in the source approach zero.

1.2.3.2. Analysis with crossing temperature profiles.
When analyzing the Lorenz efficiency and temperature lift for a crossing temperature profile only the
heat pumping part of the possible heat transfer is included in the analysis.
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Figure 1-23 Example of crossing temperature profile for sink and source side.
Figure 1-23 shows an example of a crossing temperature profile with the following temperature profile:

1 Sink side (blue line): Heated up from 20 °C to 190 °C.
1 Source side (red line): Cooled down from 110 °C to 100 °C.

1 The sink side can then be split up with a direct heat exchange part ranging from 20 °C to 110 °C,
and a heat pumping part ranging from 110 °C to 190 °C.

With such a temperature profile the direct heat exchange part can then be calculated as:
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The heat pumping part can be calculated as:
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If a COPrheating for the given example is stated to be 3.5, the COPhreating is then scaled with the heat
pumping part:

#1 0 M xp#/ 0 pBH L

which with a COPLorenz valid for the heat pumping part (hear calculated to be 9.64) then can be used to
define a Lorenz efficiency for the heat pumping part:

PP L
- R ET pR®P
The temperature lift for a crossing temperature profile is also defined in this analysis only for the heat
pumping part, which can be calculated to the following with the numbers in the above example:
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1.3. Applications
This chapter summarizes the scope of applications and provides examples of possible heat sources and
heat sinks. Further, current studies on the estimation of application potentials may be summarized here.

1.3.1. Industrial Processes
This section outlines the application of heat pumps with sink temperature in the temperature range of
100 °C to 200 °C. This will be the largest application area for this technology.

1.3.1.1. Process heat source and sink

The integration of HTHP in industrial processes comes when a series of energy efficiency measures
have already been considered. The efficiency of heat pumps (COP) makes their integration into
industrial processes very attractive, either for operational costs or for decarbonization of the industrial
processes. Some of them require external mechanical, thermal energy source or both to operate [24].

The industrial processes where HTHP can be applied are diverse, however, their feasibility depends
mainly on the temperature range, the stability, the capacity and the glide of both the source & the sink
sides. Moreover, the type of process (batch or continuous), the annual operating hours and the type of
energy carrier (fuel, electricity) used to heat up the processes are important techno-economic factors.

To be economically viable the main requirement for a HTHP integration into an industrial process is to
have an adequate heat source. Typical heat sources that a heat pump can utilise are as follows:
1 Waste heat from industrial processes
o Refrigeration or cooling plant heat sink
o Cooling water (directed to cooling tower)
o Radiant heat from product
o Air with high moisture content
1 Recirculation streams in processes
1 Heat from renewable sources (low or zero cost)
o Solar thermal
0o Geothermal
0 Sea or river water
0 Ambient air
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Table 1-6, Potential processes and their respective sectors in which HTHPs could be implemented (Source: [1]).

Temperature

Sector Process 20 40 &0 80 100 120 140 160 180 200 [*c]
Drying 90 1o 240
paper  E0ING 1 110 to 180
Bleaching | 40 1o 150
De-inking 50 to 7O
Drying 40 o 250
Evaporation 4010 170
Pasteurization |- 60 ta 150
Sterilization | 100 to 140
Budling T o 120
Food & o Hiiation 4010 100
DEVErag23 Blanching B0 1o 90
Scalding 5010 90
Concentraton &0 bo 80
Tamparing A0 ko B0
Srmaking 20 o 80
Destilation 1 | 1 100 b 300
Compression (110t 170
Cheicals Tharmoforming 130 to 160
Caoncentraton 1 1 1 | 120 ta 140
Boiling ato 110
Bioreactions 20 bo BO)
Augtomative  Resin mokding 70 to 130
Dirying B0 b 200
Pickling 20 ko 100
Degraasing 2010 100
hatal Elactroplating | [ 30 o 90
Phosphaling 30 ko 90
Chromating 2010 80
Purging 4010 70
Injection moding 90 1o 300
Plastic  Pellets drying 1 40 1o 150
Presealing 50w 70
Mechanical Surface trestment | | 20 b 120
anginesnng Claaning a0 to 90|
Caloring 1 |40 to 160
s D 50 0o 130
Taxdiles '.'n:-:.:ﬁl‘g a0 110
Eleaching A0 o 100
Glueing 120 to 180
F'rerssirg 120 b2 170
Drying 40 to 150
Wood Steaming 0 b 100
Cocking | | | A0 bo 50
Staining 30 ha 80
Pickiing 40 to 7O
Fiot walter N 20to 110
Several  Prenesting 20 o 100
saciors Washing/'Cleaning A0 to 80|
Space heating | 201080

Technology Readiness Level (TRL) of heat pumps:
Canventional HP <= 807 C._ esfablished in industry
Commercial available HTHP 80 1o 100°C, key technology
. Profotype status, lechnology development, HTHP 100 to 140°C
Laboratory scabe research, funclional models, proof of concept, HTHP = 140°C

On the other hand, heat sink temperatures of HTHP units for industrial applications are considered to
be above 100°C. Some of the main processes that have been identified for potential applications are
drying, boiling, bleaching, pasteurization, sterilization, distillation, moulding and colouring. The main
industries using these processes are pulp & paper, food & beverage, chemicals, metal, plastic,
automotive, wood, textiles, etc. In Table 1-6 are listed the industrial processes where HTHPs can be
implemented and their respective sectors.

The sink side of closed-loop HTHP can be integrated in the process stream either directly using the
condenser(s) and/or subcooler to heat the flow, or to heat a utility stream (secondary loop) used as a
heating medium to heat a process. Another way to integrate a vapor compression HTHP is with
mechanical vapor recompression (MVR) systems. This system has been studied lately for application in
the oil & gas industry as process intensification measure in distillation units, where energy consumption
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reduction is up to 65 % [25].

1.3.1.2. Application Potential

There have been numerous attempts in the literature to quantify the application potential of heat pumps
for the industrial sector. Marina et al [26] indicated that, in general, there are two approaches to estimate
application potential: a top-down approach and a bottom-up approach. The top-down approach usually
starts with the total energy use of a sector and determines which part is used for heating purposes.
Thereafter, this heating demand is divided across temperature intervals based on a fraction of the total
heat demand. Although this method provides relatively quick estimates, it lacks specific process
information. It is not possible to derive the capacity of a heat pump for a specific application this way.
The bottom-up approach analyses individual processes and aggregates this to a higher level. This
usually results in limited market coverage but can provide information on capacity of heat pumps and
specific temperature conditions. The nature of industrial heat pump operation, whereby a waste heat
source is upgraded in temperature to produce process heat requires that heat pump application potential
is most accurately determined from information obtained on an individual process level, rather than
generalised data from a sectoral or total industrial level.

There have been a number of published studies which attempt to quantify the application potential of
industrial heat pump technology. The most notable works are summarised below:

Wolf and Blesl [27] conducted a study focused on quantifying the entire industrial heat pump market on
a European level. This study was however restricted in that the heat pump sink temperature was limited
to 100°C. The focus was primarily on the calculation of bulk energy saving and CO:2 abatement potential
(both economic and technical). The combined top-down and bottom-up methodology utilised for
calculating waste and process heat amounts and temperature levels, led to the calculation of a final
energy consumption reduction potential of 1717 PJ in the sectors investigated. Based on use of energy
price data (from 2013) it was estimated that 270 PJ of final energy savings were economically feasible.
The total CO2 abatement potential amounted to 86.2 Mt (17 % of the energy related CO2 emissions of
the EU-28 for the industrial sector), of which 21.5 Mt were covered by economically feasible cases.

Kosmadakis [28], presented a study whereby the potential of industrial heat pumps was estimated
focusing on applications in the temperature range of 100 °C to 200 °C. Process and waste heat
quantities were derived separately, but in general consisted of aggregated values grouped into
temperature level and broad application. The heat pump potential was calculated on this aggregated
level, estimated to be 102 PJ in EU industries.

Marina et al. [26] conducted a study to estimate the European (EU28) industrial heat pump market
potential in terms of magnitude, sizing and number of units. Potential heat pump applications in the food,
paper, chemical and refining sectors were identified considering a maximum sink temperature of 200°C.
This study utilised a bottom-up methodology that uses detailed information from individual processes in
the aforementioned sectors. Combining individual process data with typical plant capacities provides
information on the heating capacities of heat pumps. The data is upscaled to European level, using
production statistics relevant to the individual processes analysed. Since the database of processes
used was generic in nature and not fully covering the whole industrial sector, the results of this analysis
provided a conservative estimate of the heat pump market potential. The results show a potential
cumulative heating capacity of industrial heat pumps in EU28 of 23.0 GW, consisting of 4174 heat pump
units which are able to cover 641 PJ/a of process heat demand. A notable result from this study was the
distribution of the heating capacity for the heat pump units which make up the heat pump market as
seen in Figure 1-24. The largest number of heat pump units (%) can be found for heating capacities
<10 MW, making up about 50% of the total market cumulative heating capacity.
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Figure 1-24: 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. [26]

Finally an IEA special report [29] created a comprehensive and detailed roadmap to achieve net zero
energy related and industrial process COz emissions globally by 2050. For the net zero emission
scenario, a breakdown is given for technologies used to cover the industrial heat demand in light
industries up to 2050 (see Figure 1-25). The scenario outlines the large role for heat pumps for supplying
low (<100 °C) and some medium (100-400 °C) heat, with heat pumps covering 30 % of total heating
demand in these sectors in 2050. In the IEA net zero emission scenario, around 500 MW of heat pumps
need to be installed every month over the next 30 years.

Low/medium-temperature heat demand by technology Technology
2020 T Fossil fuel heater
2030 _' 1 [ ] glio ;ua:sshhe:ter
2050 | | Bectric heater

. M Hydrogen heater
High-temperature heat demand by technology - M Heat pump

2020 Other heat sources
2030

2050 Sub-sectors

B Mining and construction
M Food and tobacco

Heat demand by sub-sector

2020 e Machinery
2030 NN 5 Textile and leather
2050 Il = Transport equipment
: ¢ W Wood and wood products
25% 50% 75% 1009

EA. All rights reserved.

The share of electricty in safisfying heat demand for light industries rises
from less than 20% today to around 40% in 2030 and about 5% in 2050

Figure 1-25: Share of heating technology by temperature level in light industries in the IEA net zero emission
scenario [29].

1.3.1.3. Simultaneous heating and cooling
The temperature difference between the source and the sink side of a HTHP is inversely proportional to

the COP of the system. Common source/sink side temperature difference values are between 60 K to
80 K. For HTHPs that are integrated into a process in which the source side is cooling down a process
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stream rather than using waste, the performance of the HTHP increases substantially. This type of
configuration is highly recommended for higher COP values and therefore lower operational costs.

The first heat pump applications are being applied in the food and beverage sector, which traditionally
has the most experience with this technology as refrigeration equipment. The need for simultaneous
heating and cooling in the food industry is itself a driver for first heat pump applications. Cooling of
products will produce waste heat at temperatures above ambient, which can be upgraded using a heat
pump to satisfy the process heating requirements.

Coupling process heating and cooling needs through the use of a heat pump will result in high process
efficiencies and low operational costs. As such, this solution is gaining traction in the market. It is
expected that the experience gained from the use of heat pumps in this way can be transferred to utilise
a multitude of waste heat streams in both the food sector as well as in other industrial sectors.

1.3.1.4. Level of process integration

An electrically driven heat pump is process equipment configured with compressors, heat exchangers,
valves, vessels, and piping. The modular nature ensures that the technology is flexible, and it may be
developed and installed for a broad range of applications, capacities, and temperature levels. This,
however, also indicates that there are several potential solutions for a given application and that the
right choice will depend on performance, efficiency, investment, technology readiness level, and
regulations.

Compared to conventional steam-based systems heated by fuel combustion in a boiler, heat pump
technology offers highly different options, ranging from intrinsic integration into a given process,
integration at the process unit level, or as replacement for a central heating system.

Intrinsic integration into a process can require little additional process equipment and at the same time
achieve the highest COP, as high as 20 units heating per unit electricity consumed. However, at the
same time it may lead to significant changes to the process and conditions, the feasibility of which may
need to be assessed.

Mechanical vapor recompression (MVR) is an example of integration into drying processes hy

compressing water vapor from the process and condensing it higher pressure and accordingly providing
the heating needed for drying. An example of such an application is given in Figure 1-26.

Superheated steam drying with
MVR upgrade and reuse

:} Condensale <
Process

HEX
l ! Product in

Drying Chamber

5-10 bar
Steanm

Superheated slean
{1 bar,150-180"C)

Excess
Steam

Superheated

Steam
@uoﬁucf oul (1 bara. 110°C)

Figure 1-26: Example of intrinsic heat pump integration through MVR

A heat pump can also be coupled to the process at a unit level. Again, the COP is mainly dependent on
the relative temperature levels of the heat source and sink but will generally result in lower COPs when
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compared with intrinsic integration in the process.

The final option is a central heat pump solution substituting an existing heating installation at the utility
level, which will require the fewest changes in the existing process. This solution will have a lower COP
because the generation of heat from the central utility system requires a higher temperature that is
sufficient for all processes.

1.3.2. Other applications

1.3.2.1. Power-to-heat-to-power

Nowadays, electricity from renewable energy systems is the main objective of the energy agenda of
most countries. The main disadvantage of renewable energy systems (RES) is the intermittent pattern
of their production, which is usually not simultaneous with the power peak demand periods. Electrical
energy storage for power grids is the solution to enhance the RES grids’ reliability. Several possible
systems can be implemented for power storage, including batteries, pumped hydro, compressed air, or
pumped thermal energy storage systems. Compressed air and pumped hydro are dependent on
geological constraints, while batteries are a costly way to store electricity for large-scale power systems.

On the other hand, pumped thermal energy storage systems, which are basically Carnot batteries, can
store electricity in the form of heat. Thermal storage systems are cheaper than power storage systems
and can be installed independently of geological or geographical features. HTHP systems can be part
of pumped thermal energy storage systems as the thermal charging system. Surplus power is used by
the HTHP to charge the thermal storage with high temperature heat. When electricity is required, the
stored heat is used to drive a thermal power cycle (i.e. ORC) obtaining electricity during the discharging
process and delivering it to the grid. These systems can reach high roundtrip efficiency values and allow
the integration of low temperature heat sources coming from industrial waste heat, solar thermal,
geothermal, data center installations, etc. [30].
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Figure 1-27 Schematic diagram of the working principle of a pumped thermal energy storage system [31].

Depending on the temperature conditions of the heat source and the heat sink, the size of the thermal
storage systems and the capacity of both the charging and discharging systems the roundtrip efficiency
of a pumped thermal energy storage system can reach values of 1, as presented by Trebilcock [31].
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2. Overview of Technologies

As part of the HTHP technology review, information about a wide range of different supplier
technologies, commercially available and under development, has been collected in two-page
summaries. These descriptions can be found on the Annex 58 homepage, please see the following link:
https://heatpumpingtechnologies.org/annex58/task1/

In this chapter, the information collected in these summaries are analysed to give an overview of
developments (TRL 4-9 considered) and potentials for high-temperature heat pumps.

2.1. Overview of collected information

The information was collected from the various suppliers in a standardized way using a common review
template. The suppliers have provided all information without third-party validation. The information was
provided as an indicative basis and may be different in final installations depending on application-
specific parameters. Please note that a broad range of different HTHP technologies has been collected,
and that some of the technologies indicate a TRL corresponding to a status of prototype demonstration,
while a TRL of 9 can indicate a readiness level only valid for specific use cases.

The information collected about the technologies in general includes information about:
System layout/type

Compressor type

Working fluid

Capacity range

Development status (TRL level)

Maximum supply temperature or other limitations

Expected lifetime

Size

Information on sub-components

Range for specific investment cost for installed system without integration
Performance data for use cases with COPneating and temperature glides on sink and source side
Project examples

=8 =8 =8 -8 8- _8_9_8_8_48_-°

In total, information 34 different HTHP technologies with over 80 different use case examples have been
collected. An overview of the suppliers and key information is summarized in Table 2-2 on the next
pages. From the table it can be seen that there is a wide range of different technologies for HTHP from
the various suppliers, and that the suppliers indicate a very varying TRL levels and costs, which depends
on the given application and size of the heat pump. For several of the cases the stated costs are
estimates or cost targets for future developments, especially for cases with low TRL. For the definition
of TRL, please see Table 2-1.

Table 2-1: Definition of TRL levels [32].

TRL Baspcinciples observed
TRL |Technol ogy concept formul ated

TRL Experi ment al proof of concept

TRL |Technol ogy validated in | ab

TRL |[Technol ogy validated in relevant
environment in the case )J)of key ¢

TRL |[Technol ogy demonstrated in relev
relevant environment in the casete

TRL |[System prototype demonstration i
TRL |[System complete and qualified

TRL |Actesgbtem proven in operational
manufacturing in the case of Kkey
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Table 2-2: Overview of suppliers and HTHP technology, sorted after maximum capacity.

Supplier Compressor | Working fluid Capacity | Tmaxsupply | TRL Spec. invest.
type [MW] [°C] indication |cost [
Fuji Electric Reciprocating | R-245fa 0.03 120 9 n/a
Emerson Scroll and EVI | R-245fa, R- 0.03 120 6 n/a
scroll 410a, R-718
Mayekawa Reciprocating | R-744 0.1 100 8-9 n/a
(EcoSirocco)
Mayekawa Reciprocating | R-1234ze(Z) 0.1 120 9 n/a
(EcoCircuit)
Skala Fabrikk Piston R-290+R-600 0.3 115 7 (proto. 500-700
(semiher.) demo.)
Kobelco Two stage R-245fa 0.37 120 9 n/a
Compressors twin -screw
Corp. (SGH120)
Mitsubishi Two-stage R-134a 0.6 130 9 n/a
Heavy Ind. centrifugal
Kobelco Twin-screw R-245fa+R-134a | 0.624 175 9 n/a
Compressors (mixture), R-718
Corp. (SGH165) for steam comp.
ecop Centrifugal ecop fluid 1 0.7 150 6-7 700
compression
Mayekawa Piston R-600 0.75 120 7 450
Europe (HS
comp.)
Kobelco Comp. | Twin -screw R-718 0.8 175 9 n/a
Corp.
(MSRC160)
Mayekawa Screw R-601 1.0 145 5 720
Europe (FC
comp.)
GEA Semi-hermetic | R-744 0.1-1.2 130 8 200-300
Refrigeration piston
Netherlands
Fenagy Reciprocating | R-744 0.3-1.8 120 5-6 250-425
(concept
study)
Rank Screw R-245fa, R- 0.12-2.0 160 7 200-400
1336mzz(2), (prototype
R-1233zd(E) demo.)
SRM Screw R-718 0.25-2.0 165 5 n/a
COMBITHERM | Screw R-1233zd(E), 0.3-3.3 120 9 200-400
GmbH R-1234ze,
R-515B,
R-450A,
R-513A,
R-1234yf
Sustainable Piston HFOs 0.3-5.0 165 6-8 150-1000
Process Heat
Johnson Reciprocating | R-717+R-600 0.5-5.0 120 7-8 (for HC | n/a
Controls (cascade) top cycle)
Hybrid Energy Piston, screw | R-717 and R- 0.5-5.0 120 9 200-600
718
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 | R-704 5.0 200 9 1200

acting)
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Heaten Reciprocating, | HFO and HC 1.0-6.0 200 7-9 250-350
custom design
Enerin Piston R-704 0.3-10.0 250 6 600-800
(prototype
testing)
Aneo Industry Centrifugal fan | R-717, R-718 1.2-10.0 150 7-8 n/a
and piston
comp.
Enertime 1 or 2 stage R-1336mzz(2), 2.0-10.0 160 4-8 300-400
centrifugal R-1224yd(2), (depending
hermetic R-1233zd(E) on concept)
compressor
Spilling Piston R-718 1.0-15.0 280 9 100-400
Epcon High-pressure | R-718 0.5-30.0 150 9 200-400
centrifugal
fan; positive
displacement
blower
Turboden Turbo Application 3.0-30.0 200 7-9 300-700
specific
MAN Energy Centrifugal R-744 10.0-50.0 | 150 7-8 300-500
Solutions turbo-comp.
with expander
Piller Turbo R-718 1.0-70.0 212 8-9 850
Siemens Turbo R-1233zd(E)/ 8.0-70.0 160 9 (upto90 | 250-800
Energy (geared-type R-1234ze(E) °C), pilot
or single- plant at 120
shaft) °C currently
being built
Qpinch Chemical Water, H3PO4 >2.0 230 9 1000-2000
adsorption and derivatives
heat
transformer
(no comp.)
2.2. Description of Supplier HTHP Technology

As seen in Table 2-2, several suppliers are currently working with and developing various HTHP
technology at different TRL levels and capacities. The compressor is a key component with a high
relevance for the development status of HTHP systems. The development of the various compressor
technologies for operating at higher temperatures can be divided into the following three categories:

1 Compressors from the process industry: This is typical application specific designs with relative
high capacities, and compressors already available in the industry, which also can be used in
connection with a heat pump system. These compressors have large potentials in large scale
application and relative low maintenance costs.

1 Modified refrigeration compressors: Includes standard compressors based on cost-effective,
proven technology, which continuously have been modified to operate at higher temperatures.
Typical compressors have lower capacities than compressors from the process industry.

1 Novel and adapted compressor technologies: This includes compressor technologies based on
(and strongly adapted) equipment from automobiles (e.g. turbo compressors with high potential
for mass production), pumps, Stirling engines, etc.

Each of the supplier descriptions are in the following sections shortly summarized and categorized to
these overall compressor categories. Please refer to the Annex 58 homepage for full supplier HTHP
technology descriptions. It may be noted that some of the suppliers are using combinations of different

compressor technologies, which could have justified including them in multiple categories.
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2.2.1. Compressors from the process industry

2.2.1.1. Aneo Industry

The core technology of Aneo Industry is an integrated heat pump system which can supply process heat
in the form of pressurized steam of up to 150 °C or 5 bar(a). The steam producing heat pump (SPHP)
is standardized for excess heat temperatures between 20 °C and 90 °C. The SPHP integration includes
an energy recovery unit for moist air, however also other excess heat sources can be integrated. The
recovered heat is transferred to a bottom cycle which upgrades the energy into low pressure steam. The
bottom cycle uses ammonia (R-717) as working media. The low-pressure steam is further compressed
by multistage steam compressors.

The principal layout of the SPHP is given and is a combination of a closed loop bottom cycle and an
open loop top cycle (typically known as Mechanical Vapor Recompression). The top cycle can also be
integrated as closed loop according to process requirements. The heat supply capacity can optionally
be up to 10 MW.

2

BENEFITS AND PERFORMANCE
DIGITAL SUPPORT C rmance (COP) 2-4*
E y >70%
s > ) o

=
RENEWABLE ELECTRICITY

STEAM EXCESS HEAT

HEATING RECOVERY FILTRATION

OP-CYCLE BOTTOM CYC
90-150 °C 20-90°C

Figure 2-1: Steam producing heat pump with excess heat recovery and multi-stage compression.

2.2.1.2. Enertime

High-temperature heat pumps and steam generators heat pumps from Enertime are custom made
solutions adapted to industrial constraints and project needs. The heat pumps are using new-generation
non-flammable HFO fluids and custom-made centrifugal compressors with rotation speeds up to 20,000
RPM and compression ratios up to 3.2. Enertime compressors are using 1 or 2 high speed hermetic
motors and magnetic bearings to reach the highest possible performance while ensuring an oil-free and
wear-free operation, low vibration rates, and low noise emissions. The capacity range is from 2 MW to
10 MW, and the temperature is up to 160 °C regarding steam generation.

. . - Tt et
Figure 2-2 Example of Enertime Heat Pump with a capacity of 3.7 MW.

2.2.1.3. Spilling

The technology from Spilling is an electric-driven steam piston compressor, which can be used both in
an open HTHP cycle with steam recycling and in a closed HTHP cycle. The design of the compressors
is application-specific and is based on a modular design with 1 to 6 cylinders.

The compressor portfolio covers steam flows between approx. 2 t/h to 20 t/h and thermal loads between
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approx. 1 MW to 15 MW. The pressure increase of each stage is possible up to a factor of 3 per
compression stage, and with a triple-stage compressor, a temperature increase of >100 K is possible in
the same unit. Typical temperatures for the source and sink are above 120 °C and below 250 °C,
respectively.

Figure 2-3: 3D drawing of a Spilling steam compressor.

2.2.1.4. Epcon

The Mechanical Vapor Recompression (MVR) system from Epcon can have an open or a closed loop
layout. The compression technology consists of high-pressure centrifugal fans or positive displacement
blowers. The system uses water as a working fluid, and features serial compression steps for flexible
system design and optimized COP. The MVR temperature lift is 30 to 60 °C.

For example, the technology is well suited in a cascade system with bottom cycle HP. Relevant
applications include Industries with existing- or new thermal separation processes such as evaporation,
distillation, drying, and/or plants with excess applicable thermal energy. The lower capacity range is 1
to 3 MW, and the higher capacity range is 10 to 30 MW.

Figure 2-4: Epcon compact MVR fans.

2.2.1.5. Turboden

Turboden makes systems with a thermal power output from 3 to 30 MW per single unit and uses a turbo
compressor. The temperature lift can be up to 100 K by making custom designs, and the maximum
temperature is 200 °C. Different working fluids can be used, including hydrocarbons and siloxanes.
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2.2.1.6. MAN Energy Solutions

The MAN high temperature industrial heat pump system has been derived from the Electro-Thermal
Energy Storage technology developed originally by ABB and further developed by MAN Energy
Solutions. The working fluid is CO2 operated in an optimized transcritical heat pump cycle with a
centrifugal turbo-compressor (HOFIM compressor) with integrated expander.

The system is customized to the specific customer requirements for several applications in three frame
sizes (small-middle-large) depending on the duty varying between 10 MW to 50 MW thermal supply
capacity per unit. Typical applications are for district heating plants and process industry applications
demanding medium to high supply temperatures (up to 150 °C). By using CO2 as working fluid a
temperature lift up to 150-170 °C can be achieved.

Figure 2-6: General arrangement of typical MAN Energy heat pump system.

2.2.1.7. Piller

Piller makes compressors and blowers for open loop MVR cycles and steam heat pumps. The design
of the individual blowers and compressors (radial turbomachine) and their interconnection in a multi-
stage system are adapted to achieve the needed compression of the working fluid. The bearings are
forced-oil lubricated with no oil in contact with working fluid/process vapors. The Piller technology is
used for large industrial plants with high temperature steam demand or direct vapor recompression for
heating column reboilers and evaporators. The max. supply capacity is 70 MW, and the temperature
range is between 40 °C - 230 °C.
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Figure 2-7: left - PILLER High Performance Blower, right - multi-stage system in operation.

2.2.1.8. Siemens Energy

Siemens Energy heat pumps are designed for a particular application depending on required capacity,
temperatures of sink and source, boundary conditions at site as e.g. electrical connection or available
space. A variety of different cycle designs is possible, e.g. in closed systems in different configurations
(with or without flash box, internal heat exchanger, cascade, etc.) The compressor drive can be electrical
or mechanical (gas engine or gas/steam turbine), both variants within Siemens Energy scope. Most
relevant applications are chemical, pulp & paper, food & beverage and district heating. The compressor
technology as geared-type or single-shaft depending on application and available space.

The heat supply capacity is between 8 to 70 MW in one unit with one turbo compressor, while laboratory
demonstration of a kW-size heat pump with temperatures up to 160 °C with R-1233zd among other the
tested working fluids. A pilot plant with 8 MW capacity and 120 °C supply temperature is currently being
built for Vattenfall in Berlin for a district heating application. A case with sink outlet temperature of 190

Figure 2-8: Exemplary model of a new Siemens Energy high temperature heat pump.

2.2.2. Modified refrigeration compressors

2.2.2.1. Fuji Electric

The steam generation heat pump from Fuji Electric was commercialized in 2015. This heat pump can
be used as an alternative to the low-pressure steam boiler used for heating processes. The heat pump
is expected to be installed near each heating process. Installing the heat pump near the process can
reduce the heat loss as well as effectively recover the waste heat from the process. For the easy
installation near the process, this heat pump is made compact.

The system has a steam generation part and a heat pump cycle part. The heat pump lifts the heat from
the heat source water (60-80 °C) and sends the heat to the feed water. The feed water is preheated at
the subcooler and evaporated at the condenser. The water is sent to the steam separator in the form of
wet steam. Saturated steam (up to 120°C, 0.1 MPaG) from the separator is controlled with the pressure
regulator and supplied to a heating process. While saturated water from the separator is mixed with the
preheated feed water and returned to the condenser.
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For the working fluid of the heat pump, R-245fa is selected because of its high critical temperature of
154 °C. The compressor is a reciprocating type. The subcooler improves the heat pump cycle efficiency
as well as preheats the feed water.

1800 mm
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Figure 2-9: External appearance and element configuration for Fuji Electric heat pump.

2.2.2.2. Emerson

Emerson has developed a prototype of a cascade high temperature industrial heat pump system, where
the compressor model is specialized for high-temperature applications. The system is designed for two
functions, one is to obtain stable hot air supply at 120 °C, and the other function of the cascade system
is designed to expand multiple heat sources such as industrial wastewater heat recovery or air
conditioning processes.

The heat supply capacity is 30 kW. The system can be divided into three parts, LT cycle, HT cycle and
hot air chamber. The LT cycle is a loop with R-410A refrigerant. The compressor is a variable speed
model of Emerson ZWWO050. The HT cycle refrigerant is R-245fa. Two EVI fix-speed compressors of
high temperature heating compressor models are installed in parallel.
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Figure 2-10: Prototype and internal design of cascade system.

2.2.2.3. Mayekawa

Mayekawa commercialized a one-way CO: air heater heat pump (Eco Sirocco) in 2009 and a hot air
circulation heat pump (Eco Circuit) in 2018. Eco Sirocco is suitable for applications in drying processes
with large temperature glides at the heat sink, and supplies hot air up to 120 °C. On the other hand, the
Eco Circuit is suitable for applications in drying processes with small temperature glides at the heat sink,
and supplies hot air up to 85 °C. A new product Eco Circuit 100 was commercialized in 2021. This heat
pump supplies hot air up to 100 °C as a result of improving the existing Eco Circuit. The higher supply
temperature expands the application of the heat pump in more drying processes.

The heat supply capacity is 100 kW class, while the compressor for both Eco Circuit and Eco Sirocco is
a reciprocating type. The working fluid for Eco Circuit is R-1234ze(E).
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Figure 2-11: left - CO2 Air Heater HP (EcoSirocco), right - Hot Air Circulation HP (EcoCircuit 100).

2.2.2.4. Skala Fabrikk
The SkaleUP Cascade HTHP from Skala Fabrikk is a unit for a) simultaneous ice- and process hot water
production or b) utilization and upgrade of low temperature waste heat, i.e. from dry-coolers.

The heat pump is decided as a classical cascade cycle where hydrocarbons are applied to give an
optimal performance, while having a high temperature lift of 70 K to 135 K. This high lift enables
applications in new designed heating and cooling systems, as well as the retrofit in already existing
pressures process hot water supply systems.

The heat pump is constructed modularly on frames enabling an installation in a 10 feet shipping
container or in a machinery room. One module simultaneous provides up to 0.3 MWheating at 115 °C and
0.15 MW<cooiing at 0 °C, process cooling may be realized down to -20 °C with reduced capacity.

The vapor compression cycles with their standardized components, such as semi-hermetic
compressors, plate heat exchangers etc. are having service cost and lifetime of classical chillers.

2.2.2.5. Kobelco Compressor Corporation

The SGH120 steam supply heat pump from Kobelco was commercialized in 2011. This system can be
used as an alternative to a low-pressure steam boiler used for heating processes such as distillation of
alcohol, concentration of beverage or waste liquid, and sterilization in food industry. The system is
composed of an electrically driven heat pump with two-stage twin screw compressor and a flash tank.
The heat pump unit lifts the heat from the heat source water (25-75°C) and sends the heat to the
pressurized circulating water. In the flash tank, the pressurized water is decompressed and evaporated.
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The flash steam (up to 120 °C) is supplied to each process, and make-up water is feed into the flash
tank for keeping the water level. The working fluid of the SGH120 heat pump is R-245fa.

The SGH160 is an alternative to a middle-pressure steam boiler. This system is composed of an
electrically driven heat pump unit, a flash tank, and a steam compressor unit. The heat pump unit lifts
the heat from the heat source water (35-70 °C) and sends the heat to the pressurized circulating water.
In the flash tank, the pressurized water at 115 °C is decompressed, and the flash steam at 110 °C is
generated. The steam compressor unit compresses the steam up to 175 °C while injecting water. The
saturated steam is supplied to each process, and make-up water is fed into the flash tank for keeping
the water level. For the working fluid of the heat pump, the mixture of R-245fa and R-134a is selected
for achieving a good performance. As the heat pump cycle, an economizer cycle with an internal heat
exchanger is used. The thermal supply capacity for SGH 120 is 624 kW.

Kobelco also makes a micro steam recovery twin screw compressor (MSRC), which is a mechanical
vapor recompression system for general-purpose applications. The MSRC was commercialized in 2011
and has a supply capacity of 0.8 MW. This system can be used as steam recovery by compressing the
steam, which is a flash steam deriving from condensate drain, or low-pressure steam after being used
in a heating process.

Figure 2-13: left - SGH-165, middle - SGH-120, right - MSRC-160.

2.2.2.6. Mitsubishi Heavy Industries Thermal Systems

The 130 °C hot water supply heat pump (ETW-S type) from Mitsubishi Heavy Industries Thermal
Systems is equipped with a two-stage centrifugal compressor. For higher efficiency, impellers with
different sizes are used for the 1st and 2nd stages. The heat pump was commercialized in 2011, and
can supply pressurized water of 130 °C and can e.g. be applied for heating processes such as drying
and sterilization. The cycle is a transcritical heat pump cycle with intercooler and R-134a (which has a
critical temperature and pressure are 101.1°C and 4.06 MPa) as working fluid. The thermal heat supply
capacity is 0.6 MW.

Figure 2-14: Mitsubishi ETW-S Heat Pump.
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2.2.2.7. Mayekawa Europe

In district heating applications the heat is commonly produced by combustion. The HS compressor heat
pump package from Mayekawa Europe NV was specifically developed to replace or reduce the use of
the burners by supplying hot brine up to 120 °C. The heat pump is a closed loop plug & play package
which uses water as the heat source medium. It uses piston compressors and R-600 as working fluids,
and the heat supply capacity is 750 kW with a maximum supply temperature of 120 °C.

The FC compressor heat pump package was specifically developed to replace or reduce the use of the
burners by generating steam up to 145°C. To achieve high efficiencies and a low GWP, pentane (R-
601) is considered as refrigerant. The use of R-601 as refrigerant results in low operating pressures
combined with high operating temperatures, which allows the use of conventional refrigeration
compressors with some minor modifications. The compressor is an oil lubricated screw type with a
heating capacity of around 1000 kW. The compressor is driven by an electromotor. The heating capacity
can be maodified by changing the rotational speed of the motor with an inverter and during start-
up/turndown by means of the mechanical slide valve.

Figure 2-15: General layout of HS compressor (left) and FC compressor (right).

2.2.2.8. GEA Heating and Refrigeration Technologies

GE A 6 s -témiperdiure industrial CO2 heat pump for combined heating and cooling applications can

provide heating water at up to 130 °C. The unique properties of supercritical CO2 makes it a favorable

choice of heat pumps for heating O6once througho wate
with a low return temperature and high forward temperature. The hot water return temperature ideally

should be between 10 °C i 45 °C. The lower the hot water return temperature, the higher the heat pump

efficiency.

The heat pump is constructed with multiple reciprocating transcritical CO2 compressors (27 8) to deliver
the required heating and cooling capacities. The heat pump is equipped with a flooded evaporator and
separation vessel. The gas coolers can be 1 or 2 heat exchangers in series depending on the
temperature lift. For very high temperature lift the intermediate temperature between the high
temperature gas cooler (HTGC) and the low temperature gas cooler (LTGC) is optimized to give the
best heat pump efficiency. The thermal heat supply capacity is up to 1.2 MW, and the maximum supply
temperature is up to 130 °C.
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Figure 2-16: Transcritical chiller with BLUE compressors.

2.2.2.9. Fenagy

The technology from Fenagy is an electric-driven heat pump using CO:2 as working fluid and is targeted
on district heating and industrial applications. The racks are designed and built according to specific
customer needs with thermal supply capacities between 0.3 to 1.8 MW.

The energy uptake can be either from air (AW) or water (WW). Reciprocating compressors from either
Dorin or Bitzer are typically used, with optional variable speed drive. Internal heat exchangers are used
to increase the temperature before the compressor and optimize the performance.

When using CO:2 as a working fluid, the heat pump systems can be made relative compact, and the
systems have a high potential for applications with large temperature glides, where it is possible for the
COz2 to match the temperature profiles.

A concept study of high temperature application with supply temperatures of 120 °C has been made,
which shows the increase in performance when using an expander for active recovery of the expansion
losses.

CO, as

refrigerant
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He00-WW = L

Energy

efficient

Figure 2-17: Fenagy H600 heat pump with CO2 as working fluid.

2.2.2.10.SRM

SRM is currently developing a steam screw compressor for applications in process industries. A
prototype has been tested in the laboratory, while the full-scale system is under development and
planned for full-scale demonstration in 2023/2024.

The steam screw compressor from SRM is a positive displacement compressor that is designed for
steam system use. It is electrically direct driven by a frequency-controlled motor. A separate oil skid
provides lubrication to feed the bearings with oil. Advanced labyrinth shaft seals perform sealing of the
water steam against oil. The system can be operated in open cycles, e.g., working between two steam
distribution systems or closed cycles.

The purpose of the prototype system was to demonstrate the application of a screw compressor in a
heat pump system intended for large steam systems in the paper and pulp industry, as well as other
energy-intensive industries. The prototype system delivered heat to a stream being heated from 119 °C
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to 126 °C, while cooling a stream from 90 °C to 86 °C. The prototype has a heat supply of 250 kW, while
the next model is designed for 2 MW.

2.2.2.11.Johnson Controls

Different working fluids have been identified by Johnson Controls in a project for working at elevated
temperatures up to 250 °C or higher. For temperatures from 90 °C to 130 °C, a hydrocarbon working
fluid such as n-Butane (R-600) is identified be a good solution with high COP, low swept volume and
low condensing pressure.

For a specific project in Germany, a 27,000 m3 old coal mine is being explored as a possible heat storage
facility. On the surface, different means to heat the water are explored, such as solar heat, which during
the summer period is to heat up the water reservoir and use this as a thermal energy storage. A cascade
heat pump system with reciprocating compressors with an ammonia Sabroe HeatPac heat pump on the
first stage and a Butane heat pump on the second stage is to deliver a high stage temperature of
maximum 120 °C at an ambient temperature of -10 °C, and a sink outlet temperature of 80 °C at an
ambient temperature of 0 °C. The top cycle uses an ATEX unit with separate enclosure with ventilation
and gas detection.

Figure 2-19: ATEX-compliant enclosure for hydrocarbon heat pump.

2.2.2.12.COMBITHERM GmbH
COMBI THERM6s high temperature heat pump series
°C. The series was commercialized in 2021.

The heat pump uses one to three BITZER screw compressors type CSH2T with frequency converters,
for part load efficiency and stepless capacity control between 17-100 %. The heating capacity ranges
from 0.3 MW (1 compressor, 35 °C heat source) to 3.3 MW (3 compressors, 90 °C heat source).

Relevant applications include drying processes where heat source and heat sink are present in the same
process or industries with a cooling water network and a hot water demand at 80 - 120 °C.

The heat pump is electrically driven and is designed as a closed circuit. Water is used as heat transfer
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medium.

Figure 2-20: COMBITHERM HWW 2/9583| R-1233zd(E) with BITZER CSH2T screw compressors

2.2.3. Novel and adapted compressor technologies

2.2.3.1. ecop

The rotation heat pump from ecop is based on the Joule-Cycle and realized in a closed pipe system and
allows heating and cooling in industrial applications as well as in district heating system. The
compression of the environmentally friendly refrigerant is achieved by centrifugal forces, and not
depending on special lubrication. The working fluid, consisting of Helium, Argon and Krypton, is not
flammable and is non-toxic while the GWP is zero. Further, the working fluid is always gaseous and not
condensing and evaporating in the heat exchangers. The heat supply capacity is 0.7 MW, with a max.
supply temperature of 150 °C.

Figure 2-21: Rotation heat pump from ecop.

2.2.3.2. Rank®

Rank® is a recognized company in the design and manufacture of Organic Rankine Cycles for different
capacities and applications. Now, Rank® is using this experience to develop high-temperature heat
pumps.

New Rank® HTHP systems are based on a single-stage cycle with an internal heat exchanger (IHX).
However, a two-stage cascade cycle with IHXs can be assembled for covering larger temperature lifts.

The compressor is electrically driven, is based on a screw technology with a frequency inverter to be
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adapted to the customer's actual operation. The compressor is based on direct drive, avoiding gears or
pulleys, minimizing the maintenance, and increasing electrical efficiency. Moreover, magnetic coupling
ensures tightness and avoids the possibility of leakage.

The working fluid is adaptable to the application, and is e.g. R-245fa, R-1336mzz(Z), and R-1233zd(E).
The heat supply capacity range is between 0.12-2.0 MW and the max. supply temperature is 160 °C.

Figure 2-22: Rank® HTHP and compressor.

2.2.3.3. Sustainable Process Heat

The ThermBooster from Sustainable Process Heat is a closed loop compression type heat pump. It runs
with different types of low GWP Al HFO refrigerants like R-1233zd or R-1336mzz-Z to reach
temperatures up to 165 °C and a thermal power output of about 500-1000 kW per used compressor.
The compressor is a 4-cylinder piston compressor, especially designed for the use of HFO in high
temperature applications. The piston compressor is an open type with a shaft sealing, driven by an
electrical IE4 performance motor. The system is available as 1-stage system for temperature lifts up to
about 60 K and as 2-stage system for lifts up to about 140 K. The first systems will be deployed into
industrial applications in the first half of 2022.

Figure 2-23: ThermBooster Water-Water configuration.

2.2.3.4. Hybrid Energy

Hybrid Energy High Temperature heat pumps are based on hybrid technology using a mixture of
ammonia and water as refrigerant and both a compressor and a solution pump. Two types are available,
GreenPAC is a one-stage heat pump, and HyPAC is 2-stage. The heat supply capacity is 0.5 MW to 2
MW with a reciprocating compressor, and 1 MW to 5 MW with a screw compressor. The maximum
supply temperature is 120 °C with a maximum temperature of 90 °C. 20+ heat pumps made by Hybrid
Energy are currently in operation.
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Figure 2-24: GreenPAC heat pump from Hybrid Energy at TINE Bergen.

2.2.3.5. ToCircle

Tocirclebs technol ogy i s-C820)whichaan e used both in opemiqgopheat s or ( TC
pump (Mechanical Vapor Recompression) or closed loop heat pump operating with pure steam or a

binary mixture of steam and ammonia as the refrigerant. The compressor is a positive displacement

machine driven by an electrical motor.

The compression chambers are formed between the static outer casing and the vanes connected to the

rotor (see Figure 2-25). Unlike in conventional rotary vane compressors, the extension of vane tips in
Tocirclebs compressor is controlled with bearing tech
in no friction between the casing and vane tips, and hence no need for oil lubrication in the compression

chambers.

The heat supply capacity range is 0.40 MW to 5.0 MW and the max. supply temperature is 188 °C.

Figure 2-25: Cross-sectional area of TC-C920 compressor.

2.2.3.6. Weel & Sandvig

Weel & Sandvig develops turbo compressors operating in steam (R-718) either as open system (direct

on process steam/water) or as a closed water/steam loop and process heat exchangers. The most

relevant applications are upgrading excess heat sources with temperatures from 80 -1 1 0 elC wi t
temperature liftof 20-25 e Cshaagé&é and u p-stage applibatiopsCTha cerardic bearings

are oil lubricated with an external oil loop. There are no contact between steam and lubricating oil

system. The heat supply capacity is 1 MW to 5 MW. Weel and Sandvig is in the phase of laboratory
demonstrations with their own test rig located at Technical University of Denmark.
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Figure 2-26: WS Turbo Steam, as a 1-stage direct drive turbo compressor working on R-718 in a closed loop.

2.2.3.7. Olvondo

The heat pump configuration from Olvondo is a double-act i ng al pha Stirling engin
type. fal@d u mlged® means that the working medium is acti
Franchot type means in contrast to a fARiagylindGesisor #ASi e

always containing cold gas and one of the cylinders is hot gas. The driving energy is waste heat with an
electrical motor for the piston compressor.

The refrigerant used is R-704 (Helium), a natural refrigerant. Helium has both GWP and ozone depletion
potential (ODP) equal to zero, and the toxicity and flammability classification of Helium is "Al". The
working medium stays a gas throughout the cycle. The heat supply capacity is 0.5 MW (additional heat

pump capacity is scheduled to 0.75 MW), and the max. supply temperature is 200 °C.

e

Figure 2-27: Production of the HighLift h'i-g emperatur heat pp t Olvondo.

2.2.3.8. Heaten

Heat ends p atenmperatueecheahpungplis based on piston compressors. The HeatBooster turns
waste heat into process heat and can provide an output temperature up to 200 °C with a capacity of
1 MW to 6 MW. The HeatBooster is a closed-loop heat pump with three different variants, water/water,
water/steam, and steam/steam which could be configurated for single or two stage or cascade.
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Figure 2-28: Heaten HTHP.

2.2.3.9. Enerin

The HoegTemp heat pump from Enerin operates on the Stirling cycle, with a closed single-phase system
undergoing compression and expansion by double-acting pistons. Heat exchangers for heat source and
heat sink are integrated with the compressors assembly, making up a standard stand-alone unit with a
0.3 to 1.0 MW thermal supply. The working fluid is Helium (R-704) which is non-toxic, non-flammable,
and has zero ODP and GWP. Nitrogen or hydrogen are suitable alternative working fluids. The maximum
supply temperature is 250 °C.

The closed process volume of the heat pump is oil-free, and the compressor crank and associated
systems are lubricated by standard engine oil (OW-50) with an integrated oil pump, filters, and water
cooling. The HoegTemp heat pump is designed based on more than 30,000 hours of industrial operating
experience with prototypes, and it will be qualified for industrial application through pilot installations in
2022 and 2023 (TRL 6 current estimate).

Figure 2-29: Enerin HoegTemp heat pump.

2.2.3.10.Qpinch

The Qpinch Heat Transformer (QHT) is based on the reversible reaction of phosphate oligomerization
inspired by the adenosine triphosphate i adenosine diphosphate (ATPADP) cycle in all living cells. This
chemical principle is brought to a continuous industrial process in the form of a phosphate absorption
heat transformer. The system consists of a closed loop phosphate oligomerization and hydrolysis loop.
Qpinch have in 2021 made 3 commercial installations. In Figure 2-30 examples of installations are
shown.
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Figure 2-30: Several Qiﬁch Heat Transformer units.

Low temperature residual heat (from industrial processes) drives the whole system. Only around 25
kWh electrical power is used to generate 1 ton of steam. This power is consumed in centrifugal pumps
as no compressors are used in this technology as it is heat driven.

2.3. Overall trends between key parameters

Based on the collected information a series of calculations and plots are done for analysing the collected
information for overall trends between the key parameters for the different technologies (for electrical
driven cycles).

Figure 2-31 shows the indicated maximum supply temperature as a function of the thermal heating
capacity, including a legend with the corresponding technology suppliers. Please note, that the axis in
the figure is logarithmic, showing the average capacity with a colored symbol and the capacity ranges
with black horizontal lines. The capacities vary between 0.03 MW and 70 MW, and the maximum supply
temperature varies between 100 °C and 280 °C. In the figure a general trend with higher possible supply
temperatures for the larger capacities can be seen.
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Figure 2-31: Maximum supply temperature as a function of capacity.

Figure 2-32 shows the specific investment cost as a function of the mean temperature lift. For the
supplier technologies that have indicated a cost, the specific investment cost (disregarding installation
and integration cost) var i es,ané¢he meae temperétle liff forkiha/
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different technologies varies between 20 °C and 190 °C. In the figure a general trend with higher cost
for higher temperature lift can be seen. For the specific cost ranges that are stated, and shown with
black vertical lines in the figure, the cost depends strongly on the size and application of the heat pump
for the given technology.

Figure 2-33 shows the specific investment cost as a function of the indicated maximum supply
temperatures which varies between 120 °C and 280 °C for these cases. In general, a minor trend can
be seen that the specific investment cost is lower for the lower supply temperatures, an exception is
however the cost indicated for the case with a max. supply temperature of 280 °C, which is a case with
steamMVR.The values with a 1200 a4/ kW are for a cycle wit
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Figure 2-32: Specific investment cost as a function of mean temperature lift.
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Figure 2-33: Specific investment cost as a function of maximum supply temperature.
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Figure 2-34 shows the specific investment cost as a function of the capacity. For both the cost and
capacities the indicated ranges are shown with black vertical and horizontal lines, respectively. No clear
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trend is seen for a correlation here.
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Figure 2-34: Specific investment cost as a function of capacity.

In Figure 2-35 the COPreating for all the cases is plotted as a function of the mean temperature lifts.
Please refer to section 1.1 for explanation of the terminology used. e.g. definition of heat pumping part
of crossing temperature profiles. The indicated COP heating Varies between 1.4 and 10.3. The legend
indicates if the case has a crossing temperature profile for the source and sink side, and also whether
the case is a MVR case. For the MVR cases colored green it is assumed there is no temperature glide
for the source and sink, while for the black colored cases a subcooling down to 105 °C is assumed. An
indication of theoretical cycles with different Lorenz efficiencies is also shown.
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Figure 2-35: COPhreating as a function of mean temperature lift.

A strong correlation for lower indicated COPreating at higher mean temperature lifts is seen. In general,
the cases with crossing temperature profiles have a lower COPheaiing cOmpared to the cases without
crossing temperature profiles. For the cases with MVR a relatively high COPheating is seen, however if
these technologies were used in a closed loop application a little lower performance is also expected
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due to the heat losses there will be in the heat exchangers between the working fluid and the sink/source
media.

Figure 2-36 shows the Lorenz efficiency as a function of the mean temperature lift. For the black dots
with MVR subcooled to 105 °C the entropic average temperature is used for the calculation of the Lorenz
efficiency. The Lorenz efficiency varies between 11 % and 69 % and the figure shows a strong
correlation with higher Lorenz efficiency for higher temperature lifts. As for the COPheating, the crossing
temperature profiles have a lower efficiency compared to the cases without crossing temperature
profiles, and the MVR cases have a relatively high efficiency with the used assumptions.
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Figure 2-36: Lorenz efficiency as a function of mean temperature lift.

The stated average expected lifetime as a function of the capacity is summarized in Figure 2-37 on the
next page. Most suppliers have indicated 20 years as the expected lifetime, however a clear trend with
increasing expected lifetime as a function of increasing capacity can be seen. For the smaller systems
below 0.5 MW an average of 14.5 years is stated and for systems between 0.5 MW and 5 MW and
expected average of 19.0 years is stated. For the larger systems above 5 MW an expected average
lifetime of 23.3 years is specified.
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Figure 2-37: Average expected lifetime as a function of capacity.
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In general, the technology review has identified a wide range of different HTHP technologies and that
several suppliers are working on developing the technologies further. The various HTHP technologies
have different marked readiness, which depends on the actual application case. Figure 2-38 shows
three examples of different dependencies between some of the key parameters for HTHP technology.
The green line in the figure shows an example with a relatively high max. supply temperature of 250 °C
with a TRL level of 6. The example with the orange line in the figure shows a lower max. supply, but in
turn also a higher TRL of 7.5.

Max. supply temp. [°C]

200
Spec. inv. cost [€/kW]

Figure 2-38: 3 examples of dependencies for HTHP technologies

Table 2-3 summarizes the ranges for the information collected in the review.

Table 2-3: Summary of Annex 58 HTHP technology review.

TRL level 4-9

Average specific cost 200 dGABWO U/ kW

Capacity 0.03 MW - 70 MW

Max. supply temperature 100 °C - 280 °C

Availability Geographical dependent, e.g.
between Europe and Japan

Size of HTHP review 34 different technologies with
85 performance use cases

65



3. Demonstration cases

Within the framework of the Annex, 16 demonstration cases that use HTHPs were collected in
collaboration with the HP manufacturers. The data set on which this evaluation is based is supplemented
by two application cases for HTHPs (> 100 °C) collected in Annex 35. Closed compression heat pumps
(CCHP), mechanical vapour recompressors (MVR) and heat transformers are predominantly used.

Table 3-1: Overview of demonstration cases and their characteristics based on [33] Annex 35 (2014) and [34] Annex 58 (2022)

No.[ Supplier | Industry Process Heat source Heat sink HP Type Refrigerant | Compressor|Capacity| COPy hCO)lE)r‘S Ref.
Unit Touw | Tin Unit Touw | Tin
. . 3 h/;
Operation [[°C] |[°C] | Operation |[°C] [[°C] kvl [hva]
1 n.a. beverage glcghth prod_uct 75 [ 78.3] distillation | 140( n. a. MVR n. a n.a. 350 52 | na | [1]
distillation cooling
electro-

2 | Mayekawa | electronic| coil drying | painting [ 25 [ 30 drying 120( 20 CCHP R744 piston 89 31 | na | [1]

cooling

3 | AMT/AIT food |[starch drying waste heay 72 | 76 drying 138| 96 CCHP R-1336mzz(Z screw 374 3.2 | 4,000] [2]

4| ohondo | PMME | oooning | 169009 | 54 | 35| St€BM | ioal 78] stiingHP R704 piston | 2250 [ 1.7 | 6,100] [2]

ceutical heat generation
) xhaust t twin- ,

5| Kobelco | sewage |sludgedrying O 2USt | g3 | 93| S8 |60l 160] MVR R718 WIN-SCIeW, |25 | 29 | n.a | [2]

drying air generation roots blower

6 Kobelco refinery b_logthe.mol procgss 60 [ 65 | distillation | 115| 110 cehp + R245fa twin-screw | 1,850 | 3.5 | n.a. | [2]

distillation cooling Flash Tank

7 MHI electronic| coil drying | waste heal 50 | 55 drying 130| 70 CCHP R134a centrifugal 627 30 | na | [2]

8| Piler plastics | thermal | exhaust | g | oo | steam o4 foel yyr R718 tWrbo 16000 | 4.4 | 8000|121

seperation| vapour generation (8 blowers)

o | amTaT | minerals | brick drying] &3St | g0 | 84 | drying |121] 96| ccHP |R-1336mzz(z) | PSO" 206 | 5 |4000] 2]

drying air (8 compr.)
- pulp and . exhaust steam piston
10| Spilling pulp drying 105 133 . 201| n. a. MVR R718 (4LT-,2HT-| 11,200 4.2 | 7,500 [2]
paper vapour generation :
cylinders)
exhaust steam piston
11| Spilling chemical | chemical 105| 152 ) 211|n. a. MVR R718 (4LT-,2HT-| 12,000 5.3 | 7,500| [2]
vapour generation .
cylinders)
Rotrex, . surplus steam turbo
12 Epcon sewage |sludge dryin steam 100| n. a. generation 146| n. a. MVR R718 (@ stages) 500 45 | n.a | [2]
. process ho ) 12, | 20, | process ho LT-C: R290, . 2.5,
13| SkaleUP dairy water (re)cooling 0 5 water 115| 95 CCHP HT-C: R600 piston 300 23 6,500 [2]
) . h h - .

14| QPinch | chemical| St8aM | eXhaust | og qa5|  StEAM |40 qgs| MAUANS b6, | heatdriven | 2,900 | 0.45 | 25500 [2]

production | vapour generation former

15| Huayuan refinery eyl astehea] 95 | 120| 5183 | 1gp|n a| NEBLUANS- o p ;0 | heat-driven | 7,553 | 048 | n.a. | [2]
Taimeng benzene generation former

i " CCHP +
Shanghai alcoholic ) steam LT-C:R410a,

16 b P .a.| 18.9 . 120| 90 180 1.85 .a 2
Nuotong everage distillation ar n-a generation Flas’\:\;r:n“ HT-C:R245fa screw na | [2]
Huayuan ) alkyl- steam heat trans- . .

17 . refinery waste heatl 86 | 127 . 150 n. a. LiBr-H,0 heat-driven | 5,100 | 0.48 | n.a. | [2]
Taimeng benzene generation former
Shandong

18| Zhanggiu refinery _ethan.ol exhaust 76 | n.a. S‘ea”_‘ 116 n. a. MVR R718 centrifugal n.a. | 7.68( 7,000| [2]

distillation vapour generation
Blower
3.1. Summary of demonstration cases

In ten of all case studies, the HTHPs are used to generate steam for use in thermal separation like
distillation. Seven cases are drying applications of which three are steam-based drying applications, and
four are drying air applications. One HTHP is used to generate process hot water. Table 3-1 also shows
that most applications are in the food, chemical, sewage, and electrical industries. In addition, there are
case studies from the refinery, mineral, paper, and pharmaceutical industries.
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Figure 3-1: Number of case studies by industries and application processes.

The target temperatures are between 115 °C and 240 °C. The latter is achieved by MVRs. The highest
sink temperature reached by the Stirling heat pump is 183 °C. For conventional closed-cycle
compression heat pump (CCHP), it is 138 °C. Basically, analogous to Figure 2-35 and Figure 2-36, the
MVRs achieve a higher efficiency than comparable CCHPs due to the open mode of operation. If
subcooling takes place on the heat source side, as in cases 10 and 11, this efficiency can be increased
even further. The range of mean temperature lifts that can be reached with the HTHPs varies from 26 K
up to 145 K. As expected, Figure 3-2 shows that the COP decreases with increasing temperature range
but is at a relatively high level.

250 8 o
7 ®CCHP
200 EMVR
] 6
g
=]
5 il
S 150 -5 o
£ o 12 8]
g £4 i
= 2 (6]
100 o)
Z 93 22 7 (5]
)
@
= 2
50 ® o
1 Average Heating COP: 3.9
Average temperature lift: 65.1 K
0 0
0 20 40 60 80 100 120 140 160

Mean Temperature lift [K]

Figure 3-2: Boxplot of target sink temperatures (left) and COPhneating as a function of mean temperature lift (without
heat transformer cases)

Figure 3-3 shows, as expected, that the Lorenz efficiencies are slightly increasing with increasing mean
temperature lift. The MVRs generally show higher efficiency than the CCHP. The MVRs varies between
0.45 and 0.91. The CCHP are between 0.35 and 0.59.
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Figure 3-3: Lorenz efficiency as a function of mean temperature lift.

The highest temperature lift is achieved with Stirling heat pumps followed by the MVR applications. In
lower temperature ranges above 100 °C, closed loop compression heat pumps (CCHP) are the
predominant technology. For steam generation, MVR or a combination of HTHP, flash tank/evaporator
and MVR are predominantly used.

3.2. Promising Applications
In the following, the integration concepts of the prevailing application principles are presented and key
learnings as well as success factors are derived.

3.2.1. Drying

In convective dryers, the reduction of moisture in a product takes place through evaporation. Figure 3-4
(a) shows the changes of state of the air in the Mollier-h-x diagram. For this purpose, a hot and relatively
dry air flow (state 2) heats the product to evaporation temperature and transfers the necessary enthalpy
of evaporation. Figure 3-4 (b) illustrates how a heat pump can be integrated into the convective drying
process. The humid exhaust air leaving the dryer (3) serves as a heat source for the evaporator. For
this purpose, parts of the sensible heat and evaporation enthalpy are recovered, by cooling (3Y 4) and
dehumidifying (4Y 5) the humid exhaust air. After compression to the drying temperature level, the
incoming supply air can be (1Y 2) can be (pre-) heated before the drying process in the dryer is carried
out.
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Figure 3-4: Changes of state of a convective drying process in the Mollier- h-x diagram and (b) in the schematic of
an integrated heat pump [35].

Case studies 2 and 9 are working according the in Figure 3-4 described principle whereas case studies
3 and 7 are using an intermediate pressurized hot water cycle.

Success factors of the drying application is the obligatory occurrence of heat source and heat sinks,
which enables efficient process integration without storages. Due to the high moisture content of the
exhaust air, there is a big waste heat source is at dew point temperature level. On the sink side, heat
pumps are preferred, which have efficiency advantages at high temperature change. High extract air
humidities and air mass flows as well as low supply air temperatures favour the integration of HTHPs.
On the other hand, air as a heat transfer medium has a lower heat capacity and density. During drying,
these properties lead to large temperature changes with small enthalpy flow changes, which can result
in high temperature lifts.

3.2.2. Steam generation

For steam generation, MVRs, or a combination of HTHP, flash tank/evaporator and MVR are
predominantly used. The use of MVRs is state of the art for evaporation, distillation and preservation
processes in the paper, chemical and food industries.

low-temperature high-temperature
steam team
(a)
MVR
—< | (b) feed
water flash
tank
waste heat pressurized
source water
circuit
_©_' feed saturated
(c) water steam
L,

Figure 3-5: Steam generation with (a) MVR, (b) MVR and flash tank or (¢) CCHP and heat exchanger.

Case studies 5, 8 and 16 are generating steam based on exhaust vapor or drying air by a flash tank or
evaporator in combination with MVRs like concept Figure 3-5 (a) + (b) whereas case studies 1, 10, 11,
12 and 18 are directly compressing low temperature steam to high temperature steam according to
principle Figure 3-5 (a). The heat pumps in case study 6 are generating pressurized water for
evaporating feed water in a flash tank (cf. Figure 3-5 (b)). Similar to that, a heat exchanger in case
study 4 is using the pressurized water from CCHP for generating steam like shown in Figure 3-5 (c).
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A high temperature difference between source and sink processes often limits economically viable
integrations of CCHPs. Direct steam applications reduce the heat exchanger-specific temperature
difference and increase the COP. In a simulation study, Wilk et al. (2019) compared the direct steam
generation in the condenser of the heat pump with alternative concepts such as an intermediate circuit,
a flash tank or vapor recompression. To generate steam in the range of 2 to 5 bar absolute pressure,
vapor recompression is the most efficient, followed by direct steam generation in the condenser. The
efficiency advantage becomes greater the higher the pressure of the saturated steam produced. Direct
steam generation in the condenser is advantageous in terms of its reduced system complexity. Fewer
components are required, which results in the lowest investment costs and the smallest space
requirement.

In addition to the reduction in steam consumption, the steam generating HTHPs also reduces cooling
water demand, decreasing the overall energy consumption on site.

3.2.3. Key Learnings and Success Criteria

Prerequisite for a successful integration of HTHPs is a preliminary detailed analysis of process
requirement (heat demand, temporal behavior, temperatures) and waste heat source (amount,
properties of exhaust gases and drying air and their effects on heat exchange). Due to high pressures
and temperature challenges regarding material compatibility (lubricant, refrigerant, sealing materials),
mechanical design (vibrations), infrastructure (pressure maintenance, measurement), process control
(start-up procedure, data transfer) have to be solved.

One success criterion for economic implementation is the reduced cooling demand in addition to

reduced steam demand. Furthermore, internal heat recovery cycles enable the valorisation of waste
heat from several processes at a site.
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4. National HTHP market and perspectives

This chapter will provide an overview of the national HTHP Industry, and the ongoing research,
development, and demonstration activities in the participating countries.

4.1. Austria

4.1.1. Overview of national HTHP industry

There are only a few Austrian HTHP manufacturers. According to the authors' best knowledge, the
following Austrian heat pump manufacturers offering systems with utilization temperatures greater than
or equal to 100°C were identified.

1. OCHSNER Energie Technik GmbH (https://ochsner-energietechnik.com/) has three
conventional compression heat pumps in its portfolio for the considered application range. The
maximum sink outlet temperature is 130°C. The possible heating capacity range is given as 170
kW to 750 kW. With a twin unit, the heating capacity range can be increased to 1.5 MW. In these
heat pumps screw compressors are applied. In addition, non-toxic and non-flammable
refrigerants are used.

2. ecop Technologies GmbH (https://www.ecop.at/de/home/) offers the rotation heat pump
based on the Joule Cycle. Currently a 700 kW heat pump with a maximum sink outlet
temperature of 150°C is available. The working fluid applied is an environmentally friendly, non-
toxic and non-flammable inert gas.

4.1.2. Overview of national HTHP market and application potential
In 2020, the industrial sector in Austria had a final energy consumption of about 85 TWh. This
corresponds to around 29% of Austria's final energy demand [36].
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Figure 4-1: Final thermal energy demand for selected useful energy categories in Austria in 2020 for different
industrial sectors. [36]

Figure 4-1 shows the final energy consumption to cover the heat demand for different industrial sectors
in Austria. The heat demand is differentiated into three categories fspace heating and hot waterg
fprocess heat <200°Co and fprocess heat >200°Ca In 2020, the category fprocess heat <200°Co
amounts to 42% of the Austrian industrial heat demand. The three industrial sectors with the largest final
energy demand in this category are fpaper, pulp and printo( 1 5 T @herpical afd petrochemicalo (6
TWh) a n drFood, tobacco and beverageso (2 TWh). In these sectors, up to 94% of the final energy
demand for fprocess heat <200°Cois produced from natural gas. Based on the assumption that the
share of fprocess heat <200°Cowhich is currently generated by natural gas can also be provided by
heat pumps, the following heat pump potential per year results for the above-mentioned sectors;
chemical and petrochemical: 4.1 TWh, food, tobacco, and beverages: 2.3 TWh, paper, pulp and print:
4.6 TWh [36].
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This potential enables a CO2-emission reduction of 72% (CO2 emission factor: natural gas 268 g/kWh,
electrical energy 219 g/kWh [37]) compared to a gas burner, assuming a COP of 2.76° and gas burner
efficeincy of 95%. Figure 4-2 shows the calculated COz-emissions for all three sectors based on the
heat pump potential per year. In addition, this measure saves 66% in final energy consumption. Based
on an electricity price of 200 4 / MVW38] and a gas price of 103 4 / MW89], this results in an operating
cost saving of 33 % (including an estimate for network charges and other levies). If additional costs for
CO: certificates of 88 1 / t 2 [4D]Gre taken into account, the operating cost savings increase to 39%.
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Figure 4-2: CO2 emissions for the generation of process heat in a temperature range <200°C in selected industrial
sectors (natural gas combustion compared to high-temperature heat pump). Based on [35], [37].

4.1.3. Development perspectives for HTHP technologies

Austria has set itself the goal of becoming climate neutral by 2050 at the latest without the use of nu-
clear energy. To achieve this, sectors not subject to the ETS are to reduce their CO2 emissions by 36%
by 2030 compared to 2005. For sectors that are subject to the ETS, a reduction in CO2 emissions of at
least 43% compared to 2005 is to be achieved. In addition, electricity generation is to be converted to
100% renewable by 2030 [41]. It should be noted that, depending on the water availability, 55-67% of
Austria’s electricity is already generated from hydropower.

The IndustRIES study [42] published in 2019 shows how Austrian industry can theoretically be supplied
with 100% renewable energy and what demands this implies for the infrastructure. Three different
scenarios were used in the study, and in all of them the industrial energy demand can be covered with
renewable energy, but the energy demand of the other sectors cannot be fully covered with renewable
energy. Depending on the scenario, a coverage gap of 71 to 97 TWh occurs. This gap can be kept as
small as possible by increasing efficiency.

The study identifies storages and high-temperature heat pumps as basic technologies for increasing the
efficiency of industrial processes. It also emphasizes the importance of identifying waste heat potential
and that this should be a topic in demonstration and research projects in order to make optimum use of
waste heat in the future. The use of high-temperature heat pumps is mentioned in this study primarily
for steam generation, but also for supplying drying processes. In addition, the need for research on
steam-generating heat pumps is pointed out [42]

In [43] the numbers of industrial heat pumps in operation are published annually. In this study, industrial
heat pumps are heat pumps that are used in industrial and commercial processes and are manufactured
on a project-specific basis. The numbers of industrial heat pumps in operation from the year 2012-2020
are shown in Figure 4-3. An increase in the numbers per year can be clearly seen. In the Austrian
technology roadmap for heat pumps [44], three future scenarios were considered based on the data
from [43] for the years 2012 - 2015. These scenarios are also shown in Figure 4-3. The low scenario
represents the continuation of the numbers of the base years. In the medium scenario, annual market
growth is 20% and in the high scenario, annual market growth of 25% was assumed. From 2017
onwards, the provided numbers by [43] are significantly higher than in the assumed future scenarios.

3 For example, a COP of 2.76 results from generating 120°C saturated steam with a source inlet temperature of
65°C. For this, the source is cooled down to 60°C and a second law efficiency of 0.46 is assumed.
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Figure 4-3: Annual numbers of industrial heat pumps in operation in Austria including forecast until 2030 based on
the numbers from 2012-2015. [43], [44].

In the Austrian technology roadmap for heat pumps [44] it is also stated that the research and
development topics until 2030 include mainly the implementation of model solutions and pilot plants of
market available products for the dissemination and increase the acceptance of industrial heat pumps.
Moreover, the development of industrial heat pumps for higher target temperatures (150°C-200°C), as
these are needed in industrial processes, and new concepts for industrial heat pumps should be
developed.

Since the roadmap was published, a nhumber of large capacity industrial heat pumps have come into
operation. In addition, in 2019, as part of the H2020 project DryFiciency (see Chapter 4.1.4), two demo
plants that deliver heat utilization temperatures of up to 160°C went into operation in two Austrian
industrial companies. It is therefore assumed that the number of HTHPs in operation will continue to
increase in the future.

4.1.4. Selected RD&D projects
1. HotCyclei Refrigerant and cycle design for high temperature heat pumps of small and medium
capacity, using a separating hood compressor.

1 Duration: 04/20157 06/2018

1 Participants: TU Graz- Institute of Thermal Engineering, FRIGOPOL Kalteanlagen
GmbH

1 Financing: Funded by the Austrian Climate and Energy Fund and carried out
within the Austrian Energy Research Program 2015 (FFG-Nr. 848892)

91 Further information: https://energieforschung.at/projekt/hotcycle-hochtemperatur-

waermepumpe-kleiner-bis-mittlerer-leistung-mit-trennhaubenkompressor/

In this project the approach to utilize a separating hood compressor in a small- to medium-capacity

HTHP system to establish an efficient and safe heat supply with temperatures up to 110°C was
investigated. A key objective was to redesign and further develop an existing separating hood
compressor (see Figure 4-4). This compressor concept promises advantages with respect to safety and
serviceability compared t o st an dasuvatlyflamomabteare sostoxics wh e n
T high temperature refrigerants and the product range covers thermal capacities from a few kW up to

75 kW.
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Figure 4-4: HotCycle - Standard air cooled separating hood compressor and cross section sketch of the suction
gas cooled adaption [45].

The refrigerant selection and cycle development lead to the design and construction of a prototype of
the HTHP utilizing R-600 (n-butane) and a variable cycle configuration. Since R-600 requires a certain
degree of suction gas superheat to prevent a wet compression into the two-phase region, different
measures were experimentally investigated. These included a suction gas cooled compressor (denoted
as SHX in Figure 4-5) and the additional possibility to use a dedicated superheater or an internal heat
exchanger.

The compressor and system efficiencies were evaluated through extensive experimental investigations,
including the stability of refrigerant superheat at the evaporator outlet. Figure 4-5 (right) shows the
reached COP for heat source (SO) inlet/outlet temperatures between 50/45°C and 80/75°C and heat
sink (SI) temperatures 50/80°C to 80/110°C using the suction gas cooled compressor (configuration
SHX) and an inverter frequency of 50 Hz. At the marked operating point SO60/55 SI80/110, a COP of
3.5 was reached, a t/h-diagram of this operating point is shown in Figure 4-5 (left).
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Economical key figures and specific CO2 emissions for selected applications in the food industry
(evaporation, sterilization and blanching) were calculated based on the results of a validated simulation
model. The results indicate economically viable payback periods of 5 to 6 years compared to a boiler
running on natural gas.
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2. DryFiciency - Waste Heat Recovery in Industrial Drying Processes

91 Duration: 09/2016 7 08/2021

1 Participants: AIT Austrian Institute of Technology GmbH, Agrana Starke GmbH,
Wienerberger AG, RTDS GmbH, Rotrex A/S,
Bitzer Kiihimaschinenbau GmbH, Chemours Deutschland GmbH,
Fuchs Europe Schmierstoffe GmbH, Heaten AS, SINTEF,
EPCON Evaporation Technology AS, EHPA European Heat Pump
Assaociation, Scanship AS

1 Total budget: 7Tmi o. U

1 Financing: H2020 1 Innovation Action, ID nr: 723576

1 Further information: https://dryficiency.eu/

The overall objective of the DryFiciency project is to lead the European energy intensive industry to high
energy efficiency and a reduction of fossil carbon emissions by means of waste heat recovery.
Technically and economically viable solutions for upgrading idle waste heat streams to process heat
streams at higher temperature levels up to 160 °C are elaborated. The key elements are three high
temperature vapour compression heat pumps (two closed loop heat pumps for air drying / one open
loop heat pump for steam drying). The solutions are demonstrated and validated under real production
conditions in operational industrial drying processes in three leading European manufacturing
companies from food, brick and waste management industries. The closed loop heat pumps have been
operated for ca. 4000 h each and proved to be efficient measures to reduce energy consumption and
carbon emissions.

Several innovations have been achieved for the technologies on component and system level.

Closed loop heat pump technologies:

1 Fine-tuned, novel synthetic lubricant for high temperature applications working stable with a
novel, non-flammable, non-toxic refrigerant with a minimum global warming potential at elevated
temperature levels.

1 Adapted screw and piston compressor technologies, working well with the lubricant-refrigerant
mixture selected at elevated temperature levels up to 160°C.

1 Novel system concepts and configurations successfully validated at high temperatures of up to
160°C for two closed loop heat pump installations with more than 4.000 operation hours each
with a max. heat output of 375kW and a COP of 2 to 4 at varying source temperatures.

9 Training program for multiple stakeholders successfully tested with more than 100 trainees.

Open loop heat pump system:

1 Advanced, low-cost, oil-free turbo compressor prototype based on newly developed and
patented step-up technology.

1 Novel, highly efficient MVR dryer technology with a 75% increase in efficiency, while reducing
energy consumption by 70%.

1 System concept and configuration of an open loop heat pump system successfully tested under
lab conditions up to discharge temperatures of 155°C; at a temperature lift up to 45K, in a two-
stage compression with a COP of >4.

The heat pump solutions developed in the project have the potential to cover the full range of industrial
drying processes. With heat supply temperatures of up to 160°C, they are replicable in many sectors,
such as chemicals, food, textiles, or the paper industry.

Calculations performed based on the operation results from the closed loop heat pumps have shown,
that CO2 savings from 50% up to 80% are achievable when applying them in drying applications. This
figure will further rise, as the share of renewable energy sources for electricity generation increases. By
making use of green electricity, industrial drying processes can be almost completely decarbonized in
the future.

3. TransCrit1 Trans-critical high temperature heat pump for waste heat recovery

1 Duration: 04/2018 1 09/2021
i1 Participants: TU Graz- Institute of Thermal Engineering, FRIGOPOL Kélteanlagen
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GmbH

1 Financing: Funded by the Austrian Climate and Energy Fund and carried out
within the Austrian Energy Research Program 2017 (FFG-Nr. 865083)
9 Further information: https://energieforschung.at/projekt/transkritische-hochtemperatur-

waermepumpe-zur-abwaermenutzung/

The project TransCrit investigated the innovative approach of a trans-critical cycle with a natural
refrigerant different from CO: for the application in a high temperature vapor compression heat pump
with a supply temperature higher than 150°C. The application of a trans-critical cycle extends the
operating range of HTHPs to temperatures beyond the critical temperature of the used refrigerant. The
consideration of natural refrigerants accounts for future legal restrictions concerning refrigerants.

By means of simulation studies and taking into consideration component availability and operating
ranges, a single-stage cycle using R-600 with an inverter-driven suction-gas cooled reciprocating
compressor and IHX for suction gas superheat was realized in a prototype (see Figure 4-6). This HTHP
enables lifting heat from source inlet temperature level of 60°C (heat source outlet 55°C) to a supply
temperature of up to 160°C.

Heat sink

Figdb6:dransS8cheme of the refrigerant cycle (left)
casing (right)

The influence of the operating parameters heat source and heat sink temperatures, compressor speed,
suction gas superheat in the IHX and high pressure on the heating capacity and COP of the HTHP were
studied using experimental data and the results of a detailed simulation model [46]. The existence of an
optimum high pressure which depends on the operating conditions, was identified. Increasing the
suction gas superheat in the IHX was found to lower the optimum high-side pressure and to increase
the COP.

A strategy for controlling the high-side pressure using the temperature difference between refrigerant
outlet of the condenser and heat sink inlet was successfully tested, the achieved values for heating
capacity and COP at the nominal compressor speed are presented in Figure 4-7Figure 4-6.
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4. BAMBOO - Boosting new Approaches for flexibility Management By Optimizing process Off-gas
and waste use

Duration: 09/20187 08/2022

Participants: CIRCE Foundation (Centre of Research for Energy Resources and
Consumption), Technische Universitat Braunschweig, AIT Austrian
Institute of Technology GmbH, IKERLAN S.COOP, Centre for
Research and Technology Hellas, Energieinstitut an der Johannes
Kepler Universitat Linz, N-SIDE SA, TURBODEN SPA, AMT
Kaltetechnik GmbH, Rina Consulting S.p.A, Cosmo Tech, ArcelorMittal
Espafa, Turkiye Petrol Rafinerileri Anonim Sirketi, Grecian Magnesite
T Mining, Industrial, Shipping and Commercial Company Societe
Anonyme, UPM GMBH, SIDENOR ACEROS ESPECIALES S.L.,
MAGNESITAS NAVARRAS, S.A., Fondazione iCons, EDF
ELECTRICITE DE FRANCE

1 Total budget: 11 mio. U

1 Financing: Funded by European Commission (H2020) reference 820771

1 Further information: https://www.bambooproject.eu

= =

BAMBOO aims at developing new technologies addressing energy and resource efficiency challenges
in 4 intensive industries (steel, petrochemical, minerals and pulp and paper). BAMBOO will scale up
promising technologies to be adapted, tested and validated under real production conditions focusing
on three main innovation pillars: waste heat recovery, electrical flexibility and waste streams valorisation.
These technologies include industrial heat pumps, Organic Rankine Cycles, combustion monitoring and
control devices, improved burners and hybrid processes using energy from different carriers (waste
heat, steam and electricity) for upgrading solid biofuels. These activities will be supported by quantitative
Life Cycle Assessments.

In order to maximize their application and impact to plant level, flexibility measures will be implement-
ed in each demo case towards energy neutrality and joined in a horizontal decision support system for
flexibility management. This tool will analyse, digest and interchange information from both, the process
parameters and the energy market, including the BAMBOO solutions. As a result, the operation of the
plants will be improved in terms of energy and raw materials consumption, and will lay the foundation of
new approaches in the energy market. BAMBOO will empower intensive industries to take better
decisions to become more competitive in the use of natural resources in a broader context, in the spirit
of facilitating the use of larger variability and quantity of RES.

BAMBOO consortium comprises strong industrial participation; 6 large companies as final users and 3

SMEs as technology providers, working with experienced RTOs and supporting entities. Lastly, the
transferability potential of BAMBOO is extremely relevant as targeted process and plant improvements
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offer very high potential applications in other intensive industries.

In particular, work package 4 addresses the development, design, manufacturing, testing and validation
of an industrial heat pump for low quality waste heat recovery to be integrated into different processes
to increase the overall energy efficiency. Work package 8 addresses the final implementation,
verification, commissioning and validation of the solution developed in WP4.

4.2 Belgium

4.2.1. Overview of national HTHP industry

The heat pump and refrigeration industry in Belgium consists mostly of system integrators and
engineering companies. Currently two companies provide heat over 100 °C, namely Qpinch and
Mayekawa Europe.

Qpinch is a start-up (2012) that has demonstrated its technology and is currently expanding. They have
developed a MW-scale chemical adsorption heat transformer that is able to provide lifts up to 100 °C,
using waste heat of 40 °C or higher. This way, a large amount of waste heat is transformed to a smaller
amount of useful process heat, using only low amounts of electrical power. The (petro)chemial industry
i s Qpinchés main market.

Mayekawa, with head office in Japan, is an OEM of amongst others industrial compressors. Mayekawa
Europe (Brussels) is one of the leading companies for refrigeration and gas compressors in the
European market. They currently provide compressors for HTHPs up to 150 °C, both for projects with
natural refrigerants and with HFOs, usually through local contractors, e.g. SKT and EQUANS Axima
Refrigeration in Belgium.

A number of Belgian system integrators and engineering companies were identified, that are currently
focused on low temperature heat pumps and cooling installations. These companies can move to higher
temperature heat pumps when the market grows. For example, SKT already developed a two-stage
ammonia heat pump (750 kW) that goes up to 80 °C.

1 SKT: industrial cooling and heating, ammonia heat pump up to 80 °CFrigro: refrigeration and
heat pump systems and components

1 Fieuw Koeltechniek: industrial cooling and heat recuperation

1 Colt: industrial climatisation

1 Timmerman EHS: heat exchangers and piping

In addition to Belgian companies, several multinationals have large manufacturing and research centers
in Belgium, such as Atlas Copco (compressors) and Daikin (heat pumps).

4.2.2. Overview of national HTHP market and application potential

It is difficult to find complete and consistent values for industrial heat demand and waste heat availability

in Belgium, but the following numbers clearly show th
integration of VHTHPs. Compared to other count r i es, the energy demand of
relatively large (compared to total demand), mostly due to the presence of a large (petro)chemical

industry (40% of total industrial energy demand). Industrial heat demand below 200 °C is around 30%

of the total; for Flanders this amounts to 20 TWh/y below 200 °C. The waste heat heat potential in

Bel giumés chemical sector is estimated at 1 TWh/y, of
100 °C.

Because of low gas and high electricity prices, the ratio of electricity to gas price is unfavorable in
Belgium, and among the highest in Europe. Based on Eurostat data from 2016-2020 for non-household
consumers (excluding very large consumers), averagepri ces i n Bel gium were 0.0
and 00.024/ kWh for gas. The resulting ratio of 3.4
same metric, a ratio of 1.25 is found for Finland, 2.05 for France, 2.56 for Germany and 3.85 for the UK.
However, carbon prices are increasing quickly: from I
4 years. If this trend continues, this can have a positive impact on heat pump economics in the future.

In Belgium, both the federal and regional governments are in part responsible for energy and climate

legislation, which tents to obstruct a well-coordinated approach. The ambition of the federal (national)

government is to supply 80% of the total demand of the energy-intensive industries (chemical,

petrochemical and steel) from CO2 neutral/sustainable energy in an economic cost-effective way by
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2040. Wallonia wants to reduce emissions by 55% by 2030 (w.r.t 1990), both for ETS and non-ETS
industries. Flanders, which has a larger industry, targets a 40% reduction of emissions in non-ETS

sectors by 2030 (w.r.t. 2005). The European Commission commented t hat the Belgian p

reforms towards better climate policyo.

The energy transition fund (ETF) subsidizes research, development and innovation projects related to

energy since 2017. For alloGafe@, a budget of 025M

4.2.3. Development perspectives for HTHP technologies

To reach Belgiumés climate goals, VHTHPs are a
intensive industries. End-users of the VHTHP technology in Belgium are foreseen in the chemical sector
filling the gap for medium temperature heat between 100°C and 200°C relevant for, but not limited to,
drying processes, surface treatment, continuous extrusion, distillation columns. In addition, the main
heating need for the food and drink industry falls in the envisaged temperature ranges.

Several R&D projects have been funded in the past decade to pave the way toward commercialization
of VHTHPs in Belgium. Currently, the (Flemish) Upheat-INES 2.0 project is running. We estimate the
follow-up trajectory to take approximately 7-8 years, coinciding with an overall rise in heat pump
technologies. In an optimistic scenario, the first Belgian pre-commercial VHTHP (TRL8-9) could be
implemented by 2029 or 2030. If successful, manufacturing and assembly infrastructure could grow
accordingly thereafter, but this is expected only in 2032-2035, depending on many market
developments.

In a realistic scenario, implementation of HTHPs and VHTHPs could supply 2623 GWh of mid grade
heat demand in Flanders, with chemistry, refineries and food being responsible for 41% of this potential.
This is based on 18% potential supply of the mid-grade waste heat per sector. This 18% share is based
on assuming a 75% share of 93 out of the 384 companies minimum 20 GWh waste heat supply. The
conservative, realistic vs optimistic results are based on the carbon intensity reduction of respectively
59, 104 or 131 gCO2eq/KWhth compared to the baseline.

4.2.4. Selected RD&D projects

1. Upheat-INES, Upgraded High Temperature Heat in Energy Intensive Sectors

1 Funding code: HBC.2020.2616
1 Running time: 01/03/2021 7 31/08/2022
1 Funding amount: u760 450

The UpHeat-INES project aims to develop industrial VHTHPs to upgrade residual heat to temperatures
in the range of 160-200°C. In energy-intensive industries, residual heat from production processes is
often reused to drive other low- or mid-temperature processes. Upgrading this residual heat for use in
high-temperature processes in the range of 160-200°C is, however, uncommon. Todayd s h e a't
generally only reach a maximum temperature of 150°C.

Using thermodynamic simulations, Upheat-INES will evaluate when and how an industrial heat pump
architecture can deliver higher temperatures at higher economic value. Specifically, the use of zeotropic
mixtures and transcritical cycles is investigated. This approach has the potential to significantly increase
the performance of the heat pump architecture, allowing for an optimal temperature match with various
chemical processes.

An optimal architecture (cycle type, working fluid) will be chosen, based on thermodynamic, economic,
technical and safety considerations. Finally, a lab scale heat pump prototype will be designed, to be
constructed in a continuation project.

By upgrading residual heat for use in high-temperature processes, Upheat-INES will allow energy-
intensive Flemish industries to better exploit residual heat, pursue sustainable energy innovations, and
significantly reduce their CO2 emissions.

2. Upheat-INES 2.0, Upgraded High Temperature Heat in Energy Intensive Sectors

1 Funding code: HBC.2022.0539
1 Running time: 01/01/2023 7 01/07/2025
1 Funding amount: Ul 945 546
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The goal of the project is to decarbonize the production of industrial heat at temperatures between
160°C and 200°C by developing a very high temperature heat pump (VHT-HP) based on a zeotropic
mixture of natural refrigerants.

The project develops a proof-of-concept very high temperature vapor compression heat pump that
delivers heat sink temperatures between 160°C and 200°C. The performance of the system is
evaluated based on the COP for given heat sink and source temperatures and output powers. Second
law efficiencies between 407 60% are expected with a minimal COP of 2.4. The proof-of-concept
system operates with a zeotropic water-ammonia working fluid mixture. The addition of ammonia is
key in achieving a high COP and increases the optimal integration potential. Suitable materials for the
construction and design of water-ammonia VHT-HPs are identified, tested and selected. The design,
control and fault detection in heat pumps are often treated separately. The present project presents a
combined design, control and operation strategy taking into account the variability of the heat source
on multiple time scales.

3. HP4Drying, Energetic and environmental optimisation of drying processes by integration of

heap pumps
1 Funding code: IWT-CORNET 130375
1 Running time: 01/03/2014 7 30/06/2016
1 Funding amount: a1 192 034

The main target of this project was to integrate HPs into different industrial drying processes in order to
exploit the corresponding advantages by energetic and environmental optimization. The focus was on
convective dryers because they are used most frequently and can be most conveniently modified to
integrate HPs. By adapting HPs to operate under varying temperature levels (by using fluid mixtures,
hybrid and multi-stage HPs, HPs with variable pressure ratio etc.) and developing innovative control
systems, HPs could better follow the drying process.

As drying is crucial in various production systems, the project results are expected to be welcomed
among a broad spectrum of industrial branches proving it to be a trans-sectorial project. In the project
consortium, RTOs with a strong track record on HP and/or drying technology are brought together with
branch-oriented SMEs having practical knowledge of the production methods and specific
technological/economic/ecological prerequisites in the industrial sectors. Fields associated with wood,
textile, agricultural product processing, brick and tiles as well as biotechnology are represented by
German RTOs. Within the Flemish User Group, additional branches are represented by participating
companies.

4.3. Canada
4.3.1. Overview of national HTHP industry

In Canada, the Heat pump industry is very limited in terms of equipment manufactures or assemblers
(integrators). Among the very few companies present on the market, no one is in a position to offer
products that can deliver heat above 100°C at the moment. This means that potential end users
(process and manufacturing industry) have to rely on imported products and are expected to continue
to do so for a certain number of years.

It is expected that future technical developments in the area of HT HPs will be driven mostly by
companies from the private sector currently evolving in the refrigeration market (commercial and
industrial). Among them, some recognized to have led the path in North America for systems using
COz2, have recently decided to enter the heat pump market with systems able to supply heat at 70 °Ci
80 °C , with applications in buildings equipped with hydronic heating distribution systems, and in the
industrial sector. The technical developments for products that can supply higher temperature will most
likely be supported by government and university research capabilities, and utilities. It is also expected
that technology developments will be accelerated by an uptake of the demand in the industry favoured

by Canadaébés new aggressive GHG emission reducti

electrification is receiving. Expected policies toward process electrification will probably include
government funding schemes for demonstration projects that besides providing valuable data for system
improvement, will increase confidence in the technology and contribute to the development of the
demand.
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4.3.2. Overview of national HTHP market and application potential

The industrial sector in Canada currently accounts fo
energy intensive subsectors like Pulp & Paper, Mining, Oil & gas that rely heavily on fossil fuel to meet
high-temperature process requirements. Hence, in the path to decarbonize process and manufacturing
industries, Industrial process electrification and consequently, the adoption of high temperature heat
pumps is expected to play a key role. So far, high temperature heat pump projects in the Canadian
industrial sector are for the most part at the evaluation stage, very few have been implemented, however.

A recently completed departmental analysis on Canadaé
electrification technology, was performed by differentiating the technical, economic, and achievable
potential, allowing to have realistic projections. The study looks at 170 different electrification
technologies in a variety of industrial end uses which include: steam production, combined heat and
power, mining, tractors, materials handling, high temperature heat, machine drives, medium
temperature heat, steelmaking, clinker (i.e. cement), and low temperature heat. In that study, heat
pumping technologies are considered to be applicable for the following end uses steam production,
process heating, space heating and water heating. It is estimated that, for the next 30 years or so (2021-
2050) heat pumps have a realistic potential to reduce the GHG emissions of the industrial sector by 75
million of tons of CO2, corresponding to 27% of total GHG emission reduction resulting from process
electrification, with 445 millions of GJ of fossil fuel abated. The usage of HTHPs for steam production
is only estimated to contribute to 16,5% of the total electrification potential. Those values constitute the
annual Cumulative total in 2050 (sum of annual Incremental Impact from the start of the time period,
2021). Several factors affecting heat pumps adoption in the industry are taken into account in the study,
as well as how those factors will evolves over the next 30 year period, such as but not limited to: the
commercially available technologies and their cost effectiveness compared to competing electro-
technologies, the regional differences in terms of electricity grid mix, provincial emission profiles of
power generation, and energy cost structure, the Canadian policy on Carbon tax.

Another study performed on the path to process decarbonization identifies that the sectors that are the
most likely expected to adopt high temperature heat pumps in a short term are: Thermomechanical Pup
(TMP) and paper making, and the light industry defined by the size of the plants, temperature level
requirement below 200 C and by the fact that CO2 emissions come mostly from heat production rather
than form the processes involved. Those light industries include for example, food processing, dairy
plants, breweri es, l umber i ndustry. Those sectorsd heat
below 200 C, for steam production, hot air drying, washing sterilization, drying, distillation and
concentration. Heavy industrial sectors, like Iron pelletizing, steel making, cement, lime kraft pulping, olil
refineries and chemicals are more likely to adopt other electrification strategies or if they adopt heat
pumps, it might be on a medium or long term.

1 Factors influencing the uptake of HTHPs at end-users: relevant national regulations or subsidy
schemes which are making HTHPs very beneficial.

Like in all countries, the pace of high temperature heat pump uptake in Canada will be influenced by the
availability of technologies and economic viability of the projects. Other factors that present some
challenges and opportunities in the uptake of the technology in Canada are discussed below:

Policy

Policies that can influence the uptake of heat pumps in the industry are still at an infancy stage in
Canada. Thus far, much of the attention and effort has been focused on energy conservation and grid
decarbonization. Policies are developed at the national and provincial level, with possible grant
programs coming from the government or utility companies.

At the national level, one important policy already in place that is expected to influence high temperature
heat pumps uptake by influencing the economic viability of projects is the Carbone tax. Since 2019,
every jurisdiction in Canada has had apriceon car bon pollution. Canada
province or territory can design its own pricing system tailored to local needs or can choose the federal
pricing system.

So far, no grant programs at the national and provincial level target specifically the implementation of
heat pumps in the industrial process. Some are, however, indirectly supporting the adoption of heat
pumps. In the province of QC for instance, a fiscal policy was adopted for capital investments aimed at

(@)
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recovering heat in process industries that include heat pumping technologies. There is also a program,
to which the federal government also contributes, that targets specifically heat recovery projects
including the implementation of heat pumps.

With the aggressive GHG emission reduction targets (Canada has pledged to achieve a net-zero
electricity system by 2035 and net-zero economy by 2050) more policies favoring the uptake of high
temperature heat pumps, are expected to be adopted in a near future. Hence, the comprehensive
study on the potential of electrification which is referred to in the text above, was conducted with the
objective to plan federal electrification programs, encourage provincial/utility electrification deployment
programs, shape supply-side policies with regards to interprovincial and international interties and to
deploy funding to support provincial electricity system planning under electrification scenarios, and to
inform policies for the prioritization of research and development funding.

Price of fossil fuels vs electricity

Energy markets in Canada show a strong regional variation in utility rate, structure. Electricity can be
up to 6 times more expensive (per unit of energy) vs. natural gas in some regions. This creates a
challenging economic context for electrically driven systems.

Grid mix and availability of green electricity

Carbon emissions associated with electricity generation vary greatly in Canada by regions, and the
adoption of heat pumps will most likely be more important in the coming years in provinces where the
hydropower potential is abundant, like in British Columbia, Manitoba, Quebec, and more recently in
Newfoundland and Labrador. In a lot of provinces in Canada with very energy intensive industrial
sectors, like Alberta, some part of Ontario, a large portion of electricity generation is achieved using
fossil-fuel based thermal plants. In these regions, the uptake of electrically driven HT heat pumps will
depend on the pace of the greening of the electrical grids, as well as the relative cost of electricity to
fossil fuels. This is where developments in thermally driven heat pumps can play a role in sectors where
waste heat is available.

1 Sectors and/or business models which are facilitating the application of high-temperature heat
pumps.

Because of temperature requirements that can be met with available or close to market technologies,
the following sectors will be the first ones to adopt HT heat pumps, in regions where the electricity grid
mix and energy cost structure are favorable.

o TMP Pulp and paper industries

o Food and beverage: Dairy plants, meet processing, Slaughterhouses, breweries

0 Wood products

o0 Other light industries

1 Kind of systems most relevant (electricity driven or heat driven) and why

In regions where the grid is green (mainly in Qc and BC) electricity driven systems are most relevant.
In regions where the grid is not green, or when the relative price of electricity to fossil fuel is prohibitive,
and there is access to excess waste energy, then heat driven systems are most relevant.

4.3.3. Development perspectives for HTHP technologies

The advancement for high temperature heat pumps during the next 5 to 10 years in Canada will most
likely come from industry main players in the commercial, institutional and industrial market, starting with
products with supply temperature under 200 °C- But this assumption will need to be confirmed in the
next 5 years. More high temperature heat pump projects are expected to be done in industrial processes
in the next 10 years with imported products at first, and potentially with assemblers emerged from the
national industry.

4.3.4. Selected RD&D projects

At the moment, R&D projects on High temperature heat pumps is very limited in Canada, but as
mentioned, this situation is expected to evolve favorably in the coming years, in the private sector
supported by governmental research labs and academia. One project worth mentioning is done at
Hydro-Quebec research center with the collaboration of EMERSON Canada, and University of
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Sherbrooke. Project details are provided below.
Title: Development of a 150 °C supply temperature Heat pump using LGWP refrigerant

Objective: To build and test a low GWP heat pump to reach temperature as high as 150 °C from a heat
source at a temperature of 90 °C.

Project Lead: Hydro-Quebec

Partners: Emerson and University of Sherbrooke

Financing: Hydro-Quebec, Emerson and NSERC Research grant

The project is still in its early stages. The work has been focusing on the development of a numerical
model for performance assessment. Water (R-718) was selected as the refrigerant. The construction of
a test bench will eventually follow, with the determination of operating limits and optimal operating
conditions maximizing the production of useful energy.

The anticipated benefits of this research project are:
Develop knowledge on high-temperature heat pumps to propel the commercialization of new
technologies.
A Facilitate the decarbonation of industries efficiently.
A Changing environmental standards for refrigerants.

Distillation, Drying, Evaporation, Boiling and Extrusion are examples of industrial process which need
high temperature heat (more than 140°C)

4.4, China

4.4.1. Overview of national HTHP industry

High-temperature heat pumps have many industrial applications in China, especially MVR for the zero-
discharge treatment of high salinity wastewater. With the continuous promotion of clean energy by the
government and the increasing demand for its applications, the application prospects of high-
temperature heat pumps in the industrial field are promising. In recent years, the high-temperature heat
pump industry has developed rapidly, with various products gradually maturing and the application field
constantly expanding. With the continuous advancement of technology and the continuous reduction of
costs, the application of high-temperature heat pumps in more fields will gradually become popular, such
as papermaking food, chemical, pharmaceutical, textile, printing and drying and so on.

The main research of high-temperature heat pump focus on the development of systems and key
equipment. Compressors mainly include roots compressor, centrifugal compressor, screw compressor;
different heat exchangers are used with anticorrosive properties and anti-blocking; many applications
are integrated with the mechanical compressor or absorption high temperature heat pump.

Some manufacturers and technical suppliers include:

Technical Institute of Physics and Chemistry, CAS

TIPC is a professional research institution that carries out high-temperature heat pump research in
China, committed to the research of steam centrifugal compressor, screw compressor, at the same time,
cooperate with partners to carry out the different drying and evaporation system using high-temperature
heat pump as heat sources.

Shandong Zhangqiu Blower Co., Ltd.

(https://www.blower.cn/abouta.html

The company mainly develops Roots compressors, centrifugal compressors, and integrates MVR
evaporation and crystallization technologies into a complete system. The company has developed a
series of B-type single-stage high-speed centrifugal steam compressors suitable for MVR systems. The
maximum saturation temperature rise of a single compressor can reach 203 . Additionally, the VR series
Roots steam compressors have a maximum saturation temperature rise of 253 and 350m3/min steam
volume.

Beijing Huayuan Taimeng Energy Saving Equipment Co., Ltd
(http://www.powerbeijinghytm.com/)
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Specializes in researching and producing absorption-based technologies for high temperature
difference heat exchange, waste heat recovery, and second type absorption heat pump units. The
second type absorption heat pump, used in the Daxie petrochemical waste heat recovery project,
recovers the waste heat of 1203 process hot water generated by the ethylbenzene production unit to
produce 0.45 MPa#® 1513 steam. It recovers about 15.583MW of waste heat and produces 11.8t/h of
steam, saving 34,300 tons of steam and 15,330 tons of standard coal annually, and conserving 10.4
million tons of circulating water annually.

Kaeser Compressors Compression Technology (Suzhou) Co., Ltd
(http://www.ctscompressor.com/down.php)

The company is committed to researching and developing single screw compression technology and
has designed and manufactured a series of single screw steam compressors. The maximum suction
capacity of the largest single screw compressor is 60 m3/min. The star wheels of the CSW series MVR
steam compressor can withstand high temperatures of up to 200 3 , and the single-stage temperature
rise can reach 60~803 . The products developed by the company are widely used in various fields such
as MVR evaporation, oil and gas recovery, industrial gas compression, and expansion power generation
compression.

4.4.2. Overview of national HTHP market and application potential

According to the data from China's National Bureau of Statistics, China's total energy consumption in
2021 was 5.24 billion tons of standard coal, with fossil fuel consumption accounting for 83.4% and
industrial energy consumption accounting for about 66.7% of the total consumption. Various industries
have a demand for heat, such as food processing, wood processing, papermaking, pharmaceuticals,
chemicals, metallurgy, rubber, and fibers. In 2020, energy consumption in the agriculture and food
processing industry (including alcohol, beverages, and refined tea) and tobacco processing in China
was 75.29 million tons of standard coal, wood processing consumed 10.07 million tons of standard coal,
papermaking and paper products industry consumed 39.27 million tons of standard coal, pharmaceutical
industry consumed 22.59 million tons of standard coal, chemical industry consumed 567.23 million tons
of standard coal, black and non-ferrous metal s melting consumed 92.311 million tons of standard coal,
and the fiber, rubber, and plastic product industry consumed 73.45 million tons of standard coal.
Moreover, according to statistics, the waste clean-up volume was 235.117 million tons in 2020, and
industrial pollution control investment was 45.42586 billion yuan, of which investment in the treatment
of solid waste and wastewater amounted to a total of 7.46916 billion yuan. Industries such as food
processing, wood processing, pharmaceuticals, and fibers generally require temperatures in the range
of 60 to 2003 , and high-temperature heat sources above 1003 are also needed for solid waste and
wastewater treatment and sludge drying. High-temperature heat pumps can meet these demands, and
with China's large energy consumption base, the market potential for high-temperature heat pumps is
evident.

4.4.3. Development perspectives for HTHP technologies

In recent years, the development of environmentally friendly high-temperature heat pump working fluids
has become an important research direction. Among them, natural working fluids such as ammonia,
water, carbon dioxide, and hydrocarbons are the focus of research.

Ammonia has a GWP and COP of 0, and using ammonia as a working fluid requires high pressure.
Although ammonia itself is toxic and flammable, it has a large volumetric heat capacity and is a relatively
mature heat pump working fluid. Currently, the absorption-compression hybrid heat pump using
ammonia-water working fluid pairs is a hot research topic and an important direction for future energy-
saving and emission-reducing development.

Water, as an excellent working fluid for high-temperature heat pumps, has a high boiling point at
atmospheric pressure. In China, MVR heat pump systems for zero discharge of wastewater will be a
developing focus.

In the future, high temperature heat pump will use to recover the latent heat of evaporation, drying, and
distillation in industrial operation processes, greatly reducing the energy consumption and operating
costs of related industries.

4.5, Denmark

45.1. Overview of national HTHP industry
Denmark boasts a handful of component manufacturers who specialize in HTHP equipment. Among
them are CS TechCom, Weel & Sandvig, and Johnson Controls.
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- CS TechCom and Weel & Sandvig focus on developing components for heat pumps using
water as a refrigerant. Both companies develop centrifugal compressors aiming at sink
temperatures up to 200°C.

- Johnson Controls is a large manufacturer of custom- as well as pre-built heat pumps. They
are developing HTHPs based on hydrocarbons as a working fluid. An example is a project in
Germany that aims to achieve a supply temperature of 130 °C. Johnson Controls has also
recently acquired Hybrid Energy to enhance their industrial heat pump portfolio.

Additionally, Denmark is home to numerous system suppliers and consultancies who are highly skilled
in engineering design and installation of heat pumps in the industrial and district heating sectors (with
supply temperatures below 100 °C). With access to sufficiently developed compressors, they too have
the potential to deliver and work with HTHPs. Some of the notable system integrators include Verdo,
Multikal & Energi, Fenagy, Soft & Teknik, Aktive Energi Anleeg, and Tjeereborg Industri. The consultants
identified include Rambgll, Niras, Viegand Maagge, COWI and Process Engineering. Several of the
aforementioned system integrators and consultancies participate in national- as well as international
development projects.

4.5.2. Overview of national HTHP market and application potential

The potential for HTHPs in the Danish market is significant, especially when considering the size and
economy of Denmark. This can be attributed to several factors, which will be elaborated on in this
section.

Denmark has a rich history of agriculture, leading to a considerable number of food processing
companies within its borders. Many food products require high-temperature heat for sterilization or high-
temperature cleaning water for production systems. However, often these products are cooled using air,
which results in warm air being dumped into the environment. In such cases, HTHPs can be employed
to recycle the heat back into the process, minimizing the need for fuel burners or other heating utilities.
Additionally, many food processing companies deliver frozen foods, which necessitates the use of large
cooling compressors to freeze the product. The energy removed from the products in the freezing
process is typically expelled to the ambient, either by cooling towers or dry coolers. The low-temperature
heat removed during the freezing process can be upgraded to process heat or hot cleaning water.

Denmark has a high percentage of residential heating covered by district heating. Heat pumps are
gaining acceptance as the future source of district heating, with low-temperature sources including
ocean water, industrial waste heat, geothermal heat, and ambient air. As existing district heating
systems relying on fuels such as natural gas, wood pellets, or biomass are upgraded or replaced, HTHPs
would be a natural choice for the district heating transmission systems operating at higher temperature
levels of up to 120 °C. Figure 4-8 shows a steady increase in installed heat pump capacity for district
heating until today with a significant increase in 2020, indicating this trend.
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Figure 4-8: Total amount of heat pumps used for district heating in Denmark seen on left y-axis and blue bars,
and accumulated capacity on right y-axis and green curve in MW. The overview only includes large scale heat
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pumps with a capacity above 0.1 MW [48].

There is a long tradition for placing high taxes on energy and energy sources for private consumption in
Denmark, with the aim of promoting energy savings. The industry, on the other hand, has had lower
taxes, to ensure their global competitiveness. This creates a complication when using industrial waste
heat for residential heating, since the industry can produce heat much cheaper than any private person,
thereby creating a potential tax evasion by using waste heat.

To overcome this, the government has so far put taxes on industrial waste heat if used for private heating
(and for office heating in the industry). The result may have been a success taxwise, but at the same
time there has been a clear reluctance towards reusing the industrial waste heat.

As of January 1t 2022, the rules have been changed so that the tax on waste heat is reduced to approx.

12 4/ MWh. I n addition, any companhy can cut this

monitor the energy efficiency of the processes used (acc. to standard 1SO 50001:2018). If a technically
possible energy saving is found, that can be implemented with a payback time of 5 years or less, then
the company is obliged to implement this modification within 12 months. With this setup, there's a natural
incentive to sell the waste heat (0 tax) and energy-optimize the production processes. Hence, the
potential market for heat pumps for upgrading waste heat is expected to increase.

HTHP6s can be integrated in different ways in i
its own production waste heat and upgrades this to the required process temperatures, so the heat can

be returned directly back into production.Int hat case, itds possible to

because all operating conditions are known. The drawback, if any, is that the system may not be very
flexible, so any variation in production temperature or heat requirement could change the efficiency of
the system. In other words, the waste heat must be available at the same time and rate as the required
process heat to make the system function efficiently. In a batch process with many starts and stops, this
may not be the case.

At the other end of the scale, the HTHP may be integrated into the local district heating (DH) system in
a way that makes it possible to supply heat at temperatures above those normal for DH. In this way, the
DH system can serve as an energy backbone system for both residential heating and industrial process
heat/waste heat. The DH system would then use the hot water in the DH system as source for a HTHP
delivering process heat to industries and mayb
advantage of such a system is that it can serve as a buffer, taking up variations in both production and
consumption. DH systems typically have very large quantities of hot water circulating in the piping, that
can serve as buffer, both as source for a HTHP and sink for waste heat. Likewise, such a system could
be able to use a variety of waste heat sources, effectively reusing the same heat energy many times at
different temperature levels.

45.3. Development perspectives for HTHP technologies

Heat pumps tend to be developed in steps, temperature wise. The first heat pump systems were typically
used for residential heating, delivering hot water at 50 °C - 60 °C. The next development step was heat
pumps for district heating, typically in the range of 80 °C - 90 °C. Such systems are mature and
commercially available today. The next step is expected to be the design of heat pumps that can deliver
industrial process heat economically favorably compared to fuel burners.

Denmark has an overall goal to reduce the CO2 emission by 70 % in 2030. In a report published by
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initiatives are described for different areas and what green technology can contribute with for reducing
the emission of CO2. For the industry a reduction of 0.5 mil. ton COz in 2030 can be achieved by
electrification with special focus on heat pumps. In the same report an expected heat production for
process energy is estimated to be 15 PJ. HTHPs are hence expected to become an acknowledged key-
technology for reducing COzemissions, and it is in the report suggested that 25 % of the CO2reductions
expected from the Danish industry are to be reached by implementing industrial heat pumps.

The Danish Energy Agency estimates that HTHPs is under a rapid development, and especially has a

large potential for industrial processes with temperatures up to 150 °C [50]. Considering the temperature
requirements of the Danish industry, it becomes apparent, that this corresponds to a considerable
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demand for HTHPs.

45.4. Selected RD&D projects
A number of ongoing RD&D projects on HTHP is on-going in Denmark, this includes:

1. SuPrHeat (Sustainable process heating with high-temperature heat pumps using NatRefs)

’@SuPrHeat

Dur ati on 20220024

Participant|DTI (lead), DTU, Soft & TekniTechB
Spirax Sarco, Al fa Laval, Danfoss
GEA Process Engineering, Arla Food
Hansen

Tot al budge|[8. 2 mio. a

Funding EUDP

Further inflhttp:// www. s utpgrhparttaddakd enp g/h

SuPrHeat aims at developing and demonstrating a heat pump portfolio consisting of a concise humber
of natural refrigerants to provide optimal solutions for a variety of industrial applications. Three pilot
plants are going to be developed and tested, and will be using R-718, R-744, and hydrocarbons as
working fluid. Semi-hermetic piston compressors from BOCK will be the basis for both the hydrocarbon
system and the CO2 system. The steam compressors are turbo compressors from CS TechCom and a
spindle compressor from Hamburg Vacuum. The hydrocarbon system, will supply temperatures of up to
160 °C, while the spindle steam compressor is expected to reach 200 °C.

[ Steam compression ] Hydrocarbons [ CO, ]
T~ ~ala-— " - T To--c= =
Low temperature glide Moderate temperature glide Large temperature glide
A Steam production A Hot water production A Spray dryer
A Evaporators A Autoclaves
Y Ay

Figure 4-9: The potential matching between choice of working fluid and application.

The first pilot plantiscur r ent 'y bei ng i nst alslared testing of@i§ plansed ff T HP | ab
August 2023. This heat pump is a hydrocarbon cascade heat pump with R-600 in the bottom cycle and

R-601a in the top cycle, it has heating capacity of 500 kW, and a container enclosure around it, see

Figure 4-10.

Figure 4-10: Pilot plant with 500 kW hydrocarbon heat pump from S&T installed at DTI (source: DTI).
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Furthermore, the SuPrHeat project develops advanced process integration methods for integrating
industrial heat pumps in industrial sites, as well as strategies for the transition towards the identified
integration scenarios, enabling industries to reap the benefits of heat pump technology in their
production processes.

2. InterHeat (Demonstrating high-temperature heat pumps at different integration levels)

/—\ INTER

HEAT

Dur ati on 202202

Participant|DTI (AABd) Ver do, Mul ti kBl ,Cd&mreals,c ol
Energysoluti on, Dansk Fjernvar me,

Tothaudget 6.9 mio a

Financing EUDP

Fur tihnefror mathttps://interheat. dk/

This project focuses on HTHP and sector integration benefits. This includes solutions for heat recovery
as well as load balancing through the district heating network. Two HTHP demonstration cases will be
tested in both pilot tests at DTI and afterwards at end-users, please refer to Figure 4-11.

Steam ( )
(up to 6 bar/160 °C)
Hot water District heating
(up to 140 °C) HTHP System K v
End-User 1  Hydrocarbons — h

I  Screw compressors

Heat c
recovery —
Process @ é \<2

cooling
[]
N -~ J
Figure 4-11: HP integration on sector | exeeperaiune heatlpumpsoat ddf¢rentc t
integration | evel si.

The integration on different integration levels requires technical solutions for effective integration. On
process level, there is a strong dependency between the process and the heat pump system, which
creates the need for load balancing and dynamic operation of the heat pump systems. On utility or sector
level, efficient recovery of excess heat and/or provision of cooling are important aspects to ensure high
performances. The development of technical solutions for sector level focuses on the integration of
district heating, which will enable new business models that facilitate the sector integration.

The first system will be integrated in a protein powder drying process and based on semi-hermetic
standard components for smaller capacities. The second system will be demonstrated as a solution for
upgrading district heating for supply of process heating at temperatures of up to 160 °C. The second
technology will be based on industrial open compressors for hydrocarbons and steam. The systems will
be demonstrated for several months and outline the benefits of the different approaches, while the
technological developments will be proven in long-term operation. Table 4-1 shows an overview of the
two demonstration cases, while Figure 4-12 shows the compressor types from Frascold and SRM.
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Table 4-1: Overview of use cases in Interheat.

Use case HC cascade systiHC & steam system
Bottom cydl sBhut ane (ARI6200F a4 Butane (R600) A 120 °C
Top cycl e |lIso-Pentane (R601a) A 160 °C | Water (R718) A 160 °C (steam)

Compr es s or Frascold screw compressors SRM screw compressors
Ther malp aci500kw 1 MW
Process Drying Steam for process h

Figure 4-12: Frascold screw compressor (left) and SRM screw compressor (right).

3. SPIRIT heat (Implementation of sustainable heat upgrade technologies for industry)

% SPIRIT

Durati on 2 02201

Participant|TNO (coordliblaRorByropean Heat Pu
Mayekawa, S| NLOC, EURAC, Eur ohea
University of Denmark, TVP Sol ar
Refrigeration Germany, Spilling
Services, Smurfidt SKeppa Conéahmiasn
Tot al budge|llmo. U

Financing Hori zon Europe research and inno
agreement No. 101069672 (SPIRIT)
Further inflhttpsc:hlelastp.ierui/t

The purpose of the SPIRIT project is to demonstrate stable and robust operation of three industrial heat
pumps, integrated into operational production facilities at a Belgian sugar company, a Norwegian prawn
processing plant, and a Czech paper mill. Three well-known technology providers (GEA, Mayekawa and
Spilling) will design and construct the industrial heat pumps which will use waste heat and upgrade this
waste heat to supply temperatures of 139 °C, 143 °C, and 157 °C. These demonstrations will increase
the technical knowledge of and provide guidelines on heat pump integration in industry, and at the same
time it will be demonstrated that industrial heat pumps can be integrated into existing processes without
disturbing the production process. The GEA compressor and demonstration site for the sugar beet
production site can be seen in Figure 4-13.

The potential is great in the selected sectors. The paper & pulp and the food & beverage industries
together cover 63 % of the potential high-temperature heat upgrade market. The expectation is that
demonstration of the technology at these temperatures will pave the way for further development to
achieve even higher temperatures in the future and thus spreading the use of the technology in the
industry even further.

The project aims to have a sustained operation of between 2000 and 4000 hours per year for each

demonstration system. This will demonstrate heat pump technology as a robust and reliable technology.
At the same time, there is an expectation that a reduction in energy use of at least 30 % will be achieved
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- and as a result, a corresponding reduction in energy costs and CO2 emissions.

Figure 4-13: GEA screw compressor (left) and sugar factory in Tienen, Belgium (right).

4. Various projects concerning the development of steam compressors:

There have been various projects focusing on the development of steam compressors. These were
mainly focusing on turbo-compressors and a novel spindle-compressor type. The steam compressor
developments were initiated due to the immense potential for steam-based heat pump systems. Water
can be easily integrated in industrial systems and has a high acceptance. The turbo compressors were
based on turbochargers from automobile industries and the spindle compressor was designed based
on vacuum pumps. Both compressor types have a great potential and are currently in the transition from
prototypes to demonstrations in industrial applications. The R&D projects for steam compressor
development include:

il

4.6.

4.6.1.
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Water vapor-based heat pump systems (ELFORSK 350-052):
This project has been concerned with the long-term testing of a Rotrex turbo-compressor in an
evaporator.

Development of high temperature prototype heat pump (CS TechCom, Innobooster project):
This project focused on the development of a prototype of a direct-driven turbo compressor.

High-temperature Heat Pump for Tunnel Oven (ELFORSK 352-009):

This project is concerned with the development of a prototype for a spindle compressor for large
temperature lifts using steam as required in tunnel ovens. The project aims at delivering heat
above 200 °C enabling the possibility to bake bread, cookies or even spray drying of dairy
products.

Optimization of heat pump driven steam systems (ELFORSK 351-022):

This project has studied the general feasibility of heat pump-based steam systems for industrial
process heat supply. It was mainly based on case studies analyzing the efficiency losses in
existing steam networks. Critical bottlenecks and main losses were identified and built the basis
for deriving approaches for enhancing the efficiencies of existing networks. The project
confirmed the promising economic feasibility of heat pump-based process heat supply and
identified promising cases.

SpeedUP i High-temperature heat pump based on steam turbo-compressor and high-speed
motor:

The project includes the development and testing of a new concept with a directly driven high-
speed turbo compressor to achieve an energy efficient, compact, and competitive heat pump
using steam as a refrigerant. The target market is in replacing heat supply in industrial processes
at temperatures above 100 °C and with heat output of 500 kWi 1500 kW.

Finland
Overview of national HTHP industry



There is identified two Finnish heat pump manufactures which are providing HTHP above 100°C. They
are Oilon Oy and Calefa Oy. Oilon ChillHeat heat pump products have the heating capacity range from
tens of kW up to multi-MW systems. AmbiHeat heat pump products by Calefa Oy have the heating
capacities from about 100 kW to 3 MW. Calefa Oy has heat pump products capable of providing heat
up to 130°C and Oilon Oy has heat pump products for providing heat up to 120°C.

In addition to the heat pump manufacturers, there are companies providing heat pump components.
Vahterus Oy is providing plate and shell type of heat exchangers also for the heat pump applications.
The heat pump industry in Finland includes also engineering companies, system integrators and
consultants. The large scale HTHP are mainly installed in district heating network operating by the local
municipalities.

The technological development of HTHPs is mainly done in projects funded by national funding together
by industry and universities and research agencies.

4.6.2. Overview of national HTHP market and application potential

Production of industrial heat and district heat in Finland is approx. 90 TWh/a (see Figure 4-14).
Renewable energy (mainly biomass) is used to produce the major share of the heat. However, the share
of heat pumps and other energy sources has been increasing especially in district heating sector.

The Finnish market for HTHP will be mainly in district heating and in different industrial sectors.
Especially, the pulp and paper industry is a significant consumer of heating power in Finland. District
heating is available in almost all cities and major municipalities and heat pumps are already used in the
largest cities. These heat pumps typically utilize heat, for example, from large-scale water treatment
plants or from other types of heat sources. A substantial amount of energy is needed for steam
production and drying processes in pulp and paper industry and sawmills, which temperature level would
be suitable for HTHPs. The temperature level required for typical pulp and paper drying processes varies
between 95°C to 120°C which can be evaluated as a technologically feasible temperature level for high-
temperature heat pumps.

If waste heat technical potential is used to evaluate HTHPs potential, there is approx. 19 TWh/a available
waste heat in Finland [51]. The major industry sectors producing waste heat and having good
opportunities for upgrading the heat with heat pumps are Pulp and Paper, petrochemical, and food
processing.

Finland targets to be a carbon neutral society in 2035. The policy makers have supported transition for
using electricity in district heating by decreasing electricity taxation for heat pumps, electric boilers, and
geothermal heat production. The taxation rules have been changed on 1st of July 2022. This has
increased the attractiveness of using heat pumps in district heating.

Electricity driven heat pumps are the most relevant systems to be utilized in Finland. There is abundant
amount of renewable energy production, mainly wind installed and will be installed in Finland providing
relatively cheap electricity in future. Generally, most of the electricity is produced by renewable energy
or other low CO2 emission production methods, such as nuclear power.

Production of industrial heat in Finland
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Production of district heat in Finland
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Figure 4-14 Production of industrial and district heat in Finland in 2000-2021. [52]

4.6.3. Development perspectives for HTHP technologies

To achieve higher temperatures with heat pumps, it is anticipated that there are three main development
fields, namely the working fluids, compressors and the heat exchangers/heat collection. There is a clear
need for heat pump working fluids that can allow to reach high performances with high temperature lifts.
Based on the new legislation and regulations in European Union (F-Gas regulations and PFAS
regulations) the use of natural working fluids, such as CO2, ammonia and different hydrocarbons, seems
to be favoured in heat pump systems in the future. This sets demands for further development for high
temperature heat pumps that are capable to operate efficiently with natural refrigerants.

One of the key components in heat pump systems is the compressor and its operation and performance
have a direct impact on the operation of the heat pump. Currently, there is a clear need for compressors
that are capable for high temperature lifts and high pressure ratios. The compressor technologies need
to be further developed and more compressor suppliers are needed in the market. In Finland, there are
research and development projects going on for developing oil-free, hermetic turbocompressors for high
temperature heat pumps.

There is also development work related to heat exchangers. The heat exchanger development includes
improved heat exchanger designs and products for HTHPs having more compact size, increased heat
transfer, and lower cost. The improvements related to heat exchangers would make the heat pump
systems more feasible at different temperature levels. In addition, there is research and development
work related to heat pumps that can collect heat from multiple heat sources, such as from different waste
heat streams of an industrial process, instead of utilizing a single heat source. The efficient utilization of
ambient air as a heat source in high temperature heat pumps is one of the important development topics,
since air is a low-cost heat source that is widely available.

In addition, development and research on improved control systems and system optimization is needed
for reaching the full potential of high temperature heat pumps.

4.6.4. Selected RD&D projects

Development of Next Generation Large Scale Heat Pump Systems (NEXTHEPS)- project.

The NEXTHEPS-project investigates and develops design methods and new technological solutions
that can be adopted in large-scale, high-temperature heat pump systems. The investigations are
concentrated on heat pump systems having heating capacity of few MW, high-temperature heat pump
markets, as well as more specifically on certain heat pump main components. The project can be
generally divided to four main research topics, namely 1) heat collectors and heat delivery processes,
2) high-speed compressor technology, 3) integration of large-scale heat pumps to energy systems, as
well as 4) market environment and business opportunities. The research project duration is 9/2022-
8/2024 and the project is funded by Business Finland. The project partners are LUT (Lappeenranta-
Lahti University of Technology), Yaskawa Environmental Energy / The Switch, Vahterus, Fincoil LU-VE,
Suomen Tekojaa, Nevel, Suur-Savon Sahko and Finnish Heat Pump Association.
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In NEXTHEPS-project, the goals are to develop accurate analysis and design methods, as well as to
find new technological solutions for large-scale and high-temperature heat pump systems. Industrial
scale high-temperature heat pumps could replace heating systems based on combustion technologies
using fossil fuels, for example in district heating networks and in producing low pressure process steam
in various industrial sectors in the future. The goal of the project is also to strengthen the competitiveness
and market share of Finnish heat pump industry in fast growing global heat pump markets.

In the project, the properties and characteristics of different types of refrigerants and their applicability
for large-scale high-temperature heat pumps are investigated. The aim is to identify potential working
fluids that are environmentally friendly and feasible for high temperature heat pumps from the
technological and thermodynamic point of view. In addition, the tightening regulations related to usage
of different refrigerants in the future are considered in the identification of the most potential fluids for
the future heat pump systems.

Design and losses of heat pump cycles, heat exchangers, as well as heat collection from different types
of heat sources are investigated. The heat exchanger research aims on developing advanced design
methods and heat transfer correlations for heat pump heat exchangers, namely for the condenser and
evaporator. The heat collection from air is also investigated as it is a low-cost heat source that is widely
available. Research work on centrifugal compressor technology is concentrating on the design and
losses of efficient heat pump compressor units, that are based on centrifugal type of compressors and
high-speed electric motor technology. These investigations will cover the compressor aerodynamic
design and loss estimations, electric motor design and cooling, magnetic bearing design, as well as rotor
dynamic analyses. The project goal is to develop a combined design method for the compressor unit,
allowing to perform a fast feasibility evaluation of the compressor unit with different fluids, operating
conditions, and power levels. The effective integration and operation characteristics of large-scale high-
temperature heat pumps as a part of larger energy systems, such as district heating networks or
producing process steam, are investigated, and analysed. This includes the research on operation,
optimization and control principles of large-scale heat pumps as part of larger energy systems. In the
market environment and business opportunities research Market environment and business ecosystem
modelling, commercialization opportunities and business models, as well as international scaling of the
heat pump business are investigated.

Efficient, magnetic and bearingless heat pump for industrial and residential heating (EMBER)

The project scope is to research, plan, design and construct a HTHP proof-of-concept. This includes all
necessary tasks which will verify the technical concept and specification for the HTHP. In addition, the
project scope is to investigate the business environment and the value chain of the future customers.
Following the market analysis a value proposition will be created and principles of HTHP technology
demonstration will be based on customer value verification.

The end goal is to replace fossil fuel burning heat industrial production with new radical technology of
HTHPs, that are more economical and environment safe.
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Figure 4-15: Developed bearingless high pressure ratio heat pump compressor.

4.7. France

4.7.1. Overview of national HTHP industry

The heat pump market in France is highly developed in the building sectors. There are some high-power
heat pumps working on district heating network. In industry, the market is relatively underdeveloped.
Indeed, there are a few units, especially for standard heat pumps supplying a need at a temperature
below 80°C with a large number of manufacturers, beyond this temperature the existing market is poor
and the number of suppliers between 90 and 120°C is very low and upper for now there is no commercial
solution available.

Indeed, the energy price ratio has more encouraged the deployment of combustible boilers, which are
also less expensive in CAPEX than HP, and then subsidies has more encouraged energy efficiency on
the existing solutions than replacing for HP. At the moment, the business models of heat pump projects
most of the time do not permit to reach payback attended by industrial customers (target less than 4
years). Thanks to the France Relance plan dedicated on decarbonization of indutry and due to the french
low carbon electricity, some heat pump and MVR projects have been awarded. The France 2030 and
EU plan could allow for wider deployment.

This is not the only factor, fuel boilers can provide a variety of needs (temperatures and powers) in both
water and steam. However, today, heat pump technologies can meet more and more industrial needs.
Technologies available on the market can reach 120°C and produce several MegaWatts (MW). Heat
pumps that can reach higher temperatures exist as demonstrators and the market should open up
relatively quickly to reach 150°C. In addition, serious works to develop heat pump technologies
producing steam are underway. Indeed, suppliers of heat pumps producing steam should appear on the
market in the next two years.

There are more and more energy efficiency service providers such as Dalkia and others currently adding
large heat pump and MVR in their offers for industrial customers.

Also there are many system integrators working on steam generation such as TGE, France Evaporation,

Tech-Evap, TLV, Armstrong and others. Some of these companies have strong experience in MVR and
steam generation.
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4.7.1.1. Manufacturers with factory in France

ENERTIME

Enertime is a french manufacturer of VHT heat pumps. Enertime's core business is rather the ORC
cycle, but the company has been able to transpose its know-how to design a proprietary centrifugal
compressor and a HTHP. Enertime heat pumps run on R-1233zd(E), which is one of the new high-
performance HCFO fluids with a very low GWP and can supply superheated hot water up to 120°C.
The compressors used are single or two-stage centrifugal compressors and the capacities offered range
from 2 to 10 MW.

Enertime is one of the partners of the EU projects which were awarded at the last Horizon call wich
could be an opportunity to do the first demonstration of their HTHP.

CARRIER

Carrier offers a wide range of heating solutions: air-water, water-water heat pumps, heating only or
reversible, with scroll and screw compressors with a heat output of 14 to 2,500 kW. Carrier heating units
are designed to provide hot water temperature up to 85°C.

AquaForce® is the high temperature water-to-water heat pump from CARRIER using HFO R-1234ze
refrigerant and screw compressor at fixed speed. The nominal heating capacity ranges from 200 kW up
to 2 500 kW.

Aquaforce PUREtec 61XWHZE water-to-water heat pumps are the premium solution for industrial and
commercial heating applications (district heating, ambient heating, industrial heating) where users,
engineers and building owners demand optimum performance, hot water outlet temperature high,
maximum reliability and an environmental solution.

JONHSON CONTROLS INDUSTRIE (JCi)

Johnson Controls Industrie has a factory in France (Carquefou, 44) dedicated to the assembly of cooling
systems and high power and high temperature heat pump for many applications such as commercial
and military navy, district heating and industry. JCi has a dedicated R&D team working on the
developpment of high temperature heat pump. JCi is currently working on a high temperature heat pump
producing hot water up to 120°C with 1234ze-E working media. This heat pump is based on a centrifugal
Compressor.

EDF and JCi have developed a technology of water to water high temperature heat pump named PACO
using water has working fluid. Experimental tests have been realized up to 130 °C. At this level, technical
feasibility is demonstrated with a centrifugal compressor with magnetic bearings. The first industrial
demonstration is being researched.

TRANE

Trane is a large American group, TRANE is established in France with two factories dedicated to all
European, EMEA markets and provides local service through its 16 sales offices. Trane designs,
manufactures and provides services for HVAC-R control systems and modules to create and maintain
safe, comfortable and efficient working environments for industrial buildings and industrial processes.

In France, TRANE has a test center and 2 production sites allowing to supply 7,000 units per year, up
to 3.5 MW.TRANE's goal is to reduce CO2 emissions at its customers by 1 Gt by 2030.

To achieve this, TRANE is working on HFO refrigerants, on optimizing machine performance, on heat
recovery and the services it can provide to its customers through equipment modernization and
maintenance. Today, TRANE is working on the marketing of high and very high temperature heat pumps
(120°C) for waste heat recovery applications on industrial sites. Requests from manufacturers for heat
pumps providing temperatures above 85°C are increasingly frequent. TRANE is a partner of the Finnish
group OILON, manufacturer of heat pumps up to 120°C.

4.7.2. Overview of national HTHP market and application potential
The manufacturing industry in France represent an added value of 219 billion euros and around 7,5
million direct and indirect jobs (Source: INSEE).

The share of the energy consumption in the French industry sectors is given by Figure 4-16.
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Figure 4-16: The distribution of energy consumption between industrial sectors

On the total consumption of industry representing around 315TWh (80MtCO: ) there is around 236TWh
dedicated to heating almost completely produced by fossil fuels. The French Center for Economic
studies and research on Energy (CEREN) has done a specific study on heat needs and wasted heat by
sector, temperature levels and others criterias of the french industry. Analysis of these datas show that
the sector with the biggest heat need at temperature lower than 150°C are food, chemical and
paper/cardboard industries.

The french agency of the ecological transition, Ademe, has done an analysis of CEREN datas in order
to give an overview of the potential of energy efficiency possible in industry by recovering waste heat
estimated at a total of 109,5TWh (Source: Ademe Chaleur Fatale 2017 -
https://www.ademe.fr/sites/default/files/assets/documents/chaleur fatale-8821-2018-06 pdf.pdf).
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Figure 4-17: Left: Distribution of waste heat generation. Right: Process of origin for the waste heat.

Most of the waste heat interesting for the HP market is lower than 100°C which represent more than
50% of the total waste heat and mostly come from cooling and drying processes.

4.7.3. Development perspectives for HTHP technologies

France is committed within its low carbon strategy to reduce by 35% by 2030 and by 81% by 2050 the
greenhouse emissions of industry. The low carbon electricity mix available in France thanks to a mix of
nuclear and renewable energies make electrification one of the best solution to climate neutrality.

With the AFrance 20300 pl an, the government
decarbonizing it. In this plan there is specific subsidies package dedicated to the deployment of low
carbon technology demonstrators in industry and dedicated to develop new factories and products
allowing decarbonization such as HTHP.

On the potential for HTHP in France, EDF has worked on an analysis of the data from CEREN and
presented this analysis in 2019 at the High Temperature Heat Pump Symposium in Copenhagen.
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Figure 4-18: Distribution of heat pump potential between temperature ranges

This potential is a maximum estimation taking into account the different temperature levels of heat needs
and waste heat available in each sector of industry.

The food, chemical and paper industries represent around 65% of this potential.

Even with the low price of electricity in France and some subsidies, dedicated to heat pump, projects
dondt always go to the end mostly because the industr
4 years) and because they need more warranties on the energy price variation.

With a large part of the potential upper than 100°C and a commercial offer limited to 120°C mostly with
water as carrier, it is necessary to develop an offer on the market up to 150°C and with steam production
in order to cover this potential. More and more manufacturers and actors on the market are working to
develop this offer and demonstrators.

4.7.4. Selected RD&D projects
1. TRANSPAC
Funding agency: Ademe

Context

Optimization and integration studies of high-temperature heat pumps have shown that, in the case of
processes having heat requirements with a large temperature difference such as industrial dryers, the
use of a transcritical cycle makes it possible to multiply the coefficient of performance (COP) of the heat
pump by two compared to a conventional cycle.

These works led to the filing of a patent by EDF. Following this study, a thesis with ARMINES made it
possible to produce a first pilot prototype of 30 kW thermal whose expected energy performance was
observed: COP close to 4 under the conditions of an industrial dryer.

Objective

As a continuation of this work, the ADEME TRANSPAC project consists of designing, producing and
installing a scale 1 industrial transcritical heat pump demonstrator on the dryer of an industrial paper
site.

The installation of this innovative transcritical heat pump will make it possible to save fossil energy and
reduce the site's CO2 emissions and will constitute a first industrial reference and will be the starting
point for the dissemination of this technological offer on other sites.

Progress of the project

Preliminary tests were carried out under industrial conditions on the 30 kW test bench and made it
possible to select the optimum fluid/oil couple. At the end of these tests, specifications were drawn up
for the demonstrator. The key points are the choice of compressor and the sizing of the gas cooler.

To secure the project, additional tests are carried out on a compressor of the same brand and technology
as the one chosen for the demonstrator, but on a 1/4 scale. According to the compressor supplier's
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recommendations, the compressor must run for 1000 hours (transcritical compression/expansion
cycles). Oil samples are regularly taken to be analyzed and thus monitor the state of wear of the
compressor in order to adjust the periodicity of the maintenance to be carried out to keep the compressor
in good working order.

To date, an operating contract has been signed between DALKIA and the manufacturer. The work will
take place in 2022 and the experimental commissioning is scheduled for the end of 2022. A 9-month
experimental operating period is scheduled to validate the performance of the machine before entering
the industrial operating phase.

Perspectives

The innovation is based on the association of the transcritical cycle with very high temperature levels (>
130°C).

The demonstrator will be installed on the industrial dryer to validate its technical, economic and
environmental performance under industrial production conditions.

This transcritical heat pump will save fossil energy of around 5.2 GWh/year, which will be replaced by
electricity consumption of around 1.2 GWh/year. The reduction in CO2 emissions will be around 1,000
teglyear.

The results of the project could be transposed to all industrial sectors, in particular food industry and
chemical industry, whose energy consumptions linked to drying operations are also significant:
approximately 11 TWh/year for food industry and 6.3 TWh/year for chemicals.

2. BAMBOQO: see detailed description in Austria part

Concerning french implication in BAMBOO project, EDF Lab Les Renardiéres will test a steam generator

heat pump. A water-to-water heat pump will be used to heat pressurized water. In a flash tank, this
pressurized water is expanded with a throttle and a part of the water mass flow is converted to steam

during the expansion. The generated steam can be utilized, the rest of the pressurized water is
recirculated to the heat pump together with feed water. The flash tank system has been successfully

tested firstin the E D F atsoratory (Les Renardiéres, 77 France) and then operated inthe ArcelorMi t t al 6 s
laboratory (Aviles, Spain).
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4.8. Germany

4.8.1. Overview of national HTHP industry

The HTHP industry in Germany is made up of traditional manufacturers of heat pumps for domestic
heating as well as power plant manufacturers and/or operators, traditional refrigeration engineering
companies and start-ups. However, currently only a couple of technology suppliers offer technologies
for temperatures above 100 °C. A distinction between system integrators and technology suppliers is
difficult to state. There are however, plenty of system integrators that could design, manufacture, and
install a HTHP, if they get a compressor supplied with guarantees. The following relevant suppliers were
identified in the market analysis and provided information on their products in the technical survey:

1. Siemens Energy have been developing heat pumps since 1980s and 1990s. In fact, around 50
large scale heat pumps with capacities around 30 MW and capable of delivering temperature levels
up to 90 °C are still running till today from that period, see Figure 4-19.

Figure 4-19 An existing Siemens energy heat pump*

The heat pumps provided by Siemens are specifically tailored and designed based on a particular
application, temperatures of heat source and sink, required capacity and the associated boundary
conditions such as the available electrical connections and the space. Most relevant applications for the
heat pumps are chemical, pulp & paper, food & beverage and district heating. Moreover, Siemens
provides turbo compressor technology as geared type or single-shaft depending on the application. The
compressor drive can also be electrical or mechanical using gas engine or gas/steam turbine. Currently
a laboratory demonstration of a kW-size heat pump is being developed with temperatures up to 160 °C
with R-1233zd(E) and R-1234ze(E) among other tested refrigerants, see Figure 4-20. Moreover, as to
what will be mentioned in section 4.8.4, Siemens has managed to develop and construct a pilot plant at
Vattenfall in Berlin for district heating network. The plant is able to supply a capacity of 8 MWth and sink
temperatures in the range of 85 °C 1 120 °C.

Figure 4-20: Exemplary model of a new Siemens Energy high temperature heat pump?®

4 https://heatpumpingtechnologies.org/annex58/wgontent/uploads/sites/70/2022/07/siemengnergyhthp-technology. pdf

5https://press.siemeneenerqv.(:om/qIobal/de/pressemitteiIunq/vattenfalllnd-siemensenerqytreiben—mit-qrosswaermepumpcxelie-
klimafreundliche
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2. COMBITHERM GmbH?® together with BITZER have developed a high temperature heat pump that
can provide temperatures up to 120 °C. The HTHP uses one to three screw compressors using
R1233zd(E) as a refrigerant and equipped with frequency converters for controlling the delivered
capacity. The heating capacity ranges from 0.3 MW (1 compressor, 35 °C heat source) to 3.3 MW
(3 compressors, 90 °C heat source).” The main relevant application for this heat pump is in drying
processes where the source heat and sink are present in the same process.

In a project example, COMBITHERM have installed four high temperature heat pumps having a total
capacityof 3S5MW i n Geel en Counterfl owds 8Theingtatlatiomhasct ri ¢ coun
resulted in saving 3,000 t of CO2 emissions and energy reduction of 15,000 MWh per year.

Figure 4-21 COMBITHERM HWW 2/9583| R1233zd(E) with BITZER CSH2T screw compressors®

3. Spilling Technologies GmbH? is known to manufacture expansion machines and compressors
for steam. The focus of Spilling has been shifted towards manufacturing steam compressors that
can upgrade waste heat to useful temperature and pressure levels. Spilling has manufactured a
piston steam compressor that can be integrated in open or closed HTHP cycles, see Figure 4-22.
Typical applications of this heat pump are the same as mentioned in the previous manufacturer
section, mainly chemical, food, pharma industry and even petrochemical.

The technology provided by Spilling is most promising using a source temperature of 120 °C at a
pressure of 2 bar(a) and a sink temperature and pressure of maximum 250 °C and 40 bar(a)
respectively. The heat pump can provide steam flows of approximately 2t/h to 20t/h and can
provide thermal loads between 1 MW and 15 MW.

Figure 4-22 3D drawing of a Spilling steam compressor®

6 https://www.combitherm.de/de/produkteund-loesungen/hochtemperaturwaermepumpen/

7 https://heatpumpingtechnologies.org/annex58/wegontent/uploads/sites/70/2022/12/combithermhthpannex58.pdf

8 https://www.geelencounterflow.com/insights/geelenounterflow-starts-up-first-electricdryer-for-cargillewosin-norway/

9 https://heatpumpingtechnologies.org/annex58/wgontent/uploads/sites/70/2022/07/hthpannex58suppliertechnologyspilling. pdf
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4. Piller'® uses the existing process fluids, for example vapor from the process or water. Compressing
the vapor directly is a principle that corresponds to the classic mechanical vapor compression
(MVC), see Figure 4-23. As seen in the figure, water is used in the evaporator as a working fluid to
generate steam at low temperature and pressure. This steam is compressed afterwards by the
blowers developed by Piller to the high temperature and pressure needed by the heating system.

»
» Generated steam
Water 2t bow temperature
»
iR %l
- ) A Comprevsed

(=) steam
tvaporator 3 a1 hagh

Process W temperasture

-
-
IS

Waste heat

Figure 4-23 Piller mechanical vapor compression??

The main innovation developed by Piller is the high-performance blowers. The driving energy can be
electric or by steam turbines. The compressor technology developed by Piller is radial turbomachine
series of single stage. The most relevant application is food, chemical, paper, petrochemical and
beverage industries. Piller provides solutions for large industrial plants with high demands on steam with
high temperature or for heating column reboilers and evaporators using direct vapor recompression.

e

’ Figure 4-24 Piller high performance blower®

5. SPH -Sustainable Process Heat!, featuring the ThermBooster system with a reciprocating
piston currently under development, being able to work with a broad range of HFO, HCFO and
natural HC refrigerants, with a planned heat supply capacity of 300 kW i 5 MW providing a heat
sink temperature of 80°C up to 165°C with heat source in the range of 20 °C i 120 °C. Whereas
Siemens for example is a technology provider and system integrators, the focus of the startup
SPH is currently on the technology provision and demonstration.

While the MVR systems are already well established in the industry, all of the offered compression heat
pumps were so far only demonstrated on pilot scale and therefore are still under development. Siemens
Energy offers tailored solutions for temperatures up to 160 °C and thermal capacities between 8 to
70MW for one turbo compressor unit. So far two HFOOs
currently in development. SPH is a small company specialised in HTHP. The developed reciprocating
piston compressor can supply a thermal capacity between 0,5 and 1 MW. With HFOs a maximum
temperature of 165 °C is possible, natural hydrocarbon are planned for further rise of the temperature.

10 https://heatpumpingtechnologies.org/annex58/wegontent/uploads/sites/70/2022/07/hthpannex58pillartechnology. pdf

n https://heatpumpingtechnologies.org/annex58/task1/
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In addition to the above-mentioned suppliers, the following technology suppliers/manufacturers located
in Germany were identified:

f
f

f
f

ENGIE 1T formerly Durr thermae with a CO2 heat pump
GEA Refrigeration Germany i with various heat pumps lines, e.g. GEA Grasso RedAstrum or

RedGenium
GEA MVR/TVR System suppliers

Ago Energie'? engineers and constructs decentralized energy plants. In terms of HTHPs,
AGO offers the product line AGO Calora with heat supply of up to 140°C using
ammonia/water as a refrigerant in a combination of an absorption and a compression cycle.

(see Table 4-2)

SMARDT-OPK- traditional refrigeration system supplier, using a turbo compressor also

usable for HTHP

In addition to the listed suppliers, various companies are currently investigating their future role in HTHP.
This includes new possible market players as well as manufactures of components such as heat
exchangers. Due to the current dynamic, a comprehensive list is difficult to obtain. Furthermore, energy
suppliers are interested in expanding heat contracting for the industry with decarbonized solutions, like
HTHP. In the past years various R&D projects were realized, as described in section Selected RD&D
projects4.8.4.

4.8.2.

Overview of national HTHP market and application potential
Despite of the increased interest, the market share of HTHP is still negligible. Regarding the overall heat
consumption in German industry with approximately 500 TWh per year, of which ca. 25 % corresponds
to temperatures below 200 °C, the application potential appears to be great. Moreover, 6.1 Million
households, which is about 14 % of all houses and apartments in Germany are connected to district
heating networks. The amount of heat provided in these networks was about 126 TWh in 2020 which
can be provided by HTHPs technologies.

One barrier is the unfavourable price ratio between electricity and gas price per kWh, as the price for
1 kWh electricity is about three to five times as much as the gas price. According to statistical data of
the German federal statistical office (Destatis) the average energy prices for the industrial sector are
25 ct/kWh electricity and 8 ct/kWh gas respectively!3. This is an electricity to gas price ratio of 3 which
only changed from the recent years compared to the year 2020 where this ratio was about 5. Due to
the increased costs for CO2 emissions in Europe this ratio is decreasing and expected to decrease
further in the coming years. Furthermore, current politics and public opinion are putting pressure on

the industry to decarbonize their processes.

So far, the German government does not provide a specific funding scheme for HTHP but there are
some possibilities within other programs. For example, HTHP can be subsidised through the national
German funding schemes, within the Applied non-nuclear research funding in the 7th energy research
program (7. Energieforschungsprogramm) of the German Federal Ministry for Economic Affairs and
Energy, where further development of heat pumps with a focus on new temperature levels and increased
efficiency is one topic. Al so, t he
Federal Ministry for the Environment, Nature Conservation and Nuclear Safety can be applied for
companies of energy intensive industries (recorded in the EU Emission Trading Scheme (EU-ETS)) to
implement technologies that reduce their emissions.

fundi

ng

scheme

cal

| ed

fidecar boni

Moreover, in the light of the phase-out of coal-fired power generation by 2038 and the shutdown of all
nuclear power plants on April 1, 2023, the use of heat pumps in heating networks is receiving increased
support in Germany. The Federal Funding for Efficient Heating Networks (BEW) supports the
construction of new heating networks with a high proportion of renewable energies and the
decarbonization of existing networks. The program, which has been running since September 15, 2022,
offers funding for transformation plans and feasibility studies as well as (thereafter) systemic funding for

12 AGO Caloraindustry and high temperature heat pump (agoergie.de)

13 https://www.destatis.de
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new construction and existing networks in the form of an investment cost subsidy. The installation of a
heat pump is also eligible for funding as an individual measure (up to 40%, restricted to a maximum of
the amount required to make the project economically viable). Furthermore, it is then also possible to
apply for a subsidy for the operating costs of these systems for a maximum of 10 years. A study of the
hurdles in the use of large-temperature heat pumps in district heating networks!4 shows that this funding
is necessary at the present time to bring the developing technologies into use.

4.8.3. Development perspectives for HTHP technologies

Heat pumps with a sink temperature above 100 °C are currently under investigation by a number of
research institutions and companies. While large scale mechanical vapor recompression systems have
been available for a number of years, different trends can be observed: The first is the development of
large high-temperature heat pumps with other refrigerants than water (R-718). Heat pumps based on
vapor-compression cycles will be expanded to higher temperatures. Generally, it can be anticipated that
a number of different technologies will be developed for an optimal match of heat source and sink.

Due to the coal phase-out, a humber of power plants will be shut down. Without these, many district
heating networks are without a heat source. While many cities are building gas turbine plants for
combined power and heat generation, large-scale high-temperature heat pumps are a possible solution
when the existing district heating networks are too kept with original temperature levels.

Generally, there is a large pressure on the industries with a high-process heat demand such as chemical
and paper industries to develop solutions for carbon neutral production. Germany plans to be carbon-
neutral by 2045 and to reduce the emissions by 55 % until 2035 compared to 1990. The prices for CO2-

certificates are increasing from 25 0/t in 2021

significant reduction of their greenhouse gas emissions and are looking for solutions for fossil-free
process heat generation. Since the heat sources are usually distributed, but heat usage is centralised
via a steam network, the size of the heat pump will be adjusted to the available heat source and usually
small compared to the centralised steam generation facilities. Furthermore, smaller production
companies, such as food production will have to adopt their process heat generation, where high-
temperature heat pumps can be a viable solution, given that they will reach industrial maturity at a
competitive cost. The cost reduction will be an important topic, especially for applications far above
100 °C, where the first systems are now being developed. Economically attractive systems will be
achieved by standardisation and an increase in performance parameters, especially for MVR systems.
There are no official aims for an overall capacity or a number of installations, but a replacement of a
steam generation capacity of 50 TWh/a of gas burners by alternative sources is expected for 2030, with
more than half of this substitution achieved by high-temperature heat pumps.!® Besides using available
waste heat streams, alternative heat sources (solar, geothermal, water bodies etc.) will become
increasingly important, making progress on storage for the intermittent heat supply mandatory.

4.8.4. Selected RD&D projects

Table 4-2 presents the most relevant national and international R&D projects in Germany related to
HTHPs. The table briefly describes the motivation and objectives of the project, the partners involved
in the project, the running time, the key results and expected outcomes.

Table 4-2 Relevant national and international R&D projects in Germany

Project Key information and output
HT Warmepumpe:
Entwicklung einer Motivation and objectives:

Hochtemperaturwérmep
umpe far Temperaturen [The aim is the demonstration of an advanced hybrid high-temperature heat
bis zu 160°C auf Basis |[pump for upgrading waste heat from source temperatures of 60 °C to 100 °C
eines to sink temperatures of 100 °C to 160 °C. Proposed heat sink media are

Kéltekreisprozesses mit |steam and pressurized hot water. Proposed use cases are in the chemical,

14 https://www.isi.fraunhofer.de/de/competencecenter/energiepolitikenergiemaerkte/projekte/fernwp.html#1904386173

15 Luderer, G., C. Kost, and D. Soérgel. "Arigfleport: Deutschland auf dem Weg zur Klimaneutralitat 28®narien und Pfade im
Modellvergleich."Potsdam Institute for Climate Impact Research. https://@og/10.48485/pik
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Losungsumlauf (HT heat
pump: development of a
high-temperature heat
pump for temperatures up
to 160°C based on a
refrigeration cycle with
solution circulation)16

paper and food industries.

Total Budget: 483.109,00 EUR

Running time: 01.10.2018 i 30.06.2022

Partners: AGO AG Energie+Anlagen, Kulmbach, Bayern

Key results: Besides the experimental validation and gain of operational
experience, the project aims at verifying the simulations and along with
these the theoretical determined efficiency.

Qutput: The investigated technology is based on a European patent (EP 3
355 002 Al). This patent expands the state-of-the-art hybrid heat pump with
ammonia/water as a working fluid by a number of components in different
configurations. Hybrid heat pumps combine an absorption and a vapor
compression cycle. At low pressures and temperatures, the ammonia is
desorbed from the water by the waste heat. The liquid water is pumped to
the high pressure, while the ammonia vapor is compressed. At the high
pressure, the ammonia is absorbed by the water, thereby releasing its heat
of solution. By throttling the solution, the cycle is closed.

In this project, the basic cycle is expanded by a two-stage compression with
intercooling by the rich solution, a rectification column for reducing the
\volumetric flow in the desorber, and solution heat exchangers for internal
heat displacement. A prototype of the developed heat pump with a thermal
capacity of 1 MW was installed in Neuburg for hot water production up to
140°C. It is used to upgrade the waste heat from a combined heat and
power plant which could before only used in the winter season for heating
purposes.’

Investigated heat pump design of the project "HT Warmepumpe"

16 https://www.enargus.de/pub/bscw.cqgi/?op=enargus.eps2&q=03ET1588&v=10&id=953112

17 HT Warmepumpe: Klimafreundliche Warmepumpe erreicht 150 Grad Celsdisstrieenergieforschung.de
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