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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, or “Annexes”, in the field of 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:
e Austria
Belgium
Canada
China
Denmark
Finland
France
Germany
Japan
Netherlands
Norway
South Korea
Switzerland
e USA
A presentation of all national teams can be found on the Annex 58 homepage.
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Authors of the report and contributors to Task 1
The report has been prepared as a collaborative effort with contributions from various authors and has
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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:
e Task 1: Technologies — State of the art and ongoing developments for systems and components
e Task 2: Integration Concepts — Development of best practice integration concepts for promising
application cases
e Task 3: Applications and Transition — Strategies for the conversion to HTHP-based process
heat supply
e Task 4: Definition and testing of HP specifications — Recommendations for defining and testing
of specifications for high-temperature heat pumps in commercial projects
e Task 5: Dissemination

The overall objective of the Annex is to provide an overview of the technological possibilities and
applications as well as to develop best practice recommendations and strategies for the transition
towards heat pump-based process heat supply. The intention is to improve the understanding of the
technology’s potential among various stakeholders, such as manufacturers, potential end-users,
consultants, energy 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:

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

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

e Present best practice system solutions for a range of applications to underline the potential of
HTHPs (Task 2).

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

e Enhance the information basis about industrial heat pumps, potential applications, and potential
contribution to the decarbonization of the industry (Task 1, 2 & 3).

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

¢ 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 technologies’ application potential and market perspectives. Therefore, the Annex is primarily
focused on applications for industrial heat supply but will not specifically be limited to these applications.

This report documents the work of Task 1 — 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 200 €/kW to 1500 €/kW, capacities between 30 kW to 70 MW and maximum supply
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, -
A The change of a variable, -

n Efficiency, -

h Specific enthalpy, kJ/kg

p Pressure, bar

Subscripts and superscripts?

H
L
M

High
Low
Medium

Mean value, example: T

IHX
MVR
MvC
ORC
RES
TDHP
TRL
VCHP

T 0o

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

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

e 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.

e 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:

COP=&
w

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

e 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.

e 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.

— hl_hZ
Tentropic,average =

S1 =52

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.

e 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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e 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.

e 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.

e 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.

e 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:

ATlift,mean = Tsink - Tsource

e 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.

e 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.

e 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

&

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

ol

Evaporator
Condenser

S;('F\)lgnswn % Compressor
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 4 — 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 — 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 1’300 | 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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R290
R1336mzz(2)
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 (Tsource = 70 — 90 °C). 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
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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.

e subscripts:
0 L:Low temperature
0 M: Medium temperature
0 H: High temperature
0 he = heat engine
0 hp =heat pump
e variables:
o T:temperature
0 p:pressure
0 w: 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. Sorption is defined as “the
process by which a substance (the sorbate) is sorbed (adsorbed or absorbed) on or in another substance
(the sorbent)” [16]. 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 solid’s surface. For sorption machines, these sorption processes must be reversible.
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), w, expresses the amount of sorbate (gaseous refrigerant) taken up
per unit of mass or volume of the sorbent. At a given pressure p and temperature T, a given combination
of refrigerant and sorbent has an equilibrium capacity w, 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 p and T. The capacity is displayed on a log(p) versus (—1/T)
diagram, as isosteres (lines of constant capacity w) tend to form straight lines in that case. It can be
observed that the equilibrium capacity increases with pressure and decreases with temperature.
Following Le Chatelier’s principle?, sorption is an exothermic process (releases heat), while desorption
is endothermic (requires heat addition).

2 According to Le Chatelier’s principle, sorption must be exothermic to provide an opposing force. If gas is sorbed, then heat is released by
the exothermic process, so that temperature rises and sorption capacity decreases. As a consequence, sorption will diminish and an
equilibrium will form.
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Figure 1-13: Lines of constant equilibrium sorption capacity (isosteres) as found in sorption machines.

Figure 1-14 schemati